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Impacts of Large-Scale Teleconnections on River-Ice Duration over Canada
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River ice affects several physical, chemical, and biological processes in cold
regions. Its duration and break-up can also impact economic activities ranging
from transportation, to the occurrence and severity of ice-jam flooding. Recent
evidence indicates a shortening of the river-ice season over much of Canada
with the reduction being mainly attributable to earlier break-ups. These trends
match those in surface temperature during the last 50 years. Several studies have
shown significant relationships between Canadian temperature and large-scale
teleconnections particularly, during the cold season. However, no investigations
have analyzed relationships between atmospheric and oceanic oscillations and
historical river-ice durations over Canada. This paper examines the impacts of
El Niño/Southern Oscillation (ENSO), the Pacific Decadal Oscillation (PDO),
the Pacific North American (PNA) pattern, the North Pacific (NP) index, the
North Atlantic Oscillation (NAO), and the Arctic Oscillation (AO) on Canadian
river-ice durations from 1950-1999. Composite and correlation analyses reveal
strongest links between the Pacific-related PDO, PNA, NP, and ENSO
teleconnection patterns and ice durations over western Canada. In general,
break-up dates have stronger associations as compared to freeze-up. The NAO/
AO results are less coherent with greatest impacts over eastern regions of the
country. Results from this analysis improve the understanding of relationships
between large-scale atmospheric and oceanic oscillations and past river-ice
durations over Canada. They also provide insight into future regional changes to
river ice given projected changes to teleconnection patterns.

1. Introduction
River ice plays a key role in the physical, biological, and chemical processes of cold-region’s
freshwater (e.g., Scrimgeour et al., 1994; Prowse, 2001a,b; Prowse and Culp, 2003). Its duration
and break-up for example, can exert significant control on the timing and magnitude of extreme
hydrologic events such as low flows (Prowse and Carter, 2002) and floods (Beltaos and Prowse,
2001). The presence of river ice also impacts several economic activities ranging from
transportation (ice road duration, open-water shipping season), to the occurrence and severity of
ice-jam flooding which often causes serious damage to infrastructure and property (Beltaos et
al., 2003). Recent evidence has shown significant changes in river-ice durations over several
regions of the Northern Hemisphere. Furthermore, in response to the increasing recognition of
the ecological and economic significance of river ice, scientific concern has been expressed
regarding climate change impacts on future river-ice regimes (e.g., Anisimov et al., 2001).
Several trend analyses of freshwater break/freeze-up dates have been conducted for the Northern
Hemisphere at a variety of spatial and temporal scales. Examination of the longest records (lakes
and rivers) over the entire Hemisphere showed that the most dramatic changes have occurred
over the last 150 years during which break-up became earlier by an average 6.3d/100yr and
freeze-up was delayed by an average of 5.7d/100yr (Magnuson et al., 2000). This corresponded
to an annual air temperature increase of 1.2°C/100yr. A number of additional river-ice analyses
have been carried out on time series of approximately 100 years. For example, Soldatova (1993)
identified a significant break-up advancement of 7-10d/100yr on major rivers in the European
Former Soviet Union and western Siberia for the period 1893-1985. However, some rivers in
central and eastern Siberia exhibited an opposing trend (i.e., later break-ups). An advance in
long-term (100+yr) break-up dates has also been documented for rivers in northern
Sweden/Finland, and the Scandinavian region (Zachrisson, 1989; Kuusisto and Elo, 2000).
Specifically for North America, Rannie (1983) found that the average duration of the Red River
ice season has been shortened by approximately three weeks during the 20th century. This
included median dates of freeze-up occurring 12 days earlier and break-up 10 days later.
Significantly earlier break-up over approximately the same period has also been observed for a
few rivers in northwestern North America. Studies of the Tanana River in Alaska (1917-2000;
Sagarin and Micheli, 2001) and the Yukon River in Canada (1896-1998; Jasek, 1999) indicated
that the average date of break-up has advanced by approximately five days per century. One of
the most extensive regional analyses within North America has been conducted for Canada by
Zhang et al. (2001). Unfortunately, this work had to rely on records less than 50 years long and
of varying length. Results revealed a major spatial distinction between western and eastern
regions of the country with the former showing trends towards earlier break-up. Using the
recently developed Canadian Ice Database (CID), Lacroix et al. (2005) examined trends in riverice break/freeze-up dates for various 30-year periods during the second half of the 20th century.
It was determined that most of the country has been associated with trends toward earlier breakup particularly, over the west. On the other hand, freeze-up trends were more spatially complex
with no discernible long-term trends for any part of the country.
The spatial variations in river-ice break/freeze-up trends over Canada closely match those in
observed air temperatures. For example, Zhang et al. (2000) found a significant winter and

spring warming over western regions and cooling over northeastern areas for the period 1950-98.
Conversely, autumn was associated with insignificant cooling trends over most of Canada.
Bonsal and Prowse (2003) examined trends and variability in the timing of spring and autumn
0°C isotherm dates which, as noted by Allen (1978), tend to match the spatial patterns in
freshwater-ice break/freeze-up. For the second half of the 20th century, results revealed a trend
toward significantly earlier spring 0°C isotherm dates over western Canada (10 to 20 days) with
a gradual weakening to the east. Autumn 0°C isotherms showed little change over the country.
The preceding identifies linkages between river-ice break/freeze-up and associated surface air
temperatures. The majority of observed trends and variability in Northern Hemisphere
temperature are related to large-scale atmospheric and oceanic circulation patterns (known as
teleconnections). There are several indices that represent teleconnection patterns over various
regions of the Northern Hemisphere. Perhaps the most studied is El Nino/Southern Oscillation
(ENSO) that characterizes atmosphere-ocean interactions in the tropical Pacific (e.g., Rasmusson
and Carpenter, 1982). The ENSO cycle consists of two phases, namely warm El Nino events and
cool La Nina events. Other examples of Pacific-related teleconnections include the Pacific
Decadal Oscillation (PDO) which measures variability in North Pacific sea-surface temperatures
(SSTs) (Mantua et al., 1997), the Pacific North American (PNA) pattern that represents
atmospheric oscillations over the North Pacific and North America (Wallace and Gutzler, 1981),
and the North Pacific (NP) index that directly measures the intensity of the Aleutian Low
(Trenberth and Hurrell, 1994). All these patterns are related in that they either directly measure,
or are associated with, variations in the strength of the Aleutian Low and associated downstream
circulation over North America. Regarding the Atlantic, the North Atlantic Oscillation (NAO) is
the primary teleconnection pattern. It describes a see-saw in sea-level pressure (SLP) between
the Icelandic Low and the Bermuda High over the central North Atlantic (e.g., Hurrell and van
Loon, 1997). Recently, the Arctic Oscillation (AO) has been identified as the dominant mode of
SLP variability over the Northern Hemisphere. It resembles the NAO in many respects, but its
primary center of action covers more of the Arctic (Thompson and Wallace, 1998).
These major oscillations over the Pacific and Atlantic account for a substantial amount of
observed 20th century Northern Hemisphere temperature trends and variability particularly,
during the cold season (Hurrell, 1996). For instance, ENSO, the PNA, and the PDO, are closely
linked to late autumn to early spring temperature variability over much of North America with
strongest relationships in the west. This includes warmer temperatures associated with El Nino
events, and positive phases of the PNA and PDO which are all representative of a deepened
Aleutian Low (and vice versa) (e.g., Wallace et al., 1995; Bonsal et al., 2001). A pronounced
shift toward a deeper Aleutian Low following 1976 (e.g., Trenberth, 1990) has been associated
with the trend toward warmer winter and spring temperatures over western North America. The
NAO influences cold season temperatures over eastern North America and western Europe. In
particular, positive NAO (a deeper Icelandic Low and stronger Bermuda High) are related to
colder winters and springs over eastern North America and warmer conditions over western
Europe. Negative NAO are associated with opposite conditions (Hurrell, 1996). A trend toward
more positive NAO values in recent decades is consistent with the winter and spring cooling
over most of northeastern North America. This, along with the Aleutian Low shift in 1976, helps
explain the west to east gradient in both air temperature and associated river-ice break-up
observed over Canada during the last 50 years. Thompson and Wallace (1998) determined that

variations in the AO have influenced temperatures over the Arctic. In particular, the significant
trend toward warmer winter and spring temperatures over western North America and most of
northern Eurasia during the last 20 to 30 years has coincided with a shift toward highly positive
AO values. Twentieth century trends in spring and autumn 0°C isotherm dates over Canada were
also influenced by large-scale oscillations in the Pacific and Atlantic. For example, the NP index
significantly impacted variations in these dates over western regions of the country, while the
NAO was significantly related to isotherms in eastern regions (Bonsal and Prowse, 2003).
Given the correspondence between large-scale oscillations and seasonal air temperatures, a few
attempts have been made to relate teleconnections to ice break-up over various regions of the
Northern Hemisphere with the majority of these investigations focusing on lakes. Benson et al.
(2000) found that from 1969-88, lake-ice break-up dates over North America were significantly
related to the PNA pattern. In particular, a shift to earlier break-ups in 1976 appeared to be
influenced by the shift toward the deepening of the Aleutian Low (i.e., positive PNA) during the
winter half of the year. This shift was also associated with the shortening of the ice season in
western Ontario (Schindler et al., 1990) and Wisconsin (Anderson et al., 1996). The influence of
El Nino events on 20th century variations in lake and river-ice cover over the Northern
Hemisphere has been examined by Robertson et al. (2000). In terms of break-up, it was found
that dates were significantly earlier throughout North America and slightly later (although not
significant) over Finland and Russia in association with strong El Nino events. ENSO events and
the mid-1970s shift in North Pacific circulation have also influenced maximum ice covers on the
Laurentian Great Lakes of North America (Assel and Rodionov, 1998).
Even though there have been a few studies relating large-scale circulation patterns to freshwater
ice durations over various regions of the Northern Hemisphere, none have specifically focused
on relationships between several atmospheric and oceanic teleconnection patterns and historical
river-ice durations over all of Canada. Using the recently developed CID, the main objective of
this study is to examine the impacts of ENSO, the PDO, the PNA pattern, the NP index, the
NAO, and the AO on Canadian river-ice break-up and freeze-up dates for the period 1950-99.
Results from this analysis improve the understanding of relationships between large-scale
atmospheric and oceanic oscillations and past river-ice durations over Canada and also provide
insight into future regional changes to river-ice characteristics given projected changes to these
teleconnection patterns. The data and methodology are described in section 2, while section 3
provides correlation and composite analyses between the various teleconnection indices and
river-ice durations. The study concludes with a summary and discussion in section 4.
2. Data and Methodology
2.1 Data
The majority of river-ice break-up and freeze-up dates were obtained from the recently created
CID (Lenormand et al., 2002). The data set is a compilation of several observations on
freshwater and coastal sea-ice conditions from various Canadian government agencies including
the Meteorological Service of Canada (MSC), the Canadian Ice Service (CIS), and the Water
Survey of Canada (WSC). The CID consists of 757 sites distributed across Canada covering the
period 1822 to 2001. The network of stations is greatest following approximately 1950, however,

there has been a drastic reduction in station observations since the mid 1990s. For rivers, the CID
contains 288 sites of various record lengths. The variables chosen to represent break-up and
freeze-up dates included Water Clear of Ice (WCI) and Complete Freeze Over (CFO),
respectively. The study period for this investigation is 1950-99 and was chosen to coincide with
the highest number of active river-ice break/freeze-up sites. For the teleconnection analyses, the
river-ice site had to have at least 20 observations during this 50-year period. This resulted in 83
break-up and 67 freeze-up locations across the country (Figure 1). However, there is a station
void over central Canada surrounding Hudson Bay. In this data sparse region, WSC stations
containing at least 20 years of annotations (‘B’ dates) in discharge records during the 1950-99
period were used as supplementary river-ice locations. The 'B' designations are assigned to
periods when ice affects the stage-discharge relationship. Last ‘B’ dates refer to the end of “iceaffected flow conditions” (i.e., break-up) while first ‘B’ dates are indicative of the beginning of
ice conditions (i.e., freeze-up). The analysis incorporated 13 WSC stations thus resulting in a
total 96 break-up and 80 freeze-up stations that provide the best available spatial coverage for
Canada (Figure 1).

Figure 1: River-ice locations used in this analysis.
Regarding teleconnections, this paper focuses on major oscillations that have been shown to
affect temperature conditions over Canada. Note that all indices are given as standardized
anomalies (standardized with respect to their period of record) and reported as monthly values.
The Southern Oscillation Index (SOI) represents ENSO conditions in the tropical Pacific and is
defined as the difference in SLP between Tahiti, French Polynesia and Darwin, Australia.
Negative SOI indicate El Niño events while positive SOI represent La Nina events. The SOI data

were obtained from http://www.cdc.noaa.gov/Correlation/soi.data. El Niños are normally
associated with a deepened Aleutian Low and mid-tropospheric ridging over western Canada
during the winter following the onset of the events. This circulation then affects cold-season
temperature over much of Canada including warmer conditions associated with the ridging
(Shabbar and Khandekar, 1996). La Niña events are generally associated with opposite impacts.
Strong to moderate El Niño (La Niña) events are defined as those years in which the five-month
running mean SOI remained in the lower (upper) 25% of the distribution for five months or
longer (Rasmusson, 1984; Bonsal et al., 2001). This results in 13 El Niño and 10 La Niña events
during the 50-year study period (Table 1).
The PNA pattern describes mid-tropospheric circulation over the North Pacific and North
America. Positive values represent meridional flow with higher than normal heights over Hawaii,
negative anomalies over the North Pacific, ridging over western Canada, and lower than normal
heights over the southeastern United States (and vice versa) (Wallace and Gutzler, 1981). In
addition, El Niño events are normally associated with positive PNA values during the winter
following their onset, while La Niñas are associated with negative PNA. The PNA data were
obtained from http://www.jisao.washington.edu/data_sets/pna. The PDO is the leading principal
component of North Pacific SST variability (Mantua et al., 1997). A positive index is
characterized by colder than normal SSTs in the east-central North Pacific and warmer SSTs
along the west coast of North America and vice versa. The PDO has displayed decadal-scale
variations during the 20th century with positive values dominating the period 1925-46, negative
indices from 1947-76, and positive values from 1977 to the present. Note that the positive PDO
is often associated with El Niño events, a positive PNA, and ridging with associated warmer
winter temperatures over western Canada (Bonsal et al., 2001). PDO data were obtained from
ftp://ftp.atmos.washington.edu/mantua/pnw_impacts/INDICES/PDO.latest. The NP index is used
to describe the intensity of the Aleutian Low. It is calculated as the area-weighted mean SLP
over the region 30°N to 65°N and 160°E to 140°W (Trenberth and Hurrell, 1994). Negative
values are indicative of a deep low pressure and positive values of a weakened low pressure. NP
values were obtained from http://www.cgd.ucar.edu/cas/catalog/climind/np.html.
The NAO depicts circulation over the North Atlantic and is calculated as the normalized SLP
difference between Stykkisholmur, Iceland and Ponta Delgada, Azores. Positive values represent
an intense Icelandic Low accompanied by a strong Bermuda High over the sub-tropical Atlantic
(Hurrell, 1996). Positive NAO are characterized by cold, dry conditions over northeastern
Canada while negative NAO indices represent opposite conditions (Bonsal et al., 2001). NAO
values were obtained from http://www.cgd.ucar.edu/~jhurrell/nao.stat.other.html. The AO is
defined as the leading principal component of SLP variability in the extra-tropical Northern
Hemisphere (poleward of 20°N) (Thompson and Wallace, 1998). Negative AO are indicative of
higher SLP over the polar regions north of 45°N, and lower SLP over the mid-latitudes. These
situations are normally associated with a southward shift in the jet stream which allows cold air
surges into the mid-latitudes. Conversely, positive AO values are indicative of a northward shift
in the jet stream and fewer cold-air outbreaks. The AO resembles the NAO in many respects, but
its primary center of action covers more of the Arctic. The AO data were obtained from
http://www.cdc.noaa.gov/Correlation/ao.data.

Table 1. Moderate to strong ENSO events used in this study. During these years, the five-month
running mean SOI remained in the upper (lower) 25% of the distribution for five months or
longer. Years correspond to the winters following the onset of the event (e.g., 1998 refers to the
1997-98 El Niño event).
ENSO Event
El Niño
La Niña

Years
1952, 1954, 1958, 1959, 1966, 1970, 1973, 1977, 1983, 1987, 1992, 1995,
1998
1950, 1955, 1956, 1964, 1970, 1971, 1973, 1975, 1988, 1996

2.2 Methodology
Two analysis techniques are used in this investigation. First, the strength and significance of
relationships between Canadian river ice break-up/freeze-up dates and the various oscillations
are determined using simple linear (Pearson) correlation coefficients at the 5% level. The
coefficients are then mapped for the entire country to aid in determining large-scale spatial
relationships. Due to Canada’s vast expanse and resultant diversity of climates, there are large
temporal variations in average dates of ice break-up and freeze-up over various regions of the
country. In terms of break-up for example, these range from mid-March in southern British
Columbia to mid-June in north-central Nunavut. To accommodate this temporal variability, the
monthly teleconnection indices are averaged into ‘winter’ (January to June) and ‘summer’ (July
to December) periods and correlated with river-ice break-up and freeze-up dates, respectively.
These six-month averages also take into account teleconnection influences on winter severity
(that impacts ice thickness and thus break-up timing) and summer temperature (that impacts
water temperature and thus freeze-up timing).
The second technique includes examination of composite river-ice break/freeze-up responses
associated with opposite phases of the various teleconnection patterns. For ENSO, this involves
calculation of average break-up and freeze-up dates at each location during the identified El Niño
and La Niña years in Table 1, and subsequent comparison to average dates associated with nonEl Niño and non-La Niña years, respectively. Individual winter and summer PDO, PNA, NP,
NAO, and AO indices are categorized as positive (top third of the 50-year distribution) or
negative (bottom third) and river-ice break/freeze-up dates are composited for each category.
Average differences (from non-event periods) are then assessed using the t-test and a Monte
Carlo procedure. For each location, the 50-year time series is randomly shuffled 1000 times and
a t-value calculated to produce a random distribution of values. The original t-statistic is
compared to this empirically derived distribution to assess its significance at the 5% level.
3. Results
3.1 Correlation Analysis
Maps displaying correlation coefficients between river-ice break-up dates and winter PDO, PNA,
NP, NAO, and AO indices for the period 1950-99 are given in Figure 2. Locations with r values
significant at the 5% level are indicated by black dots. The maps reveal considerable spatial
variability that is likely attributable to varying characteristics associated with individual river

Figure 2: Correlation coefficients between river-ice break-up dates and a) PDO, b) PNA, c) NP,
d) NAO, and e) AO winter teleconnection indices for the period 1950-99. River-ice locations
with r values significant at the 5% level are denoted by black dots.

locations (e.g., river size, data length, micro-climate, etc.). Nonetheless, there are some
discernible large-scale patterns evident in the correlation maps. The Pacific-related indices
(PDO, PNA, and NP), display a similar spatial pattern with PDO and PNA associated with
negative r values, and NP with positive values across the entire country. In all three cases,
correlations are strongest (~0.3 to 0.7) and most significant over western Canada (particularly, in
the Yukon and central Alberta/Saskatchewan) and generally weaken in an eastward and
northward direction. The negative values in Figures 2a and 2b indicate that positive PDO/PNA
are associated with earlier break-ups and vice versa. Positive NP correlations reveal that negative
indices are associated with earlier break-ups and vice versa. These findings are logical since
positive PDO/PNA and negative NP indices are representative of a stronger Aleutian Low. The
stronger low results in frequent, mild Pacific air masses entering western Canada and thus
warmer temperatures and earlier break-ups. A strong low is also normally accompanied by a
strengthening of the mid-tropospheric ridge over western Canada (as represented by a positive
PNA) that results in fewer incursions of cold Arctic air from the north (e.g., Bonsal et al., 2001).
The NAO and AO correlations (Figures 2d and 2e) are weaker with few significant values over
the country. The spatial patterns for both indices are almost identical with NAO having a slightly
stronger relationship. The most distinctive feature is the positive correlations over northeastern
Canada indicating that a stronger Icelandic Low (positive NAO/AO) is associated with later
break-ups and vice versa. The deeper low results in an increased frequency of cold, northerly
flow into eastern Canada and thus delayed break-up. However, this relationship is rather weak
and non-significant for the river-ice locations analyzed in this study.
Correlations between river-ice freeze-up dates and summer teleconnection indices are provided
in Figure 3. Results indicate less coherent large-scale patterns and weaker r values as compared
to the winter/break-up relationships in Figure 2. For the PDO, PNA, and NP, highest values
(~0.2 to 0.4) are confined to western Canada, however, only a few sites are significant. The
positive (negative) PDO/PNA (NP) relationships in western Canada signify that a deeper
Aleutian Low (i.e., warmer temperatures) is associated with later freeze-up dates and vice versa.
As with break-up, the NAO/AO relationships show considerable variability with no discernible
pattern in correlation values even over north-eastern regions of the country.
3.2 Composite Analysis
Figure 4 shows composite river-ice break-up and freeze-up anomalies associated with the El
Niño and La Niña years in Table 1. In Figure 4a for example, anomalies for each river-ice
location are calculated as the average break-up date during the 13 El Niño years minus that for
the remaining 37 non-El Niño years. Locations with significant differences at the 5% level (using
the Monte Carlo procedure described in section 2) are denoted by black dots. For ease of
comparison, red shadings are associated with warmer conditions (i.e., earlier break-up and later
freeze-up) and blue shadings with cooler conditions (i.e., later break-up and earlier freeze-up).
The maps generally reveal weaker anomalies with few stations exhibiting significant differences.
There are, however, some discernible large-scale patterns evident in the ENSO responses. On
average, El Niño events tend to be associated with shorter ice durations over most of the country
with break-up occurring approximately five days earlier and freeze-up five days later (although
spatial variability is evident). The pattern is slightly more coherent during spring break-up. La

Figure 3: Correlation coefficients between river-ice freeze-up dates and a) PDO, b) PNA, c) NP,
d) NAO, and e) AO summer teleconnection indices for the period 1950-99. River-ice locations
with r values significant at the 5% level are denoted by black dots.

Nina events on the other hand, are generally associated with longer ice durations that are mainly
attributable to later break-ups. Earlier freeze-up dates are mainly confined to western Canada. In
addition, the La Niña response tends to be stronger than El Niño particularly, over western
Canada where average durations are on the order of 10 to 15 days longer.

Figure 4: Composite river-ice break-up and freeze-up anomalies (in days) during the El Niño
and La Niña years in Table 1: a) El Niño and break-up, b) El Niño and freeze-up, c) La Niña and
break-up, and d) La Niña and freeze-up. Contour interval is 5 days with red shades indicating
shorter ice durations (i.e., earlier break-up and later freeze-up) and blue shades longer ice
durations (i.e., later break-up and earlier freeze-up). Black dots denote river-ice locations with
composite anomalies significantly from non-El Niño (non-La Niña) years at the 5% level using a
Monte Carlo procedure (see text for details).
Break/freeze-up anomalies associated with positive and negative phases of the PNA pattern are
displayed in Figure 5. The other Pacific-related indices (PDO and NP) show similar results to
those in Figure 5 with only slight variations in the regional strength of the anomalies (not

Figure 5: Composite river-ice break-up and freeze-up anomalies (in days) during positive/
negative PNA winters/summers during the period 1950-99: a) Positive PNA winters and breakup, b) Positive PNA summers and freeze-up, c) Negative PNA winters and break-up, and d)
Negative PNA summers and freeze-up. Contour interval is 5 days with red shades indicating
shorter ice durations (i.e., earlier break-up and later freeze-up) and blue shades longer ice
durations (i.e., later break-up and earlier freeze-up). Black dots denote river-ice locations with
composite anomalies significantly from non-positive PNA (non-negative PNA) winters/summers
at the 5% level using a Monte Carlo procedure (see text for details).
shown). The PNA-related anomalies are stronger than those associated with ENSO especially,
for break-up. The earlier break-up response to positive PNA winters (Figure 5a) is greatest over
western Canada with the Yukon, British Columbia, and Alberta being associated with several
significantly earlier values ranging between 5 to 15 days. This spatial pattern is similar to that for
the winter PNA/break-up correlations in Figure 2a. The negative winter PNA map (Figure 5c)
also shows several significant values (later break-up) over western Canada but unlike positive
PNA, the response extends eastward to encompass the majority of the country. In terms of

freeze-up, results are generally stronger over western Canada with positive PNA winters
associated with values around 5 to 10 days later and negative PNA summers with dates 5 to 10
days earlier. The results are consistent with those outlined in section 3a in that positive PNA
result in warmer conditions and thus longer river-ice durations over much of Canada. Negative
PNA are associated with opposite conditions.
Figure 6 provides average break/freeze-up anomalies associated with the different phases of
NAO. As with the correlation analysis, NAO responses are somewhat weak with few significant
values. In eastern Canada, positive NAO winters tend to be associated with later ice break-ups
which is consistent with the stronger Icelandic Low and resultant colder air advection into this
region. However, positive NAO freeze-up dates in eastern regions of the country are on average
later than normal particularly, in the southeast. A possible explanation includes the fact that
positive NAO are also associated with a stronger Bermuda High that is located farther north in
autumn (as opposed to spring) due to a warmer ocean. The stronger high would result in warmer
air advection into southeastern regions of Canada and thus the occurrence of later freeze-up
dates. Negative NAO tends to show opposite results for both break-up and freeze-up as
compared to positive NAO.
4. Summary and Discussion
This study examines relationships between several atmospheric and oceanic teleconnection
indices and river-ice break-up/freeze-up dates over Canada. For the period 1950-99, correlation
and composite analyses reveal distinct large-scale spatial patterns in these relationships,
however, their strength and significance is somewhat weak. Figures 2, 3, and 5 show that the
Pacific-related indices (PNA, PDO, and NP) have the strongest associations with river-ice
durations over most of Canada. In particular, the positive phases of the PNA and PDO, and the
negative phase of the NP are associated with shorter durations consisting of earlier break-ups and
later freeze-ups (and vice versa). The relationship is stronger and covers more of the country
during spring break-up while the freeze-up response is generally weaker and confined to western
regions of the country. The ENSO findings in Figure 4 are similar to those of the other Pacific
indices, with shorter ice durations during El Niño, and longer durations during La Niña over
much of Canada. These results are consistent with other temperature/teleconnection analyses
which found that El Niño, the positive PDO and PNA, and negative NP are associated with
warmer temperatures over much of Canada particularly, in the west during winter and spring
(e.g., Bonsal et al., 2001). The higher temperatures and resultant shorter river-ice durations are
mainly attributable to a deeper than normal Aleutian Low and associated warm air advection into
much of Canada. La Nina events, negative PDO/PNA and positive NP are associated with
opposite conditions and thus longer ice durations. Relationships with the NAO and AO (Figures
2, 3, and 6) are weaker with only a few locations displaying statistical significance. The most
distinctive feature is over eastern Canada where positive NAO winters tend to be associated with
later ice break-ups. This is consistent with previous positive NAO/temperature studies that
determined colder than normal winters and springs over northeastern Canada in association with
the stronger Icelandic Low and resultant cold air advection into this region (e.g., Hurrell, 1996).
However, the NAO/river-ice relationship is not as strong as the NAO/temperature association.

Figure 6: Composite river-ice break-up and freeze-up anomalies (in days) during positive/
negative NAO winters/summers during the period 1950-99: a) Positive NAO winters and breakup, b) Positive NAO summers and freeze-up, c) Negative NAO winters and break-up, and d)
Negative NAO summers and freeze-up. Contour interval is 5 days with red shades indicating
shorter ice durations (i.e., earlier break-up and later freeze-up) and blue shades longer ice
durations (i.e., later break-up and earlier freeze-up). Black dots denote river-ice locations with
composite anomalies significantly from non-positive NAO (non-negative NAO) winters/
summers at the 5% level using a Monte Carlo procedure (see text for details).
Although distinct large-scale relationships between the various teleconnections and river-ice
break/freeze-up dates over Canada are evident, only a few locations display statistical
significance at the 5% level. Furthermore, both the correlation and composite analyses are
associated with distinct smaller-scale variations as revealed by rapid changes in the sign and/or
strength of the relationships over short distances (e.g., the significant positive PDO/break-up
correlation over east central Saskatchewan in Figure 2a). A likely explanation for this small-scale
variability involves the varying characteristics associated with individual river locations. This

would include for example, the size of the river (i.e., stream order), the location of the gauging
station, and micro-climatic characteristics. In addition, the distribution and number of data values
at each location during the 50-year study period varies from station to station since the criterion
for inclusion in the analysis was at least 20 observations. As a result, for certain analyses (e.g.,
composite La Niña years) the number of events for each river-ice location could vary
considerably depending on which years were missing. This would also explain why certain
stations are statistically significant while those with similar correlation coefficients or composite
anomalies are not significant. Another factor that requires consideration involves the six-month
averaging period used to define the winter and summer teleconnection values. This procedure
was incorporated to accommodate the large temporal variations in average dates of ice break-up
and freeze-up over various regions of the country. Further analysis indicates that the use of
individual monthly indices improves the correlation and composite relationships over some
regions of the country (not shown), however, it was determined that the six-month average
values provided more spatially coherent results for the entire country.
Results from this study have improved understanding of the spatial relationships between largescale oscillations and freshwater-ice durations over Canada. In fact, a concurrent study of
teleconnections and lake-ice break/freeze-up dates reveals almost identical spatial patterns, but
much stronger and statistically significant relationships (not shown). The findings shown here
can be incorporated as a basis for more regionally focused investigations over the country. They
can also be used to infer future changes to river-ice conditions given the prospect of climate
change. At this point, the effects of global warming on the various teleconnection patterns
examined in this study remain uncertain. Houghton et al. (2001) points to a lack of agreement
among the various climate models concerning the frequency and structure of large-scale
atmospheric and oceanic modes. Some models suggest that as climate warms, El Niño-type
patterns will become more frequent. Since El Niño events have been shown to be associated with
a strengthening of the Aleutian Low, increases in their occurrence would likely be associated
with shorter ice durations particularly, in western Canada.
In conclusion, this has been the first study to examine relationships between several large-scale
teleconnection indices and river-ice durations over all of Canada using the recently created CID.
Although weak, the spatial relationships revealed in the analyses provide a better understanding
of the impacts of these atmospheric and oceanic oscillations on past river-ice durations over the
country. This, along with ongoing advancements in modeled projections of future climate
change, will provide insight into future regional changes to river-ice characteristics over various
regions of Canada.
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In this investigation, a one-dimensional hydrodynamic model that includes river
ice formation and melting processes is developed and used to conduct a
preliminary assessment of climate change impact on the ice regime of the Peace
River in Alberta. The model employs an Eulerian frame of reference for both
the flow hydrodynamics and the ice processes (ice cover formation and
deterioration) and uses the characteristic-dissipative-Galerkin finite element
method to solve the primary equations.
This paper details the model formulation and its application to the Peace River.
Model calibration and validation results with historical data are presented; these
indicate that the present model adequately simulates water temperature and ice
front profiles. However, its further development to include certain dynamic
freeze-up processes is required to refine the ice front results.
Higher air temperatures predicted by the CGCM2 climate model were used to
generate future ice front profiles that correspond to the historical runs. This
preliminary climate change impact analysis suggests that there is a significant
potential for a shorter ice-covered season on the Peace River by the mid-twentyfirst century. At the Town of Peace River, the average total reduction in ice
cover duration is 28 days (31%) under the scenario applied.

1. Introduction
The winter ice cover that forms on most northern rivers plays an important role in ecosystems
and water quality (Prowse and Culp, 2003) and in many cases is a significant factor in Canada’s
northern transportation network (e.g. Gerard et al., 1992; Kuryk and Domaratzki, 1999). Climate
change, in particular climate warming, has the potential to affect not only the duration and extent
of ice cover on northern rivers but also the frequency and/or severity of ice jam events (Beltaos
and Prowse, 2001). Clearly, it is important to be able to assess the potential impact of climate
change and climate variability on the ice regime of rivers and to develop adaptive strategies to
minimize the negative impacts of these changes.
It has been determined that climate warming has already occurred in northern Canada; in fact, to
a greater extent there than the global average (Figure 1). As participants in the Global Energy
and Water Cycle Experiment (GEWEX), Canadian researchers are investigating the potential
effects of climate change on the hydrology of the Mackenzie River Basin in collaboration with
Environment Canada scientists. Their collective work is known as the Mackenzie GEWEX
Study (MAGS). This project, which focuses on assessing the impact of climate change on the
thermal ice regime of rivers, is one component of the MAGS study, and was also conducted in
collaboration with Alberta Environment’s Climate Change Research Group. The particular river
of interest for this investigation is the Peace River, located in the upper Mackenzie River basin.
In this preliminary investigation, we explore the potential impacts of climate warming on the
thermal regime of the Peace River for the reach extending from Hudson Hope, BC, to Fort
Vermillion, AB, as shown in Figure 2. This river is regulated by hydropower dams at its
upstream end, and as a result thermal ice processes are a dominant feature of its winter regime.
Building on the validated dynamic hydraulic model of the Peace River developed by Hicks
(1996) and also applied by Peters and Prowse (2001), we employ a fully Eulerian framework to
incorporate thermal ice formation and deterioration processes. The model is validated with
historical data and then applied to provide a preliminary evaluation of the potential magnitude
and significance of climate change impacts on thermal ice processes.
This paper outlines the development, calibration, and application of the thermal river ice model;
the preliminary calibration and validation results for the Peace River study reach; and finally
application of the model to a climate warming scenario for the Peace River.
2. Model Development
The model developed for this study is built upon the University of Alberta’s public domain,
dynamic river routing model, River1D (Hicks and Steffler, 1992). River1D is a one-dimensional
finite element-based numerical model that solves conservation of water mass and longitudinal
momentum using the characteristic-dissipative-Galerkin (CDG) scheme. For this investigation,
the rectangular channel version of the River1D model has been enhanced to incorporate thermal
ice related processes including consideration of water temperature, suspended frazil ice, surface
ice concentration, surface frazil ice, and solid surface ice. Ice front location is a supplementary
solution variable that determines where the free-drift assumption is applied to surface ice and
where surface ice velocity is zero.

Existing river ice models (e.g. Shen et al., 1995; Lal and Shen, 1989) use an Eulerian-Lagrangian
approach to model the governing equations. In contrast, the thermal process equations modeled
in River1D have been developed from control volume principles in a completely Eulerian frame
of reference. Each equation can be written in the form:

∂
(Φ ) + ∂ (UΦ ) = ΣF
∂t
∂x

[1]

where Φ represents the solution variable, U the mean or surface ice flow velocity, and ΣF the
sum of the mass or energy fluxes applying to the control volume. The equations in this general
form were subsequently developed into weak statement formulations based on the characteristicdissipative-Galerkin finite element scheme, and then incorporated into River1D. For each time
step in the transient solution, the modeling procedure involves a decoupled solution of the total
(ice + water) mass and longitudinal momentum conservation equations, followed by solution of
the water temperature and ice mass conservation equations. This approach assumes that the
drifting ice moves at the surface water velocity, with ice resistance effects only considered once
the ice itself is arrested. This preliminary version of the model does not include consideration of
dynamic ice jam formation or release processes.
Conservation of thermal energy is used to derive the model for river water temperature:
∂
(AC pTw ) + ∂ (UAC pTw ) = − (B − Bi )φwa − Biφia − Biφiw
∂t
∂x
ρ
ρ
ρ
φia >0

[2]

φiw >0

The first flux term on the right hand side of the equation represents the energy transfer between
the water and the air above any open water area. The second flux term accounts for the loss of
heat over the ice-covered area. This term only applies if heat is being lost, as any heat gain over
an ice-covered area is directed towards ice melt. Similarly with the final term, representing heat
transfer associated with solid ice melt, there must be a positive heat transfer from the water to the
ice cover for this term to take effect. Linearized water-air and ice-air heat exchanges are
calculated using the method described by Lal and Shen (1989). The ice-water heat exchange is
computed based on the work of Ashton (1973).
Once a zero degree isotherm has developed within the simulated reach, the ice mass conservation
component of the model is activated. The initial ice mass process being modeled is the
generation of suspended frazil according to:
⎤
⎡
⎥
⎢
∂A f ∂UA f
1 ⎢ ρ (B − Bi )φ wa
⎥
+
= ⎢
− ρ iηC f B ⎥

ρi ρi
Li
∂t
∂x
⎢
frazil rise if ⎥
C f ≥0
if
⎥⎦
⎢⎣ frazil formation
Tw =0

[3]

Note that the flux term associated with frazil formation requires the water temperature be zero
degrees at that location. The other flux term quantifies the ice mass lost from suspension to the
surface, due to frazil buoyancy. The rise parameter, η , is a calibration parameter that controls
the rate of surface ice formation.
As frazil ice rises, the surface ice coverage increases at a rate also influenced by an initial frazil
floe thickness, t ′f , specified by the modeler. The change in surface ice coverage, Bi , is given
by:

⎡
⎤
⎢
⎥
⎥
ef ⎞
∂Bi ∂U i Bi
1 ⎢⎛⎜
⎟ηC f B ⎥
+
=
⎢⎜ ρ i + ρ
(1 − e f ) ⎟⎠
∂t
ρ ′t ′f ⎢⎝
∂x
⎥

⎢ frazil and pore water deposition if ⎥
C f ≥0
⎢⎣
⎥⎦

[4]

At the surface, the frazil deposits in proportion to the porosity of frazil floes, e f . The capture of
pore water mass within the floe area is also included in the above equation.
The thickness of frazil slush on the underside of pans and solid ice at the surface is derived from
the following two equations when frazil slush exists:
⎡
⎤
⎢
⎥
⎢
⎥
⎛
⎞
e
′
′
∂Ai′ ∂U i Ai′ 1 ⎜
f
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⎢ frazil and pore water deposition if
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[5]
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[6]

When the solution for frazil slush thickness goes to zero, the flux associated with pore water
freezing no longer applies to the solid ice equation, while new terms for growth of columnar ice
and solid ice melt due to warm water enter the equation.

In this case, the solid ice equation becomes:

⎡
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[7]

In the present version of the model, the user must specify the time at which bridging occurs at
the downstream boundary. When this time in the simulation is reached, the initial condition for
the ice front location is set at the downstream boundary and the approach of ice from upstream
leads to the upstream progression of the ice front. A straightforward conservation of surface ice
method, inspired by that employed in the RICEN model (Shen et al., 1995), is used to follow the
ice front location:
X i (t + ∆t ) = X i (t ) −

Ci U i
∆t
Pjux

[8]

The juxtaposition parameter, Pjux, is a calibration parameter that affects the simulated rate of ice
cover advance. Its value is intended to account for the reduction of ice velocity as pans arrive at
the leading edge of the ice cover as well as any associated crushing, under-turning, or
consolidation of floes.
Recession of the ice cover due to melt is handled more naturally by the model. The ice front
location moves node by node upstream as the ice thickness at the ice front decreases towards
zero. Intermediate ice front locations are not calculated during the melt process, as they are
during upstream progression.
3. Model Calibration and Application to the Peace River, Canada
3.1 Data Requirements

The data required to run the River1D thermal river ice model consists of initial conditions and
inflow time series for the hydraulic, water temperature, and ice conditions. A downstream rating
curve or water level time series is also required for the hydraulic modeling component. Finally,
one or more air temperature time series must be specified to drive the thermal modeling
components. Heat input from solar radiation can also be considered, but this feature was not
employed in this preliminary application, as insufficient data were available. Downstream
boundary conditions for water temperature and ice conditions are not required as the finite
element method employed in River1D uses the applicable ‘natural’ boundary conditions.
Discharge records and water temperature for the Bennett/Peace Canyon Dam were made
available by Alberta Environment and used to develop the upstream boundary conditions for the
model. Ice inflow at the upstream boundary was set at zero for all simulations, which is

consistent with the physical situation in this case. Extensive air temperature records at Fort
St. John, BC, the Town of Peace River, AB, and at High Level, AB, were used to construct the
air temperature time series for the simulations (station locations noted in Figure 2). For this
study, the average mean daily air temperature at the first two stations was used to define the air
temperature upstream of the Town of Peace River and the mean daily air temperature at High
Level was applied to the lower reach. The remaining input parameter is the time of ice front
initiation at the downstream boundary. This value was either estimated or (when known) taken
directly from historical ice front observations provided by Alberta Environment.
3.2 Model Calibration and Validation

Calibration and validation of the thermal river ice model involved two phases: the first required
calibration/validation of the air-water heat exchange coefficient to observed water temperature
data; the second phase involved calibrating and validating the remaining set of parameters that
dictate the simulated ice front profile.
Calibration / Validation Using Observed Water Temperature Data

Water temperature observations on the Peace River in Alberta are currently limited to two
locations: the Water Survey of Canada (WSC) gauges at Alces River (164 km downstream of the
Bennett Dam) and the Town of Peace River (396 km downstream of the Bennett Dam). As only
two years of record were available, for the 2002/03 and 2003/04 ice seasons, the former season
was used for calibration and the latter for validation.
For the calibration using the 2002/03 data, heat exchange coefficients of 15 and 20 W/m2 were
tested (chosen based on the results of previous studies on the Peace River (e.g. Andres, 1993)).
The resulting simulated water temperature profiles at the Alces and Peace River gauge sites are
shown in Figures 3 and 4, respectively. As the figures illustrate, both values of the heat exchange
coefficient tested appear to produce modeled water temperatures at Alces that are consistently
higher than the observed values. For the Peace River gauge site, the model appears to produce
results comparable to the measured data. However, the simulated water temperatures show
higher peaks and there is no clear indication that one or the other of the heat exchange
coefficients tested provides a superior match to the observed data. In the end, for this
preliminary investigation, it was decided to proceed using a value of 15 W/m2 for the heat
exchange coefficient, as it provided the better representation of the date the zero degree isotherm
reached the Town of Peace River.
Figures 5 and 6 compare the simulated water temperature profile (using 15 W/m2 for the heat
exchange coefficient) with the observed data at the two gauge sites for the 2003/04 (validation)
season. As the figures illustrate, model results are generally consistent with the measured data,
but again in the case of the Alces site, the model indicates higher water temperatures than those
measured. Similar to the calibration runs for the Peace River gauge, the model results for the
validation season tend to show higher peak values than those seen in the data.
Overall, the results of this preliminary calibration and validation to the water temperature data
suggest that the model is producing reasonable results, though not perfectly capturing the water

temperature behavior. A choice of 15 W/m2 seems a reasonable compromise given the limited
available data for calibration and validation. Clearly more data and additional modeling is
required to refine the simulation results for the Alces gauge site in particular. The current overprediction at Alces may simply reflect a question of the suitability of the air temperature data for
that location or the quality of the water temperature data at that site or at the upstream boundary.
In any case, the water temperatures were considered to be adequately modeled for the purposes
of this preliminary investigation.
Calibration / Validation of the Ice Process Parameter Set

More than 20 years of historical records, including documentation of the ice front progression in
each year, were supplied by Alberta Environment for calibration and validation of the ice process
model components. Unfortunately, much of the record is sparse, most notably in terms of the
water temperature information required for the inflow boundary condition. In the end, it was
decided that, for this preliminary investigation, most of the empirical ice process parameters
would be set to ‘typical’ values and only the juxtaposition parameter, Pjux , would be adjusted.
A value of Pjux = 2.5 was found to produce the best overall ice front results for the 20 years of
historical record simulated. The remaining parameters and their adopted values were:
•
•
•
•

frazil floe porosity = 0.5;
frazil rise parameter = 0.0001 m/s;
Manning’s n for ice cover = 0.02; and
ice-water heat exchange coefficient = 1187 W s0.8/m2.6/°C (Ashton, 1973).

Other variables can also be used to calibrate the model parameters and to assess the quality of its
performance: measured water levels, documented surface ice concentrations, and observed ice
thicknesses. However, given the objective of this study, which was to investigate climate
warming influences on the extent and duration of ice cover, ice front location was considered the
most relevant. Thus, validation consisted of comparing the modeled ice front locations to the
observed data.
In comparing model results to measured ice front progression, it was found that the performance
of the model varied from year to year. For example, the simulated profile for the years 2002/03
and 2003/04 extended considerably farther upstream than the observed profile in the reach
upstream of the Town of Peace River (TPR) and Dunvegan (DUN) as shown in Figures 7 and 8.
However, in other years, such as 1995/96 and 1996/97, the model performed extremely well, as
shown in Figures 9 and 10. In addition to the necessary approximations regarding the inflow
boundary water temperatures for those years where the data was suspect or missing, a key factor
contributing to this apparently inconsistent model performance is the fact that, at present, the
River1D thermal ice model does not consider ice cover consolidation or hydraulic thickening.
These processes are known to occur on occasion along the Peace River, particularly during the
freeze-up period, and therefore it is not unexpected that the current version of the model would
over-estimate the upstream progression of the ice cover in such cases.

Despite these limitations in the model’s capabilities, it still produces sufficiently reasonable
results to be useful in conducting a preliminary assessment of the potential influences of climate
change on the thermal ice regime of the of Peace River. For example, based on the 20 years of
historical record simulated, River1D predicted the average duration of ice cover and dates of
freeze-up and break-up at the Town of Peace River to within two days of the observed. The
maximum extent of ice simulated was, on average, 50 km farther upstream than the observed
value.
4. Climate Change Analysis

The Canadian CGCM2 climate model was selected to assess the impact of climate change on the
historical winter seasons modeled. Two standardized future climate scenarios were available
from the Mackenzie GEWEX Study (MAGS) research network database; these are commonly
referred to as A2 and B2. The A2 scenario, which is based on larger population growth and
higher cumulative CO2 emissions over the period 1990 to 2100 than the B2 scenario, was chosen
for this study, in order to examine the more severe climate prediction. The CGCM2 model
provides mean monthly temperature change projections relative to the period 1961 to 1990 for
various locations in Canada. For this preliminary analysis, the mid-range projection for the year
2050 was selected over the two extremes of 2010 and 2080.
To assess the potential effects of climate change on the winter regime of the Peace River, it was
necessary to assume that the mean monthly air temperature change projections from the climate
change scenario could be applied directly to the mean daily historical values used as model input.
Other compounding potential effects of climate warming, such warmer water temperatures in the
hydropower dam reservoir and/or a delay in the timing of initial ice cover bridging at Fort
Vermilion, could not be considered here but do warrant future investigation. Intuitive judgment
suggests that neglecting these factors would mean that the results of this analysis would likely
underestimate the potential impact of warming on the duration and extent of the river’s ice cover.
Examples of climate change ice front profiles compared with the historical simulations are
presented in Figures 11 through 14, for the same example years presented in the previous
section. The predicted November, December, January, February, March, and April temperature
increases for the southern region (including the Town of Peace River) of 0.37, 4.02, 5.11, 3.85,
4.10, and 1.85 °C, and 0.30, 3.82, 5.67, 3.90, 4.05, and 1.70 °C for the northern region, clearly
have a significant impact on the overall ice front progression. In particular, the duration and
maximum extent of ice cover are reduced. As Figure 15 illustrates, the maximum upstream
extent of the ice cover would be expected to be consistently further downstream of the dam, by
an average of 60 km.
Figure 16 presents more site specific results, at the Town of Peace River, where re-analysis of 20
years of historical ice simulations reduced the duration of ice cover there by an average of 28
days or 31% compared to the historical observations from the same time period.
5. Conclusions

The purpose of this investigation was to apply the River1D thermal ice model to the Peace River
and to assess the potential impacts of climate change on the river’s thermal ice regime. In

general, it was found that the model produced reasonable predictions of ice cover progression for
the validation period, when taking into account the limited availability of some input data
(particularly inflow water temperature data). However, because the model is currently capable
of modeling thermal ice processes only, it cannot precisely capture ice cover progression in years
where dynamic processes, such as secondary ice cover consolidation, significantly influence the
location of the ice front. Nevertheless, the model’s capability is considered adequate for the
purposes of this preliminary study.
To explore the potential impacts of climate change on the Peace River thermal ice regime, the
validated model was then applied for the same historical period, using the air temperature
changes indicated for Fort St. John, the Town of Peace River, and High Level under the A2
climate change projection for the year 2050, generated by the CGCM2 model. An important
consideration affecting the interpretation of these results is that increased air temperatures would
also potentially have an impact on the upstream water temperature boundary condition (i.e. by
increasing the reservoir water temperatures) and would likely delay the time of first ice
formation at the downstream boundary. Both these effects would tend to delay the development
of the ice cover, and lead to earlier thermal melt. Thus, in this context, the results indicated here
are likely conservative in terms of the degree of climate change impact on the river’s ice regime
that might occur under the CGCM2/A2 scenario.
Results of this preliminary climate change impact assessment suggest that there is a significant
potential for a shorter ice-covered season under the climate change scenario investigated. In
terms of the delay in the date of freeze-up at the Town of Peace River, an average of 13 days is
indicated and for break-up, the average date is 15 days earlier. These results amount to a 28-day
reduction in duration of ice cover at the Town of Peace River. The simulated minimum ice front
distance downstream of the Bennett Dam was an average of 60 kilometres greater after climate
change was applied, as compared to the historical model results.
Given the limited input and validation data, the fact that the model only considers thermal ice
processes at this time, the lack of consideration of the effects of climate change on reservoir
outflow temperatures and ice cover initiation date, and uncertainties associated with the
meteorological climate change analysis itself (as well as its applicability for this particular period
of record), these quantitative averages cannot be considered firm predictions. However, their
magnitudes do definitely suggest that there will be a measurable, and possibly even significant,
impact attributable to climate change on the future ice regime of the Peace River. Therefore, it is
important to start developing adaptive strategies as well as improved models and data archives,
in order to gain a more reliable quantitative assessment of these impacts.
6. Recommendations for Future Research

Numerous opportunities exist to improve the current River1D thermal model. The most
immediate need is to incorporate the physics of ice cover stability and mechanical thickening
into the current version. This should greatly improve the model’s consistency when simulating
the ice front profile from year-to-year. Secondarily, computation of ice floe velocity can be
advanced to include the effect of channel constriction on the passage of large concentrations of

surface ice. Finally, consideration of natural channel geometry would facilitate validation of
water levels, not just ice front progression.
The bridging phenomenon is still not completely understood and remains largely site specific. It
would be extremely beneficial, particularly with respect to modeling climate change effects on
river ice, to have a reliable bridging criterion built-into the model. Future research, modeling,
and field observation could reveal a great deal about this aspect of the river’s ice regime. Other
issues not currently included in the model such as lateral thermal inflow and snow cover could
also be the focus of future work.
Continued and improved data collection is also critical to the quality and success of this and
other river ice studies. For the Peace River, one or more additional water temperature
monitoring sites downstream of the Town of Peace River would provide extremely useful
calibration and validation data. The hydropower dam’s discharge temperature should continue to
be measured and reservoir models should be developed to assess the impact of climate change on
the seasonal water temperature boundary condition.
Finally, additional climate change scenarios can be investigated with the current model and the
importance of the inflow water temperature and date of bridging on the overall ice front
simulation can be determined.
List of Symbols

A
Af
Ai
Ai′
B
Bi
Cf
Ci
Cp
ef
Li
Pjux
t
t ′f
Tw
U
Ui
x
Xi
∆t

liquid water flow area (m2)
suspended frazil ice flow area (m2)
solid ice flow area (m2)
flow area of frazil slush at the surface (m2)
top width of channel (m)
surface ice width or coverage (m)
suspended frazil ice concentration (dimensionless)
surface ice concentration (dimensionless)
specific heat of water (J/kg/°C)
porosity of frazil slush (dimensionless)
latent heat of ice (J/kg)
juxtaposition parameter (dimensionless)
time (s)
initial frazil ice thickness (m)
water temperature (°C)
mean water velocity (m/s)
surface ice velocity (m/s)
longitudinal distance along channel centreline (m)
location of ice front / distance from upstream boundary (m)
solution time step (s)

η
ρ
ρ′
ρi
φ ia
φ iw
φ wa

frazil rise parameter (m/s)
density of water (kg/m3)
combined density of frazil slush and pore water (kg/m3)
density of ice (kg/m3)
net rate of heat exchange per unit area between ice and air (W/m2)
net rate of heat loss per unit area between ice and water (W/m2)
net rate of heat loss per unit area between water and air (W/m2)
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Figure 1. Winter temperature trends, 1961-1990. (Adapted from: Climate Research Unit,
University of East Anglia, U.K., http://www.cru.uea.ac.uk/)
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Figure 2. Peace River basin, showing study reach from Hudson Hope to Fort Vermillion.
(Adapted from: Hicks, 1996)
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Figure 3. Peace River water temperature calibration to the Alces gauge (2002/03).
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Figure 4. Peace River water temperature calibration to the Town of Peace River gauge (2002/03).
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Figure 5. Water temperature model validation at the Alces gauge (2003/04).
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Figure 6. Water temperature model validation at the Town of Peace River gauge (2003/04).
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Figure 7. Modeled and observed ice front profile (2002/03).
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Figure 8. Modeled and observed ice front profile (2003/04).
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Figure 9. Modeled and observed ice front profile (1995/96).
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Figure 10. Modeled and observed ice front profile (1996/97).
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Figure 11. Simulated historical and future climate ice front profiles (2002/03).
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Figure 12. Simulated historical and future climate ice front profiles (2003/04).
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Figure 13. Simulated historical and future climate ice front profiles (1995/96).
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Figure 14. Simulated historical and future climate ice front profiles (1996/97).
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Figure 15. Modeled historical versus future climate change minimum ice front distance
(in kilometres) from the Bennett Dam in British Columbia.

Modeled Future Climate

150
140
130
120
110
100
90
80
70
60
50
40
30
20

150

140

130

120

110

100

90

80

70

60

50

40

30

20

10

0

10
0

Modeled Historical

Figure 16. Modeled historical versus future climate change duration of ice cover (in days) at the
Town of Peace River in Alberta.
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The timing of freeze-up and break-up events are critical to many hydroecological and
socio-economic systems in Canada and other cold regions countries. Changes in the
dates of such events can have a number of significant and wide-ranging implications,
varying from effects on under-ice aquatic productivity to the duration of surface
transportation afforded by ice roads. Previous studies, based on somewhat limited data
sets, have shown that break-up dates are generally occurring earlier and freeze-up dates
later in the Northern Hemisphere and parts of Canada. This study employs the most
comprehensive river ice database yet analyzed: the Canadian Ice Database (CID), an
amalgamation of ice conditions from the Meteorological Service of Canada (MSC) and
the Canadian Ice Service (CIS), spatially augmented with data from Water Survey of
Canada stations. Spatial trends of break-up and freeze-up dates are analyzed for major
climatic zones across the country and are compared to the related timing of
spring/autumn 0°C isotherms. Links are made to 0°C isotherms in the hope that such a
temperature index can be used as a surrogate predictor for future ice conditions under
changing climatic conditions. Various periods were analyzed but a focus was placed on
(i) the often studied 1961-90 period, and (ii) the latter half of the 20th century, employing
stations with a minimum 2/3 record length in both cases. In general, the data show that
most of the country has been undergoing a trend towards earlier breakup dates, although
the freeze-up patterns are more spatially complex and do not bear out similarly clear
temporal trends. Also discussed are spatial variations among major climatic regions,
which showed a particularly strong trend in break-up dates in western Canada.

Introduction
It has been suggested from an international review of long-term (> 100 yr) lake- and river-ice
records gathered from around the Northern Hemisphere that the duration of freshwater ice cover
has been decreasing (Magnuson et al., 2000). Furthermore, most climate-change predictions for
the future indicate that such duration will further decline particularly as a result of earlier breakups (Anisimov et al., 2001). In the case of air temperatures that drive such ice events, Serreze et
al. (2000) has noted that winter and spring warming has been most pronounced over northern
continents and over the central Arctic Ocean since about the 1970s. More specifically, the mean
annual air temperature for Canada's south has increased between 0.5 and 1.5°C during the period
1900-98 and for Canada as a whole, has increased by 0.3°C for the 1950-98 period (Zhang et al,
2000). Linking trends in air temperature and ice-cover dates, Bonsal and Prowse (2003) found
significant trends towards earlier spring dates, especially over most of western Canada over the
last 20-30 years. Many of these studies also note the accelerated rate of temperature increase
especially over the last half of the century. This has been supported by recent satellite
observations that have shown average temperature trends to be generally positive over North
America (1.06 +/- 0.22°C decade-1) with a recent 20-yr trend as much as 8 times larger than the
100-yr trend (Comiso, 2003).
Although some broad analyses of spatially limited data sets of ice-event dates for Canada have
been completed, this study provides a more detailed spatial and temporal analyses of river ice
trends by relying on the most comprehensive river ice database yet analyzed: the Canadian Ice
Database (CID; Lénormand et al., 2002), spatially augmented with data from Water Survey of
Canada stations. The CID is an amalgamation of ice conditions from the Meteorological Service
of Canada (MSC) and the Canadian Ice Service (CIS). The analysis has two objectives: first, to
define spatial trends of break-up and freeze-up dates for major climatic zones across the country
and, secondly, to compare these to the timing of spring/autumn 0°C isotherms (i.e., the point of
'phase change' from melting to freezing condition; see Bonsal and Prowse (2003)). Correlations
are made to 0°C isotherms in the hope that such a temperature index can be used as a surrogate
predictor for future ice conditions under changing climatic conditions; something much more
difficult to predict using complex ice modelling approaches.
Data and Methodology
The CID, the major data source for this study, contains 63,546 ice observations from 757 sites
across Canada from 1822 to 1999 for rivers, lakes, sea water and deltas. Even with such a
comprehensive record, it was necessary to supplement missing records or infill for some dataspare regions, such as in the eastern Keewatin (i.e. western Hudson Bay). This was completed
using Water Survey of Canada (HYDAT database; Environment Canada, 2003) last 'B' dates, the
'B' denoting periods when ice affects the stage-discharge relationship (i.e. backwater effect). As
clearly shown in Figure 1, the number of reporting stations significantly increased around the
mid 1950s (CID) and during the 1960s (HYDAT) only to decline even more dramatically during
the mid 1980s (CID) and early 1990s (HYDAT).
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Figure 1: State of break-up/freeze-up stations across Canada from a) the CID and b) HYDAT
for the period 1900-2000.
The nonparametric Mann-Kendall test was used to detect trends, and the nonparametric Sen's
method for the magnitude of the trends (Mann, 1945; Kendall, 1975; Sen, 1968). The MannKendall test is appropriate to use when trends are assumed to be monotonic, i.e. either increasing
or decreasing. The slope of a linear trend is estimated with the Sen's method, which is not
greatly affected by single data errors or outliers. Non-parametric Spearman correlations were
compared between break-up/spring 0°C isotherms and freeze-up/autumn 0°C isotherms as
defined in Bonsal and Prowse (2003).
Analyses were completed only for stations with a minimum 2/3 complete record of break-up or
freeze-up dates, which corresponds to 20 years for the three 30-yr periods (i.e. 1951-80; 1961-90
and 1966-95) and 32 years for the last half-century (i.e. 1950-98). The last half-century period
was to provide the broader long term perspective, and the three 30-yr periods to permit
comparison with the results of previous studies that employed similar time frames (e.g., Serreze
et al., 2000; Zhang et al, 2000; Bonsal and Prowse, 2003). The 1961-90 period was used for
correlations of ice events with 0°C isotherms because it contained the largest number of freeze-

up/break-up records (Figure 1 and Table 1). The 1950-98 period was also employed to provide a
longer term perspective in reference to the warming that has occurred over the last half-century.
Period
Break-up
Freeze-up
1951-80
61
50
1961-90
79
68
1966-95
71
60
1950-98
45
41
Table 1: Number of stations available for trend analysis when approximately 2/3 of the years of
record are available.
Analyses were conducted for the whole of the country and for its major climatic regions as
defined by Hare and Thomas (1974). As shown in Figure 2, these include the Pacific (1),
Cordillera (2), Prairies (3), Boreal (4), Arctic (5), Great Lakes/St. Lawrence (6) and Atlantic (7)
(Figure 2). The Boreal climatic region contains the largest number of stations primarily due to
its larger area.
Break-Up and Freeze-Up Trends: 1951-80, 1961-90, 1966-95 and 1950-98
For all of Canada and for all periods (Figure 2), the results show that the timing of river ice
break-up advanced by an overall station average of 3 to 7 days (+/- 11 days), a change of around
1 to 2 days earlier per decade (Table 2). A more variable trend is exhibited by the freeze-up data
that shows over the same periods, a change ranging from 3 days later to 0.3 days earlier,
corresponding to 1 day per decade later to 0.1 day per decade earlier (Table 2). The weaker
signal for freeze-up is also apparent in Figure 2.
Period

Min

Max

1951-80
1961-90
1966-95
1950-98

-42.9
-40.0
-40.3
-42.0

33.0
15.0
21.5
12.3

Break-up
Average

Standard
Deviation
12.1
10.8
11.6
10.7

Days/decade

-2.9
-1.0
-6.5
-2.2
-6.0
-2.0
-6.8
-1.6
Freeze-up
1951-80
-32.0
64.3
2.9
18.2
1.0
1961-90
-35.1
46.1
-0.3
16.4
-0.1
1966-95
-42.0
30.0
0.3
12.8
0.1
1950-98
-37.1
32.7
1.3
15.0
0.3
Table 2: Range of days (absolute min/max of all stations), average/standard deviation, and
change in days/decade for both break-up and freeze-up by period.

Figure 2: Trends in (a) break-up and (b) freeze-up for all periods. Trends significant at the 5%
and 10% levels are denoted by larger solid and open triangles, respectively. Smaller triangles
indicate that the trends are not significant at the 10% level. (a) break-up: downward (red)
triangles and upward (blue) triangles represent negative and positive trends, respectively. (b)
freeze-up: upward (red) triangles and downward (blue) triangles represent positive and negative
trends, respectively. Climate regions are: Pacific (1), Cordillera (2), Prairies (3), Boreal (4),
Arctic (5), Great Lakes/St. Lawrence (6) and Atlantic (7).

Table 3 indicates the percentage of sites with earlier/later break-up/freeze-up dates, including
percentages by significance level and those with no trend. As indicated by the overall
percentages (All), break-up dates for all 4 periods are occurring earlier, i.e. with 56-72% of
stations recording earlier break-ups, 20-34% of stations recording later break-ups and the
remainder having no significant trend. Data for the various 30-year periods also suggest that the
strongest trend to earlier break-ups has occurred in the latter portion of the 20th century,
increasing from an average of only 13% (10%) stations at the 10% (5%) significance level for
the 1951-80 period to approximately 30% (20%) for the two later periods. Much more mixed
signals, however exist for the freeze-up periods with a more even split between earlier and later
shifts, lower percentages being significant, and no real distinction between earlier and later 30year periods.

Earlier
Later
No
All
10%
5%
All
10%
5%
Trend
Period
n
%
%
sig
sig
sig
sig
1951-80 61
56
13
10
34
8
3
10
Break- 1961-90 79
72
29
23
20
3
3
8
up
1966-95 71
65
27
20
22
3
1
13
1950-98 45
67
27
20
24
2
2
9
1951-80 50
38
12
4
50
20
16
12
Freeze- 1961-90 68
51
10
9
38
12
9
11
up
1966-95 60
43
13
5
45
10
5
12
1950-98 41
41
10
5
41
12
10
18
Table 3: Summary of break-up/freeze-up trends by period (see also Figure 2). Number of
stations are identified by ‘n’. Percentages are given for all stations having earlier/later breakups/freeze-ups at the 10% and 5% significance levels.

Spatial Distribution of Break-Up and Freeze-Up Trends: 1961-90
For the purpose of this section, discussion centres on the 1961-90 period since it has the highest
observation density (Figure 1 and Table 1). Figure 3 shows the frequency distribution of the
trends by climatic region for all periods. Bracketed values in Table 4 refer to the number of
stations where trends are significant at the 10% level. Figure 3, which re-enforces Figure 2, also
shows a general trend towards earlier break-up in all regions. The exception is region 5 that is
fairly evenly divided between earlier and later break-ups. For example, earlier break-up in the
Pacific region is observed at 11 of 13 stations. This is also true for 8 of 12 stations in the Prairies;
27 of 36 stations in the Boreal region; 3 of 7 stations in the Arctic; 5 of 7 stations in the Great
Lakes/St. Lawrence region, and 4 of 4 stations in the Atlantic region.

Break-up
1951-80
No
Later
trend
1
2(1)
1
9(3)
3
8(1)
1
0(0)
1(0)
1(0)

1961-90
No
Earlier
Later
trend
11(4)
2(0)
8(2)
2
2(0)
27(11)
4
5(1)
3(1)
4(1)
5(4)
2(0)
4(1)
0(0)

1951-80
No
Later
Earlier
trend

1961-90
No
Later
Earlier
trend

Climate
Region

Earlier

2
3
4
5
6
7

10(3)
3(1)
15(3)
1(0)
4(1)
1(0)

1966-95
No
Earlier
Later
trend
9(7)
0(0)
7(4)
3(1)
20(6)
7
7(1)
3(0)
2
2(0)
4(2)
3(0)
2(0)
1
1(0)

1950-98
No
Earlier
Later
trend
6(4)
0(0)
7(2)
1(0)
8(2)
3
8(1)
3(1)
2(0)
4(2)
1
0(0)
2(1)
0(0)

Freeze-up
Climate
Region

1966-95
No
Later
Earlier
trend

1950-98
No
Later
Earlier
trend

3(1)
2(2)
4(0)
1 1(0)
3(1)
1 3(1)
1(0)
2(1)
2
2(1)
2 7(2)
4(1)
2 5(0)
4(2)
1 3(0)
3(3)
2 3(0)
3
3 12(4) 19(4)
2 14(5) 13(2)
4 16(2)
9(2)
4 8(1)
4 13(4)
0(0)
2(0)
4(2)
1 2(1)
5(3)
1 1(1)
2(0)
1 1(1)
5
0(0)
1
1(1)
2(0)
1
2(1)
1(0)
3(1)
2(0)
2(1)
6
1(0)
1(1)
2(0)
2(1)
0(0)
1(1)
0(0)
1(0)
7
Table 4: Total number of stations in each climate region showing earlier, no trend and later
break-up/freeze-up dates. Values in brackets are number of stations significant at 10% level
A mixed signal is apparent in the freeze-up trends for the 1961-90 period. Although later freezeups occur in all regions, general trends towards earlier freeze-ups seem to outweigh those of later
freeze-ups, except in regions 3, 6 and 7. For example, in regions 2, 4 and 5 earlier freeze-ups
(significant at 10% level) occur 4 (0) out of 6 times; 19 (4) out of 35 times and 4 (2) out of 7
times, respectively. Although earlier/later tendencies are fairly even across region 3, a slightly
greater number of later freeze-ups are indicated, i.e. 5 (0) of 11 sites as opposed to 4 (1) of 11
indicating earlier freeze-ups. In both regions 6 and 7, the split is even between earlier/later
freeze-ups, i.e. with 2 (0) of 5 stations being earlier in region 6 and 2 (0) of 4 sites in region 7
being earlier, while 2 (1) of 4 stations in each region have later freeze-ups.
Linkages to Spring/Autumn 0°C Isotherms: 1961-90 and 1950-98
As earlier noted by Bonsal and Prowse (2003), the timing of many cryospheric events (e.g.,
snowmelt, break-up/freeze-up) are related to the timing of the 0°C isotherm. Since air
temperature is also the most readily available and credible climatic variable predicted by Global
Climate Models (GCMs), 0°C isotherms also offer a potential surrogate variable for predicting
the future occurrence of such cryospheric events. This would be particularly valuable in the case
of river ice since it is such a complex process, controlled by a variety of hydroclimatic variables
and difficult to model accurately. This section explores the strength of break-up/freeze-up to
0°C isotherm correlations across the country.

Figure 3: Distribution of trends by climate regions. The darker red and blue denotes significant
warming/cooling trends at the 10% level.

Nonparametric Spearman correlations were compared between break-ups/spring 0°C isotherms
and freeze-ups/autumn 0°C isotherms at the 5% significance level for the 1961-90 period.
Spring (autumn) 0°C isotherms are typically defined as the date when mean daily temperature
rises above (falls below) 0°C. This highly variable daily value is often crossed over the span of
these two seasons. Hence, spring (autumn) 0°C isotherms are explicitly defined as when the 31day running mean daily temperature crosses 0°C (Bonsal & Prowse, 2003).
An inter-regional distribution of correlations between break-ups and spring 0°C isotherms
(Figure 4a) shows that there are a greater number of significant than non-significant correlations
within each region. Conversely, the same comparison between freeze-ups and autumn 0°C
isotherms (Figure 4b) indicates only that a greater number of significant instances for regions 3,
5 and 7 exist; and in the remaining 3 regions non-significant associations outweigh the
significant ones. Overall, 82% of the break-up sites show significant correlations as opposed to
only 49% of the freeze-up sites.
Figure 5 provides a breakdown of the above-mentioned distributions into “no” or negative (0.45-0.0), weak (0.01-0.25), moderate (0.26-0.55), strong (0.56-0.75) and very strong (0.76-0.99)
correlations by climate region for both break-ups/spring 0°C isotherms and freeze-ups/autumn
0°C isotherms. Figure 5(a) indicates that for all regions, moderate to very strong associations
exist between break-up/spring 0°C isotherms for 62-100% of the sites. On the other hand, Figure
5(b) further substantiates that the signal is not as strong between freeze-up/autumn 0°C
isotherms, indicating that for all regions, only 20-75% of the sites exhibit moderate to strong
signals, and only one site in region 7 has a very strong correlation.

Figure 4: Inter-regional distribution of correlations for the period 1961-90 between (a)
breakup/spring 0°C isotherm and (b) freeze-up/autumn/0°C isotherm. Blue and red represent
significant and non-significant at the 5% level, respectively.

Figure 5: Sum of intra-regional distribution for correlations between (a) break-up/spring 0°C
isotherm and (b) freeze-up/autumn 0°C isotherm by climate region for the period 1961-90. Blue
and red represent significant and non-significant at the 5% level, respectively. The ranges shown
correspond to no (-0.45-0.0), weak (0.01-0.25), moderate (0.26-0.55), strong (0.56-0.75) and
very strong (0.76-0.99) associations.

Figure 6: Linear trends in spring 0°C isotherm dates over Canada from 1950-98 (days/decade).
Stations with significant trends at the 5% level are denoted by filed circles. Capital letters
represent locations used in the Figure 7 and Table 5 comparisons. From Bonsal et al., 2001.

Table 5: Correlation coefficients and linear trends associated with the time series provided with
Figure 7 for the period 1950-98.
Although periods of record vary, all 7 sites display significant correlations between spring 0°C
isotherms and break-up dates. Values are highest from sites A through E, i.e. in climate regions
2-5, and slightly lower for sites F and G in climate regions 6 and 7.
For the sites in regions 2-4west and in region 5, there is a distinct negative trend in both spring
0°C isotherm and break-up, whereby the spring 0°C isotherm trend is significant in all 4 regions
and the break-up trend is significant in region 4west and region 5. At site D in region 4east, both
spring 0°C isotherm and break-up trends are positive, and the break-up trend is significant. This
coincides well with Figure 6 where the region is indicative of cooling. In regions 6 and 7, the
spring 0°C isotherms are fairly ‘flat’ or ‘level’ but still slightly negative but insignificant.
Meanwhile the break-up trends in these two sites (i.e. F and G), both show significant negative
trends.
Summary and Discussions
This analysis has relied on the most comprehensive database about river-ice breakup/freeze-up
dates yet employed for Canada. Moreover, given the decline in observation stations, this data set
may be the most comprehensive ever available. In general, results of the trend analyses reinforce
previous findings for parts of the country that were based on smaller data sets. Overall, the data
show that most of the country has experienced a trend to earlier breakup dates, especially over
the 1961-90 period, although the freeze-up patterns were found to be more spatially complex and
not to show as clear temporal trends. In both cases, intra-period climatic shifts or changes in
warming may have complicated the trends and an assumption of linear trends over the shorter
30-year periods may not be safe to assume, particularly with the warming that has been most
pronounced in the latter half of the century. In an attempt to minimize these effects, the longer
1950-98 period was also analyzed and the results tended to mirror many of those of the shorter
30-year periods. Caution must, however, still be used in interpreting these trends because of data
gaps and the effects of intra-period climatic variability. For example, warming in many parts of
the country has been more pronounced in the latter half of the century than in the middle of the
century. Overall, however, both the 30- and 50-yr analyses provide a good spatial overview of
trends in freeze-up and break-up dates. Future work should focus on comparing these results
with relevant work of others (e.g., Serreze et al., 2000; Zhang, et al., 2001; Bonsal and Prowse,

2003; Comiso, 2003), evaluate inter-decadal trends in the records, and begin to offer physical
(climatic and hydrologic) explanations for such trends.

Figure 7: 1950-98 comparison between spring 0°C isotherms dates (red lines) and break-up
dates (blue lines) for 7 representative sites within each climate region labeled A-G on Figure 6
and in Table 5. Solid lines represent trends. A) Klondike R. vs. Dawson Airport; B) Red River
vs. Winnipeg Airport; C) Mackenzie R. vs. Norman Wells A; D) Churchill R. vs. Goose A; E)
Back R. vs. Baker Lake A; F) Rivière Desert vs. Maniwaki; G) Saint John River vs. Fredericton
A.
Linkage of breakup/freeze-up dates to the timing of 0°C isotherms produced some strong
correlations for spring events but much less so for the autumn. Spatial variations in the strength
of correlations might be the result of river-scale or climatic effects. For example, air-temperature
for a particular climate station is most likely to be best correlated with low-order small streams
and less so for large-order rivers where the breakup/freeze-up conditions are more strongly
controlled by broader scale weather conditions, particularly including those much further
upstream and possibly quite different from those of the local ice-observing site. Spatial
variations might also result from differences in “coldness” of regions; spring warming expected
to lead to a more rapid response in temperate snow/ice zones than in higher latitude/altitude
zones where significant warming above 0°C must occur before runoff and breakup result. Future
work should focus on such thermal lags and river-size effects if strong air-temperature and

breakup/freeze-up relationships are desired, particularly for use in the prediction of future
climate impacts.
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Errata: The highlighted paragraph following Table 5 was inadvertently
omitted.

Table 5: Correlation coefficients and linear trends associated with the time series
provided with Figure 7 for the period 1950-98.
For the purpose of this section, significance testing is at the 10% level and discussions
will centre on spring 0°C isotherms and break-up for the period 1950-98. The spring 0°C
isotherms in Figure 6 show that for all of Canada, there is a discernible west to east
gradient in isotherm trends. Significantly earlier dates occur over most of northwestern
Canada (10 to 15 days earlier over the entire 49 year period), while central regions are
associated with smaller, generally insignificant earlier trends. Conversely, northeastern
Canada experiences trends toward later spring 0°C isotherms. Time series comparing
dates of spring 0°C isotherms and break-up dates for 7 representative sites within each
climate region are labeled A-G on Figure 6 and quantitative comparisons are provided in
Table 5. Two sites were selected in region 4, i.e. west and east, due to this region’s vast
expanse. Spring 0°C isotherm dates occur somewhat earlier than break-up. This is likely
attributable to the lagged response between the occurrence of 0°C temperatures and the
large scale melting of ice and snow.
Although periods of record vary, all 7 sites display significant correlations between
spring 0°C isotherms and break-up dates. Values are highest from sites A through E, i.e.
in climate regions 2-5, and slightly lower for sites F and G in climate regions 6 and 7.
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At many sites in Canada river breakup presents a source of flooding concern, as
the transition from an ice covered river to open water can sometimes be
dramatic. Water levels can rise sufficiently quickly to fracture and move the ice
cover while the ice is still reasonably strong and an ice jam can form if this
moving ice comes to a halt. The safety of residents and property along a river
may be compromised by the rising water levels behind a jam or by the water
associated with the release of a large ice jam.
Fort McMurray AB, is one such site and consequently an extensive database of
relevant hydrological, hydraulic and meteorological variables has been created
to support ice related research in the Athabasca River basin. Over one hundred
variables have been investigated with multiple linear regression methods.
Results indicate that several combinations of variables can be used to develop a
model for maximum water level to be expected at breakup, but data from three
seasons (fall, winter and spring) are needed to produce reasonably reliable
forecasts. Therefore, only short term forecasts (only a few days warning) are
possible with this model.
This paper reports on a more sophisticated non-linear analysis undertaken using
fuzzy logic theory, a form of artificial intelligence modeling that can
incorporate both expert knowledge and historical occurrences. Here, using a
logic rule base derived using artificial neural networks, a breakup forecasting
model is developed which provides comparable results using fall and winter
data only, thus providing a long lead time forecast (several weeks warning) of
potential maximum water levels at breakup.

Introduction
Each spring, numerous rivers across Canada are monitored closely, because of the potential risk
to property and lives should an ice jam form during the river breakup process. River ice jams
can produce rapid changes in water levels as water flow is impeded by an ice jam, or as water is
suddenly released from storage behind an ice jam during release. Unlike open water flood events
that are preceded by heavy rains or snowmelt, at present spring ice jams events have no single,
generally identifiable, quantitatively predictable precursor. The lack of forecasting ability for
such severe river conditions poses a serious threat to communities each year.
Fort McMurray, located in northeastern Alberta, is one example of a community where the river
is actively monitored each spring to advise on the river ice breakup progress. The community
has a history of river ice jams resulting in flooding. Severe floods occurred recently in 1977 and
1997, causing millions of dollars in damage. Minor flooding has also occurred several times in
the last decade and although these have only resulted in minimal damage to residential and
commercial properties, expenses are still incurred by governments monitoring and preparing for
the potential of a much more severe event. The extensive monitoring over the past three decades
has resulted in a significant volume of qualitative data, but not a rich wealth of quantitative data.
Qualitative data exists in the form of photos, and written descriptions of the river breakup
processes. The collection of quantitative data is limited by the inability to predict the formation
of ice jams; their dynamic nature makes it extremely difficult to plan observations. Furthermore,
critical reaches of this river are remote and relatively inaccessible. However, perhaps most
important, directly measuring some of the key properties of an ice jam is logistically difficult,
and in some cases impractical (e.g. porosity, internal strength, associated discharge, etc.).
Consequently, many forecasting efforts have been focused towards probabilistic models
(empirical and statistical techniques).
For ice jam flood forecasting in general, statistical and threshold models have been most
frequently investigated. Threshold methods attempt to establish lower or upper limits that
predict a positive or negative occurrence of a particular event, such as the formation of an ice
jam. Multivariate threshold models have been applied with modest success (for example,
Galbraith, 1981 and Wuebben et al., 1995). While threshold models provide a forecast of the
potential for an ice jam event, they give no indication of the potential flood event that may
accompany an ice jam. Single and multiple regression models have also been applied to forecast
the maximum water level at breakup with moderate success by Shulickovski (1963), Beltaos
(1984) and Robichaud (2003). White and Daly (2002) used stepwise selection of meteorological
and hydrologic parameters to identify statistically significant input variables and then applied
discriminant function analysis to predict ice jams. Massie et al. (2000) developed an artificial
neural network to produce a daily forecast of jam/no jam that required 22 input variables.
As an alternative approach to statistical modeling, Mahabir et al. (2002) reported that fuzzy logic
appeared promising for qualitative predictions of the potential severity of river ice breakup.
Fuzzy logic is a type of modeling which is based on fuzzy set theory, rather than the crisp set
theory of traditional mathematics. The approach allows for mathematical representation of
linguistic terms and incorporation of subjective assessment.

The rule base is a critical component in the development of any fuzzy logic model. It contains
the statements that dictate the mathematics that manipulate the input data sets from the
membership functions into a resultant set. Two accepted approaches to rule base development
involve using historical data or expert knowledge (or a combination of both) to define the cause
and effect relationship. In this investigation, we explore the comparative value of each approach
in the context of ice jam flood forecasting, and also compare the fuzzy logic modeling approach
to more conventional multiple linear regression modeling. We use the Athabasca River at Fort
McMurray, AB as the case study, due to its propensity for ice jam occurrence and the extensive
database assembled for the site (Robichaud, 2003, Mahabir et al., 2004, 2005).

Description of Study Area
Figure 1 illustrates the Athabasca River Basin from its headwaters to the location of interest,
immediately downstream from Fort McMurray. It is the largest, unregulated river in the
province of Alberta, flowing eastward out of the Rocky Mountains. The Pembina river drains
farmlands in the southern portion of the basin into the Athabasca. Further downstream, the river
loops southwards towards to the town of Athabasca, before making a dramatic turn northwards at
the town into a reach containing numerous rapids sections. About 140 km upstream of Fort
McMurray, the Athabasca River the river turns east and becomes deeply entrenched and
meandering, flowing through another series of rapids, before reaching Fort McMurray. At Fort
McMurray, the river turns north, the slope reduces, and numerous sand bars and islands are
distributed across the channel. These dramatic changes in the physical properties of the river in
the vicinity of Fort McMurray, are responsible for the frequent formation of ice jams. The
Clearwater River has its confluence with the Athabasca River immediately downstream of Fort
McMurray.
Basin hydrology is a very relevant factor in river ice breakup processes. Because the Athabasca
River flows northwards, river breakup occurs in the southern basin first and progresses
northwards. While the headwaters of the basin remain snowbound until late May due to the
mountainous topography, the mid basin can generate significant runoff resulting in a river ice
breakup moving from upstream to downstream.
Because of the availability of historical data and the frequent occurrence of ice jams, the
Athabasca River at Fort McMurray provides a good opportunity to investigate spring river ice
jams. Social and economic impacts of river ice breakup have impacted Fort McMurray from its
early years as a Hudson Bay Outpost and throughout its development and into the modern era as
an oil boom municipality (Blench and Associates Ltd.,1964 and Alberta Environment, 1985). In
response to the economic loss and the threat to human lives, the Alberta Government became
more actively involved with this aspect of the Athabasca River. After it was realized that
controlling ice jams on unregulated large rivers was not feasible by physical alteration of the
river channel, the government established a monitoring and observation program with the
ultimate goal of identifying important characteristics of the breakup process (Andres, 1980).
Between 1977 and 1990, several groups were involved in observations and research regarding
river ice on the Athabasca River including Alberta Environment, Alberta Transportation, Alberta
Research Council and the Regional Municipality of Wood Buffalo. In 1997, an ice jam again

caused millions of dollars in damage and, again, there was little warning of the potential severity
of river breakup.
Data and Preliminary Analyses
Although many groups have worked independently, Robichaud (2003) was the first to collect
data from all sources, starting with the 1875 account and continuing through until 2001 to create
a single database with a detailed description of documented qualitative descriptions, quantitative
data and published research associated with the Athabasca River at Fort McMurray. While the
database was extensive, there were still many processes which may be better represented by
additional variable selections. For example, air temperature was only considered at Fort
McMurray and not in the mid basin, where the majority of the spring runoff snowmelt originates.
Therefore, for the purposes of this study, that database was extended further to include a total of
106 relevant variables. The types of variables that comprise the expanded database include:
•
•
•
•
•
•
•
•
•

maximum water level that occurs at a specific location;
fall and spring water levels water levels (prior to river freeze up, water levels after freeze
up, water levels prior to spring runoff, water levels prior to ice movement);
fall river flows;
linear cumulative heat transfer variables (dependent on air temperature) and solar
radiation;
degree day indices (degree days of freeze and degree days of thaw);
soil moisture indices (seasonal precipitation, groundwater levels);
snow cover in the basin, (i.e. SWE) based on satellite and manual snow course data);
climate indices (Pacific Decadal Oscillation); and
ice thickness.

A more extensive description of the 106 variables contained in the database is provided by
Mahabir et al. (2005).
Multiple linear regression (MLR) models for the database were explored by Mahabir et al.
(2005), who found that the application of MLR analysis for river ice breakup models at this site
is limited by the available data and multicolinearity between variables. Multicolinearity, or
interdependence, must be carefully considered when regression analysis is applied because the
influence of a particular variable can be hidden by another and can result in unstable predictive
capabilities in the equation. Logical groupings of the variables have been established but
because of the interrelationship of river ice breakup processes, it is not practical to simply
consider variables by the process that they may influence. For example, solar radiation plays a
large role in snowmelt processes, river ice decay processes and, to some extent, influences other
meteorological variables.
To investigate the potential for developing long lead time forecasts with MLR models, Mahabir
et al. (2005) grouped the data by season, and tested various model groups. It was found that no
significant relationship for maximum spring breakup water levels could be obtained for the
individual or combined fall and winter data sets. However, a model based on data from all three
seasons (fall, winter, and spring) was successfully developed. This model, shown in Figure 2,

requires data for 8 variables (from all three seasons), has a R2adj =0.84, and a standard error of
0.7 m. The relevant parameters were:
1.
2.
3.
4.
5.
6.
7.

soil moisture
a measure of the intensity of winter cold
a measure of early spring runoff
SWE in the basin
intensity of cold weather immediately before breakup
intensity of the solar radiation in the mid-basin
rate of water level increase as measured below Fort McMurray prior to major ice
movement
8. water level as measured below the town of Athabasca prior to spring runoff
Also shown in Figure 2 are two anomalous points which the regression software excluded in the
development of the MLR model. The dashed lines in Figure 2 indicate ± 0.5 m from the line of
perfect agreement, which represents the average accuracy to which breakup water levels can
realistically be measured at this site. These lines indicate that the model predictions are
relatively good, although the excluded points do represent a significant model limitation.
Mahabir et al. (2005) also demonstrated that there was no unique combination of variables for
this site that would model the maximum water level during spring breakup. Specifically, they
found that, in some cases, correlated variables could be substituted to create a new multiple
linear regression equation that had comparable accuracy to the model presented on Figure 2.

Overview of Fuzzy Logic Modelling
Pioneered by Zadeh (1965), fuzzy logic has been effectively used in combination with other soft
computing methods for predictive hydrological modeling, providing solutions to problems that
are difficult to state empirically but which can be linguistically described. The basic components
for fuzzy systems involve fuzzification of the input variables, application of a fuzzy operator,
implication from an antecedent to the consequent, aggregation of the results from the evaluation
of all the rules and potentially defuzzification (interpretation of resultant fuzzy set to a crisp or
unique number).
The fuzzification of the input variables is the process by which a defined quantity (e.g. ‘40 mm
of SWE in a snowpack) is redefined in terms of how representative it is of an idea (e.g. such as a
“low” snowpack). The linguistic terms, such as “low”, are used to describe the input variables
(like snowpack) as membership functions. Membership functions are logical linguistic
descriptions of the input variables where each measured input quantity is evaluated by how well
it is suited to the linguistic term. Figure 3 provides possible membership definitions for
snowpack and illustrates that a single input value can belong to more than one membership
function. The shape and number of the membership functions can be selected based on expert
opinion, statistical distributions, cluster analysis or simply as logical groupings.
The selection of a fuzzy operator governs the interaction of the input variables, which are now
expressed as data sets, with the familiar linguistic terms of “AND” or “OR”. For most

applications, the independence or interdependence of the input variables with respect to the
outcome governs the selection of “AND” or “OR” respectively.
A rule base must be developed to define the implication from an antecedent combination of input
variables to the consequent or outcome membership functions. These rules can be defined based
on historical evaluations and/or based on expert knowledge. Rules follow the format of an ifthen statement such that “If condition X AND/OR condition Y then condition Z”. Conditions X
and Y describe the state of input variables, and condition Z describes the state of the output
variables. The magnitude of the rule base can be a limiting factor in the development of fuzzy
logic systems as the number of rules required increases substantially with the number of input
variables. This is because a complete rule base has a rule defined for every combination of
antecedent conditions. For example if a process is defined by two input variables each described
by three linguistic terms, 32 or 9 rules would constitute a complete rule base. However, if three
variables are required to describe the process, then 33 or 27 rules are required. Thus for complex
problems involving a large number of causative factors (such as ice jam occurrence), the number
of variable involved can necessitate an extremely large number of rules.
The sets of data from the evaluation of each rule are combined through the aggregation of the
consequents across the rules. A common method used in fuzzy logic, and applied in this paper,
is maximum. In terms of aggregation, maximum is a function that combines the maximum value
attained by any rule evaluation into a single resultant set. Defuzzification is the process of
evaluating the resultant set, often for the purpose of describing the result as a single crisp value.
Features of the resultant set, such as the centroid or the maximum membership value, are used in
the defuzzification process to produce the optimum description of the result.

Fuzzy Logic Model Development for Athabasca River Breakup
Mahabir et al. (2002) explored the applicability of fuzzy logic for obtaining long lead time
qualitative predictions of the potential severity of river ice breakup. However, the question
reamisn as to whether accurate quantitative forecasts could be achieved with a fuzzy logic
model. Thus, te main focus of this investigation was to examine alternatives for the development
of the fuzzy logic rule base, and to compare the resultant models to the MLR model developed
by Mahabir et al. (2005). As discussed earlier, two rule based development approaches were
compared: one based on expert knowledge and another based on historical occurrences.
Rule Base Development based on Expert Knowledge
The application of expert knowledge has long been accepted as one of the most advantageous
features of fuzzy logic. Expert knowledge relies not on the historical occurrences, but on the
ability of an expert to define the interaction of the variables to each other and to the outcome. In
this approach, knowledge about the process to be modeled is extracted either by conscious
development of the expert system or through less direct means. For example, an individual or
group of experts may be asked to evaluate statements to be used directly in a fuzzy rule base, or
this knowledge may be acquired by means of surveys particularly if a range of opinions is
expected from a group with specialized knowledge on the subject.

One of the major criticisms of developing the rule base exclusively with expert knowledge is that
the process is subjective in that interpretations may vary depending on the resource(s) from
which the knowledge was acquired. Therefore, the rule base may be context specific and thus
difficult to re-create. Another obvious disadvantage is that this approach practically limits the
number of input variables that can reasonably be considered, given the exponential growth of the
required rule base with increasing numbers of input variables. For example, the multiple linear
regression analysis indicated that eight variables were relevant for breakup water level
forecasting at fort McMcurray. If each of these variables employed three membership functions
(e.g. defining ‘low’, ‘medium’, and ‘high’), then 38 or 6561 rules would be required. Even if the
number of input variables was reduced to four, the required number of rules would still be quite
large (34 or 81).
In this case, an expert knowledge based fuzzy logic system was developed to predict the
maximum water level at breakup on the Athabasca River at Fort McMurray, AB, using three
input variables specifically: the amount of snow in the basin (SWE) on April 1, the ice thickness
at Fort McMurray and the soil moisture in the basin prior to winter. Each of the three was
defined with three linguistic terms (low, medium and high) thus requiring 33 or 27 rules. These
rules related all possible combinations of the input variables to three possible outcomes of the
output variable, specifically a low, medium or high maximum water level at breakup. A
complete rule base was then generated with all rules having equal strength. Expert knowledge
combined with minimal site specific information (five years of record) was used to define the
outcome of each input combination in the rule base. The resulting model is similar to the one
developed earlier by Mahabir et al. (2002); however, it is different in that it is based on the
extended database (Mahabir et al., 2005) and more consistent the ice thickness data (Mahabir et
al., 2004).
The resulting fuzzy expert system was found to be able to correctly classify the maximum water
levels during spring breakup as ‘low’, ‘average’ or ‘high’ which was a promising finding, given
that all of the variables used as input to the model are known several weeks in advance of
breakup. This indicates that the model is valuable for qualitative long term forecasting.
However, when the resultant fuzzy set was defuzzified to crisp numbers, they were not found to
be sufficiently accurate for water level forecasting purposes. Figure 4 illustrates these
quantitative results, comparing this model’s results to those for the MLR model (Mahabir et al.,
2005).
Rule Base Development based on Historical Data
The above results suggested that a fuzzy expert system built on a rule base developed using
historical data might provide superior results, as a larger number of variables could potentially be
considered if the rule base development could be automated.
Furthermore, by relying
completely on past occurrences to develop the rule base, the problem of subjectivity could be
removed. Neuro-fuzzy training is one method that can be used to automate the generation of the
rule base, incorporating past occurrences. The name neuro-fuzzy represents a combination of
artificial neural network (ANN) and fuzzy logic modeling. Although this approach eliminates
the subjectivity associated with developing a rule base based on expert knowledge alone, one key

potential disadvantage of ANN modeling is that it is essentially a ‘black box’ approach, and
therefore the results may not necessarily be physically meaningful.
To test the neuro-fuzzy approach, an attempt was first made to develop a fuzzy logic model
based on the same eight input variables employed in the MLR model. Each of these had three
membership functions, thus requiring the development of 38 or 6561 rule. As it turned out, even
with the assistance of ANNs, resolving the database was not possible because of the limited
available data (in terms of years of record). Therefore, in order to apply fuzzy analysis, the
number of variables was reduced from 8 to 4, selecting the variables with the longest lead time
(those available in the fall or late winter). This reduced the required number of rules to 81, and
also facilitated the development of a long lead time forecasting model. A further advantage was
that the reduction in the number of input variables effectively increased the period of record,
since not all data were available in all years (a common scenario in ice jam databases).
The four variables evaluated in the neuro-fuzzy model were then: the soil moisture (as indicated
by the cumulative summer precipitation at Fort McMurray); a measure of the intensity of winter
cold (as indicated by the cumulative degree days of freeze during the winter), a measure of early
spring runoff (specifically the change in groundwater levels from January to March), and
snowpack in the basin at the beginning of April (SWE measured from passive microwave
satellite data for the entire basin).
The strengths of the rules in the rule base were determined through neuro-fuzzy training, which
consists of multiple iterations on the historical record, with incremental adjustments of the
strength of each rule. The rule training was done with unsupervised learning using random
presentation of the historical occurrences. Adjustments were required for the initial neuro-fuzzy
model to achieve the desired level of performance since initially, the neuro-fuzzy model was
unable to resolve high or low water level occurrences. Through trial and error, it was determined
that by adding more definition to the output membership function, the ANN was better able to
resolve extreme years. Specifically, the membership functions for the output results were
increased from three to five linguistic terms by using “very low” and “very high”, in addition to
the low, medium and high categories used in the expert knowledge based model.
Figure 4 illustrates the quantitative results for this model, as compared to the MLR model
developed by Mahabir et al. (2005). Even with the reduced number of input variables, the
neuro-fuzzy model is clearly able to model the water levels at breakup comparably well. In
particular, at higher water levels (those of most interest in the context of flood risk) nearly all
modeled values are within the ± 0.5 m band on the graph. Furthermore, the neuro-fuzzy model
was able to consider all relevant years of record, including the two years excluded by the MLR
modeling software. Perhaps most significant, this model is based entirely on data available
several weeks in advance of breakup.

Conclusions and Recommendations
In this investigation, fuzzy logic based models for river ice breakup water level forecasting were
developed using two approaches for rule base development: expert knowledge and ANN
analysis of historical data. The results of this investigation clearly show the advantage of using

ANN’s to develop the rule base in a fuzzy expert system, as the resulting model was not only
significantly superior to the model based on the expert knowledge rule base, it was also
competitive with the MLR model incorporating twice as many variables. Furthermore, unlike
the MLR model which required data from three seasons (including data in the few days
preceding breakup), the neuro-fuzzy model was based on fall and winter data only, thus
facilitating a long lead time forecast of approximately 3 weeks.
These results also suggest that combinations of expert knowledge and historical occurrences
should probably be used to create the rule base. If experience is limited for a particular
circumstance, there may be historical data available to guide the expert in developing or
confirming a particular rule. Conversely, the rules in a neuro-fuzzy model may be evaluated by
an expert to extend the models performance, as the model can only reproduce what has been
presented to it for training. For example, experts can often define intermediate or extreme rules
where no historical examples exist. At the least, expert knowledge should be employed to
scrutinize the ANN rules base for deduced ruels which are obviously physically unrealistic.
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Figure 1. The Athabasca River basin upstream of WSC Gauge Station 07DA001.
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Figure 2. Results of multiple linear regression model of maximum breakup water level for the
Athabasca River at Fort McMurray, AB (adapted from Mahabir et al., 2005). Dashed lines
depict ± 0.5 m from the line of perfect agreement.
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Figure 4. Comparison of results from multiple linear regression and fuzzy logic models based on
expert knowledge.
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The Connecticut River within Hampden County in Massachusetts, and Hartford and
Middlesex Counties in Connecticut, is the subject of a Federal Emergency Management
Agency (FEMA) Flood Insurance Study (FIS) update as part of the FEMA Map
Modernization Program. Significant ice jams on the lower Connecticut River are the
basis of a FEMA request for a detailed review of historical events to determine whether
they should be included in the updated hydraulic analysis. An extensive look into
historical ice events on the lower Connecticut River found 15 recorded jams. The
conditions that led to the known events were analyzed to develop an understanding of the
ice jam characteristics along this reach. Ice-affected stage frequency was analyzed at
Hartford and Middletown, CT, where historical stage data are available, to determine the
probability of a significant ice event occurring in any given year. The winter season
probability distribution did not affect the combined probability distribution beyond the
10% annual exceedence probability. The winter season probability distributions and peak
ice-affected stages reported at other locations were compared to recurrence interval flood
levels taken from the FIS flood profiles. In no instance did the ice-affected stage surpass
the 1% annual probability (100-year return period) flood. The 10% annual probability
flood stage was exceeded at two locations.

1.0 Introduction
The Connecticut River within Hampden County in Massachusetts, and Hartford and
Middlesex Counties in Connecticut is the subject of a Federal Emergency Management
Agency (FEMA) Flood Insurance Study (FIS) update as part of the FEMA Map
Modernization Program. In the past, this 83-mile-long reach of river between Holyoke,
MA, and the mouth of the river has experienced significant ice jams and ice jam flooding,
however, the existing flood insurance studies address open water flooding only.
Concerns that ice jams on the lower Connecticut River could significantly alter the peak
water surface elevations for the 1% chance annual exceedence probability (100-year
return period) flood led to this study to investigate the impacts of flooding attributable to
ice along this reach and to determine whether ice-affected flooding should be included in
the updated flood insurance study.
The Connecticut River begins in northern New Hampshire and flows about 390 miles
southward, forming the border between New Hampshire and Vermont, before flowing
across Massachusetts and Connecticut and emptying into Long Island Sound. The
watershed encompasses approximately 11,250 square miles of land within these four
states. In the middle part of the last century, flood control projects were constructed on
major tributaries of the Connecticut River to reduce main stem discharge during large
runoff events (USACE 1966). Fairly small increases in discharge, however, can cause
thick ice covers along the river to break up and form ice jams, resulting in rapid upstream
stage rise and damaging floods.
2.0 Method
Flooding caused by ice jams on the Connecticut River in Hampden, Hartford and
Middlesex Counties was evaluated by completing the following tasks:
•

Review historical ice jam events to identify common ice jam locations,
dimensions, causes, frequency, extent of flooding, and other contributive factors.

•

Compile and plot historical discharge, air temperature, and calculated ice
thickness for winter months over the period of record.

•

Identify probable ice jam events using specific test criteria developed from
historical ice jam information and hydrometeorological data.

•

Estimate to what extent ice jams could significantly impact peak water surface
elevations for various return period floods presented in FEMA flood insurance
studies.

To compare the impacts of ice-related flooding to open-water flooding, ice-affected stage
frequency distributions were developed at two gage sites along the reach. Historical
stage data at Hartford and Middletown, CT, were divided into peak winter season and
peak open water populations. Probability distributions were developed for each season
and combined into an annual peak stage frequency distribution. These results were
compared to the calculated open-water return interval flood levels, taken from the
original FIS flood profiles.

3.0 Overview of Ice-Affected Stage Frequency
To determine what impact ice-affected flooding will have on the lower Connecticut River
flood analysis, it is necessary to establish a stage-frequency relationship for ice jam
events. For open-water events, standard methods exist for developing stage-frequency
distributions from historical discharge data (e.g., Water Resources Council 1982,
Schuster and Yakowitz 1985, Adamowski 1985, Hydrologic Engineering Center [HEC]
1992). On northern rivers, flood stage resulting from ice jams often exceeds open-water
stage for the same discharge. To establish a flood profile at a location prone to
significant ice events, it is necessary to determine the stage resulting from ice jam events.
In open-water flow, there is generally a correlation between discharge and stage, from
which stage-discharge rating curves can be developed. In contrast, very high stages
associated with ice-affected flooding can occur at relatively low discharges. An ice jam
impedes flow by changing the hydraulic conditions (i.e., roughness coefficient, hydraulic
radius, and flow area), causing water to back up behind the jam and localized flooding to
take place. Ice jams can happen rapidly and cause significant damage at discharges that
would not result in flooding without the presence of ice. However, at high discharge
levels, the ice jam becomes unstable and eventually fails, returning the river stage to
open-water levels. As a result ice-affected flooding impacts only a portion of the stagefrequency distribution.
The Federal Emergency Management Agency (FEMA) provides two methods for
developing ice-affected stage-frequency relationships: the direct method and the indirect
method (FEMA 1995). The direct method is used when sufficient historical stage data
are available at the ice jam location. At least three significant ice jam events and 25 years
of historical stage data are necessary to perform the analysis. To develop an ice-affected
stage-frequency distribution using the direct method, the water year is separated into
winter and open-water seasons. A peak annual stage for each season (two per year) is
determined when data are available. Probability distributions are developed for each
season by assigning Weibull plotting positions to each point. The annual peak stage
probability distribution (Pc) is determined for each location by combining the two
seasons:
Pc = Pow + Pw − ( Pow )( Pw )

(1)

where Pow is the open water season peak stage probability distribution, and Pw is the
winter season peak stage probability distribution.
When only annual maximum stage data are available, the peaks are separated into winter
and open-water season events. The winter season probability distribution (Pwp) is
multiplied by the fraction of the total record that the winter season peaks represent, by:
Pw = (nw / N )( Pwp )

(2)

where nw is the number of annual peak stages occurring during the winter and N is total
number of years that annual peak stage data are available. A similar formula is used to

determine the open-water season peak stage probability distribution. The two seasons are
then combined to form the annual peak stage probability distribution using equation 1.
The indirect method is used when sufficient historical stage data are not available. In this
method, a standard step-backwater analysis is conducted to develop a dischargefrequency relationship at each cross section along the reach. The water year is again
separated into winter and open-water seasons and a stage-discharge relationship is
developed for each season at each location. Peak winter season discharges are modeled
assuming an ice cover is in place. The combined annual peak stage probability
distribution is then determined using equation 1.
Peak winter stage could be the result of a jam or an open-water event. Based on
extensive research, CRREL has modified these approaches by separating the winter
season peak stages into jam, no-jam events based on a set of ice jam criteria. The ice jam
criteria are developed from historical ice event information, including estimated ice
thickness from accumulated freezing degree days (AFDD) and daily discharge data. The
jam and no-jam events are assigned Weibull plotting positions and multiplied by the
fraction of total winter events that each type represents. The combined winter season
probability distribution (Pw) is determined by combining the probability distribution for
the jam (Pwj) and no-jam (Pwnj) events, using:
Pw = Pwj + Pwnj

(3)

As an initial investigation into the impacts of ice on the lower Connecticut River, the
CRREL-modified direct method was used to develop ice-affected stage-frequency
distributions at two USGS gage sites along the reach: Hartford and Middletown, CT. At
both of these locations several ice jam events have been recorded and historical stage data
are available. The results of this investigation were used to determine whether a more
detailed analysis, using the indirect method to develop stage-frequency distributions for
additional locations, is necessary.

4.0 Historical Ice Events on the Lower Connecticut River
Ice-affected stage frequency analysis requires recorded ice event information. Ice jams
are highly localized and can be triggered by such factors as changes in river slope or
configuration, bridges and other structures obstructing flow, or upstream jam releases.
Temperature and discharge also contribute to ice jam formation, all of which makes them
difficult to predict without prior observations. Often historical ice event data are not
readily available or reported. One reason for the under-reporting of ice events involves
perception stage (Gerard and Karpuk 1979), which is defined as the minimum stage at
which a source will perceive an event. If an ice jam occurs, but does not exceed the
perception stage, the event is not reported by most observers. The USGS reports peak
annual stages in its annual gage summary, Water Resource Data books. USGS gage
information is generally held to be a highly reliable indicator of stage. However, if an
open-water event resulted in a greater stage than an ice event occurring in the same water
year, the ice event might not be included. In some cases, it is not specified whether the
annual peak stage is attributable to an ice-related or open-water event and some analysis

of the data is required. Another reason for an ice jam to go unreported is if the location is
particularly rural and structures or roads are unaffected by any flooding.
This study used various sources to gather ice event information on the lower Connecticut
River. The CRREL Ice Jam Database (White 1996) holds over 14,000 records and is a
good source of information for ice analyses. All of the historical ice jams used in this
study were obtained from the IJDB. Additional sources, including the United States
Geological Survey (USGS), Connecticut Department of Environmental Protection (CT
DEP), and local newspaper accounts, were searched but no additional ice jams were
found. For this study, it is assumed that a number of lesser magnitude ice events have
occurred that were not reported. Figure 1, a map of the study area, shows the ice event
locations as well as the discharge and temperature gages used in the study.
The review of historical events found 15 ice jams reported since 1910 on the Connecticut
River south of Holyoke, MA (Table 2). Two significant events were responsible for 10
of the 15 jams. A January thaw in 1910 caused rivers to rise and breakup jams to form in
at least five places along this reach. Another major ice event in March 1936 caused jams
in five additional locations, before the major open water floods that occurred about a
week later. These events are described in detail below. Of the 15 recorded jams, an ice
jam in Hartford, CT, in 1996 was the only one to occur after 1957. Flood control
structures built after significant floods in the early part of the century are one possible
explanation for the lack of recent ice jams. Natural conditions may have become less
conducive to ice jam formation along the study reach in recent years. In addition,
operation of the Millstone Nuclear Power Generating Station in Waterford, CT, may have
affected the downstream ice regime owing to a slight elevation in temperature of the
receiving waters beginning in 1970.

5.0 Review of Hydrological and Meteorological Data
River stage data were obtained from USGS gages. The Thompsonville gage, located
north of Hartford on the Connecticut River, has a long period of record, 1928–present.
The gage in Holyoke, MA, has reported peak annual and daily river discharge data since
1983. The Hartford, CT, gage has been reporting daily average discharge since 1996 and
peak annual data dates back to 1828. At Middletown, annual peak discharge and stage
data are available since 1927. The USGS provided 15-minute stage data for Middletown,
CT, from 1996 to the present and stage-discharge rating curves for the Middletown,
Hartford, and Holyoke gages. Additional daily river stage data for Holyoke, MA, and
Hartford, CT, were found in Daily River Stages for Principal Rivers of the United States
(USDA, 1910–1947).
Daily maximum and minimum air temperature data were retrieved from National
Weather Surface (NWS) meteorological stations. Temperature data were used to
estimate ice thickness along the Connecticut River based on accumulated freezing degree
days (AFDD) (White 2004). Owing to its long period of record, the Hartford, CT, station
was the primary source used in this analysis. For earlier years, the Storrs, CT, station
provided a reasonable estimate of AFDD.

Figure 1. Study Area.

River discharge and temperature data, along with the historical ice event information,
were used to develop jam criteria for the lower Connecticut River. Table 1 shows the

USGS and NWS gages used in this study and their periods of record. A summary of all
the ice events and the hydrometeorological data associated with each is given in Table 2.
Table 1. Available meteorological and hydrological data on the lower Connecticut
River
Drainage
2
Station
Area (m )
Data Type
Source
POR
Annual Peak Flow
USGS
1983–2003
Daily Flow
USGS
1983–2003
Holyoke, MA
8,332
Daily River Stage
USGS, USDA
1910, 1928–47
Thompsonville, CT
9,660
Daily Flow
USGS
1928–2003
Annual Peak Flow
USGS
1828–2003
Daily Flow
USGS
1996–2003
Hartford, CT
10,487
Daily River Stage
USGS, USDA
1910, 1928–47
Annual Peak Flow
USGS
1927–2003
Middletown, CT
10,887
15-min River Stage USGS
1997–2004
Hartford, CT
Temperature
NWS
1920–2004
Storrs, CT
Temperature
NWS
1888–2002

5.1 Estimation of Ice Thickness
Ice growth on a water surface is a function of heat transfer at the ice/water interface. Ice
thickness can be estimated on a given date during the winter using temperature data in the
months leading up to this date. Freezing degree-days (FDD) represent the difference
between the average daily air temperature (Ta) and 0°F, where temperature below
freezing is positive and a temperature above freezing is negative. FDD can be calculated
by:
FDD = (32 − Ta )

(4)

The net accumulation of FDD (AFDD) over a winter season is a good indicator of winter
severity. Accumulation begins in the fall when temperatures drop below freezing.
AFDD can provide an estimate of ice thickness (tice) in inches on a particular day using
the modified Stefan equation presented in USACE (2002):

tice = C AFDD

(5)

where C is a coefficient, usually ranging between 0.3 and 0.6, and AFDD is in °F-days.
A coefficient of 0.37 was determined from ice thickness measurements on the
Connecticut River between Vernon and Wilder Dams (Tuthill et al. 2004). Photos taken
by the Connecticut Department of Environmental Protection during the 1996 event in
Hartford confirmed that this was a reasonable value for C. While this method provides a
reasonable estimate, it is important to note that the ice thickness may be underestimated
because of other factors, such as water velocity and the presence of a snow cover on top
of the ice. Additionally, frazil ice deposition under an ice cover can contribute to ice
thickness.

13Mar1936

Table 2. Recorded historical ice events on lower Connecticut River.
Estimated
Max
Ice
Stage
Thickness
(ft)
Location
Description
AFDD
(in)
Jam occurred 22 Jan at
Bodkin Rock and other
locations. Blowout on the
23rd. Buildings, boats,
Middletown, and trees carried down
*
CT
with ice
13.0
297.5
6.38
Boats and possibly lives
*
Hartford, CT lost.
19.5
297.5
6.38
Rocky Hill, Jam below town. Some
*
CT
boats and a scow lost.
297.5
6.38
Higganum, Jam at Rock Landing. No
*
CT
damages reported.
11.0
297.5
6.38
Deep River, Jam between island and
*
CT
west shore. Boats lost.
297.5
6.38
Ice gorge 10 miles below
Hartford, CT Hartford
12.9
125.0
4.14
Higganum, Flooding in several
CT
homes.
12.0
567.5
8.81
Jam at Mt. Tom Junction.
Tightly packed jam forced
water to flood Hockanum
Holyoke,
Meadows. Blowout
occurred on 15 Mar
9.5
560.5
8.76
MA
Jam formed at junction of
Connecticut and
Farmington Rivers.
Windsor,
Summer cottage carried
20.0
560.5
8.76
CT
away.
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Hartford, CT

Date

23Jan1910
24Jan1910
24Jan1910
24Jan1910
24Jan1910
05Jan1928
12Mar1936

13Mar1936

01Mar1947

Middletown,
CT
Holyoke,
MA
Springfield,
MA

25Jan1957

E. Haddam,
CT

07Feb1996

Hartford, CT

08Jan1938
21Dec1945

*

Jam at Bulkeley Bridge.
Jam at Bodkin Rock.
Tugs used to break
through ice.
Jam downstream from
Holyoke gage
Jam upstream from
Springfield gage
Jam extends from E
Haddam bend upstream
to Rock Landing. Coast
Guard ice breaker used to
break through
Jam between Founders
and Bulkeley bridges.

a

105,000

a

95,000

a

95,000

a

105,000

a

105,000

a

31,000

b

57,400

b

61,900

b

98,600

b

22.4

560.5

8.76

98,600

0.0

173.5

4.87

18,700

2.7

222.0

5.51

10,500

4.5

489.5

8.19

10,300

253.0

5.89

41,100

518.5

8.43

38,000

10.9

Temperature data from Storrs, CT, station (All other temperatures from Hartford, CT, station).
Discharge estimated from rating curves.
b
Discharge from Thompsonville gage.
c
Discharge from Hartford gage.
a

Q (cfs)

b
b
b

a
c

6.0 Ice Jam Criteria for Hartford and Middletown
Ice jam criteria were established for two USGS Gage locations along the Connecticut
River: Hartford and Middletown, CT, and are detailed below. Hydrometeorological
conditions that were found to contribute to ice jam formation at these locations were
based on the recorded ice events and historical discharge and temperature data.
Experience in other locations has shown that the higher-magnitude, low frequency events
of the type identified in Table 3 are not the only ice jams that occurred. The criteria
established were used to uncover ice events that may have been below perception stage.
Criteria used to identify possible ice events were based on the time of year, minimum and
maximum discharge, and ice thickness. The winter season was considered to be 01
January through 31 March, which is consistent with when a solid ice cover will be in
place at these locations.
6.1 Hartford
In Hartford there are two scenarios favorable to the formation of ice jams. The first
situation occurs when an ice cover on the order of 6–8 in. thick exists and discharge rises
significantly over a 3–5 day period. This took place during the 1910 and 1936 events.
During the few days leading up to the jams, the flow increased by at least 85,000 cfs,
causing the ice cover to break up and jam downstream. At about 120,000 cfs, the ice
accumulation is no longer capable of withstanding the force of the upstream backwater
and the jam releases suddenly.
The second ice jam scenario at Hartford occurs when the discharge increases by 18,000
to 20,000 cfs, within a short period of time (e.g., 1–2 days). This took place during the
1996 event in Hartford and the 1928 event just downstream of Hartford, in Rocky Hill.
The test criteria determined for Hartford are:
•
•
•
•

Ice jam period of 1 Jan–31 March.
Ice thickness at time of break-up > 4 in.
No previous breakups have occurred within 30 days.
Discharge > 31,000 and < 120,000 cfs.

6.2 Middletown
In Middletown, the highest reported stage of 13 ft occurred during the 1910 event. Ice
tends to jam just downstream of the city at Bodkin Rock, where the channel narrows.
Reported discharge during peak winter events was used to determine the discharge
criteria.
The test criteria determined for Middletown are:
•
•
•
•

Ice jam period of 1 Jan–31 March
Ice thickness at time of break-up > 4 in.
No previous breakups had occurred within 30 days.
Discharge > 54,000 and < 106,000 cfs.

7.0 Estimating Stage Frequency at Hartford and Middletown
A peak stage probability distribution was developed for peak annual winter and openwater season events for each year that peak stage data were available. In Hartford,
annual peak winter and open-water season stages were determined for 75 years of record,
1910, 1928–2002. During these years, temperature and discharge data were available to
select possible jams during winter peak events.
For Middletown winter and open-water seasons, peak stages were determined for each
year since 1997 when consistent stage data are available. Annual peak stage data, from
1936– 1997, were sorted into either winter season or open-water season events. As either
season is based on only a portion of the total record, the probabilities had to be adjusted
to represent the entire period of record, as described above. The winter season events
were sorted, based on the criteria, into jam and no-jam subpopulations. Figures 3 and 4
show the jam and no-jam peak stage probability distributions with the combined winter
peak stage probability distributions (Pw) at Hartford and Middletown, respectively.
A peak annual stage probability distribution was created by combining the winter season
and open water seasons together. The combined annual stage-frequency distribution for
Hartford is presented in Figure 4, along with the open-water and winter season
distributions. Figure 5 is a similar plot for the Middletown results. Note that ice-affected
peak stage does not affect the combined probability distribution beyond the 10% chance
of exceedence at either location.

Figure 3. Hartford winter season peak stage probabilities.

Figure 4. Middletown winter season peak stage probabilities.

Figure 5. Hartford annual peak stage probability distribution.

Figure 6. Middletown annual peak stage probability distribution.

8.0 Comparison to FIS return interval flood elevations
The winter season probability distributions at Hartford and Middletown were compared
to FIS return interval flood profiles. The 1% chance annual winter event at Hartford
reaches a stage of 24.5 ft, which is greater than the FIS 10-year flood elevation. Ice jam
criteria at Hartford predicted that the larger winter events were not caused by ice. These
events were likely included in the original flood insurance study as open-water events
and then reduced as described above. No ice-affected peak stage exceeded the FIS return
interval flood levels. The Middletown winter peak stage probability distribution had no
impact on the FIS return interval flood levels.
Table 4 compares the highest recorded stage at locations along the study reach to the FIS
10-, 50-, 100- and 500-year stage, which were taken from the flood profile charts. Of the
locations where a stage value is available, two have experienced flooding greater than the
10-year level. During the 1936 event, water and ice from the blowout of a jam in
Holyoke flowed 9.5 ft above the crest of the dam, where the 10-year flood level is 9 ft. In
Higganum the ice-affected stage reached during the 1936 event was estimated using
USGS topographic maps and the description of the flooding. The historical record seems
to support the conclusion that flood levels exceeded the 10-year return interval openwater flood stage. No ice jam location observed a water surface elevation higher than the
50-year open-water level.

Table 4. Comparison of ice-affected and open-water flood stage.
Highest
Recorded
Location
10-year
50-year
100-year
Stage
Higganum
12.0
11.0
14.7
16.3
Middletown
13.0
15.0
19.5
21.2
Hartford
22.4
23.2
28.0
29.8
Holyoke
9.5
9.0
12.0
13.5

500-year
19.0
24.7
33.4
17.0

9.0 Summary
This study analyzed the impacts of ice jams on peak water surface elevations along the
lower Connecticut River, from Holyoke, MA, to the mouth to determine whether updates
to the FEMA Flood Insurance Studies on this reach should include ice. To do this,
historical ice events on the lower Connecticut River were thoroughly reviewed.
Historical discharge and temperature data were also collected and used to determine
under what conditions ice jams are likely.
An ice-affected stage frequency analysis was completed at Hartford and Middletown, CT,
where several there have been significant ice events and where historical stage data exist.
Both locations experienced jams during the largest ice events recorded on the lower
Connecticut River, 1910 and 1936. To understand the significance of these events, the
ice-affected probability distributions were compared to the FIS return interval flood
levels at these two locations. In neither location did the winter season probability
distribution impact the FIS flood profile above the 10% chance annual flood event.
Additional locations along the study reach reported peak stages during ice events. These
water surface elevations were compared to FIS open-water flood levels. In two locations
the ice-affected stage has exceeded the 10-year open-water stage. In no locations has the
ice-affected stage ever topped the 50-year or greater open-water events. To fully
understand how ice impacts the probability distribution at these locations for smaller,
more frequent events, a more detailed hydraulic analysis is required.
This report finds that ice jams along the lower Connecticut River do not significantly
impact the 1% chance annual peak water surface elevation. Ice jams do occur on the
Connecticut River below Holyoke, MA, and can cause considerable damage to stream
banks and infrastructure. However, flooding during open water events has historically
been far in excess of flooding caused by ice jams.
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Individual movements and behaviour of 144 tagged Atlantic salmon (Salmo
salar L.) parr were monitored during two winters (2003-05) using Passive
Integrated Transponder (PIT) technology. Portable antennae that allowed us to
accurately locate fish in habitats ≤ 70 cm deep (measured from substrate to ice
surface) were used for tracking fish during variable ice conditions (i.e. during
subsurface ice formation and/or stable surface ice conditions in mid- and late
winter).
Subsurface ice (54-74% of wetted area) did not initiate parr emigration from the
study site. Mean ± SE movement during two subsurface ice events was 3.6 ± 1.1
m and 2.2 ± 0.9 m. Fish often chose positions under ice cover if ice was in close
proximity of the initial territory of parr but did not seem to seek for it from a
distance. Salmon parr residing in open water were often closely associated to
the lateral growth of the edge of the surface ice. Ice build-up or break-up did not
cause redistribution of fish. Net over winter movements were generally short for
the winter-resident population (mean ± SE, 4.6 ± 1.5 m). Winter site fidelity
was low (6.9 %, 15.4 %) in the two sites with higher gradient (1.6 %, 0.9 %;
dynamic ice conditions), whereas it was high (86.7 %) for the site with lowest
gradient (0.4 %; relatively stable ice conditions).

1.Introduction
In temperate and polar regions ice dominates aquatic habitats for a considerable portion of a
year. Different ice formations, below and above the water surface, occur depending on the river
characteristics and the local climate (e.g. Beltaos et al., 1993; Prowse, 1996). Rapidly changing
ice conditions alter the aquatic microhabitats by redistributing the flow pattern such that water
velocities and depths change (e.g. Prowse, 2000). In shallow streams considerable variation of
the physical habitat take place even within 24-h cycle in early winter. Usually the alterations
caused especially by frazil and anchor ice are described to negatively affect fish through
decreased habitat availability (Maciolek and Needham, 1952; Chisholm et al., 1987; Cunjak and
Caissie, 1993; Power et al., 1993; Brown and Mackay, 1995; Brown, 1999) or even direct iceinduced mortality (Tack, 1938; Benson, 1955). Increased movements of fish have been observed
in response to declining water temperatures below certain species/population specific threshold
(Bjornn, 1971). More, Cunjak and Power (1987) and Cunjak (1988) have shown that salmonids
may have problems acclimatizing to these rapidly changing conditions during early winter and
energetic deficits may arise. Further, salmonids have been shown to generally avoid stream
reaches affected by subsurface ice (Jakober et al., 1998; Brown et al., 2000; Simpkins et al.,
2000). These demanding conditions of early winter may create a “winter bottleneck” for survival
(e.g. Letcher and Gries, 2002) but harsh conditions can follow also later during the winter
(Cunjak et al., 1998)
Studies carried out during periods of significant ice build-up are challenging for data collection.
Snorkeling and electrofishing have been used successfully to study winter fish movements and/or
behaviour (e.g. Cunjak and Randall, 1993; Whalen et al., 1999), but their efficacy to study fish
under various ice conditions is limited to relatively ice-free areas. Radio-tracking studies have
proven to be a plausible method for winter studies. However, restrictions exist with this
methodology as well: only relatively large fish can be used due to transmitter size and the
duration of the study is dictated by the battery life of the transmitter. Further, the high cost of the
transmitters usually allows for only a limited number of tagged individuals.
Recently, Roussel et al. (2004) and Linnansaari et al. (in review) have shown that active tracking
of fish with Passive Integrated Transponder (PIT) -tags is possible using a portable antenna. This
method has proven efficient even during the most challenging winter conditions, and permits
accurate spatial positioning of the fish across different mesohabitat classes in shallow headwater
streams.
In the present study we followed the movements of PIT-tagged juvenile Atlantic salmon (Salmo
salar L.) parr under various ice conditions. Main objective was to identify any causal
mechanisms between the ice formations and fish movement, behaviour and site fidelity in three
shallow stream reaches which differ in their gradient and thus ice regime.

2. Study sites
We followed the behaviour and movements of Atlantic salmon parr in three small streams: 1)
Catamaran Brook, a tributary to the Little South West Miramichi River, situated in northern New

Brunswick, Canada, 2) Dalåa River, a headwater tributary to the Stjørdal River, situated in
Meråker, 100 km east of Trondheim, Norway and 3) Sokna River, a tributary to the Gaula River,
situated in Soknedal, 70 km south of Trondheim, Norway. Within these rivers, study sites of ~ 90
- 200 meters were chosen (Table 1). These study sites were situated in the Lower Reach in
Catamaran Brook (see Cunjak et al., 1990; 1993), Øyvollen Reach in Dalåa River (see
Linnansaari et al., in review; Arnekleiv et al., 2002) and lowermost part of Stavilla branch (a
headwater stream of Sokna River, see Gurandsrud, 2003). Each of the study sites consisted of at
least one riffle-pool sequence and thus provided a range of different meso-habitat classes.
Physical characteristics (length, width and bed gradient) of the study sites are shown in Table 1.
All of the study sites were affected by variable ice formations between October/November and
April and all/most of the surface area was ice covered by January. The water temperature regime
during the study period is shown in Figure 1.
Juvenile Atlantic salmon was the dominant fish species in all of the study sites, being of wild
stocks in Catamaran Brook and Stavilla study sites, but originates from young-of-the-year
stockings in the Øyvollen site (Arnekleiv et al. 2002). Additionally, small populations of brown
trout (Salmo trutta L.) and brook trout (Salvelinus fontinalis, Mitchill) co-existed in the
Norwegian and Canadian study sites, respectively.
The data used in this paper were collected from October 2003 to May 2004 in the Stavilla study
site, and from November 2004 to May 2005 in the Catamaran Brook and Øyvollen study sites.

3. Methods
We used Passive Integrated Transponder (PIT) -tags in juvenile Atlantic salmon for subsequent
active tracking of individual fish. Initial capture of the fish was by standard backpack
electrofishing procedures (see e.g. Bohlin et al., 1989).
The transponders were 23-mm in length, 3.9-mm in diameter, weighted 0.6 grams in air and
were manufactured by Texas Instruments. The tagging procedure was as described by
Linnansaari et al. (in review) and followed the general rule of using only fish > 84mm FL as
suggested by Roussel et al. (2000). The fish were kept in substrate filled liveboxes for a
minimum of 12-h following the tagging to ensure that all the fish were released in good
condition and to determine tag retention. The tagging dates, overall number of tagged individuals
and morphometric parameters for the tagged population in each study site are listed in Table 1.
The “recapture” of the fish was done by recovering the individual code from the PIT-tag using a
portable antenna that was connected to a backpack reader device (Texas Instruments Radio
Frequency Identification System, Series 2000) and a palmtop computer for the code
identification. The portable antenna system had a maximum reading distance of up to 70 cm
when a transponder was oriented parallel to the plane of the antenna inductor coil loop. Ice and
water did not have notable effect on the reading distance. Further details of the portable antenna
system are described in Linnansaari et al. (in review) and Roussel et al. (2000).

Active tracking was carried out multiple times during daylight and hours of darkness.
Occasionally repeated (3-13) trackings were conducted over a 24-h cycle. In open water
conditions, the tracking was carried out in an upstream direction, moving from bank to bank.
When surface ice was prevalent, tracking was carried out both in up- and downstream directions.
Upon encountering a tagged fish, the “blind-spot method” (Linnansaari et al., in review) was
used to determine the exact fish position; this was marked with a colored sinker. Ice conditions at
these locations (i.e. ice “use” by fish) were recorded each time. The tracking occasions and the
number of fish found during each occasion are listed Table 2.
After the tracking survey, the fish locations were georeferenced using a total station (Leica
TC307 or TC400) or by measuring the distance from the fish location to at least two adjacent
downstream bench marks with known coordinates (distributed every ~ 5 metres on the river
banks). The spatial distribution and thus amount of different ice formations (i.e. ice
“availability”) was also measured using the same methodology and are presented in Table 3.
Movement, as used in this paper, is measured as the linear distance between the position of a fish
on two consecutive tracking occasions (i.e. net movement). Movement could not be calculated
for the Øyvollen Reach during 2 and 9 Dec due to erratic coordinate data.

4. Results
Site fidelity
Considerable number of fish disappeared from all of the study sites before the first ice
formations (Table 2). By November, 36.2 %, 56.0 % and 72.2 % of the originally tagged salmon
parr were found in the Stavilla, Øyvollen and Catamaran Brook study sites, respectively. The
body condition factor was not different between the fish residing in the study site and the fish
that were absent (t-test, p = 0.181, p = 0.565 and p = 0.173 for Stavilla, Øyvollen, and Catamaran
Brook, respectively). In Catamaran Brook, the proportion of absent mature parr was higher than
that of immature parr (odds ratio 4 to 1) but the difference was statistically non-significant
(Fisher exact test, p = 0.179).
Overwinter site fidelities were low in Catamaran Brook and Stavilla study sites. In May 2005,
only six fish were located in the Catamaran Brook study site, and two of these were dead. Thus,
the fidelity was 15.4 % of the fish that were residing in the study site during the first tracking. In
Stavilla study site, four fish were found in the end of March (19.0 % fidelity), whereas 86.7 % of
the fish that were residing in the Øyvollen study site during the first tracking were still found in
end of April. There was a high negative correlation between the overwinter site fidelity and the
gradient of the study reach (r = -0.787), but the correlation was statistically non-significant (ttest, p = 0.423) due to low sample size.
Overwinter site fidelity did not depend on the body condition factor. There was no difference in
the condition factor between the resident and emigrant salmon parr groups in any of the study
sites (Mann -Whitney U-test, p =0.076, p = 0.395 and p = 0.486 for Stavilla, Øyvollen and
Catamaran Brook, respectively).

Behaviour during subsurface ice events
We tracked salmon parr on two separate occasions during considerable subsurface ice
accumulation in Catamaran Brook study site.
Prior to tracking on November 9th, negligible surface ice was present in the study reach and no
subsurface ice events took place prior to this date. The first tracking on Nov 9th (5 pm, Table 4)
took place before subsurface ice formation and most of the fish were residing in open water
(Table 4). After the initialization of frazil ice build-up, almost all the fish (92%) were observed
to be active. Fish showed high site fidelity during the event (Table 4). Indeed, no fish left the
study site during the subsurface ice event, although 54.4 % of the area was affected by anchor ice
during the nigh. Moreover, fish resided within considerably small areas during the event (Figure
2); the maximum net movement observed between the trackings was 7.1 m. By the morning (3rd
tracking, 8.30 am) salmon parr were found, on average, within 1.7 ± 0.3 metres from their
original location. In the morning, majority of the fish chose a daytime shelter under an ice
formation rather than in open water (Table 4). Indeed, more fish would have been expected to
reside in open water based on the amount of the open water surface in the reach (log-likelihood
ratio test, p<0.001) and thus there was an indication of preference towards ice cover.
Subsurface ice formation and accumulation continued between the trackings on 10th and 16th
November. Only one (mature) salmon parr disappeared during this period indicating 96.2 % site
fidelity. The average net movement distance between the last position on 10th Nov and first
position on 16th Nov was 3.6 ± 1.1 metres. Net movement distance between the two dates did not
correlate with body condition factor of the fish (Pearson r = -0.191, p = 0.382).
The second tracking was carried under extensive anchor ice build-up (up to 74.4 % of river bed
covered in anchor ice) on 16th to 17th Nov (six repeated trackings over 24-h). At the beginning of
the second tracking survey (9 am, Table 4), all fish were sheltering in locations covered by
scattered surface/border ice formations during the daylight. At dusk, large proportion of the fish
entered the open water for the early part of the night (Table 4). Many fish that were staying
under surface ice followed the lateral growth of the ice edge during the night. The proportion of
the fish in open water decreased during the course of the night and by the morning all the fish
were found again under ice cover (Table 4). This behaviour reflected the availability of ice cover
(Yates corrected χ2–test, p > 0.05) rather than preference to shelter under ice.
Mean net movements between the trackings during the 24-h period were short and generally
similar in extent (Table 5). Mean net distance between the initial and the final location of salmon
parr was 2.2 ± 0.9 metres (Table 5) and indicated that anchor ice formations did not force fish to
move far from their original location (Figure 2). Maximum extent of movements was 19.2 metres
(Figure 2, fish 408). All the salmon parr resided within the study site during the subsurface ice
event.
No salmon parr mortalities were evident between 9th and 17th November even if some salmon
parr (N=8) resided under anchor ice that was in direct contact with the substrate and was up to 30
cm thick.

Behaviour in relation to surface (partial and full) ice and overwinter movements
All the study sites froze over almost completely during the course of study. In Stavilla and
Catamaran Brook study sites surface ice build-up precluded any further active tracking in most
or all parts of the study site (by February, 44% of the study site could be tracked in Stavilla; no
tracking was possible in Catamaran Brook between December and April).
In the Stavilla study site, the active tracking was inefficient under the (thick) border ice. Thus,
most fish were observed in open water (Table 3). Fish residing in open water were in close
proximity of the ice edge (on average 0.9 m on 23rd Oct and 1.4 m on 18th Nov). Especially when
fish were in active state (i.e. during hours of darkness) majority (71.4 %) of salmon parr were in
closer association with ice edge than middle point of the open area. Association was not as
pronounced during daylight (57.1 % of fish closer to ice than mid-channel). In February, only
two fish were found and they both resided under full surface ice during all of the 13 repeated
tracking occasions over a 24-h cycle.
At the Øyvollen site, efficient tracking was possible even after surface ice build-up. The reach
became initially ice covered in the end of November (Table 3, tracking # 2), but the ice was lost
during the first weeks of December (see Figure 1, peak in water temperature). During the next
tracking in February, the study reach was again under full ice cover that lasted until the spring
ice break-up in early April. Regardless of the ice build-up and break-up patterns, the vast
majority of net movements of the resident parr were relatively short between the consecutive
trackings (Figure 3) indicating that the changes in ice conditions did not initiate long-scale
movement in the population staying in the study reach. The extent of net movements between the
trackings was similar (two-way ANOVA without replication, controlled for the time difference
between the trackings, F3,34, p > 0.50). The few longer scale movements (i.e. > 20 metres, Figure
3) resulted because of a notable movement pattern of few individuals (three fish moving
upstream direction into areas with considerably smaller substrate sizes under full surface ice and
then moving back to their original tagging station by April).
Generally short between-tracking movements resulted in considerably short overwinter net
movement; mean ± SE net overwinter movement was 4.6 ± 1.5 m (N=24), as measured between
the initial (4th Nov) and the final (20th Apr) daytime location.
The number of salmon parr using ice as cover reflected its availability (i.e. proportion of ice
cover of the wetted area, Table 3) in the Øyvollen reach. Only exception seemed to be during
the tracking period on 14th December (Table 3, tracking # 5), when more fish resided in open
water than was expected based on the bulk ice abundance in the whole study reach (Yates
corrected log-likelihood test, p < 0.05). However, the ice was not evenly distributed in the reach;
most of the ice was in the upstream part of the study reach. In contrast, large proportion of the
fish (43 %) had their initial territories in the downstream part of the reach where the ice consisted
only 9.3 % of the wetted area. When the uneven ice distribution within the reach was taken into
account, it was observed that fish were found under ice cover according to the ice availability
(Yates corrected log-likelihood test, p > 0.10). Thus, fish did not seek ice cover when it was
located at a distance from their original (i.e. prior ice) territories.

5. Discussion
Our data showed that higher number of salmon parr disappeared from study sites with higher
gradient. This was, however, not related to more dynamic subsurface ice regime in the higher
gradient reaches during the early phase of the study. In general, no ice form caused avoidance
but instead fish tended to stay under any ice formation if it was in close proximity of its original
territory. Further, surface ice allowed a “predator-free” dispersal opportunities to low-cover areas
later during the winter.
Loss of the tagged individuals was observed in all of the study sites already in the early phase
(i.e. prior ice) of the study. This was expected as leptokurtic movement distributions are common
for many animal populations (e.g. Fraser et al., 2001) including overwintering fish (e.g. Jakober
et al., 1998; Muhlfeld et al., 2001). Some emigration was probably caused due to tagging and
capturing the fish (Nordwall, 1999). The tagged population also included mature parr that were
observed to emigrate in higher extent in Catamaran Brook in comparison with immature
individuals. Similar results were obtained for Øyvollen reach in a former study (Linnansaari et
al., in review) and have been seen also elsewhere (Whalen et al., 1999).
The movement to winter habitats was not a probable cause of the emigration as it is described to
take place when the water temperature decline under 10 oC (e.g. Rimmer et al., 1983). Tagging
of the fish took place in our study sites in water temperatures of ~ 5 oC. Jakober et al. (1998)
observed that additional movements occurred in a salmonid population even after the major shift
to overwintering habitats; these additional movements were observed when water temperature
declined to 0 oC. Similar movements might have further reduced the number of the tagged fish in
our study sites before first trackings.
In contrast to the relatively high emigration before ice initiation, our data from Catamaran Brook
showed no evidence that frazil and anchor ice formation/accumulation would initiate long scale
movements. Majority of former studies indicate that in addition to movements to overwintering
sites, a second period of long scale movements indeed takes place during the subsurface ice
events (Brown et al., 1993; Brown and Mackay, 1995; Jakober et al., 1998; Brown, 1999; Brown
et al. 2000; Simpkins et al., 2000; but see Roussel et al., 2004). It appears, however, that our
results are not in contradiction to these studies; they rather reflect different behavioural strategy
that is utilized by small sized rheophilic fish. Indeed, Heggenes et al. (1993) described that small
sized salmonids (like in our study) hide in the interstices of the substrate material during the day
in winter whereas larger individuals (i.e. fish that are commonly used in radio-tracking studies)
do not easily find such shelter and aggregate in pools or hide in aquatic vegetation and log-jams.
These habitats used by larger sized fish become easily filled (pools, log-jams) or destroyed
(aquatic vegetation clusters) by frazil ice due to its adhesive properties and thus fish are forced to
move (Brown and Mackay, 1995; Griffith and Smith 1995; Simpkins et al., 2000). In
comparison, anchor ice rarely penetrates into the substrate due to warmer microtemperatures the
hyporheic layer in winter (Caissie and Giberson, 2003) and thus small sized fish hiding within
the substrate are not in physical contact with the subsurface ice. Roussel et al. (2004) have also
observed similar response to anchor ice as described in this study. They suggested, that fish
could experience warmer microtemperatures even in the actual watercolumn when residing
under anchor ice accumulations. On occasion we observed similar behaviour during the hours of

darkness, but we never saw fish staying in the watercolumn under such ice structures during the
daytime.
Further, we did not observe subsurface ice induced salmon parr mortalities during the period
when active tracking of the fish was possible (one white sucker (Catostomus commersoni (La.)),
appr. 11 cm in length, died during the second tracking survey due to entrapment in anchor ice).
However, we only observed the fish under conditions where the anchor ice partially lifted up
during the daytime. As this took place, “corridors” for movement were formed within the anchor
ice mass. Because we could not perform any further tracking later in November/December in
Catamaran Brook, it is not known if detrimental conditions can arise when anchor ice remained
on the substrate for extended periods (days/weeks). Fish can presumably survive such period
without being able to feed due to lower metabolism during winter. However, the oxygen in the
hyporheic water is mainly supplied from the interchange of water between water column and
substrate (Sheridan, 1962). Thus, it is possible that thick anchor ice accumulations may reduce
the oxygen availability within the substrate and thus cause fish mortality.
In addition to subsurface ice, also ice forms above the water surface provide overhead cover for
fish. Our data suggests that salmon parr chose positions under surface ice formations when ice
forms in close proximity to the initial (prior-ice) fish territory. However, if the ice cover was
formed at a distance (e.g. upstream part of the reach when fish at downstream part), fish did not
seek for these areas if the microhabitat at the fish territory offered other suitable cover. Thus,
juvenile Atlantic salmon were not attracted by the ice formations per se. Fish has been observed
to take advantage of ice cover also in other studies (Maciolek and Needham, 1952; Logan, 1963;
Meyers et al., 1992; Cunjak et al., 1998).
It was further observed that salmon parr entered the area that was not covered by ice during the
hours of darkness. However, fish were staying in close proximity of surface or border ice cover
at all times. Also Muhlfeld et al. (2003) observed that bull trout (Salvelinus confluentus Suckley)
appeared to areas without overhead cover during the nights in winter. We further observed that
the fish staying under the border ice during the night were spatially located in a close proximity
to the edge of ice and they consistently followed the edge as it moved towards the middle of the
channel due to its lateral growth during night. In addition to cover, fish will experience reduced
water velocities when staying under the due to overhead friction layer for water flow (e.g.
Beltaos et al., 1993). Fish might also be able to take advantage of higher net amount of
invertebrate drift in open water without being obliged to stay in the faster moving water (i.e. fish
can enter the open water area to catch prey item and move back under ice).
Once the river reach was frozen over, the general movements were very short and fish could be
encountered from the same mesohabitats almost without exception. Jakober et al. (1998) have
observed similar results in a headwater stream with stable ice conditions. Our results, however,
may reflect our inability to follow the movements beyond the study site. Thus, our results are
only applicable for the “winter-resident” population. All the “large” scale movements (i.e. tens of
metres) observed between December and February were directed upstream, either towards areas
with small substrate sizes and limited (substrate-) cover, or continued within this section. It
seems that this movement pattern did not take place before the formation of full surface ice
cover. Further, all these fish moved back to areas with coarse substrate when the surface ice

degraded. Similar ‘homing’ behaviour in late winter or spring has been observed also by Cunjak
and Randall (1993).
The observed movement pattern may indicate that large substrate size and association with other
in-stream cover structures may not be as important for fish that are residing under full ice cover.
Also Gregory and Griffith (1996) observed in stream enclosures that juvenile rainbow trout
(Oncorhynchus mykiss Walbaum) concealed themselves less frequently under surface ice. As the
wintertime sheltering behaviour is believed to be a consequence of the need to hide from the
endothermic predators like mink (Mustela vison Screber) or otter (Lutra lutra L.) (e.g.
Valdimarsson and Metcalfe, 1998), the need to find shelter should be decreased under full
surface ice when the predators have limited access into water. Thus, once the ice cover was
established, it offered safe dispersal opportunities for salmon parr into new areas that did not
provide cover before the ice build-up. Further, if movements can be done under low risk
conditions, it might be beneficial to move into areas with lower densities of conspecifics and thus
reduce competition for food and space.
Build-up and break-up of ice may facilitate both large- and small-scale movements during winter
(Jakober et al., 1998; Whalen et al., 1999; Brown et al. 2001) and can cause significant fish
losses (Doyle et al., 1993). Our data showed very localized movements of the salmon parr in the
Øyvollen reach even after two ice build-up and two break-up periods. This implies that the
severity of these events was not overwhelming in this low gradient study reach and that the
microhabitat at the fish residence provided sufficient shelter to overcome any adverse effects that
these events may have caused. This might not have been the case in the two other study reaches
where especially the ice break-up might have been harsh due to higher gradient and may explain
the observed lower overwinter site fidelity. Indeed, the higher emigration took place in the sites
with steeper gradient. Also Chisholm et al. (1987) observed that a higher extent of adult brook
trout emigration took place in stream reaches with higher gradient in Wyoming. Even if the
gradient does not induce movements per se, it is a surrogate for ice and microhabitat conditions
within the reach. Thus, the correlation between the site fidelity and gradient may indicate that a
complexity of factors dictates the population dynamics of streams during winter. These
relationships will require further research.
In summary, we observed that the relationship between the fish life and supercooled flows and
the resulting subsurface ice is much more complex than previously though; the mere fact that
frazil and anchor ice exists in a stream reach does not necessarily make the area unsuitable for
juvenile Atlantic salmon. Though, large generalizations about unsuitability of stream reaches
during subsurface ice events should be avoided as the conditions may remain suitable at least for
smaller sized individuals of the population whereas larger fish may experience these conditions
avoidable. Further, surface ice formations may provide fish with beneficial habitat features.
Build-up and break-up of ice, when taking place in a low gradient reach with abundance of instream cover, did not initiate redistribution of small salmon parr.

6. Acknowledgments
We would like to thank A. Fraser, Å. Gurandsrud, and T. Indergård for help during the
fieldwork. SINTEF Energy Research provided logistical support during the study. The research
was funded by Norwegian Research Council, Canada Research Chair Program and the
Norwegian Water and Energy Directorate. T. Linnansaari was further financially supported by
Finnish Cultural Foundation and Helsingin Sanomat Centennial Foundation.

7. References
Arnekleiv, J.V., Kjærstad, G., Rønning, L., and Koksvik, J., 2002. Fish, macroinvertebrates and
minimum water flow in the rivers Tevla, Torsbjørka and Dalåa, Meråker municipality.
Vitenskapmuseet Rapport Zoologisk Serie 2002-5, 90 p. (in norwegian, summary in
english).
Beltaos, S., Calkins, D.J., Gatto, L.W., Prowse, T.D, Reedyk, S., Scrimgeour, G.J. and Wilkins,
S.P., 1993. Physical effects of river ice. In: Prowse, T.D. and Gridley, N.C (eds.).
Environmental aspects of river ice. National Hydrology Research Institute Science
Report No. 5, Environment Canada, 3-74.
Benson, N.G., 1955. Observations on anchor ice in a Michigan trout stream. Ecology 36, 529530.
Bjornn, T.C., 1971. Trout and salmon movements in two Idaho streams as related to temperature,
food, stream flow, cover, and population density. Transactions of the American Fisheries
Society 100, 423-438.
Bohlin, T., Hamrin, S., Heggberget, T.G., Rasmussen, G. and Saltveit, S.J., 1989. Electrofishing
– Theory and practice with special emphasis on Salmonids. Hydrobiologia 173, 9-43.
Brown, R.S., 1999. Fall and early winter movements of cutthroat trout, Oncorhynchus clarki, in
relation to water temperature and ice conditions in Dutch Creek, Alberta. Environmental
Biology of Fishes 55, 359-368.
Brown, R.S. and Mackay, W.C., 1995. Fall and winter movements of and habitat use by
cutthroat trout in the Ram River, Alberta. Transactions of the American Fisheries Society
124, 873-885.
Brown, R.S., Stanislawski, S.S., and Mackay, W.C., 1993. Effects of frazil ice on fish. . In:
Prowse, T.D. (ed.), Proceedings of the workshop on environmental aspects of river ice,
National Hydrology Research Institute, Saskatoon, SK. NHRI Symposium Series No. 12,
261-278.
Brown, R.S., Power, G., Beltaos, S., and Beddow, T.A., 2000. Effects of hanging ice dams on
winter movements and swimming activity of fish. Journal of Fish Biology 57, 1150-1159.

Brown, R.S., Power, G., and Beltaos, S., 2001. Winter movements and habitat use of riverine
brown trout, white sucker and common carp in relation to flooding and ice break-up.
Journal of Fish Biology 59, 1126-1141.
Caissie, D., and Giberson, D.J, 2003. Temporal variation of stream and intragavel water
temperatures in an Atlantic salmon (Salmo salar) spawning area in Catamaran Brook
(New Brunswick). Canadian Technical Report of Fisheries and Aquatic Sciences 2464,
26 p.
Chisholm, I.M., Hubert, W.A. and Wesche, T.A., 1987. Winter stream conditions and use of
habitat by brook trout in high-elevation Wyoming streams. Transactions of the American
Fisheries Society 116, 176-184.
Cunjak, R.A., 1988. Physiological consequences of overwintering in streams: The cost of
acclimitization? Canadian Journal for Fisheries and Aquatic Sciences 45, 443-452.
Cunjak, R.A. and Power, G., 1987. The feeding and energetics of stream-resident trout in winter.
Journal of Fish Biology 31, 493-511.
Cunjak, R.A. and Caissie, D., 1993. Frazil ice accumulation in a large salmon pool in the
Northwest Miramichi river, New Brunswick: Ecological implications for overwintering
fishes. In: Prowse, T.D. (ed.). Proceedings of the workshop on environmental aspects of
river ice. NHRI Symposium Series No. 12, 279-295.
Cunjak, R.A. and Randall, R.G., 1993. In-stream movements of young Atlantic salmon (Salmo
salar) during winter and early spring. In: Gibson,R.J. and Cutting,R.E. (eds.). Production
of juvenile Atlantic salmon, Salmo salar, in natural waters. Canadian Special Publication
of Fisheries and Aquatic Sciences 118, 43-51.
Cunjak, R.A., Caissie, D., and El-Jabi, N, 1990. The Catamaran Brook habitat research project:
Description and general design of study. Canadian Technical Report of Fisheries and
Aquatic Sciences 1751, 14 p.
Cunjak, R.A., Caissie, D., El-Jabi, N., Hardie, P., Conlon, J.H., Pollock, T.L., Giberson, D.J.,
and Komadina-Douthwright, S.M, 1993. The Catamaran brook (New Brunswick) habitat
research project: Biological, physical and chemical conditions (1990-1992). Canadian
Technical Report of Fisheries and Aquatic Sciences 1914, 81 p.
Cunjak, R.A., Prowse, T.D, and Parrish, D.L., 1998. Atlantic salmon (Salmo salar) in winter:
“the season of parr discontent". Canadian Journal for Fisheries and Aquatic Sciences 55
(Suppl.1), 161-180.
Doyle, P.F., Kosakoski, G.T., and Costerton, R.W., 1993. Negative effects of freeze-up and
breakup on fish in the Nicola River. In: Prowse, T.D. (ed.), Proceedings of the workshop
on environmental aspects of river ice, National Hydrology Research Institute, Saskatoon,
SK. NHRI Symposium Series No. 12, 299-314.

Fraser, D.F., Gilliam, J.F., Daley, M.J., Le, A.N. and Skalski, G. T., 2001. Explaining leptokurtic
movement distributions: Intrapopulation variation in boldness and exploration. American
Naturalist 158, 124-135.
Gregory, J.S., and Griffith, J.S., 1996. Winter concealment by subyearling rainbow trout: space
size selection and reduced concealment under surface ice and in turbid water conditions.
Canadian Journal of Zoology 74, 451-455.
Griffith, J.S., and Smith, R.W., 1995. Failure of submersed macrophytes to provide cover for
rainbow trout throughout their first winter in the Henrys Fork of the Snake River, Idaho.
North American Journal of Fisheries Management 15, 42-48.
Gurandsrud, Å., 2003. mapping of riverine winter habitat in River Stavilla, Midtre Gauldal
(Norway). Project Report, Norwegian University of Science and Technology, Dep. Of
Hydraulic and Environmental Engineering, 58 p.
Heggenes, J., Krog, O.M.W., Lindås, O.R., Dokk, J.G., and Bremnes, T., 1993. Homeostatic
behavioural responses in a changing environment: brown trout (Salmo trutta) become
nocturnal during winter. Journal of Animal Ecology 62, 295-308.
Jakober, M.J., McMahon, T.E., Thurow, R.F., and Clancy, C.G., 1998. Role of stream ice on fall
and winter movements and habitat use by bull trout and cutthroat trout in Montana
headwater streams. Transactions of the American Fisheries Society 127, 223-235.
Letcher, B.H., and Gries, G., 2002. Survival of stream-dwelling Atlantic salmon: Effects of life
history variation, season, and age. Transactions of the American Fisheries Society 131,
838-854.
Linnansaari, T., Stickler, M., Roussel, J.-M., Cunjak, R.A., Halleraker, J.H., Alfredsen, K.,
Arnekleiv, J.V., and Harby, A. Efficacy and accuracy of portable PIT-antennae when
tracking juvenile Atlantic salmon (Salmo salar L.) in ice covered streams. Hydrobiologia
(in review).
Logan, S.M., 1963. Winter observations on bottom organisms and trout in Bridger Creek,
Montana. Transactions of the American Fisheries Society 92, 140-145.
Maciolek, J.A. and Needham, P.R., 1952. Ecological effects of winter conditions on trout and
trout foods in Convict Creek, California, 1951. Transactions of the American Fisheries
Society 81, 202-217.
Meyers, L.S., Thuemler, T.F., and Kornely, G.W., 1992. Seasonal movements of brown trout in
Northeast Wisconsin. North American Journal of Fisheries Management 12, 433-441.
Muhlfeld, C.C., and Bennett, D.H., 2001. Fall and winter habitat habitat use and movement by
Columbia River redband trout in a small stream in Montana. North American Journal of
Fisheries Management 21, 170-177.

Muhlfeld, C.C., Glutting, S., Hunt, R., Daniels, D., and Marotz, B., 2003. Winter diel habitat use
and movement by subadult bull trout in the Upper Flathead River, Montana. North
American Journal of Fisheries Management 23, 163-171.
Nordwall, F.N., 1999. Movements of brown trout in a small stream: Effects of electrofishing and
consequences for population estimates. North American Journal of Fisheries
Management 19, 462-469.
Power, G., Cunjak, R.A., Flannagan, J., and Katopodis, C., 1993. Biological effects of river ice.
In: Prowse, T.D. and Gridley, N.C (eds.). Environmental aspects of river ice. National
Hydrology Research Institute Science Report No. 5, Environment Canada, 97-119
Prowse, T.D., 1996. River ice processes. In: Davar, K.S., Beltaos, S. and Pratte, B (eds.). A
primer on hydraulics of ice covered rivers. The Canadian Committee on River Ice
Processes and the Environment, Canadian Geophysical Union, Hydrology Section, 13-37.
Prowse, T.D., 2000. River-ice ecology. National Water Research Institute, Environment Canada,
64 p.
Rimmer, D.M., Paim, U., and Saunders, R.L., 1983. Autumnal habitat shift of juvenile Atlantic
salmon (Salmo salar) in a small river. Canadian Journal for Fisheries and Aquatic
Sciences 40, 671-680.
Roussel, J.-M., Haro, A., and Cunjak, R.A., 2000. Field-test of a new method for tracking small
fishes in shallow rivers using passive integrated transponder (PIT) technology. Canadian
Journal for Fisheries and Aquatic Sciences 57, 1326-1329.
Roussel, J.-M., Cunjak, R.A., Newbury, R., Caissie, D., and Haro, A., 2004. Movements and
habitat use by PIT-tagged Atlantic salmon parr in early winter: the influence of anchor
ice. Freshwater Biology 49, 1026-1035.
Simpkins, D.G., Hubert, W.A., and Wesche, T.A., 2000. Effects of fall-to-winter changes in
habitat and frazil ice on the movements and habitat use of juvenile rainbow trout in a
Wyoming tailwater. Transactions of the American Fisheries Society 129, 101-118.
Sheridan, W.L., 1962. Waterflow through a salmon spawning riffle in southeastern Alaska.
United States Department of the Interior, Fish and Wildlife Service, Washington, D.C.,
USA. Special Scientific Report No. 407, 20 p.
Tack, E., 1938. Trout mortality from the formation of suspended ice crystals. Fischerei Zeitung
41, 42.
Valdimarsson, S.K., and Metcalfe, N.B., 1998. Shelter selection in juvenile Atlantic salmon, or
why do salmon seek shelter in winter? Journal of Fish Biology 52, 42-49.
Whalen, K.G., Parrish, D.L., and Mather, M.E., 1999. Effect of ice formation on selection of
habitats and winter distribution of post-young-of-the-year Atlantic salmon parr. Canadian
Journal for Fisheries and Aquatic Sciences 56, 87-96.

Table 1. Tagging dates and numbers of PIT-tagged juvenile Atlantic salmon in each study
section with morphometric measures (mean ± SD) describing the tagged population.
Lower part of the table describes basic characteristics of each study reach.

N
Total length (mm) ± SD
Weight (g) ± SD
Tag/Fish weight (%) ± SD
Maturity (%)
Tagging date

Catamaran
36
106 ± 17
10.4 ± 5.4
7.0 ± 2.7
22.2
21 Oct 2004

Øyvollen
50
125 ± 11
14.1 ± 4.5
4.6 ± 1.2
44.0
27 Sept 2004

Stavilla
58
109 ± 14
10 ± 5a
7.0 ± 2.6
6.9
24-25 Sept 2003

91
9
0.9

225
15
0.4

102
9
1.6

Reach length (m)
Reach width (m)
Reach bed slope (%)
a

Weights recorded without decimals

Table 2. The timing of active tracking surveys during the study and the number of fish found (N,
number of mortalities in brackets) at each time. Column Time indicates whether the tracking was
carried in daylight (day), during hours of darkness (dark) or multiple times within the 24-hour
cycle (whereat number of trackings is indicated in brackets).
Study site
Stavilla
Stavilla
Stavilla
Stavilla
Catamaran
Catamaran
Catamaran
Øyvollen
Øyvollen
Øyvollen
Øyvollen
Øyvollen
Øyvollen
Øyvollen
a

#
1
2
3
4
1
2
3
1
2
3
4
5
6
7

Date
23-Oct-03
06-Nov-03
18-Nov-03
06-Feb-04a
09-Nov-04
16-Nov-04
16-May-05
04-Nov-04
22-Nov-04
02-Dec-04
09-Dec-04
14-Dec-04
18-Feb-05
20-Apr-05

Time
dark
day
day
24-h (13)
24-h (3)
24-h (6)
day
day,dark
day,dark
dark
day
day
24-h (10)
day

n
8
5
7
4 (2)
26
25
6 (2)
28
25
18
23
28
23
27

Only 44 % of the study area was tracked due to ice and snow accumulation

Table 3. Ice conditions and proportion of salmon parr found under each category during the
active tracking surveys. Columns Open, SI/BI and SSI indicate the coverage of each ice category
of the wetted perimeter of the reach and next three columns describe the percentage of fish found
using each category. SI: surface ice, BI: border ice, SSI: subsurface ice, N/A: data not available,
#: number of tracking occasion (see Table 2 for dates).
Study site

#

Stavilla
Stavilla
Stavilla
Stavilla
Catamaran
Catamaran
Catamaran
Øyvollen
Øyvollen
Øyvollen
Øyvollen
Øyvollen
Øyvollen
Øyvollen

1
2
3
4
1
2
3
1
2
3
4
5
6
7

Ice "availability"
Ice "use"
Open (%) SI/BI (%) SSI (%) Fish open (%) Fish SI/BI (%) Fish SSI (%)
54.1
42.7
3.2
87.5a
12.5
0
100.0
0
0
100
a
61.5
38.5
0
100
N/A
19.7
80.3
0
0
100
b
b
b
d
d
22.2
23.4
54.4
**
**
**d
15.9c
9.7c
74.4c
**d
**d
**d
100
0
0
100
100.0
0
0
100
e
e
1.0
99
N/A
0
100
N/A
N/A
N/A
N/A
5.6
94.4
N/A
N/A
N/A
N/A
0
100
N/A
63
37
N/A
85.7
14.3
N/A
1
99
N/A
8.7
91.3
N/A
100.0
0
0
100
-

a

Tracking of the fish was inefficient in the areas affected by above-surface ice formations due to low reading range by the time of tracking and
might cause a disproportionately high number of fish in open water.
b
Ice coverage during night. By the morning, subsurface ice reached the water surface and turned into surface ice or anchor ice lifted up and
floated away. The ice distribution during the next day was 41.6 % open, 42.4 % SI/BI and 16 % SSI.
c
As in b. The ice distribution during the next day was 15.9 % open, 84.1 % SI/BI.
d
Results are shown in Table 4 due to multiple observations over a 24-h cycle.
e
Visually estimated

Table 4. The observed fish in relation to ice formations during the 24-h trackings in Catamaran
Brook study site in November 2005. SI: surface ice, BI: border ice, SSI: subsurface ice.
Date and time
9 - 10 Nov 2005
17:00 22.30 8.30
Fish under SI/BI
4
4
13
Fish under SSI
3
11
Fish in open water 21
18
2
Total
25
25
26

Date and time
16 - 17 Nov 2005
9:00 19:30 22.30 2:00 5:00
23
11
12
16
21
0
2
2
3
2
0
11
11
6
2
23
24
25
25
25

7.30
22
1
0
23

Table 5. Mean net movement ± SE and mean net movement ± SE per hour between the tracking
periods in Catamaran Brook study site on 16 – 17 Nov 2005. Last column indicates the mean
distance between daytime locations between these two days.

N
Net movement (m) ± SE
Net movement (m) / h ± SE
a

Track 1 - 2 Track 2 - 3 Track 3 - 4 Track 4 - 5 Track 5 - 6 Track 1 - 6
22
24
25
25
23
22
2.2 ± 0.6 2.1 ± 0.5 1.5 ± 0.4 1.6 ± 0.3 3.1 ± 0.6 2.2 ± 0.9
0.5 ± 0.1* 1.0 ± 0.2 0.6 ± 0.2* 0.8 ± 0.2 1.9 ± 0.4a

Net movement between 5th and 6th tracking was considered longer than those marked with an asteristic; otherwise movements were similar in
extent (repeated measures ANOVA with log(x+1) transformed data, F4,80, p<0.001, followed by Tukey-test)

Figure 1. Water temperature fluctuation in 2003-04 in Stavilla River and 2004-05 in Øyvollen
reach and Lower reach of Catamaran Brook. Active PIT-tracking periods are indicated by black
dots, S=Stavilla River, O= Øyvollen reach and C=Catamaran Brook.

Figure 2. Movements of PIT-tagged Atlantic salmon parr during two subsurface ice events in
Catamaran Brook study site in November 2005. Open circle and black cross represent the initial
and the final position of each individual, respectively. Arrow indicates the main flow direction.
Fish identification numbers are situated close to their final position. Ice formations are not drawn
in the figure for more convenient outlook, but the dominating ice category is indicated by
parentheses.

Figure 3.The frequency distribution of the net movements of salmon parr between consecutive
tracking occasions in the Øyvollen reach. Distance is measured as the linear distance between
daytime locations. Black dots on the x-axis represent a bar with value of 0. Note the different
range in the categories on x-axis.
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The Water Survey of Canada (WSC) has put together a database containing
hydrometric measurements from various sources including data collected from
routine field operations in both open water and under ice, and FUI (Flow Under
Ice), a joint project between WSC and USGS containing winter hydrometric
measurements. Field records of water surface to bottom of ice measurements,
under ice discharge, meteorological records, and other pertinent information
about river ice contained in this database were examined. Analysis of the data
revealed information about the effect of climate variables such as snow cover,
snow density, cumulative freezing degree-days, and solar radiation on river ice
growth. The influence of the weight of a snow cover on top ice growth was also
examined. Sites that were investigated include sites in Alberta, Ontario, and the
Northwest Territories. A site specific statistical ice growth model was
developed for each of 11 hydrometric stations based on water surface to bottom
of ice records found in the database, current ice growth theory, and climate
records. These ice growth models were evaluated using statistical analyses and
they were also validated against measured data collected during the winters of
2003-2004 and 2004-2005. Six of the models developed were found to
adequately predict river ice growth. Five of the models did not predict river ice
growth adequately. The inadequacy of some of the models is primarily due to
the fact that insufficient data were available for these locations, there was
uncertainty in the accuracy of the climate data, and there were inconsistent
measurement locations. In order to develop more accurate models, it is
recommended that measurement locations be recorded, that climate sensors be
installed at hydrometric stations located far from climate stations, and that the
effect of velocity and other hydraulic parameters on ice thickness be examined.

1. Introduction
The Water Survey of Canada (WSC) currently uses seven methods for streamflow
computation under winter ice conditions to obtain published data. The methods are: the
Backwater Method, the Adjusted-Discharge Method, the Interpolated-Discharge Method, the
Effective Gauge-Height Method, the Recession Curve Method, the k-Factor Method, and the
Winter Rating Curve Method. These methods are described by Hicks (2002). Presently
there is a need to develop more effective methods of estimating river discharge under ice,
such as using hydraulic models or other models that are more accurate than the traditional
approaches mentioned above. In order to estimate flow under ice using hydraulic models, it
is necessary to have a method for the estimation of river ice thicknesses. Currently, the WSC
does not use a method for the estimation of river ice thickness. Upon researching literature
sources, the only method found that is widely used to determine ice growth is the Stephen
equation, which relies only on temperature values (accumulated sum of freezing degree-days)
and correction factors to account for snow accumulation and wind exposure.

hi = α ( D f )

1
2

[1]

Where Df is the accumulated sum of freezing degree-days (AFDD) and α is a coefficient
varied to account for conditions of exposure and surface insulation.
A hydrometric database, called Measurement Database, has been put together by L. Liu at
the Water Survey of Canada containing hydrometric measurements (including winter
measurements) from various sources including routine field operations and FUI (Flow Under
Ice). FUI contains winter hydrometric measurement data collected under a project conducted
by USGS and WSC in the early 1990’s containing both summary and panel information
(Walker, 1997). HFC is the output from the hydrometric field computer containing both
summary information and detailed panel information. Field records of water surface to
bottom of ice measurements from 1985-2003, meteorological records, and other variables
such as average velocity, average width, and average depth were examined. Variables that
were thought to influence ice thickness were examined including snow cover, snow density,
solar radiation, as well as cumulative freezing degree days. Most of the sites examined in
this study were sites located in Alberta, because this data was readily available in the
database. There was one site located in Ontario and one site in the Northwest Territories that
were also examined closely. The objective of this study was to develop site specific ice
growth models based on records found in the database and climate data, using current ice
growth theory.
2. Theories on Ice Growth
Several different theories on river ice growth and river ice properties have been researched
and examined in this study. Data from the ice measurement database as well as data
collected from an Acoustic Doppler Velocity Meter (ADVM) installation have been
examined closely. Cross sectional profiles of the river bed and ice cover were examined for
several different sites and years to provide insight into ice cover growth and characteristics.

When a hole is drilled in the ice cover, it is common to see the water level rise up in the hole
to a level equivalent to 8% of the thickness below the top of the ice. This is known as the
phreatic surface, which is located at 92% of the ice thickness above the bottom of the ice.
(Hicks, 2002) When this occurs, the ice cover is floating. The Water Survey of Canada does
not currently collect measurements of the distance from the water surface to the top of the
ice; therefore it is not clear whether there was a completely floating ice cover when all of the
ice thickness measurements were done. Hydrometric technicians have observed that it is
quite common for the water level to rise to the phreatic surface when a hole is drilled into the
ice. But they have also observed situations where the water spills out of the hole onto the ice
surface. This could indicate pressure flow or it may also be caused by the additional weight
of the technicians, snow, and equipment on the ice cover. It has also been observed in some
situations (for example on the Châteauguay River in Québec) that the water rises in the hole
to a level below the phreatic surface. This could indicate a situation where the ice cover is
partially floating and partially supporting itself. The following is a summary of three
different theories on river ice growth:
a) One theory is that ice covers float with 92 % of their thickness submerged. In this
situation, the ice cover is attached to the banks, but it is flexible and is able to shift
upwards and downwards with moderate changes in water levels and discharges.
Therefore it is always supported by the water and does not support its own weight. In
this case the ice cover can be viewed as a “plastic” material, able to withstand a certain
amount of tension and compression caused by the fluctuating water levels and being
attached to the banks. If the change in water level is very large (as in the case of
mechanical break-ups), the ice cover will not be able to withstand the forces of tension or
compression and will therefore form cracks and eventually dislodge itself from the river
banks.
b) Hydrometric technicians have also observed that in very narrow rivers and streams, the
ice cover is rigid and becomes strong enough to support itself completely. In this
situation, the ice cover does not move with the changing water levels and discharges
except during break-up when the discharge rises to its highest levels, and the ice cover
begins to float again. In order for the ice cover to support itself completely, the ice must
be very thick, and the water level must recede such that it is no longer supporting or
partially supporting the ice cover. In this situation, ice growth would stop because there
is no longer contact between the water and the bottom of the ice. It is unlikely that a
situation with a rigid ice cover was encountered with any of the measurements used in
this study because only measurements taken during the ice growth period in this study
were considered. According to the observations from hydrometric technicians, this
situation is very rare and only occurs in narrow rivers and with very cold temperatures.
c) Also it is possible that an ice cover is partially rigid and partially floating; in this case the
measurement of water surface to the bottom of the ice is below the phreatic surface and
above the bottom of the ice. Since measurements of the distance from the water surface
to the top of the ice were not recorded, it is not known whether or not this situation may
have occurred with any of the ice measurements. In a situation with a partially rigid and

partially floating ice cover, the phreatic surface would not be very close to the top of the
ice; this would introduce a significant amount of error to the results of the models.
Since no substantial evidence of a partially rigid and partially floating ice cover has been
documented, it will be assumed that a floating ice cover was present during all of the ice
measurements.
At hydrometric station 02EB013 (East River near Huntsville), data collected from an
Acoustic Doppler Velocity Meter (ADVM) installation during the winter of 2004-2005
provided some insight into the nature of the ice cover (i.e. whether it was floating or rigid).
The ADVM data was particularly useful because it provided velocity, bottom of the ice
depth, and temperature data at frequent time intervals (every 15 minutes). The location of
the bottom of the ice was compared with water level data from the gauge; this is shown in
Figure 2.1. The ice thickness shown in Figure 2.1 was estimated by subtracting the bottom
of the ice recorded by the ADVM from the water level recorded by the gauge. Vertical shifts
in the entire ice cover are observed, with shifts in the bottom of the ice and water level
occurring simultaneously. This indicates that a floating ice cover is present at this site, since
a rigid or a partially rigid ice cover that supports its own weight would not exhibit vertical
movement with changes in the water level. Furthermore, the water level measured by the
gauge is a function of pressure head and therefore responds to changes in discharge or flow
area. This indicates that changes in discharge resulted in vertical shifts in the floating ice
cover at this site.
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Figure 2.1 – Water Level, Bottom of Ice, and Ice Thickness Measurements for the
02EB013 ADVM Installation During the Winter of 2004-2005
Changes in velocity were also correlated with changes in pressure head and vertical shifts in
the ice cover, this is shown in Figure 2.2.
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Figure 2.2 – Water Level, Bottom of Ice, and Magnitude of Velocity Measurements for
the 02EB013 ADVM Installation During the Winter of 2004-2005
Figure 2.2 shows that magnitude of velocity is proportional to fluctuations in water level and
bottom of ice, which also indicates a floating ice cover. We observe that as discharge
increased, magnitude of velocity increased and there was an upward vertical shift in the
position of the ice cover (except during freeze-up and break-up). The large spikes in water
level and magnitude of velocity occurred during rain events
3. Assumptions
a) The ice thickness measurements recorded in the Water Survey of Canada’s ice
measurement database were actually measurements of the distance from the water surface
to the bottom of the ice (WSBI). There are no records containing measurements of water
surface to the top of the ice, therefore the actual ice thickness of these measurements is
not known. Theoretically ice floats with 92% of its thickness submerged, therefore
theoretically the measurement of the WSBI represents 92 % of the actual thickness of the
ice (Hicks, 2002). In this study it was assumed that WSBI represents 92% of the ice
thickness. But as discussed above it can be possible for the water level to be found below
the phreatic surface if the ice cover is partially rigid or above the phreatic surface in
situations of pressure flow. If either of these scenarios occurred at the hydrometric sites
involved in the study, this could be a possible source of error in the accuracy of the model
results. From observations made by hydrometric technicians, WSBI representing 92 % of
ice thickness is an accurate assumption in most situations. Huntington (2003) also found

in a recent study of the Piscataquis River near Dover-Foxcroft in central Maine that
WSBI and ice thickness were strongly correlated. A valid regression model (with an R2
of 0.91) was developed to describe the relationship between ice thickness and WSBI on
the Piscataquis River. When this regression relationship is used to describe the ratio
between WSBI and ice thickness, WSBI ranges from 84% to 97% of the ice thickness.
b) In this study it was assumed that the average WSBI across the reach is an accurate
reflection of the WSBI at the maximum discharge. This assumption was verified at
hydrometric station 06AD006 (Beaver River at Cold Lake, Alberta). For each ice
measurement from 1997 to 2003, the average of the 3 panel WSBI at the maximum
discharge were compared to the average WSBI for all of the panels. It was found that
there was a significant difference (up to 35 cm) during the late winter break-up period.
During early winter (right after ice formation) the differences ranged from approximately
2 to 8 cm. During the mid-winter period, differences ranged from 5 mm to 6 cm. It was
concluded that the average WSBI across the reach is approximately equal to the WSBI at
the maximum discharge during early and mid winter, but this is not true for late winter.
All of the data used in this study was collected during the ice growth period in early and
mid-winter.
c) It was assumed that the climate data obtained from the climate station located closest to
the hydrometric station was an accurate representation of the climate conditions at the
hydrometric station. This may not be an accurate assumption depending on the distance
between the hydrometric station and the climate station.
4. Description of the Statistical Model
The statistical models were developed using StatGraphics Plus 5 statistical software. A
Multiple Linear Regression Analysis was used along with a subset model approach called
“Stepwise Regression” (Draper, 1981) to determine the best model for river ice growth. Both
a Forward Stepwise Regression and a Backwards Stepwise Regression were performed and
compared to assess the overall stability of the models. The procedure for the stepwise
regression involved the insertion of variables into the regression equation one by one until
the regression equation was satisfactory, or the best possible regression equation was
obtained with the available variables. The order of insertion was determined by using the
partial correlation coefficient as a measure of the importance of variables not yet in the
equation. A significance level of 0.05 was used for all of the multiple regression analyses.
After each variable was inserted into the equation, the overall regression was verified for
significance, the improvement in the R2 value was noted, and the partial F-values for all
variables in the equation were examined. The partial F criterion for each variable in the
regression at any stage of calculation was evaluated and compared with 5% of the Fdistribution. For a more rigorous discussion of the stepwise regression method, refer to
Draper (1981) or any Applied Regression Analysis textbook.
The models that were developed were evaluated using statistical methods. The models were
examined for collinearity, which occurs when the individual regressors are related to one
another (linearly dependent). Collinearity can lead to an unstable model since the model

becomes overspecified. Indications of collinearity between regressors occurred when the
overall model was significant according to the F-test, but some or all of the individual tstatistics were not significant. The correlation matrix for the estimated coefficients was then
examined to see if there was a strong relationship between any of the regressors (Vining,
1998). Residual plots were also examined in order to get an idea of how well the model
explained the data used in the model’s estimation. Plots of residuals against predicted values,
residuals against regressors, and residuals against row number were examined. These plots
allowed for the testing of systematic model misspecification and the verification of the
assumptions that are always made in multiple regression analysis (constant variance
assumption and independence assumption) (Vining, 1998). In addition, the R2 adjusted
values (the amount of variability in the data explained by the model relative to the amount of
variation left unexplained) were examined. The R2 adjusted value is more appropriate than
the R2 value for a multiple linear regression model, because it adjusts the R2 for the degrees
of freedom used in the model, since the R2 cannot decrease as more regressors are added to
the model (Vining, 1998).
In addition to the statistical methods used to evaluate the stability and accuracy of the ice
growth models, the ice growth models were also validated against measured data. WSBI
values predicted by the models were compared with measured data collected in the field from
2003-2005 (data that was not used to develop the models).
5. Climate Data
The models were developed using readily available climate data from Environment Canada’s
National Climate Data and Information Archive which contains official climate and weather
data (http://climate.weatheroffice.ec.gc.ca/climateData/canada_e.html). The climate data
used was retrieved from the closest climate station that contained complete climate data for
the specified period of time. In some cases a combination of data from more than one
climate station was used depending on the availability of data. In the models that were
developed, the distance between the hydrometric station and the climate station varied from 4
km to 100 km. The larger the distance between the hydrometric station and the climate
station, the greater the uncertainty associated with the climate data and the model developed
using the climate data. The following climate data was used to develop the ice growth
models: mean daily temperature, snow cover, daily snowfall, daily precipitation, global solar
radiation, and hours of daily sunshine. In some cases, there was missing snow cover data and
hours of daily sunshine data. These values were estimated based on data collected from
nearby stations or using daily snowfall, maximum daily temperature, recorded hourly
weather conditions, and sunrise and sunset times.
The following variables were examined as regressors in the multiple linear regression
analysis: Accumulated Freezing Degree Days, Σ (Snow Depth x Snow Density), Cumulative
Solar Radiation, and Σ (Sunshine Hours x Solar Altitude). Ice growth (or snow ice growth)
on the top of the ice cover was also examined and included in the ice growth model.
Cumulative values of the climate parameters were used instead of instantaneous values due
to the fact that the ice thickness is a function of changes in the climate parameters over time.

Cumulative parameters were a way of representing the changes in the climate data over time.
Since WSBI measurements were only done approximately monthly during the winter
months, it was necessary to utilize cumulative climate parameters that would incorporate in
their values the changes that had occurred in the climate data over the course of the winter
period.
a) Accumulated Freezing Degree Days
To calculate Accumulated Freezing Degree days (AFDD), the daily mean temperature data
for each day during the winter season must be known. AFDD represents the sum of the mean
daily temperatures below zero throughout the winter; if a daily mean temperature above
freezing is recorded, this is subtracted from the AFDD. AFDD do not begin accumulating
until the first sustained period of cold temperatures.
AFDD = ∑ FDD

[2]

Where FDD is the daily mean temperature in degrees Celsius, a negative freezing degree day
value represents a temperature warmer than freezing, while a positive freezing degree
represents a temperature below freezing (White, 2004).
b) Σ (Snow Depth x Snow Density)
Σ (Snow Depth x Snow Density) or Cum Snow, represents the cumulative daily sum
(beginning once ice cover formation has occurred) of the product of the depth of the snow
cover on the ice and the average snow density. This parameter was used to account for the
insulating effects of the snow cover on the ice. Surface snow cover, especially a snow cover
consisting of newly-fallen light-density snow, can significantly retard the growth of static ice
by slowing the heat loss to the atmosphere (Davar, 1996).
CumSnow = ∑ ρ s Η

[3]

Where ρs represents the average density of the snow cover, and H represents the depth of the
snow cover on the ice.
i.

Snow Density
The average density of the snow cover was estimated from the height of the snow
cover on the ice and the cumulative precipitation which has occurred since the
formation of the ice cover.

ρs =
Where

∑P

∑P
H

[4]

represents the cumulative precipitation that has occurred since the

formation of the ice cover. The density of snow is the fraction of snow volume

occupied by its water equivalent. Snow density is computed as the depth of the
measured water equivalent of the snow cover divided by the depth of the snow
cover (Singh, 1992).
ii.

Snow Cover on the ice
Snow depth on the ground is available from the Environment Canada’s climate
database. The snow cover on the ice was set to zero on the first day of ice
formation; subsequent changes to the snow cover on the ground were added to the
snow cover on the ice.

c) Cumulative Solar Radiation
Complete daily global solar radiation data was only available for one hydrometric station
that was examined (10LC014 – Mackenzie River at Arctic Red River). Solar radiation is
the measurement of radiant energy from the sun, on a horizontal surface. The standard
metric unit of radiation measurement is the Mega Joule per square metre (MJ/m2).
Global solar radiation is a measure of the total incoming direct and diffuse short-wave
solar radiation received from the whole dome of the sky on a horizontal surface (from
National Climate Archives Glossary at:
http://www.climate.weatheroffice.ec.gc.ca/prods_servs/glossary_e.html#s).
A cumulative sum of the daily global solar radiation was used in the regression model for
Mackenzie River at Arctic Red River.
d) Σ (Sunshine Hours x Solar Altitude)
Due to the lack of global solar radiation data available from Environment Canada’s
weather office, another parameter related to radiation, namely Σ (Sunshine Hours x Solar
Altitude), was developed and included in the multiple linear regression analysis for 3
hydrometric stations (06AD006, 05CK004, and 05AJ001).
i.

Daily Hours of Bright Sunshine
Daily Sunshine hours data were available for only a few climate stations. Bright
sunshine observations are made using the Campbell-Stokes sunshine recorder.
The recorder measures only “bright” sunshine which is less than visible sunshine.
For example sunshine immediately after sunrise, just before sunset, or the
presence of a cloud cover would not be bright enough to register.

ii.

Solar Altitude
To calculate the average solar altitude, the sun’s altitude at solar noon (maximum
altitude) was divided by 2. The solar altitude at solar noon was calculated using
the following formula:

θ = 90° − α − β

[5]

Where θ is the sun’s altitude above the horizon at solar noon, α is the latitude of
the site, and β is the sun’s declination (Nelson, 2000). β is given by the following
equation from Pillay:
 360(n − 80) 
 365.25 

β = 23.45 sin 

[6]

Where n is the day of the year with Jan 1 being n=1.
e) Top Ice Growth due to Snow Weight

An ice cover will tend to be weighed down by the presence of a large amount of snow. If
there is a large amount of snow present on the cover, this may cause the ice to be
submerged below the phreatic surface. In this case, it is likely that water will seep up
through cracks in the ice cover, saturate the lower portion of the snow layer, and cause
the formation of snow ice (Hicks, 2002). Calculations were done to estimate the extent
of this snow ice growth using the depth of the snow cover on the ice, the estimated
density of the snow cover, and the estimated WSBI of the ice.
First of all, the height of the ice equivalent of the snow cover (i.e. depth of the snow
cover if it was converted into ice) was calculated by dividing the cumulative precipitation
by the theoretical density of ice (0.92 g/cm3).

Hs =

∑P

[7]

ρi

Where Hs is the height of the ice equivalent of the snow cover,

∑P

represents the

cumulative precipitation since the formation of the ice cover, and ρi represents the density
of ice.
Secondly, Hs is added to the model’s estimate of WSBI from the previous day (tn-1) and
multiplied by 8%, the theoretical percentage of the ice cover found above the water’s
surface. This represents ta, the theoretical thickness of the ice cover above the water
surface when the weight of the snow cover is converted into an ice thickness.

t a = 0.08(t n −1 + H s )

[8]

To determine the height of the ice surface above the water surface (Hi), the ice equivalent
of the snow cover (Hs) is subtracted from ta.
H i = ta − H s

[9]

If the value for Hi is negative, this amount represents the distance below the water surface
that the ice cover would be submerged. It is assumed that if the ice cover is submerged
below the water surface, water will seep through cracks, saturate the bottom snow layer,
and freeze on the surface of the ice forming ice or snow ice. Therefore if the value of Hi
is negative, this value represents the amount of snow ice growth that would occur on the
ice surface. A positive value for Hi indicates no snow ice growth on the ice surface.
It must be stressed that the calculated values of top ice growth are estimates of the
amount of snow ice growth on the ice surface. These values are based on the assumption
that the ice cover is floating with 92% of its thickness below the water surface. These
values are also based on estimates of ice thickness from the previous day, therefore
depending on the accuracy of the model there could be some error associated with these
values. In most cases the contribution of the top ice growth to the overall thickness of the
ice was estimated to be minimal (< 8 cm in most cases).
f) Ice Cover Formation Dates

Estimates of the ice cover formation dates for all of the hydrometric stations were
obtained from the HYDAT database published by the Water Survey of Canada and
available at the following internet address:
http://www.wsc.ec.gc.ca/products/main_e.cfm?cname=products_e.cfm .
These estimates of ice cover formation dates were used along with WSBI data to develop
the ice growth models. It was assumed that the ice cover formation dates represent an ice
thickness of 0. In reality the ice cover may have an initial thickness on the date that it is
formed. There may also be some error associated with the ice cover formation dates, as
they are estimated (based on temperature data as well as changes in stage) and not
physically observed. Following an analysis of the ice growth model at 06AD006 (Beaver
River at Cold Lake, Alberta) it was determined that small variations in the ice formation
dates (i.e. +/- 4 days) did not significantly affect the model. The multiple linear
regression model obtained using the existing ice formation dates was compared with a
multiple linear regression model using ice formation dates 4 days earlier and 4 days later
than the ice formation date recorded in the HYDAT database. The results indicated that
the differences in the models were insignificant (differences in the coefficients on the
order of 1-3%, and differences in the constants of less than 5 mm).
6. Model Results

Statistical multiple linear regression models were developed for 11 sites out of the 30 sites
that were examined in this study. Ten of these sites are located in Alberta and one site is
located in the Northwest Territories. A wider spatial variation in sites was not chosen due to
the lack of available data in provinces other than Alberta. The sites that were chosen in
Alberta were chosen to reflect a wide variation in geographic location, river width, river
depth, and river velocity. The sites in which statistical models were developed are
summarized in Table 6.1 below.

Table 6.1 Hydrometric Stations Chosen for Development of Statistical Ice Growth Models

Hydrometric
Station
05CK004
06AD006
10LC014
07GD004
05DA007
05CB004
05AA023
05AJ001
07AF002
07BC002
05DC006

Station Name
Red Deer River near Bindloss,
Alberta
Beaver River at Cold Lake,
Alberta
Mackenzie River at Arctic Red
River, NWT
Red Willow River near Rio
Grande, Alberta
Saskatchewan Crossing,
Alberta
Raven River near Raven,
Alberta
Old Man River near Waldron's
Corner, Alberta
South Saskatchewan River at
Medicine Hat, Alberta
McLeod River above Embarras
River, Alberta
Pembina River at Jarvie, Alberta
Ram River near the Mouth,
Alberta

Latitude of Longitude
Station
of Station

Location

Average
Width of
River (m)

Average
Velocity
(m/s)

Average Distance to
Depth
Closest
below ice
Climate
(m)
Station (km)

50.9

-110.3

South-East AB

69

0.37

0.64

20.9

54.4

-110.2

North-East AB

16

0.30

0.40

8.4

67.5

-133.7

North NWT

915

0.60

10.90

94.7

55.1

-119.7

North-West, AB

8

0.16

0.29

23.4

51.9

-116.7

South-West AB

12

0.20

0.30

54.3

52.1

-114.5

South-Central AB

11

0.40

0.36

24.0

49.8

-114.2

South-East AB

32

0.26

0.25

21.7

50.0

-110.7

South-East AB

148

0.45

1.21

4.0

53.5

-116.6

Central-West AB

40

0.39

0.43

16.2

54.5

-114.0

North-East AB

56

0.37

0.43

20.4

52.4

-115.4

South-West AB

26

0.40

0.30

30.6

Only WSBI measurements not containing slush or frazil ice were used in the development of
the statistical ice growth models. This was due to the fact that the presence of slush and
frazil ice at the bottom of the ice will confound the estimation of ice thickness (Huntington,
2003).
Estimated top ice growth was subtracted from the average WSBI measurements, before the
multiple linear regression analysis was performed. This was done in order to separate the
effects of the top ice growth due to the weight of the snow cover and the insulation effects of
the snow cover (represented by Cum Snow). The multiple linear regression analysis was
then performed on AFDD, Cum Snow, and in some cases Cumulative Solar Radiation (Cum
Rad) or Σ (Sunshine Hours x Solar Altitude). The calculated value for top ice growth was
added back into the model after the regression analysis was performed.
It was found in all of the cases that ice growth was a quadratic function of AFDD, therefore
both the parameters AFDD and AFDD2 were present in all of the models. The AFDD2
parameter is likely due to the insulation effects of the ice cover in slowing down its own
growth as the AFDD (and therefore ice thickness) increases. Cum Snow was found to be
significant in some but not all of the cases. Cum Snow was found to have a much lower
influence on ice thickness compared to AFDD. The parameters Cum Rad and Σ (Sunshine
Hours x Solar Altitude) were tested at 4 different sites where radiation or daily sunshine
hours data was available. Cum Rad and Σ (Sunshine Hours x Solar Altitude) were not found
to be significant parameters in the models. It was found that both Cum Rad and Σ (Sunshine

Hours x Solar Altitude) were highly negatively correlated with AFDD. This caused the
models to become overspecified and therefore inaccurate when both parameters were
included. AFDD was the more significant parameter, therefore the stepwise regression
analysis discarded Cum Rad and Σ (Sunshine Hours x Solar Altitude) from the models.
Table 6.2 shows a summary of the statistical models for all of the sites examined. These
models are valid only for early and mid-winter periods when the ice growth is increasing, the
models will not accurately predict the degradation of the ice cover. The adjusted R2 values
are included in the table to give an indication of how well the models explain the variability
in the data. An analysis of residual plots indicated a valid regression model in all of the
cases. Plots of residuals versus row order did not reveal any significant pattern; therefore
there was no evidence of serial correlation. Based on the statistical analyses, the models
developed for hydrometric stations 07GD004 and 05AJ001 are not considered to be accurate
enough to be used to predict ice thickness at these sites since the adjusted R2 values are quite
low. The inaccuracy of the model at station 05AJ001 is likely due to insufficient data. The
inaccuracy of the model at station 07GD004 is likely due to inconsistent measurement
locations.
Table 6.2: Statistical Ice Growth Models for 11 Hydrometric Stations

Hydrometric Constant
AFDD
Station
Term
Coefficient

AFDD2
Coefficient

Σ (Snow Cover x
Snow Density) Adjusted Significant parameters in
Coefficent
R2
Model
2

05CK004

0.0579

0.00092

-2.73E-07

-0.00101

86.1

AFDD, AFDD , Cum Snow

06AD006

0.0287

0.00083

-1.41E-07

-0.00058

90.2

AFDD, AFDD , Cum Snow

10LC014

-0.0594

0.00063

-7.66E-08

Not significant

97.5

AFDD, AFDD

2

07GD004

0.0509

0.00069

-3.10E-07

Not significant

67.5

AFDD, AFDD

2

05DA007

0.0340

0.00169

-8.53E-07

-0.00174

91.2

AFDD, AFDD , Cum Snow

05CB004

0.0895

0.00155

-7.71E-07

Not significant

85.0

AFDD, AFDD

2

05AA023

0.0794

0.00172

-1.38E-06

Not significant

77.6

AFDD, AFDD

2

05AJ001

-0.0021

0.00141

-8.11E-07

Not significant

67.2

AFDD, AFDD

2

07AF002

0.0245

0.00103

-2.36E-07

-0.00035

87.6

AFDD, AFDD , Cum Snow

07BC002

0.0350

0.00090

3.04E-07

-0.00038

85.8

AFDD, AFDD , Cum Snow

05DC006

0.0386

0.00165

-1.03E-06

Not significant

78.6

AFDD, AFDD

2

2

2

2

2

The models and validations are summarized in the following sections. The comparisons
between the WSBI values predicted from the model and the WSBI measurements are shown
in the accompanying figures. Within the model equations, tavg represents the average WSBI
predicted at the site. All models have been validated against data from winters 2003-2004

and 2004-2005, with the exception of hydrometric station 10LC014 which was validated
with data from winters 1998-1999, 2001-2002, 2002-2003, and 2003-2004.
a) 06AD006 Ice Growth Model

Based on 33 average WSBI data records and climate data from the winters of 1989-1990,
1997-1998, 1998-1999, 1999-2000, 2000-2001, and 2002-2003, the following ice thickness
model was developed for hydrometric station 06AD006 (Beaver River at Cold Lake,
Alberta).
t avg = 0.0287 + 0.00083 AFDD − 0.000000141AFDD 2 − 0.00058CumSnow

[9]

Figures 6.1 and 6.2 demonstrate that the model predicts WSBI within +/- 10 cm in all of the
cases except for the measurement taken on February 4, 2004. This measurement appears to
be a possible outlier as it does not follow the expected trend that the ice thickness continues
to increase during extended cold periods. The measured WSBI on February 4, 2004 is
actually lower than the WSBI on January 4, 2004 which is unexpected due to the extremely
cold temperatures recorded during this time period. The change in AFDD between January
6, 2004 (previous measurement) and February 4, 2004 is 534.7.
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Figure 6.1 – Comparison Between the Model Predictions of WSBI and Measured
Values of WSBI for Hydrometric Station 06AD006 During the Winter of 2003-2004
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Figure 6.2 – Comparison Between the Model Predictions of WSBI and Measured Values of
WSBI for Hydrometric Station 06AD006 During the Winter of 2004-2005
b) 05CK004 Ice Growth Model

Based on 32 average WSBI data records and climate data from the winters of 1996-1997,
1998-1999, 1999-2000, 2000-2001, and 2002-2003, the following ice thickness model was
developed for hydrometric station 05CK004 (Red Deer River near Bindloss, Alberta).
t avg = 0.0579 + 0.00092 AFDD − 0.000000273 AFDD 2 − 0.00101CumSnow

[10]

Figures 6.3 and 6.4 demonstrate that the model predicts WSBI within +/- 6 cm in all of the
cases.
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Figure 6.3 - Comparison Between the Model Predictions of WSBI and Measured Values of
WSBI for Hydrometric Station 05CK004 During the Winter of 2003-2004
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Figure 6.4 – Comparison Between the Model Predictions of WSBI and Measured Values of
WSBI for Hydrometric Station 05CK004 During the Winter of 2004-2005
c) 05DC006 Ice Growth Model

Based on 29 average WSBI data records and climate data from the winters of 1997-1998,
1998-1999, 1999-2000, 2000-2001, and 2002-2003, the following ice thickness model was
developed for hydrometric station 05DC006 (Ram River near the Mouth).
t avg = 0.0386 + 0.00165 AFDD − 0.00000103 AFDD 2

[11]

Figures 6.5 and 6.6 demonstrate that the model predicts WSBI within less than +/- 14 cm in
all of the cases. The accuracy of the model could likely be improved if more data were
included in the model or if more accurate climate data were available.
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Figure 6.5 - Comparison Between the Model Predictions of WSBI and Measured Values of
WSBI for Hydrometric Station 05DC006 During the Winter of 2003-2004
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Figure 6.6 - Comparison Between the Model Predictions of WSBI and Measured Values of
WSBI for Hydrometric Station 05DC006 During the Winter of 2004-2005
d) 05CB004 Ice Growth Model
Based on 31 average WSBI data records and climate data from the winters of 1997-1998,
1998-1999, 1999-2000, 2000-2001, and 2002-2003, the following ice thickness model was
developed for hydrometric station 05CB004 (Raven River near Raven).
t avg = 0.0895 + 0.00155 AFDD − 0.000000771 AFDD 2

[12]

Figures 6.7 and 6.8 demonstrate that the model does not predict WSBI very well, particularly
for the winter of 2004-2005. This model could likely be improved if more accurate climate
data were available.
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Figure 6.7 - Comparison Between the Model Predictions of WSBI and Measured Values of
WSBI for Hydrometric Station 05CB004 During the Winter of 2003-2004
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Figure 6.8 - Comparison Between the Model Predictions of WSBI and Measured Values of
WSBI for Hydrometric Station 05CB004 During the Winter of 2004-2005
e) 10LC014 Ice Growth Model

Based on 23 average WSBI data records and climate data from the winters of 1984-1985,
1985-1986, 1995-1996, and 1996-1997, the following ice thickness model was developed for
hydrometric station 10LC014 (Mackenzie River at Arctic Red River).
t avg = −0.0594486 + 0.00063 AFDD − 0.0000000766 AFDD 2

[13]

Figure 6.10 demonstrates that the model predicts the WSBI within +/- 10 cm for 2001-2002.
Figure 6.11 demonstrates that the model predicts the WSBI within +/- 13 cm for 2002-2003.
Figures 6.9 and Figures 6.12 show that the model is an accurate predictor of growth in the
early stages of winter, but a poor predictor of growth in the later stages of winter. One
possible reason for some of the inaccuracies in this model is the fact that the closest climate
station is 95 km away from the hydrometric station. The installation of a temperature and
precipitation sensor at the hydrometric station would improve the accuracy of the climate
data and therefore the precision of the model.
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Figure 6.9 - Comparison Between the Model Predictions of WSBI and Measured Values of
WSBI for Hydrometric Station 10LC014 During the Winter of 1998-1999
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Figure 6.10 - Comparison Between the Model Predictions of WSBI and Measured Values of
WSBI for Hydrometric Station 10LC014 During the Winter of 2001-2002

1.40

WSBI Measured

Average WSBI (m)

1.20

WSBI Predicted
from Model

1.00
0.80
0.60
0.40
0.20
0.00
10/11/2002

11/30/2002

1/19/2003

3/10/2003

4/29/2003

Date

Figure 6.11 – Comparison Between the Model Predictions of WSBI and Measured Values
of WSBI for Hydrometric Station 10LC014 During the Winter of 2002-2003
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Figure 6.12 – Comparison Between the Model Predictions of WSBI and Measured Values
of WSBI for Hydrometric Station 10LC014 During the Winter of 2003-2004
f) 07GD004 Ice Growth Model

Based on 22 average WSBI data records and climate data from the winters of 1998-1999,
2000-2001, 2001-2002, and 2002-2003, the following ice thickness model was developed for
hydrometric station 07GD004 (Red Willow River near Rio Grande).
t avg = 0.0509 + 0.00069 AFDD − 0.00000031 AFDD 2

[14]

The measurements collected during the winter of 1999-2000 were not included in the model
because upon examination of the data, it was concluded that these measurements were likely
done at a different cross section. The river width data collected in 1999-2000 indicated an
average river width of 1.5 m, whereas the data collected during the other years shows an
average river width of 7.65 m. The velocity recorded during 1999-2000 was much larger
than the velocity recorded in other years. This indicates that the WSBI data collected during
the years 1999-2000 was likely measured at a different, narrower reach with larger velocities
compared to the data collected during the other years. The WSBI measurements recorded
during 1999-2000 were much lower in magnitude than the WSBI measurements recorded in
other years at similar times during the winter. This also indicates that velocity could be a
significant factor affecting ice thickness and contributing to spatial variations in ice thickness
at this site.
Figures 6.13 and 6.14 demonstrate that the model is inadequate in estimating the WSBI at
hydrometric station 07GD004. Upon further examination of the recorded WSBI values, it
was observed that there were large variations in the average width measurements and the
average velocity measurements of the WSBI measurements used to validate the model.
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Figure 6.13 – Comparison Between the Model Predictions of WSBI and Measured
Values of WSBI for Hydrometric Station 07GD004 During the Winter of 2003-2004

1.00
0.90

WSBI Measured

Average WSBI (m)

0.80
0.70

WSBI Predicted
from Model

0.60
0.50
0.40
0.30
0.20
0.10
0.00
11/14/2004

12/14/2004

1/13/2005

2/12/2005

Date

Figure 6.14 – Comparison Between the Model Predictions of WSBI and Measured
Values of WSBI for Hydrometric Station 07GD004 During the Winter of 2004-2005
g) 05AA023 Ice Growth Model

Based on 33 average WSBI data records and climate data from the winters of 1989-1990,
1997-1998, 1998-1999, 1999-2000, 2000-2001, 2001-2002, and 2002-2003, the following ice
thickness model was developed for hydrometric station 05AA023 (Oldman River near
Waldron’s Corner).
t avg = 0.0794 + 0.00172 AFDD − 0.00000138 AFDD 2

[15]

Figure 6.15 demonstrates that the model predicts WSBI within +/- 5 cm for 2003-2004. In
Figure 6.16 it appears that there was a mid-winter ice break-up in early February (due to
above zero mean daily temperatures in the last two weeks of January. A mid-winter break-up
in February is extremely rare for this site (this type of event has not been recorded before in
February at this site since records have been kept). The ice growth model is only valid
during the ice growth period and is not robust enough to predict mid-winter ice break-up
events. But Figures 6.15 and 6.16 indicate that other than the mid-winter ice break-up, the
ice growth model was able to predict ice thickness to within +/- 5 cm.
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Figure 6.15 - Comparison Between the Model Predictions of WSBI and Measured
Values of WSBI for Hydrometric Station 05AA023 During the Winter of 2003-2004
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Figure 6.16 - Comparison Between the Model Predictions of WSBI and Measured
Values of WSBI for Hydrometric Station 05AA023 During the Winter of 2004-2005
h) 07BC002 Ice Growth Model

Based on 31 average WSBI data records and climate data from the winters of 1989-1990,
1998-1999, 1999-2000, 2000-2001, 2001-2002, and 2002-2003, the following ice thickness
model was developed for hydrometric station 07BC002 (Pembina River at Jarvie).
t avg = 0.0350 + 0.00090 AFDD − 0.000000304 AFDD 2 − 0.00038CumSnow

[16]

Figures 6.17 and 6.18 show that the model predicts WSBI very poorly for both winters. The
model overestimates WSBI by up to 37 cm for the winter of 2003-2004 and up to 22 cm for

the winter of 2004-2005. The model predictions of WSBI tend to be more accurate in early
stages of the winter, and as the winter progresses the predictions become less accurate.
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Figure 6.17 - Comparison Between the Model Predictions of WSBI and Measured
Values of WSBI for Hydrometric Station 07BC002 During the Winter of 2003-2004
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Figure 6.18 - Comparison Between the Model Predictions of WSBI and Measured
Values of WSBI for Hydrometric Station 07BC002 During the Winter of 2004-2005
i) 07AF002 Ice Growth Model

Based on 30 average WSBI data records and climate data from the winters of 1997-1998,
1998-1999, 1999-2000, 2000-2001, 2001-2002, and 2002-2003, the following ice thickness
model was developed for hydrometric station 07AF002 (McLeod River above Embarras
River).
t avg = 0.0245 + 0.00103 AFDD − 0.000000236 AFDD 2 − 0.00035CumSnow

[18]

Figures 6.19 and 6.20 demonstrate that the model predicts WSBI within 5 cm for the winter
of 2003-2004 and within 15 cm for the winter of 2004-2005.
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Figure 6.19 - Comparison Between the Model Predictions of WSBI and Measured Values of
WSBI for Hydrometric Station 07AF002 During the Winter of 2003-2004
1.00
WSBI Measured

0.90

Average WSBI (m)

0.80
WSBI Predicted
from Model

0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00
10/15/2004

11/14/2004

12/14/2004

1/13/2005

2/12/2005

3/14/2005

Date

Figure 6.20 – Comparison Between the Model Predictions of WSBI and Measured Values
of WSBI for Hydrometric Station 07AF002 during the Winter of 2004-2005
j) 05AJ001 Ice Growth Model

Based on 18 average WSBI data records and climate data from the winters of 1996-1997,
1998-1999, 2001-2002, and 2002-2003, the following ice growth model was developed for
hydrometric station 05AJ001 (South Saskatchewan River at Medicine Hat).
t avg = −0.0021 + 0.00141AFDD − 0.000000811 AFDD 2

[19]

Figures 6.21 and 6.22 demonstrate that the model predicts WSBI within 13 cm for the winter
of 2003-2004. The model predicts poorly the WSBI for the winter of 2003-2004. This ice
growth model is not an accurate model for this site; this is primarily due to the small amount
of data used to create the model (only 18 data records). The ice growth period at this site
appears to be very short; therefore there is a lack of WSBI measurements taken during the ice
growth period used for model construction and validation. The use of more data would
improve the accuracy of the model.
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Figure 6.21 – Comparison Between the Model Predictions of WSBI and Measured Values
of WSBI for Hydrometric Station 05AJ001 during the Winter of 2003-2004
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Figure 6.22 - Comparison Between the Model Predictions of WSBI and Measured Values of
WSBI for Hydrometric Station 05AJ001 during the Winter of 2004-2005

k) 05DA007 Ice Growth Model

Based on 20 average WSBI data records and climate data from the winters of 1997-1998,
1998-1999, 1999-2000, 2000-2001, 2001-2002, and 2002-2003, the following ice thickness
model was developed for hydrometric station 05DA007 (Mistoya River near Saskatchewan
Crossing).
t avg = 0.034 + 0.00169 AFDD − 0.000000853 AFDD 2 − 0.00174CumSnow

[20]

Figures 6.23 and 6.24 demonstrate that the model overestimates WSBI by a maximum of 21
cm for the winter of 2003-2004. The model predicts poorly the WSBI for the winter of 20042005: the model overestimates WSBI by a maximum of 28 cm. This site also appears to
have a short ice growth period, with the ice thickness beginning to decrease as early as the
beginning of February. As a result, only 20 records were used to develop this model. If
more measurements could be obtained during the ice growth period, a more accurate model
could likely be developed.
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Figure 6.23 - Comparison Between the Model Predictions of WSBI and Measured Values of
WSBI for Hydrometric Station 05DA007 during the Winter of 2003-2004
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Figure 6.24 - Comparison Between the Model Predictions of WSBI and Measured Values of
WSBI for Hydrometric Station 05DA007 during the Winter of 2004-2005
7. Sources of Error in the Models
a) Climate Data

The large distance between the climate stations and the hydrometric stations may
contribute to errors in the accuracy of the climate data and therefore errors in the ice
growth model. Also there was some climate data that was missing from some of the
climate stations. Missing values were estimated from other available climate data or
from climate data found at other climate stations. This may also contribute to errors in
the models.
b) Location of Measurements

Another source of error in the measured data is the variation in the location of the ice
measurements. Although all measurements were done at the same hydrometric
stations, it has been observed that there is some variation in the cross-sectional profiles,
which indicates that the locations of the measurements were not always consistent at a
given site. It has been observed that natural spatial variations in ice cover thickness can
be in the order of 20 % of the overall thickness (Hicks, 2002).
Spatial variations in ice cover thickness at nearby locations that experience the same
climate conditions are likely due to hydraulic factors such as the velocity and depth of
water beneath the ice (Huntington, 2003). Flow velocities are high (estimated at about
3 ft/s) through leads (areas of open water during the winter) (Ettema, 2001). This
indicates that velocity is likely a contributing factor to the thickness of the ice. Sections
with larger velocity would possess greater kinetic energy which may decrease the ice
growth at these locations. The effect of velocity on the resultant thickness of the ice
has not been taken into account in these ice growth models and would likely explain
some of the variation between the model results and the measured data.

c) Insufficient Data

Some of the sites located in Southern Alberta had very short ice growth periods and
therefore there was less ice growth data available to use in the development of the ice
growth models. For example there were only approximately 20 records used to develop
the ice growth models for hydrometric stations 05AJ001 and 05DA007; this may
explain why the models developed at these sites were inadequate.
d) Average WSBI may not be an Accurate Representation of Panel WSBI

As discussed in section 3, average panel WSBI across the entire cross section was
found to be close to the panel WSBI at the maximum discharge for hydrometric station
06AD006 for early and mid-winter (the differences were less than 8 cm). However,
there were some large variations in panel WSBI observed at some stations that may
contribute to some error with the ice growth models.
8. Conclusions

As a result of developing statistical ice growth models for these hydrometric stations, it was
found that AFDD is the most significant parameter affecting the thickness of river ice. The
fact that all of the ice growth models developed were quadratic functions of AFDD, reveals
that as AFDD increases and the thickness of ice increases, the ice becomes self-insulating
and the ice growth slows. At about half the stations it was found that Σ (Snow Depth x Snow
Density) was also a significant parameter in the ice growth model (although not as significant
as AFDD). Ice growth on top of the ice caused by the weight of the snow cover pushing
downwards on the ice and water seeping through cracks in the surface forming snow ice, was
also predicted by the ice growth model. Typical top ice growth throughout the winter was
predicted to be less than 8 cm. Cumulative Radiation values or Σ (Sunshine Hours x Solar
Altitude) were not found to be significant parameters in the ice growth models as they were
negatively correlated with AFDD.
Models at the following hydrometric stations were found to adequately represent the river ice
thickness after validation with 2004-2005 data:
• 06AD006, maximum error -10 cm
• 07AF002, maximum error +15 cm
• 05CK004, maximum error +/- 6 cm
• 05DC006, maximum error -14 cm
• 05AA023, maximum error +/- 5 cm
• 10LC014, maximum error +22 cm (but this error represents only about 20 % error
because the ice thickness at this station grows to over 1 m thick)
Models at the following hydrometric stations were found to be inadequate at representing the
river ice thickness either because of large discrepancies when the model was validated, or the
statistical analysis revealed that the model was not adequate (i.e. low R2 value):
•

05CB004, poor validation

•
•
•
•

07GD004, low R2 value due to inconsistent measurement locations
07BC002, poor validation
05AJ001, low R2 value, insufficient data available for model
05DA007, insufficient data available for model

Although some of the models were found to be inadequate at predicting WSBI, there are
quite a few models that do adequately predict WSBI. As a result, it can be concluded that
with the elimination of some of the sources of error (i.e. obtaining more accurate climate
data, more WSBI data, and ensuring that WSBI measurements are carried out consistently at
the same location), adequate river ice thickness models can be developed for hydrometric
stations using this technique.
It should also be noted that this modeling technique does not take into account hydraulic
parameters such as velocity which likely contributes to spatial variations in river ice
thicknesses. The absence of this parameter in the model may account for some of the error in
the ice growth models.
9. Recommendations
•
•
•

•
•

Install temperature and precipitation sensors at hydrometric stations that are located more
than 20 km from the nearest Climate station to obtain more accurate climate data.
Require the hydrometric technicians to record the location of each WSBI measurement
(i.e. distance upstream or downstream of gauge).
Require the hydrometric technicians to record the measurement of the water surface to
the top of the ice. This will reveal information on whether or not the ice cover is floating.
This will also eliminate errors associated with the estimation that WSBI is 92% of ice
thickness.
At stations with shorter ice growth periods, WSBI measurements should be done more
frequently during the ice growth period.
The effect of velocity on river ice thicknesses should be examined. It would be beneficial
to study the relationship between ice thickness and velocity by monitoring the ice
thicknesses and corresponding velocities at different locations near a hydrometric station
(i.e. such that the climate effects would remain constant).
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Abstract
The use of radar to profile river ice thickness and monitor ice dynamics enables
assessment of the flood hazard, the availability of water resources, the load
bearing capacity the ice, as well as the potential for bridge damage and
environmental impacts caused by a breakup. Advantages of radar data are their
independence from manual control, visual observations or weather conditions. We
suspended a millimeter-wave (MMW) frequency modulated-continuous wave
(FM-CW) radar vertically over the Connecticut River from a bridge near Cornish,
NH., and obtained range measurements to the ice and water surfaces below. The
Ka-band (26.5-40 GHz) radar, with a spatial resolution of approximately 1 cm,
profiled the moving brash ice and the river stage through time. The brash ice keel
was then inferred from the ice sail measurement, with a precision of
approximately 20 cm.

1. Introduction
The ability to accurately profile ice thickness has military, commercial, and industrial
applications (Yankielun, 1992). Radar profiling of river and ice dynamics is useful in assessing
flood hazard, and water resources (Ferrick et al., 1995). Other important applications include
monitoring ice motion to foresee potential damage to structures in and near the river, and
evaluating the environmental impacts of breakup. This investigation uses a fixed, nadir looking,
millimeter-wave (MMW) frequency modulated-continuous wave (FM-CW) radar to profile river
stage and the elevation of broken ice floes, called brash ice, above the water surface. Brash ice,
sometimes called rubble ice, consists of irregular sized and shaped slabs of broken river ice that
have been forced together and rafted upon each other. (Fig.1). Within the brash, the water
surface of the river remains visible at random locations when viewed from above. The total ice
thickness is the sum of the ice thickness above and below the water surface. One purpose of this
measurement, using signal processing and statistical treatment, is to obtain the best estimate of
the total brash ice thickness.

Water

Fig . 1 – Representation of brash ice.

Prior use of pulse (Arcone and Delaney 1987, Chudobiak, et al. 1978) and FM-CW (Arcone, et
al. 1997, Yankielun et al. 1993) radar to measure sheet ice thickness has been successful when
the ice surface is fairly smooth. However, attempts to profile brash ice thickness have been
compromised by the high radar reflectivity of the surrounding water and the indeterminacy of the
subsurface readings caused by the roughness of the rubble. Daly et al. (1989) found that pulses
centered near 50 MHz or less are required if penetration of more than a few meters is desired.
However, all commercially available antennas mountable on a helicopter or on a bridge operate
above 100 MHz. Daly et al. also found that any slope in the ice bottom profile greater than
approximately 6˚ will cause energy reflected back through the water surface to refract into air too
severely for detection. Therefore, the analysis of data from beneath the water line is not generally
possible.

Previous radar profiling has been used in conjunction with manual measurements to estimate the
thickness of subsurface brash ice. For example, C.R. Martinson et al. (1981) calibrated data from
a subsurface radar through “ground truth” measurements. Daly et al. (1989) employed a
helicopter-borne short-pulse radar to estimate rubble ice thickness from the mean freeboard
height. We chose an FM-CW MMW radar based on the success of this radar in related studies
(Arcone et al. 1997, Yankielun et al. 1992), and fixed this radar to a stable platform. Here, the
radar was suspended over the Connecticut River from a bridge, to obtain range measurements to
the ice and water surfaces below. The Ka-band (26.5 - 40 GHz) radar, with a spatial resolution of
approximately 1 cm, was used to profile the brash ice freeboard and river stage as the ice moves
past the radar antenna. The brash ice keel depth and total ice thickness (Fig. 2) can then be
inferred from the radar-measured ice sail height with a precision of approximately 20cm.
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Fig 2 – Representation of components of a floating mass of ice.

River ice has a density of 0.9 g/ml and river water near the freezing point, has a density of 1.0
g/ml. Isostatic equilibrium of a block of ice floating in water will result in 90% of the volume of
the ice submerged below the surface. Thus, if we are able to measure the “sail height” (height of
the ice mass above the waterline), we can directly estimate the “keel depth” (depth of ice below
freeboard) and the total ice thickness. (Fig. 2)

2. Measurement System Principles
The FM-CW principal is well known and has been described in depth by Botros and Oliver
(1986); Stove (1992); Skolnick (1980), and Yankielun, et al. (1992). In a FM-CW system, (Fig.
3) a fixed amplitude, linearly frequency-swept sinusoidal signal is generated. The swept
bandwidth of this signal is ∆F, and the sweep duration is tswp, and is transmitted toward the
target.
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Fig. 3 – Block diagram of a FM-CW radar system.
We use a signal that is produced by a voltage-controlled oscillator (VCO) that can sweep
bandwidths from hundreds of MHz to several GHz. The signal reflected from the target, delayed
by the round-trip propagation time, 2tp, is mixed with a sample of the VCO output that is fed
directly to the receiver with a minimal, but known delay. The mixing process produces sum,
F(+), and difference, F(-), frequency signals. Low pass filtering is applied to retain only F(-).
After Fourier transformation of F(-),one component, Fr is proportional to the range, R, of a
target. The relationship between ∆F and Fr is
∆F
F
[1]
= r
2t p
t sw p
R, and tp can be related by
tpc
R=
,
[2]
n
tp = R

n
c

where c = velocity of light in a vacuum (3x108 m/s) and n = medium index of refraction.
Substituting equation [1] into equation [2] and solving for R, we obtain

R=

(Fr )(tswp )c

2(∆F )(n) .
R=

[3]

( Fr )(tswp )c
2(∆F)(n)

Thus, range to the surface of the brash ice mass and water surface can be determined by this
radar technique. The time-series, filtered, mixer output of a FM-CW radar system is further
processed by digital signal processing techniques, which include windowing, a fast Fourier
transformation (FFT), and mathematical magnitude calculation. The result of this processing is a
frequency power spectrum plot where range to a target is directly proportional to frequency.
Thus spikes in the power spectrum represent the range and magnitude of the reflected radar
signal from the water and ice targets. (Fig. 4)

Frequency (Hz)

Range (m)

Fig. 4 – Arbitrary power spectrum illustrating radar signal magnitude and the
relationship between range and frequency for an FM-CW radar where range (m)
is directly proportional to frequency (Hz).

A mismatch of refractive indices exists at an interface of two different dielectric materials causes
a fraction of the incident electromagnetic energy to be reflected back from the interface, while
the complementary fraction of the energy is transmitted through the interface (Fig. 5).
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Fig. 5 – Illustration of reflection and transmission at a dielectric boundary. At an
interface of two different dielectric materials, a fraction of the incident radar
signal is reflected at the boundary and a fraction is transmitted through the
boundary.

The fraction of the energy reflected back depends on the reflection coefficient. It is the dielectric
contrast at an air/ice, air/water, or ice/water interface and respective reflection coefficients that
make possible the measurement of river stage and ice thickness by electromagnetic methods. In
general, the reflection coefficient, in terms of power, is defined as
n cos(θ b ) − nb cos(θ a )
ρ= a
na cos(θ b ) + nb cos(θ a )

2

[4]

where
na = refractive index of first material at the interface boundary.
np = refractive index of second material at interface boundary.
θa = incident angle, with respect to vertical.
θb = refractive angle, with respect to vertical.
with a normal (nadir) incident angle θa =0 and the associated normal refractive angle θb =0, the
reflection coefficient for an arbitrary dielectric boundary discontinuity is given by a
simplification of [4]:
n −n
ρ= a b
na + nb

2

[5]

Using the refractive indices of air (na =1), ice (ni = 1.78) and water (nw = 9) the reflection
coefficients of the air/ice and air/water boundaries can be calculated. The air/ice boundary
reflection coefficient is 0.08 and the air/water boundary reflection coefficient is 0.64. In
decibels, the difference between the air/ice and air/water reflection coefficients is 9.08 dB. This
significant difference permits a simple, automatic identification of both air/ice and air/water
boundary reflections. All three possible conditions (i.e., open water, complete surface coverage
by brash ice, and mixed open water and brash ice) can be detected, identified and displayed (Fig.
6). In addition to the primary interest in using this phenomenon to obtain a freeboard baseline
for ice thickness estimation, it can also be used to estimate the percent of open water versus ice
cover, often called ice concentration.
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Fig. 6 – Typical radar waveforms for a variety of ice and water conditions. (A)
Radar reflection from open water surface. (B) Radar reflection from dense brash
ice. (C) Radar reflection from sparse brash ice.

The rate of change of river stage is very slow relative to the rate of change of the surface height
of the brash ice above the waterline. Differences in these rates are typically several orders of
magnitude. Even in densely packed brash ice there are frequent occurrences of open water.
These open water patches produce high reflectivity radar returns relative to radar returns from
the brash ice surface. The data from the radar are automatically processed in real time to reveal
river stage and height of the brash ice above the water line (ice sail). From these data and the
known buoyancy of ice, the depth of ice below the water line (ice keel) and total ice thickness
can be estimated.

3. Signal Processing
Signal processing can be performed in real-time or in a post-acquisition mode using computer
code written specifically for the purpose in a standard computer language (e.g., Fortran, C, Basic,
etc.). Alternatively, the signal processing algorithm can be written, as it was in this case, using a
graphical user interface (GUI) language where digital signal processing (DSP) modules can be
interconnected to perform sequential signal processing functions. Here, the acquired real-time
data is processed using an algorithm consisting of a window function, fast Fourier transform
(FFT), magnitude calculator, a threshold detector, and a peak finder. (Fig. 7) The window
function, FFT, and magnitude calculator functions are the standard elements of a FM-CW radar
signal processor. The F(-) signal from the radar output is transformed into a power spectrum by
these signal processing elements. The power spectrum provides both frequency, proportional to
radar range, and relative magnitude, proportional to reflection coefficient.

Fig. 7 – Radar signal processing block diagram.
For each of the combinations of river water and ice (open water, full ice cover, and mixed open
water and ice cover) only two algorithm components are applied. The data are processed with
the assumption that both ice and water surface reflections are always present. This permits a
single signal processing algorithm data stream to be used. Again, as in the initial radar signal
processing, Fortran, C, BASIC, or other programming language, as well as GUI based signal
processing routines can be used for implementation.
In the case of a completely ice-covered river, (Fig. 8A), a magnitude threshold is set at a level
just above the noise floor of the spectral plot. This threshold is used to determine the highest
elevation of the ice sail. The noise floor of the radar can be determined through calculation or by
initially pointing the radar antenna towards the sky, but not towards the sun. The baseline of the
resulting frequency power spectrum defines the noise floor. This calibration may be made at
each system use, or stored for future reference.
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Fig. 8 – Decision thresholds and range determination. (A) Radar signal reflected
from dense icepack. (B) Radar signal reflected from open water. (C) Radar
signal reflected from sparse icepack.
In the case of open water, (Fig. 8B), a magnitude threshold is set at an appropriate level,
considerably above the noise floor and the maximum magnitude expected from brash ice radar
reflection. This level can be set by pointing the radar perpendicular to open water (at the range
expected for normal operation) and observing the peak magnitude of the radar reflection from the
water surface. The baseline of the resulting frequency power spectrum defines peak amplitude of
the water reflection. This calibration may be made at each system use, or stored for future
reference. The water threshold can be set to some value below that maximum, say 60% – 80% of
that peak value.
In the case of mixed open water and brash ice, the calibration practices and thresholds, described
above, also apply. (Fig. 8C)
Fig. 9 illustrates the general signal processing methodology used for determining the range to the
top of an ice sheet and to the water level. The position of the radar antenna (Fig. 9A) is
illustrated as the vertical dotted line extending through the reflection peak occurring at the
transition from the antenna mouth to space. This peak is called “direct coupling” and serves as a
datum for range measurements to both the top of a brash ice mass and to the water surface. The

direct coupling peak in the radar waveform can be located using a peak detection algorithm or
simply noted from an initial calibration of the system.
Fig. 9A also shows the two data decision threshold levels that have been previously established
via the calibration methods discussed earlier. They are shown as two horizontal dotted lines
running across the waveform. The upper dashed line represents the threshold level above which
a peak magnitude would be indicative of a reflection from water. The lower dashed line
represents a magnitude level, above the noise floor of the system, indicative of a radar reflection
from the top of the brash ice pack.

In Fig. 9B, the spectral waveform is clipped at the water reflection decision threshold level.
Clipping the lower magnitude spectral lines simplifies the process for the peak finding algorithm
to locate the high magnitude spectral peak associated with a radar reflection off of the water
surface. The search for the water surface reflection peak can be further simplified by bounding
the distance range over which this peak may be expected to occur. The peak finding algorithm
determines both the distance from the radar system and the magnitude of the water surface radar
reflection. These values are stored for later use.
In Fig. 9C, the waveform of Fig. 9A is again processed to locate the leading edge of the radar
reflection that represents a radar reflection from the highest point of the brash ice sail. The
algorithm to detect the leading edge is relatively simple; a more complex algorithm that locates
the first peak can be alternatively applied. Location of the first peak provides a more accurate
estimation of ice rubble thickness than using the leading edge of the first peak. The first peak
represents the true range to the ice surface whereas, the leading edge can occur a centimeter or
two before the true maximum. Finding the first peak requires a more complex algorithm that
both sets a threshold level and searches for the first peak appearance above that threshold.
To automate the calculation of maximum brash ice thickness, the current value of the highest
point of the brash ice pack (Fig. 9C) is subtracted from the most recently measured distance
from the radar to the water (Fig. 9B). If the resulting value is zero, then it can be assumed that
only open water is present within the microwave radar antenna beam pattern. If the resulting
value is greater that zero, then there is brash ice present and simply multiplying this value of
brash ice sail height by 10 gives an upper bound estimate of the total ice thickness. This process
can be performed repeatedly to yield a continuous record of brash ice thickness. If a particular
waveform contains no water reflection peak, then the most recent peak range value is used.
Using this last-detected water reflection range is an appropriate technique since there is little
variation in river stage over the time required for acquisition of multiple radar images. In typical
cases, observable changes in river stage occur over minutes, whereas the repetition rate for
acquisition of radar waveform is approximately 10 ms to 100 ms.
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Fig. 9 – Determination of distance from radar antenna to the top of the ice and
the water surface. (A) Raw radar signal showing amplitude thresholds. (B)
Radar signal clipped at decision threshold for water reflection peak detection.
(C) Radar signal clipped at decision threshold for top of icepack detection.

The use of decision thresholds and peak finding algorithms as applied to the radar spectral
waveform are illustrated in Figures 10 and 11 for ice and open water, respectively.
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Fig. 10 – Determination of the distance from radar antenna to top of ice. (A) Raw
radar signal showing top of ice decision threshold level. (B) Clipped signal. (C)
Leading edge detector for locating top of icepack.
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Fig. 11 – Determination of the distance from the radar antenna to the water
surface. (A) Raw radar signal showing water reflection threshold. (B) Clipped
radar signal for water surface range detection.
4. Results
The system we used was implemented using a generator-powered, high-resolution, MMW FMCW radar system and a data acquisition equipped personal computer. The radar system was

nadir-mounted (perpendicular to the surface of the river) on a bridge spanning the Connecticut
River, near Cornish, NH. and Windsor VT, during an ice breakup on 30 March 1993. The radar
antenna was mounted approximately 6 m above the ice. The data collected were analyzed using
digital signal processing software (DSP) incorporating the algorithms discussed earlier, which
identified the peak reflection magnitude (return) from each radar scan. In this version of our
processing software, multiple runs of the data set through the processing algorithm are required
to establish and set the appropriate threshold levels.
Fig. 12 is representative of the dense brash ice cover encountered. Fig. 13A and B illustrate the
output data from the radar system when there was dense brash ice covering the river. Fig. 13A is
a 2500-second data record showing dense ice cover and sparse appearances of open water. Fig.
13B expands a 200 second data segment showing a detailed brash ice sail profile and few but
sufficient water reflection data points to clearly indicate the upward trend in river stage.

Fig. 12 – Transition from moving sheet ice to compact, rafted, brash ice with little open water
visible. Photo was taken only minutes after the start of ice motion at the bridge. View is from
the Cornish-Windsor bridge looking upstream.

(A)

(B)
Fig. 13 – Output data from Ice Thickness Measuring Radar System for a Dense Ice Cover. Top
graph (A) shows an extended time profile and lower graph (B) shows an expanded view of a
shorter time segment. The line on each graph represents the profile of brash ice sail. Dots on
the graphs represent distance from radar antenna to water surface. The vertical axis is
centimeters and the horizontal axis is seconds.

Fig. 14 is representative of the thick, rafted brash ice and dispersed brash ice in largely open
water encountered during this experiment. Fig. 15A and B represent the processed output data
from the radar system where the ice is dispersed and sparse following the primary run. Fig. 15A
is a 12000-second record showing the increase in river stage (black dots) and profiles
(represented by the overlying line segments) of the occasional brash ice moving by our fixed
position, downward-looking radar antenna. Fig. 15B is an expanded view of 500 seconds of the
Fig. 15A record showing the profile of a single floe of brash ice passing beneath the antenna in
approximately 100 seconds, surrounded by data points indicating river stage readings taken over
open water. Here, few line segments indicate little ice present in mostly open water. Data give a
nearly continuous profile of the river stage and an estimate of the percent of ice coverage of the
river.

Fig. 14 -- Thick, rafted brash ice and dispersed brash ice in largely open water are both visible
near the Cornish-Windsor bridge. These conditions occurred later in the breakup sequence as
ice concentration was diminishing. View is from the left bank looking across and downstream.

(A)

(B)
Fig. 15 -- Output data from Ice Thickness Measuring Radar System for a Sparse Ice Cover. Top
graph (A) shows an extended time profile and lower graph (B) shows an expanded view of a
shorter time segment. Line on graphs represent profile of brash ice sail. Dots on graph

represent distance from radar antenna to water surface. Vertical axis is centimeters and
horizontal axis is seconds.
The data presented here can be further processed to provide much useful information to those
concerned with river ice, flow dynamics, erosion and flooding. Given the ice sail height and
river stage information acquired by this technique, ice keel depth and overall ice thickness can be
estimated based on isostatic equilibrium. In addition to the graphical representation shown in the
figures, a numerical representation of the thickness of the brash ice can be obtained, and
simultaneously, river stage can be tracked in real time. When estimates of sail height and keel
depth are combined with ice velocity data obtained from a Doppler radar such as that of
Yankielun et al. (1996) ice discharge estimates and percent of river area covered by ice can also
be determined. A video record enhanced the survey by detailing the open water area in two
dimensions and by providing a simultaneous reference to support the final results of the study.
5. Conclusions
A high-resolution FM-CW MMW radar survey of river ice can provide a safe and accurate
method of determining the ice conditions during breakup. As expected, increasing the fixed peak
return and/or the amount of averaging decreases the amount of noise. Findings indicate that these
two actions also vertically shift the data, corresponding to an increase in the estimated mean
freeboard height. The accuracy of the subsurface brash ice profile estimate calculated from the
radar depends on the choice of fixed peak return and averaging but is suitable for most
applications.

Applications for this capability are monitoring ice breakup to predict flood hazard and possible
bridge or environmental damage, estimating the forces applied by moving ice to piers and other
riverine structures, and for collecting data to model ice and hydrodynamic processes.
While we placed the brash ice thickness measuring system on a fixed structure above the river
with moving brash ice, it is conceivable that the same technique with little modification, could be
used to estimate thickness of a stationary ice jam from a low, slow flying helicopter. Here, the
reliance on ability to identify the radar reflections from open water are necessary to provide a
baseline against which brash ice sail height can be measured. Our future effort will involve
development of an automated statistical method to establish the decision thresholds used in
processing the radar signal and optimally locate the top of the brash ice and water surface.
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A new underwater acoustic instrument for river ice studies has been designed,
developed, and deployed in the Peace River in Northern Alberta, which is
hydraulically regulated by upstream hydroelectric projects. The data is being
collected to support studies related to ice jam occurrences and hydropower
operations during the winter.
An upward looking sonar instrument was deployed for the 2004-2005 ice
season. From the acoustic backscatter returns of the transmitted acoustic pulses,
the sonar instrument measured the distance to the water surface or the underside
of floating ice at the surface. The instrument also had the capability to record
the profile of acoustic backscatter returns through the river water column.
The instrument provided valuable insights into numerous freeze-up, mid-winter
and spring ice processes difficult or impossible to obtain by other methods.
These processes included formation of frazil in suspension, development of
frazil ice pans, anchor ice formation/detection, formation of the river ice cover
including highly dynamic freeze-up events, changes in the river ice cover over
the winter, undercover ice transport and, finally, thermal break-up.

1.0 Introduction
The Peace River in northern British Columbia and Alberta is regulated by the WAC Bennett and
Peace Canyon dams (Figure 1.1.1). During the winter, flow releases have to be managed to
reduce the potential for ice jamming and subsequent flooding that can occur under a variety of
environmental conditions. At particular risk is the Town of Peace River, Alberta about 375 km
downstream from the hydroelectric facilities. These management efforts require better
understandings of river ice processes, including calibration of computer ice models. The
collection of field data is useful for meeting these management requirements as well as for
providing baseline data for ongoing evaluations and for assessing potential development of the
Dunvegan Hydroelectric Project about 100 km upstream of the Town of Peace River.
The Shallow Water Ice Profiling Sonar (SWIPS) unit, which was central to 2004-2005 field
measurement campaign, was deployed near the Town of Peace River (Figure 1.1.1) to investigate
ice processes at a location where such processes could have near-maximal impact on overall
Peace River management. The chosen site was also logistically convenient, as close proximity to
the town site allowed for both frequent site visits and use of other data being collected in
surrounding areas.
1.1 Measurement Objectives
Measurements of ice processes occurring in the water layer and/or below the uppermost ice
surface have been rarely reported upon in the literature for obvious reasons, especially
corresponding to times when the ice is moving or too dangerous to support personnel. The
SWIPS was deployed to fill the resulting gaps in knowledge of dynamic winter river
environments. Specific targets of the SWIPS measurement effort were the elusive processes
involved with: suspended frazil ice, formation of ice pans and the seasonal ice cover; and the
changes, including break-up, which occur in the latter seasonal feature. Near-continuity of
SWIPS measurements, even during the winter season when on-ice field measurements were
feasible, was to be maintained to allow recording of changes due to erosion, deposition and ice
transport.
Other measurement objectives were directed at determining the capabilities of the new SWIPS
instrument. This instrument evolved from the well established Ice Profiling Sonar (IPS)
instrument which has been used, for more than a decade, to measure sea ice drafts during long
deployments in the world’s polar and sub-polar oceans. The IPS provides recorded
measurements of upward-looking ranges to the sea ice undersurface which can be combined with
high precision water level data to allow detailed sampling (0.1 to 1 Hz) of sea-ice draft (the
underwater portion of ice thickness) (Melling et al., 1995; Birch et al., 2000; Fissel et al., 2004).
A real-time output version of the IPS was first developed in 2000-2001 for use on the lower St.
Lawrence River (Morse et al., 2003; Chave et al., 2004). The present study was intended to
demonstrate the first field use of the SWIPS instrument which differs from the IPS instrument in
four key respects: (a) the instrument is designed for use in shallow water where usage of much
less expensive acoustic transducers and pressure sensors is feasible; (b) the instrument is
configured so that nearly all electronic and instrument housing components are onshore,
reducing costs and risks of equipment damage and loss and providing real-time access to
measurement parameters and results; (c) the instrument includes a profiling measurement mode

on selected samples (pings) additional to the traditional target (ranging) operational mode, which
allows for collection of information on the internal structure/contents of the ice layer and the
underlying water column; and (4) the study represents the first use of IPS technology for
measurement of river ice. The collected data, supported by ancillary and independent field
measurements provide a basis for detailed evaluation of the utility of the SWIPS instrument for
river ice studies.
1.2 Overview of the Ice Season
Figure 1.2.1 shows the positions of the leading edge of the stationary ice cover (ice front) over a
600 km length of the Peace River during the 2004-2005 ice season. Also shown are the location
of the SWIPS and the hourly temperature record in the river valley at a location about 7 km away
from the SWIPS site (Figure 1.1.1). On a macroscale basis, the freeze-up process was judged to
be typical of other years.
The first period of cold weather (defined as an extended interval of air temperature well below
freezing) occurred at the beginning of December, producing surface ice floes as well as
suspended ice in the water column. At the time, the ice front was several hundred km
downstream of the SWIPS site. Three above-freezing warm spells in December delayed the
upstream progression of the ice front and caused episodic cessation of ice floes and suspended
frazil appearances at the SWIPS site.
The ice front arrived at the SWIPS location on Jan. 6, compressing, shoving and thickening a
mixture of floes and slush ice before advancing to a position 5 to 10 km upstream of the SWIPS.
A major consolidation occurred at approximately 04:00, Jan. 7, as the ice cover at the SWIP site
mobilized and travelled downstream. This event ended at about 07:15 that day and a new and
more stable ice cover formed over the SWIPS site which remained in place for the remainder of
the ice season. Although similar destabilization/stabilization events occur every year somewhere
on the river, they are localised and therefore relatively rare at any particular location. The last
time an event of a similar magnitude occurred near the SWIPS site was in 1992.
A warm spell during the first two weeks of March produced snowmelt in the unregulated part of
the river basin, greatly increasing river discharges and water levels. This change also caused the
ice front to recede rapidly downstream. However, cooler weather in the third week of March
delayed further recession of the ice front; in fact, advancing the ice front upstream. Warmer
weather returned in the last week of March and persisted through April. However, depletion of
the prairie snowpack by a previous warm spell prevented a subsequent large increase in run-off
and water levels remained low. The mild weather did, however, produce warming in river water
upstream of the ice front which eventually initiated thermal break-up of the ice cover at the
SWIPS site at about 03:00 on Apr 3.
On April 4 Alberta Environment staff observed (Granson et al., 2005a) pieces of ice on the river
banks were observed being released in the area upstream of the ice front and travelling
downstream. This ice would have subsequently moved past (and over) the SWIPS site.

2.0 Plan and Measurement Methods
2.1 Instruments: Deployment and Operation
A shallow Water Ice Profiling Sonar (SWIPS) instrument was deployed on November 3, 2004 to
obtain river ice measurements near the town of Peace River Alberta (see Figure 1.1.1). The
SWIPS unit was manufactured by ASL Environmental Sciences Inc. and was designed to extend
the Company’s widely-used deepwater marine ice-profiling technology to provide near-real-time
measurements for shallow water applications where shore-based power, control and data
display/storage facilities are available.
The basic in-water elements of the SWIPS (Figure 2.1.1) were a 235 kHz transducer, two tiltsensors (measuring about orthogonal horizontal axes) and a temperature sensor which were
powered and linked to a sheltered onshore control and data storage unit (Figure 2.1.1) with a
total capacity of 64 Mbytes of flash memory. More information on the instrument specifications
are provided in Table 2-1. A Solinst internal recording pressure/temperature sensor was also
mounted on the cement anchor, adjacent to the SWIPS to provide hydrostatic pressure data. The
latter pressure measurements, in conjunction with atmospheric pressure data, allow
determinations of local river water levels. Subtraction of the SWIPS-measured acoustic ranges
(distance from the ice under-surface to river bottom) from such water levels yields values of
underwater thickness or draft for the river ice.
The acoustic frequency of 235 kHz, which allows detection of discrete targets with diameters at
least as small as 6 mm was used to both provide this capability and, as well, to allow some
penetration of diffuse ice features (such as slush ice). For specific detection and measurements
of small ice crystal structures, such as frazil ice during initial formation and/or in low
concentrations, it may be advantageous to use still higher frequencies since the minimum
detectable particle size should scale, roughly, as the inverse of the acoustic frequency.
A feature of the 2004-2005 monitoring program was its utilization of the SWIPS capacity for
operations in both target ranging and profiling modes. For the target ranging mode, the
instrument provides a single range value for each acoustic transmission, or ping, that represents
the acoustic range to the closest portion of the ice undersurface on the basis of exceedance of a
specified threshold of return signal amplitude. Such measurements were carried out at a high
sampling frequency (1Hz). Profiling mode measurements were carried out less frequently, i.e. at
intervals no shorter than 12 seconds, because of the much larger amounts of data acquired
corresponding to individual ping amplitudes sampled at roughly 29.8 kHz. Profile outputs
correspond to return amplitudes associated with segments of the water column with vertical
dimension of, roughly, 2.4 cm. In the 5 to 8 m water depths and with the 1-2 m thick ice
characteristic of the Peace River site, the 10 degree beam of the SWIP transducer insonified
circular portions of the water-air or water-ice interfaces with diameters ranging between,
approximately, 0.8 and 1.6 m.
The SWIPS capability to support downloading of data by field crews with computer access to the
shore-based electronics, provided the opportunity for near-realtime data access for monitoring
instrument performance and changing key sampling parameters to assure optimized information
collection. Over the course of the measurement program from November 2004 to April 2005,

the instrument was operated continuously, with a total of 18 different files, or data sets, being
downloaded. The sampling parameters used for the various data sets are summarized in Table 22. Prior to the consolidation of the river ice in early January, instrument gain settings were
increased and the threshold level for target detection lowered. These changes were made to both
improve detection of frazil ice in the river and to attempt to overcome episodic signal fading
arising from formation of anchor ice on the transducer. Later in the program, the burst sampling
rate was increased, in stages, from 25 pings every 30 minutes to once every 12 seconds, in order
to obtain improved time resolution of ice features on the bottom of floating river ice and to detect
episodic occurrences of ice particles moving below such ice. The results of the sampling
parameter changes are reflected in the acoustic results presented in Section 3.
Table 2-1: Instrument Specifications for the Shallow Water Ice Profiling Sonar (SWIPS)
Power requirements:
Range:
Water Temperature:
Tilt Useful range:
Tilt Accuracy:
Accuracy on range:

8 to 18 V and 50 mA max current draw continuously.
1 to 10 m (3 to 33 ft)
0 to 4 °C ± 1 °C and 4 to 10 °C ± 2 °C
± 75 degrees on both axes.
± 1° over the range of ± 15 degrees on both axis
±0.05 m (2 inches). The accuracy of the ice draft depends on the existing water
level sensor.
RS-232
-40 to 40 degrees C (or -42 to 106 deg F). Surface panel must be
shielded from direct sunlight.
Underwater cable and sensor are deemed disposable in case of ice impacts. The
underwater cable length is specified at time of order according to user
requirements.
The sensor needs to be positioned within ± 15 degrees of vertical. Transducer
tilt should be verified at deployment. Mounting design assistance and
equipment is available upon request. The transducer mount should be placed to
minimize effects from ice impact.

Standard output signal:
Ambient temperature:
Underwater components:
Transducer mounting:

Table 2-2: Summary of the key SWIPS sampling parameters used for each of the 18 data sets
obtained.
Data Set Number
Start Date
Stop Date
Gain Setting
(1=low 4= high)
Target Threshold
Amplitude
Target Sampling
Interval (s)
Burst Interval (s)
No of Samples
Each Burst

1-3
4
5-8
9
10
11-12
13-14
15-18
20041104 20041213 20041214 20041222 20041230 20050105 20050119 20050120
20041213 20041214 20041222 20041230 20050105 20050119 20050120 20050415
3

4

4

4

4

4

4

4

200

200

80

40

40

40

40

40

1

1

1

1

1

1

1

1

1800

1800

1800

1800

3600

3600

60

12

25

25

25

25

120

25

1

1

Post processing of the SWIPS data was limited to editing the range data using automated and
manual review methods. The acoustic range values were also adjusted to allow for the effects of
changes in the speed of sound of the river water when the river water was not at the constant

assumed value of 1402.3 m/s (the freezing point value) on the basis of Solinst temperature
measurements. Subsequently, a review of the ice drafts during open water periods showed that
the speed of sound corrections were very reasonable and no further modifications were required.
2.2 Supporting field measurements
Measurements of frazil ice pan thicknesses were carried out with an underwater video camera
mounted on an L-shaped boom, the vertical portion of which included scale graduations that
could be read when the camera was positioned at the bottom of the ice pan. Unfortunately, the
field crew was only available to make these measurements during periods when anchor ice was
blocking the SWIPS signals, precluding direct comparisons with SWIPS-measured ice drafts.
Three manual ice measurement surveys were conducted over the SWIPS deployment location on
Jan. 19, Feb. 3 and Mar. 2 with each survey utilizing a seven-hole measurement grid. Relative to
the SWIPS deployment site: hole #1 was about 3 m upstream; hole #2 was 3 m further out from
the bank; hole #3 was over the deployment site; hole #4 was 3 m closer to the bank; hole #5 was
3 m downstream; hole #6 was 6 m downstream; and hole #7 was 9 m downstream. The
concentration of holes downstream of the SWIPS site reflected the suspicion that the instrument
had moved downstream due to anchor ice attachment early in the deployment. Individual hole
drilling efforts in successive field programs were not carried at identical locations but utilized
small displacements of less than 1m to ensure all obtained data were representative of
undisturbed portions of the ice cover. Actual drilling was carried out with a 0.20 m diameter
power auger. Thermal ice thickness was measured on opposing sides of each hole with a
graduated stick and a mounted horizontal bar and the two obtained measurements averaged to
yield a mean hole value. The total ice thickness (to the bottom of the slush layer) was measured
with an underwater video camera mounted at the end of a graduated pole. The results of the field
surveys are shown in Figure 2.1.2.
To investigate possible movements in central portions of the slush layer suggested by profile
data, sticks on strings were inserted into this layer through the measurement holes and observed
over periods of several hours. No movements internal to the slush layer were detected with this
methodology.
The SWIPS/Solinst unit was recovered on Apr 15, 2005 with the aid of a jet boat. There was a
significant amount of woody debris on the communications/mooring cables but no damage to the
cables or to the SWIPS was detected. Although the exact position of the SWIPS unit relative to
its deployment location was difficult to determine, it was in the same general area (within 10 m)
as the original deployment site, indicating that the anchor ice did not move the SWIPS unit
substantially.
3.0 Results
3.1 Pre-Freeze-up and Initial Ice Formation
Figure 3.1.1a shows water temperatures at the SWIPS site during the period associated with
episodically interspersed local occurrences of ice floes and open water. These temperatures first
fell below the freezing point just before noon on Dec. 6, 2004. SWIPS profile data for Dec. 6-7
as well as corresponding water levels and water temperatures measured by the Solinst instrument
are plotted in Figure 3.1.2 with a specific delineation of the timing of the transition from

temperatures above 0 ºC to below 0 ºC. It is evident that a sudden increase in mid-water column
targets and surface ice floes was detected within a fraction of an hour after supercooling was
achieved. The numbers and thickness of the ice floes on the river surface increased with time,
coincident with decreases in concentrations of the suspended targets. This combination of trends
is consistent with the theoretical expectations of Lal and Shen (1991) and Andres (1995) who
showed that the additional insulation of underlying river waters produced by increasing
concentrations of surface ice reduces supercooling and, hence, frazil ice generation. This effect,
in turn, reduces the numbers and sizes of the frazil ice particles appearing in the water column.
Figures 3.1.3a and 3.1.3b display portions of the same data at full resolution (1 second profiles)
for the first suspended ice- and frazil pan-dominated periods respectively. These results
demonstrate that the SWIPS has potential for offering quantitative measures of suspended ice
concentrations as well as of surface ice pan concentrations, floe sizes and thicknesses. Typical
floes (or frazil pans) on the Peace River are shown in Figure 3.1.4.
Figure 3.1.1a also shows that, starting early on Dec. 7, the SWIPS return signal began to fade,
becoming completely absent by the end of the day. Formation of anchor ice around the unit,
which blocked the acoustic signal, was the suspected cause of this signal loss. Independent
confirmation of this interpretation was obtained during a later, December 12-16, portion of the
signal loss interval when the plotted tilt sensor and water level-based elevation data were
suggestive of significant movements of the SWIPS/Solinst unit along the river bottom (Figure
3.1.1b). Apparently, the buoyancy of the anchor ice accretions was sufficient to allow
downstream drift of the unit to a location that was approximately 0.5 m shallower than the
original deployment site. There was no change in water velocities during this time sufficient to
explain the movement which was only detected during this first of several incidents of
supercooling and anchor ice formation. A possible explanation for the absence of similar
movements in later anchor ice episodes is that the steel cable mooring the unit to the shore had
been stretched to its limit by the movements of the first episode, precluding further downstream
drift. Evidently, the anchor ice was removed from the SWIPS unit during the warming trend
initiated on Dec.16, allowing resumption of range and profile data collection.
A return to supercooled water temperatures gave rise to additional mid-water column and surface
ice targets early on Dec. 22 (Figure 3.1.5a) and, eventually, produced further blockage of the
unit’s signal for most of Dec. 23. A warm spell caused water temperatures to rise above freezing
on Dec. 25 and 26, allowing the reappearance of ice targets on Dec. 27. The December 27 to 30
period was the longest interval during in which ice floe data were recorded by the SWIPS
without interruptions by anchor ice accumulation. There was some evidence of signal weakening
on Dec 29 (Figure 3.1.5a) attributable to such an accumulation. It is interesting that the latter
parts of both this time interval and the Dec. 23 signal blockage interval were associated with
very strong returns from portions of the water column immediately above the SWIPS unit. It is
likely that, in both cases, the latter returns were from anchor ice as it cleared from the monitoring
site.
Figure 3.1.5b represents data at slightly higher temporal resolution as recorded during the Dec.
27 period associated with high concentrations of suspended ice targets. Peak concentrations were
evident in the first three hours after supercooling followed by a gradual decline to only sporadic

ice target occurrences 12 hours after supercooling. The Figure also shows that there appeared to
be a larger number of targets in proximity to the river bed as opposed to the upper part of the
water column. This difference may be indicative of preferential frazil formation in the vicinity of
the river bottom and its adjacent elevated concentrations of suspended sediments which provide
favourable sites for frazil crystallization from turbulently-mixed supercooled water (Daly and
Ettema, 2005). Figure 3.1.5b also shows that the frazil ice pan drafts increased to about 0.6 m
over this period with some drafts exceeding 1 m.
Figure 3.1.5c presents snapshots of full resolution profile data spanning about 36 hours from
Dec. 27, 02:47 to Dec. 28, 14:47. These figures show frazil pan evolution with time, revealing
increases in number, surficial coverage and thickness of the ice floes. Although outside of the
scope of this paper, it should be possible to quantify the latter parameters from the obtained data.
Figures 3.1.5b,c also display the decreasing strength of mid-water column ice targets (suspended
frazil ice) over the included time period.
3.2 Ice Cover Formation and Dynamic Winter Events
At 10:10 Jan. 5, 2005, the ice front was about 15.6 km downstream of the SWIPS location
(Granson et al. 2005a) and advancing rapidly under a cooling weather trend. This advance started
to raise the water level at the SWIPS site due to a backwater effect beginning on the evening of
Jan. 5 (Figure 3.2.1). The ice front advance towards the SWIPS location continued from Jan. 5 to
6 with a minor retreat or consolidation being noted late on Jan. 5 in the form of a drop in local
water levels. Although not directly observed, estimates from the water level record suggest that
the ice front reached the SWIPS location at about 06:00, Jan. 6. Interestingly, although the
SWIPS unit had been covered by anchor ice since Dec 30, this obstruction was cleared shortly
after the apparent ice front arrival (10:42, Jan. 6). The subsequently measured acoustic ranges to
the ice undersurface, as adjusted to geodetic datum, are plotted in Figure 3.2.1 along with the
water level elevations as measured both at the SWIPS site and at the Water Survey of Canada
gauge in the Town of Peace River about 6.9 km downstream. The occurrences of some SWIPS
targets above the indicated water levels can be explained by multiple reflections or reverberation
arising from back-scattering at the rough ice undersurface which introduce deviations from the
nominally vertical sonar signal paths. These deviations increased overall signal travel times and,
hence, the apparent measured ranges. In fact, observations of numerous null targets suggest that
some sonic pings were scattered with deviations from the vertical large enough to escape
detection (see null data points at elevations near 309.6 m in Figure 3.2.1).
Ice cover stabilization at the SWIPS site (Jan. 6-7) incorporated three distinct episodes of
consolidation (11:10-12:20 and 17:05-17:45, Jan.6; and 04:00-07:15, Jan. 7). These episodes
were separated by intervening periods during which the ice cover was stationary and of
approximately constant thickness. Although the target range data for the stationary ice cover did
show some scatter, this scatter or “noise” in the target ranges was present for the remainder of
the ice season and will be discussed again in Section 3.3.
After the first recorded consolidation event, the ice formed a relatively thin cover of less than 1
m thickness. The second consolidation produced an ice cover with a thickness slightly in excess
of 2m. The third, last, and largest event in the sequence moved this ice downstream and brought

a new ice cover over the site with thicknesses of just under 2 m. Due to its magnitude, this latter
event is of particular interest and will be discussed in some detail.
Figure 3.2.2 shows the individual draft values measured during this (Jan. 7) event were
characterized by high variability and ranged upward from zero to in excess of 6 m. Figure 3.2.3
shows this same data plotted relative to the geodetic datum along with water levels as measured
at the SWIPS site and 6.9 km downstream. Even at this moderate display time scale, it is difficult
to extract ice structural details from the 1-second sampling interval ranging data. Figure 3.2.3
also delineates the measurement times associated with successive collections of 25 seconds of
profile data at hourly intervals (red lines). Figure 3.2.4 shows these successive hourly sets of 25
profiles plotted adjacently along with corresponding water level values. The first panel in the
Figure corresponds to a stationary ice cover period, while the middle three panels display data
from the event’s consolidation phase. The last panel shows the ice cover after it has returned
again to stationary conditions. It is evident from the second panel that even the deepest returns
were not derived from suspended ice particles but, rather, were associated with sustained (for at
least 25 seconds in this case) ice draft targets suggestive of macroscale ice features. To obtain
some insight into the size of these features, Figure 3.2.5 displays 8 minutes of the 1-second
interval target elevation data recorded during a period of maximal ice thicknesses spanned by the
3.25 hour duration consolidation event. Superimposed on the plot is the second panel of profile
data from Figure 3.2.4. This figure shows that deep macroscale ice features were common during
the event.
3.3 Changes to Winter Ice Cover and Under Cover Ice Transport
Figure 3.3.1 shows the 12-hour means of ice drafts for the entire season, as well as the indicated,
related, statistical quantities. It can be seen that, from Jan. 7 to Mar. 5, ice drafts decreased more
or less monotonically from 1.90 m to 1.63 m, giving an average rate of decrease of 4.7 mm/day.
By Apr. 1 the ice draft was about 1.31 m giving an average rate of decrease of 11.9 mm/day for
the Mar. 5 to Apr. 1 period. The thinning rate, thus, increased considerably in the latter part of
the ice season. It should also be noted that the overall spread of draft estimates at a given time, as
indicated, for example, by the difference between plotted 99 and 1 percentile individual draft
samples, increased and remained at higher levels beginning on about February 23. Further
understandings of the overall trends shown in Figure 3.3.1 can be obtained from reviews of the
corresponding SWIPS profile data plotted in Figure 3.3.2.
Such reviews are facilitated by the inclusion in the Figure of additional data descriptive of the
profiled ice and water structures. Key components of this information are the ranges associated
with local water levels as determined from the hydrostatic pressure measured at the monitoring
site. A second body of data, giving the anticipated range of the slush/thermal ice interface, was
plotted utilizing, in part, thermal and total ice thickness information acquired in three field visits
(Jan 19, Feb 3, and Mar 2.). Although the latter data were obtained directly above the SWIPS
deployment location, the movement of the unit by anchor ice in December, precluded direct
comparisons of the manually measured total ice drafts with corresponding SWIPS estimates.
However, since thermal ice thickness is known to be a function of air temperature and snow
cover which does not vary significantly over short distances, the existing measurements of this
parameter can be assumed to be reasonably applicable to the SWIPS site. [This uniformity of
thermal ice thickness was confirmed in the March 2 field program which collected data at 3

different arrays of measurement holes separated by distances on the order of 30 m.]
Consequently, the differential form of a thermal ice growth equation (Shen and Yapa, 1985)
could be used to interpolate and extrapolate the measured thermal thicknesses throughout the full
period covered by the data in Figure 3.3.2. With only slight adjustments of nominal coefficient
values, the calculated results were found to agree well with the three field-measured mean
thermal thickness values. The slush porosity chosen for the calculation was 0.6 after Andres and
Van Der Vinnie (2004). Subtraction of the calculated thermal ice thicknesses from the
corresponding ranges to the water surface gave the ranges of the thermal/slush ice interface
denoted by the narrow yellow-line curve in Figure 3.3.2. Comparisons of the positions of this
line relative to the lower edge of the detected ice layer show the presence of pronounced thinning
of the slush layer throughout the lifetime of the ice cover. This thinning was also a feature of the
manually-obtained data sets which showed an overall decreasing trend but considerable hole to
hole slush depth variability on any given date (Figure 2.1.2).
Similar comparisons of the thermal/slush ice interface line with the ranges associated with
significant profiling signal return amplitudes also suggest almost complete penetration of the
slush layer by the SWIPS acoustic sensing. It is important to note that the latter conclusion is
completely dependent upon the implicit assumption of our displayed profiles that the speed of
sound in the slush ice layer is identical to that of sound in the underlying water layer. This
assumption, while convenient, is, almost certainly incorrect and will be discussed in some detail
in Section 3.5 where evidence supporting alternative sound speed assumptions and their
implications for internal ice cover sensing will be discussed. Such uncertainties in the physical
properties of the lower portion of the ice cover also presently inhibit explanations of the
anomalous temporal variations which have been observed in the amplitudes of returns from
strong internal ice cover targets. Fluctuations in the apparent ranges and strengths of these targets
occur over time scales ranging up to several hours or longer. Potential sources of such variations
could arise either from slow movements of harder ice fragments embedded in the slush layer or
from time-dependent changes in the lower boundary region of this layer, such as could be
associated with movements equivalent to ocean floor sand wave migration. Field evidence
appears to favour the latter type of mechanism. Specifically, a video camera placed just below
the bottom of the slush layer on Mar. 2 showed frazil and granules up to a few cm in size
tumbling along the ice underside as well as numerous ice targets suspended in the water column.
The resulting time dependences in the shape and content of the slush/water interface could,
through refraction and attenuation, produce alterations in signal returns from the ice cover
interior similar to those associated with the observed temporal amplitude variations. The
alternative explanation in terms of significant movement within the main body of the slush layer
was not supported by the stick and attached string measurement results described in Section 2.2.
Leaving such subtleties aside, Figure 3.3.2 shows that from Jan 7 to Feb 20 the character of the
ice cover changed very little, with the observed changes being almost equivalent to the ice cover
rising and falling with the water levels. Profiles appeared to indicate the presence of a lowest ice
layer with weak (or “soft”) returns characterized by a thickness of a few tens of centimetres, and
associated with acoustic backscattering amplitude values in the 0 to 40 count range (blue, green,
and yellow in the profile plots). However, after a sudden increase in water levels during the
relatively short Feb 20 to Feb 23 period, this softer layer disappeared, being replaced by a more
abrupt transition from very low amplitudes to values of 40 or more (blue to red in the plotted

amplitudes). Perhaps not coincidentally, targets in the water column also first appeared on Feb
23 even though similar or even slightly higher water levels were recorded on Feb 20. It is evident
that something happened to the bottom of the ice cover during the intervening short period. Neil
et al. (1995) indicated that the size of frazil particles at the base of the ice cover could increase
from a few millimetres at freeze-up to several centimetres later in the ice-covered season. “Ice
pebbles”, typically 3cm and as large as 10cm in size on the Peace River were identified. Similar
“frazil pebbles” were observed by Chacho (1986) on the Tanana River in Alaska. Shen and
Wang (1995) observed “frazil chips” on the Yellow River. Given the above noted (Section 2)
sensitivity of the SWIPS instrument to particles 6 mm or greater in diameter, it is possible the
Feb. 23 change in behaviour may represent detection of such a transition to larger granule sizes.
A similar transition was noted above in connection with a sudden increase in the spread of
measured draft values (Figure 3.3.1). This trend is also graphically evident in the 12-hour
averaged profile amplitude profiles of Figure 3.3.3 where the broader (soft ice) profiles from the
Jan. 7 to Feb 20 period contrast strongly with the much narrower, later season, “hard ice’ profiles
(Feb.25 and Mar. 26) which are positioned almost immediately adjacent to the ice undersurface).
Insights into the physical processes responsible for these changes and, more generally, for the
thinning of the ice cover at different rates over the course of the winter requires consideration of
changing river flows as well as careful examination of the SWIPS profiles. Given the granular
nature of the lower ice cover interface, erosion of the lower portion of the slush layer would
appear to be the likely cause of the thinning of this layer and of the overall seasonal decrease in
total ice draft. The increase in the erosion rate inferred from the March data was an expected
consequence of larger river velocities. Increased river flow was precipitated by a substantial
warm spell which produced snowmelt run-off in the basin and, consequently, the larger
discharges of the Mar. 6 to Mar. 15 period which may be inferred from the higher water levels
associated with this period (Figure 3.3.2). Accurate discharges for the ice covered river are not
easily obtained but estimates derived from upstream hydrometric station data suggest that
discharges increased from about 1600 m3/s to 2100 m3/s during the course of the March 6-15
event. Unfortunately, the absence of water velocity data at the SWIPS site did not allow
establishing more quantitative relationships between river flow and ice thinning and suspended
ice detection rates. Nevertheless, Figure 3.3.2 provides evidence for a large increase in water
column targets for the period Feb. 23 to Mar. 15 which is consistent with increased river flow
driving substantial additional volumes of ice particles into suspension. Figure 3.3.4 shows the
suspended ice targets at the full 12 second sampling resolution recorded by the SWIPS
instrument. Taken together, Figures 3.3.2 and 3.3.4 show that the numbers of detectable target
returns in the first 1 or 2 m below the ice cover considerably exceeded the numbers of returns
from deeper portions of the water column. This result contrasts strongly with conclusions drawn
from upon data collected during the freeze-up period (Figure 3.1.5b) which showed preferential
concentrations of suspended ice targets in areas closer to the riverbed. This difference almost
certainly reflects the postulated differences in the immediate origins of the frazil particles
assumed to be responsible for the respective water column signal returns. Clearly, in the later
parts of the ice-covered season most suspended ice particles originate at the slush ice
undersurface. The 12-hour average profile for Mar 8 in Figure 3.3.3 corresponding to the period
of increased flow shows a slow ramp-up in amplitudes from 0 to 20 counts, which extends
downward from the nominal ice undersurface by, roughly, 1 m, reflecting, again, the presence of
large amounts of suspended ice particles below the ice undersurface. These concentrations of

suspended ice can be conveniently described as a “cover load”, similar to the “bed load”
terminology used in quantifying equivalent modes of sediment transport.
3.4 Thermal Break-up
Figures 3.4.1 and 3.4.2 show SWIPS draft and profile data, respectively, for a period which
began about 2 days prior to the, approximately, 03:10, Apr. 3 break-up event and ended a
fraction of a day after the end of the event. The first Figure includes a plot of ice drafts and water
temperature while Figure 3.4.2 adds information on the calculated true ranges to the bottom of
the thermal ice as well as data on water temperature and the positions of the ice front to a display
of return signal amplitude profiles.
The plotted data show that, starting at about 00:00 on Apr. 2, water temperatures began to rise
with increasing steepness from a time-independent, near-freezing value. The ice cover appeared
to thin in response to this change coincident with a detectable increase of suspended cover load.
The most rapid thinning occurred at about 12:00 on Apr. 2, followed by, from 12:00 to 14:00,
Apr. 2, a substantial decrease in both the cover load and the thinning rate. The ice level at 14:00
coincided with the calculated position of the bottom of the thermal ice: an event which further
diminished the weak returns previously noted in connection with the “soft” lower edge of the
slush ice. This change is evident in the color-coded profile data of Figure 3.4.2 and, particularly,
in the inset plots which show corresponding mean amplitudes versus range data for 30 minute
intervals starting, alternatively 1.5 hours before and 0.5 hours after the nominal 14:00 full
exposure of the thermal ice undersurface. The plots show this exposure was accompanied by
both a small, range increase of several centimeters (notable during a period of slightly decreasing
water levels) and the removal of the short range tail or gradual rise in amplitude previously
associated with the presence of remnants of the “soft” portions of the slush layer. The lower
thinning or melt rate observed at this time would have been consistent with the implied transition
from a slush to thermal ice interface and the larger amounts of heat which would have been
required to melt the latter ice form. The thermal ice was also likely to be smoother than the rough
granular slush interface, thereby further decreasing turbulent heat exchange and the melt rate.
The disappearance of the cover load was also indicative of the greater physical stability of a
thermal ice undersurface as opposed to its slush ice predecessor. The distances of the ice front
from the SWIPS plotted in Figure 3.4.2 for various stages of the break-up period suggest that the
thinning process started when the ice front was about 10 to 15 km upstream of the SWIPS and
that the slush layer had completely melted when the ice front was still about 6 km away.
The transition from an ice cover to open water, which occurred at about 03:10 on Apr. 3, was
abrupt and uneventful. Following the thermal break-up (Apr. 3 to 8) there were many deep-water
targets recorded in the 1 Hz range data (Figure 3.4.3). Field observations by Alberta
Environment, Granson et al (2005b) indicted that large chunks of shore ice were breaking off and
floating downstream on Apr. 4, explaining the detection of deep targets in this period. Some of
these could also had been submerged woody debris.
Finally, there was also an increase in suspended targets near the bed during the break-up period
(Figure 3.4.2). This increase could be due to woody debris being moved along the river bottom.
The presence of woody debris is often associated with break-up. This interpretation is consistent

with the large amounts of woody debris found on SWIPS cable during the recovery of the Apr.
15 recovery operations
3.5 Sound Speed and Detection of Internal Ice Cover Structure/Composition
It is of interest to examine further the issue of sound speed in slush ice which, as noted in Section
3.3, directly impacts upon ice cover information extracted from SWIPS profile data. To clarify
the interpretative uncertainties, roughly 13 days of profile data from Figure 3.3.2 have been
replotted in Figure 3.5.1a,b,c with the range values of amplitudes associated with individual cells
inside the ice cover alternatively “stretched”, “shrunk” or left unchanged to reflect different
assumptions about ice cover sound speed. The upper panel (Figure 3.5.1a) is essentially a repeat
of an early season portion of Figure 3.3.2 in that ice cover sound speeds are again set equal to the
water column value. Figure 3.5.1b presents equivalent results based upon a slush sound speed of
2800 m/s or twice the freshwater speed value as would be expected from a fractional volumeweighted mean of the water and pure ice sound speed values. The resulting contrast with Figure
3.5.1a is dramatic and suggests that, under this increased speed alternative, SWIPS profile data
returns would have been obtained throughout the entire ice layer.
The third plot (Figure 3.5.1c) was generated for slush sound speeds equal to 1000 m/s or 0.7
times the water sound speed value. This assumption is in accord with some preliminary
laboratory and field experiments carried out with a downward-looking 307 kHz echosounder
which measured time delays of acoustic returns from a target as a function of the fractional
occupation by slush ice of an acoustic path which, otherwise pass through 0 ºC water. The field
results showed sound speed and attenuation to be sensitive to ice porosity and yielded a mean in
situ speed estimate of 1100 m/s ± 100m/s, slightly larger than the 1000 m/s ± 50 m/s laboratory
value obtained at a suspected slightly higher porosity (70% vs. 60%). Importantly, the field
program was not successful in obtaining return signals for transmissions through the full depth of
an approximately 50 cm slush layer, suggesting that the sound speed assumptions underlying
Figures 3.5.1 a,b overestimate SWIPS profile penetration of the ice cover. The much more
modest penetrations (equivalent to about 50% of the thickness of the depicted, still relatively
“soft”, late-January-early February slush layer) suggested by the 1000m/s sound speed results
(Figure 3.5.1c), thus, appear to be most in accord with current physical understandings.
Further quantitative exploitation of the SWIPS profiling mode for characterizing ice cover
composition is likely to require both use of lower frequencies and knowledge of the dependences
of sound speed and acoustic attenuation on ice properties such as porosity. Explanations of
inferred slush sound speeds which are lower than those associated with either of the two major
slush constituents may be found either in the complexities of the underlying ice-water
interactions (Isakson and Chotiros, unpublished) or in extrinsic factors such as the presence of
small concentrations of air bubbles (Commander and Prosperetti, 1989). Progress toward such
explanations could enable quantitative characterization of internal portions of the consolidated
ice layer and even allow acoustic monitoring of thermal ice draft values throughout the entire ice
covered season.

4.0 Summary and Conclusions
The SWIPS provided valuable insights into numerous river ice processes involving: temporal
and depth changes in suspended frazil ice concentrations; ice pan formation and growth; anchor
ice growth and clearance; ice cover formation and evolution; effects of dynamic winter flow
events; under-ice transport; and thermal break-up. Figure 3.3.1 summarizes the ice drafts for the
entire Nov. – Apr. deployment period on a 12-hr statistical basis and provides a good overview
of all the ice processes recorded by the SWIPS. Periods of scatter represented by the statistics
indicate dynamic movement of ice or ice in suspension.
During the freeze-up process the SWIPS detected, within the first hour or two, occurrences of
supercooling and the presence of frazil ice in suspension. The majority of the targets were
concentrated in lower portions of the water column suggesting that the importance of interactions
with the riverbed and/or its sediments in frazil ice nucleation. The observed decrease in the
numbers of targets at higher levels in the water column implied that larger frazil flocs were
fragmented into undetectable (i.e. smaller than 6 mm) particles by turbulence as they rose toward
the river surface. It is recommended that a higher frequency SWIPS instrument be used to lower
the minimum particle size detection threshold in future efforts to detect initial frazil ice
formation.
Detection of sporadic surface ice floes by the SWIPS actually preceded initial detection of
suspended frazil ice and the first evidence of supercooling near the river bed. The initial floes
were typically 0.1 m or less in thickness. A sudden increase in the prominence of such floes was
almost coincident with the first detection of frazil particles in the lower water column,
approximately about 1 or 2 hours following supercooling. The SWIPS unit was able to document
increases in the number, pan size (proportional to duration of feature detection) and thickness of
the ice floes as the cold weather continued. These increases in surface coverage coincided with
decreases in suspended frazil ice concentration in accord with theoretical expectations of greater
isolation of the water column from atmospheric heat losses. Typical drafts of the frazil ice pans
grew from about 0.2 m to 0.6 m, in rough agreement with estimates from video camera data
which, because of logistical and anchor ice problems, did not coincide with a SWIPS datarecording period.
The formation of anchor ice on the SWIPS instrument was detected by the fading and eventual
loss of the signal. Full losses of return signals were encountered in three separate time intervals
associated with rapid cooling during freeze-up: with anchor ice clearance and resumption of
signal reception following subsequent intervals of warmer temperatures. The occurrence of the
final seasonal clearance of anchor ice during the period of ice cover formation suggests that
insulation provided by an intact, complete, ice cover is sufficient to allow heat fluxes from the
river bed to keep the SWIPS unit free of anchor ice. It is, however, recommended that future
deployments include a heat source and/or a vibration mechanism to assure uninterrupted SWIPS
measurement capabilities prior to ice cover formation. The fact that only the first anchor ice
attachment interval produced physical displacements of the SWIPS unit was believed to be a
consequence of the tightening of the unit’s mooring cable by this initial movement. This result
suggests that unit movements may be minimized and/or avoided by elimination of all cable slack
during deployments. The periods associated with prominent frazil ice pans and anchor ice
formation in the December-early January period preceding ice cover formation are readily

identified in Figure 3.3.1 from, respectively, their statistically higher scatter in draft values and
by the simple absence of data.
The SWIPS record during the formation of the permanent winter ice cover provided valuable
insights into the freeze-up consolidation process. The draft data from this period showed an
initially relatively thin stabilized ice cover which was mobilized and stabilized again as a thicker
ice cover before undergoing a third and largest consolidation. The latter consolidation produced
the eventual stable winter ice cover at the monitoring site on Jan 7 about 16 hours after the initial
consolidation event. It also contributed the largest ice draft (6.4 m) recorded during the entire ice
season, corresponding to an ice feature which extended to within approximately 3 m of the river
bed and the SWIPS unit. The observed maximum draft value was rather short lived as
instantaneous drafts varied widely between high and low values during the consolidation event
on time scales ranging upward from several seconds to almost a minute. The inferred presence of
large draft features during the consolidation event is probably a consequence of local river
geometry. This geometry (Figure 1.1.1) indicates that the initially wide Peace River narrows
considerably just upstream of the SWIPS site as it passes the confluence with the Smoky River
before widening again in the vicinity of the monitoring site. Thus, thickening would have been
produced in the ice moving into the upstream constriction but subsequent expansion in the wider
river near the SWIPS site would have introduced fissures and open water into thick
conglomerated units of rubble ice and slush accounting for the highly variable draft values and
large scale deep ice features seen in the SWIPS data record.
Once the ice stabilized after the Jan 7 event there was little change in the ice cover (other than
gradual thinning) until Feb. 20. Nevertheless “apparent” changes were noted in the strengths of
acoustic profile returns from the interior of the slush layer on time scales corresponding to
several tens of minutes up to several hours. These changes (see for example, Figure 3.5.1) were,
most likely, reflective of variability in the return acoustic paths caused by changes in the form of
the slush ice undersurface (Section 3.3). Overall, the ice cover more or less went up and down
with river levels accompanied by progressive, gradual, erosion of the slush layer. The profile
data from the early part of the ice covered season suggested that the slush layer was
characterized by, roughly, 0.1 to 0.2 m of softer ice, associated with weaker acoustic returns, at
its lower interface. It may be beneficial to experiment with lower frequency SWIPS in the future
to obtain greater penetration into the lower soft slushy layer to gain some insight into the internal
more solid ice features in the frazil matrix or possibly detect the bottom of the thermal ice.
River flows increased towards the end of February and were substantially higher by Feb. 20.
Between Feb. 20 and Feb. 23 the softer bottom layer of the slush ice almost disappeared with
new targets appearing at depths down to 1 m below the slush-water interface on Feb. 23. Such
targets continued to be present until the end of the mid-March flow event and were identified
with suspended ice particles originating at or removed from the ice cover undersurface. These
particles accounted for the increased scatter of draft values represented in Figure 3.3.1 for this
period. Since the particle size detection limit for the SWIPS is about 6 mm, the sudden
appearance of these targets suggests that either the transition from smaller particles (< 6 mm) to
larger (> 6 mm) occurs rapidly through an, as yet, to be understood process, or that these larger
particles were transported from upstream of the SWIPS site. Erosion rates of the slush layer
increased during the high inflow Mar. 3 -15 event relative to earlier in the season.

The SWIPS record showed strong thinning of the ice cover prior to the arrival of the thermal
break-up front, with the thinning rate increasing almost exponentially as the ice front approached
to within 6 to 10 km of the SWIPS site. The cover load also increased at this time. The thinning
rate then decreased, indicating that all slush below the thermal ice had melted. The SWIPS
profiling clearly showed this step to be accompanied by the disappearance of the weak returns
previously associated with the near (short range) edge of the profile signal. The subsequent sharp
rise in amplitude at this edge was identified as a characteristic signature of the bare thermal ice
undersurface. The denser and smoother thermal ice slowed down further melting through its
greater heat input requirements and less favourable heat transfer properties. Break-up was
uneventful and the measured ranges were equal to those of the water surface on Apr. 3 (Figure
3.4.2). There was however a larger amount of scatter in ice targets for 2 days following break-up
due to detection of pieces of drifting, recently released, shore ice. Some woody debris near the
bed was also detected by the SWIPS during this period.
In summary, over the course of the ice season, the SWIPS instrument provided a wealth of
insights into river ice processes. Future deployment of the unit at the Peace River site as well as
on other rivers should both advance knowledge of river ice processes significantly and provide
realtime monitoring capabilities. The continuing collection of SWIPS data on the Peace River
will be helpful in calibrating river ice models and assessing frazil ice transport and deposition
and how the Dunvegan Project could change these processes and therefore also ice management
practices on the Peace River.
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Figure 3.1.1a SWIPS geodetic elevation and water temperature at times before, during and after
December movement.

Figure 3.1.1b SWIPS geodetic elevation and x- and y-axes tilt before, during and after
December movement.

Figure 3.1.2 SWIPS profile data, water temperature and water level for Dec. 6-7, 2004 when
water temperature at the bed first went below freezing.

Figure 3.1.3a Dec. 6, 2004 SWIPS 1-second resolution profile data for 25 seconds as recorded at
half hour intervals denoted by the vertical grid lines. A small number of floe targets with drafts <
0.25 m are evident along with suspended ice concentrated in the lower water column. Water
temperatures and water level are also shown along with the timing of the initial drop of bed
temperatures below the freezing point.

Figure 3.1.3b Dec. 6, 2004 SWIPS 1-second resolution profile data for 25 seconds as recorded
at successive half-hour intervals denoted by vertical grid lines. Floes are seen in high
concentrations with maximum drafts as large as 1 m. Also shown are water temperatures and
water levels.

Figure 3.1.4 Frazil ice pans on the Peace River.

Figure 3.1.5a Profile data, water level, and water temperature Dec. 21 to 30, 2004.

Figure 3.1.5b Profile data, water level, and water temperature Dec. 26-27, 2004.

Figure 3.1.5c 1 second resolution profile data, water level, and water temperature for four 3.5 hour windows during Dec. 26-28, 2004.
Air temperatures were –15 to –20 oC during this time.

Figure 3.2.1 SWIPS target and water levels with respect to geodetic elevation during ice cover
formation period. Anchor ice broke free from unit on Jan. 6, 09:56 and three subsequent ice
consolidation movements were recorded. The largest of which was on Jan 7.

Figure 3.2.2 Ice draft during Jan. 7 consolidation event.
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Figure 3.2.3 SWIPS target and water levels with respect to geodetic elevation during major consolidation event on Jan. 7. Times for
the 25 sec profile data are also shown.
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Figure 3.2.4 Profiles before during and after major consolidation movement on Jan. 7. Times for
these are also shown in Figure 3.2.3.
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Figure 3.2.5 SWIPS target and water levels with respect to geodetic elevation during
the major consolidation event on Jan. 7 associated with the thickest portions of the observed ice
run. Also shown are 25 seconds of SWIPS profile data coincident with a portion of this data
record.

Figure 3.3.1 Ice Draft statistical values derived from the continuous 1 Hz SWIPS target range measurements, and computed at 12
hour intervals from Nov. 4, 2004 to Apr. 15, 2005.

Figure 3.3.2 Hourly profiles for mid-winter stationary ice covered period Jan. - Apr. Thermal break-up occurred on Apr. 3. Also
shown are the water level, the theoretical bottom of thermal ice and measured bottom of thermal ice for 3 dates.

Figure 3.3.3 Amplitude profiles averaged over 12 hours for different times during the ice season.

Figure 3.3.4 12-sec profile data on March 8, 2005 showing undercover ice transport.

Figure 3.4.1 Ice draft and water temperature during thermal break-up period Apr. 1-3, 2005.

Figure 3.4.2 Five minute profile data, showing water temperatures, water levels and the
theoretical positions of the bottom of the thermal ice for times close to break-up (at
approximately 03:24, April 3). Distances to the ice front location from the SWIPS site are shown
(as vertical labels) for various times. The inset figure displays thirty minute mean amplitude
profile plots for times starting 0.5 hours before (red curve)and 1.5 hours after (blue curve) the
approximately 14:00 April 2 initial merging of the detected ice under-surface and the bottom of
the thermal ice.

Figure 3.4.3 Ice draft and water temperature Apr. 3-7, 2005 following thermal break-up period.

Figure 3.5.1 Profiles with range values of amplitudes associated with individual cells inside the
ice cover alternatively “stretched”(b), “shrunk” (c) or left unchanged (a) to reflect different
assumptions about ice cover sound speed.
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The majority of Canadian rivers are covered with ice during the winter season.
The picturesque view of rivers and the recreational activities associated with
watercourses encourage many builders to develop in the vicinity of our
magnificent rivers. The benefits of living close to a river are counterbalanced
with the risk of flooding which can occur during open water or under ice
conditions. The last major ice jam that occurred in Fort McMurray was in 1997
which resulted in significant loss of property in the city.
The ability to forecast ice jams along the Athabasca River is limited. Alberta
Environment in collaboration with the University of Alberta has been working
towards a forecasting model based on over 25 years of observations. Since
manual observations are labor intense and very costly, the University of Alberta
installed a remote monitoring system along the Athabasca River in the fall of
2000 for data collection. Alberta Environment has begun the task of replacing
the research network with real-time operational stations. Following a station
redesign, the first operational hydrometric site was installed in the Fall of 2004.
This paper will outline the Athabasca River monitoring program while
highlighting the new equipment installed and explaining which criteria limited
the use of certain types of equipment. In addition the 2004-2005 ice season
observations will be presented.

1. Introduction
Alberta Environment (AENV) has been monitoring Athabasca River ice processes, on a yearly
basis for more than two decades. The Athabasca River ice monitoring program was established
to provide information for disaster planning to the municipality of Fort McMurrray. Data
collected by hydrometric and meteorological stations along the river and within the Athabasca
River basin are utilized for operational purposes to provide data and information in an efficient
and effective manner throughout the ice season. During the breakup portion of the ice season,
the importance of near real-time data becomes very apparent as, unlike open water floods,
flooding from ice jams during breakup can occur within minutes of the initial rise in water levels.
As part of a larger plan to enhance water monitoring in Alberta, improvements were made to the
river ice monitoring program during the 2004-2005 operational year. A remote manual
observation site was replaced with a real time random transmission GOES station data collection
system in the fall of 2004. This report documents the history of monitoring at this site and
reports on the current attempt at automation. In addition to this installation, AENV supports
partnerships that could provide potential improvement to the current river ice programs. For the
Athabasca River, a partnership with C-CORE and the University of Alberta has been initiated.
The focus of this agreement is to evaluate the potential for commercial products to monitor river
breakup via satellite imagery.
The existing monitoring system, in combination with the new improvements, was utilized during
the 2004-2005 ice season to collect data related to river ice processes on the Athabasca River.
Besides the immediate benefit to the local municipality, several interesting ice related events
were documented throughout the ice season. This includes an early winter runoff event, an early
spring runoff event and ice jams during river breakup. The ice jams that formed on the
Athabasca River at Rock Rapids and on the Clearwater River at Fort McMurray are of particular
interest because of the size of the jam (Rock Rapids) and rare occurrence (Clearwater River).
2. Study Area
As illustrated in Figure 1, the Athabasca River originates in the Rocky Mountains and flows
northeast through the province of Alberta to Lake Athabasca. The Athabasca River basin is
sparsely populated between the Town of Athabasca and Fort McMurray. Many reaches of the
river are only accessible by boat or helicopter. Figure 1 also shows the relevant hydrometric
stations that are typically used to monitor the Athabasca River during the ice season. Data is
limited on many parts of the river as neither manual observers or remote stations are available.
The reach of the Athabasca River immediately upstream of Fort McMurray is shown in detail in
Figure 2. Electricity and cell phone coverage is not available upstream of Fort McMurray.
Water Survey of Canada (WSC), a division of Meteorological Services Canada (MSC),
maintains a number of water level stations that are used by AENV to monitor the Athabasca
River basin during the ice season. WSC gauges on the Athabasca River tributaries are often
beneficial by providing an indication of local runoff and are used to monitor the ice season in the

Athabasca River basin. These stations are not always available in early spring as some are only
operated during open water conditions. This spring, a gauge was added to the Wandering River.
The WSC stations within the Athabasca River basin are listed below with their corresponding
WSC station number, AENV abbreviated name, and WSC name respectively.
07DA001
07BE001
07BC002
07BB002
07BB006
07CD001
07CD005
07AE001
07AG004
07AH001
07CD004
07CB002
07CA006

(RATHMCM)
(RATHATH)
(RPEMJAR)
(RPEMENT)
(RPADBARR)
(RCLEDRAP)
(RCLECHRI)
(RATHWIN)
(RMCLWHIT)
(RFEEFTA)
(RHANGMCM)
(RHOU63)
(RWANWAND)

Athabasca River below McMurray
Athabasca River at Athabasca
Pembina River at Jarvie
Pembina River near Entwistle
Paddle River at Barrhead
Clearwater River at Draper
Clearwater River above Christina River
Athabasca River near Windfall
McLeod River near Whitecourt
Freeman River near Fort Assiniboine
Hangingstone River at Fort McMurray
House River at Highway No. 63
Wandering River near Wandering River

During the 2004-2005 ice season, the RHOU63 and RWANWAND stations provided limited
information, as they were not operational for the majority of the ice season.
Hydrometeorological data was also collected in the Athabasca River basin for the 2004-2005 ice
season. Details regarding this data are provided in Robichaud (2005).
3. River Ice Monitoring Network
Along with the WSC stations used to measure water conditions throughout the year, AENV has
operated and funded several gauging/observation sites over the last two decades. Through the
provincial network modernization program, a new chapter in river ice monitoring was begun in
2004 with the installation of a remote monitoring station. This is the third major initiative to
locate a remote station below Crooked Rapids.
In the spring of 1985, the first ice movement detection station was installed in the Crooked
Rapids area by AENV (Rachuk and Rickert, 1986). This station consisted of ice movement
sensors placed within the existing ice cover to monitor ice movements during breakup and also
included meteorological data collection for air temperature and precipitation. During the
operation period of this station, different technologies and locations were tested.
The original station installed in 1985 transmitted the information collected via the Geostationary
Operational Environmental Satellite (GOES) system. This information was sent to Wallops
Island, Va. USA and from this point, it could be access by AENV via phone (Rachuk and
Rickert, 1986). Random GOES transmissions were also setup at this station and were used in
regards to the ice movement sensors. Figure 3 shows one of the ice movement sensor anchored

into the existing ice cover while Figure 4 shows the water level / ice movement detection sensor
attached to a boom. The water levels / ice movements were detected by an acoustic sounder.
This type of equipment can provide unreliable data since the measurement is taken fairly close to
the bank and can be influenced by shear walls as shown in Figure 4.
The Crooked Rapids station was in operation for approximately 2 years and was abandoned
because of a lack in reliable technology and had a higher cost than benefit ratio. Although the
technology was too limited for the extreme conditions, this station did confirm the necessity to
monitor the river well above the location of interest in order to understand the river ice process in
this reach, which eventually influences the formation of ice jams in Fort McMurray.
AENV established a manual monitoring site below Crooked Rapids, which operated from 1989
to 2004. Each year, two members of AENV would provide hourly water level readings for up to
two weeks prior to the river breakup. Helicopter was the only means of accessing this site during
the spring and several supply trips were necessary to set up / dismantle this site each year.
Equipment necessary included generators, fuel, flood lights for night monitoring, and several
days of provisions for AENV team members. During active ice movements, frequent
communications by radio and satellite phone were provided to AENV team members located in
the town. A variety of technology, including photos / videos were used to document the ice
season. Shear walls often limited access to the river allowing only qualitative information to be
provided as shown in Figure 5. Limited site access was identified as a concern during the spring
of 2003 when a late winter storm grounded helicopters for a short period. The onsite team was
frequently inaccessible as helicopter services in Fort McMurray are not available from dusk till
dawn. The manual observation site was resource intensive in regards to staffing / monetary
elements and provided limited quantitative data.
In 2000, Dr. Faye Hicks from the University of Alberta designed a research network to capture
data for the development of river ice modeling. The network and resulting research is
documented in several papers and theses. The site numbering for the hydrometric stations shown
in Figure 6 is related to cross sections surveyed and staff gauges installed by the Alberta
Research Council. Station G140 was located downstream of Crooked Rapids and within half a
kilometer from the previous AENV remote monitoring site. The data collection program ended
in 2003 after successfully capturing water level data during the spring of 2002.
AENV provided basic maintenance for sites G105 (the golf course), G130, G135, and G140
(heart attack hill) as a joint effort to provide the municipality with a limited warning system in
2004. While the research network was not designed for this purpose, it did provided AENV staff
the opportunity to evaluate a wider selection of site locations in preparation for the design of a
more permanent network. Design considerations for the station configuration are described in
detail in Section 4.
Building on the experience from 2004, AENV’s remote monitoring network setup for 2005 made
extensive use of equipment available in the field. Maintenance was done on the University of
Alberta sites G105, G130 and G135 in late fall and these sites were equipped with a variety of
water level and pull-wire sensors to detect ice movement. An additional water level sensor was

installed at the AENV’s water quality site Athabasca River above Grand Rapids (WATHAGR).
Water level sensors were provided by the University of Alberta.
Innovative river ice observations in 2005 included satellite monitoring of the river ice cover.
Through a partnership with C-CORE and the University of Alberta, satellite images of the
Athabasca River were provided throughout the winter and also during river breakup.

4. River Ice Monitoring Station Design
As part of a government initiative to modernize the provincial hydrometeorological network, a
river ice monitoring station was proposed to replace the manual observations site near Crooked
Rapids. Many potential components were considered before the final station design was
accepted. Selections of the station components impacted other decisions. For example,
Robichaud and Hicks (2001) reported that limited cellular communication is available in this
area, which required that the communication towers be located at the highest ground elevation.
This restricted the site selection to a location downstream of the AENV manual ice observation
station. For this reason, a team was formed to assist with the station design. This team consisted
of AENV staff from the Water Monitoring, Data Management, and River Engineering teams
who contributed expertise in remote data collection, data transmission and processing and river
ice monitoring respectively.
One of the largest issues that had to be remedied was the method of transmitting data from the
site to the main real-time data collection systems in Edmonton. This had been flagged as a
problem at both of the previous sites near this location. Reliable cell phone coverage is not
available at the Crooked Rapids site even if towers were to be constructed. After discussing
many potential communications options, it was decided to use the GOES satellite transmission
systems. AENV is equipped to receive standard GOES transmissions as part of the provincial
hydrometric monitoring program. Transmissions are automatically processed and data is
transferred to the provincial databases. Options were available for hourly or every three hours
transmissions. Since the minimum travel time from the site to the town is about two hours, a
delay of an hour was not considered acceptable. The Data Management Team invested in the
technology to receive “Random” GOES signals. This would allow a signal to be transmitted as
soon as the station registered an alarm condition or at a “random” time. This is a technology that
has been used by over a decade by the US National Weather Service but was not currently
applied by AENV. A code was written to search the transmissions for the alarm condition and to
alert River Engineering staff as to what condition occurred. Within minutes, a message from the
remote station is communicated to the on duty response person. With this system in place,
AENV is provided with the maximum lead time.
Data collection needs vary throughout the year. While other teams, such as River Forecasting,
can meet their needs with hourly values, more detailed data is beneficial for analysis of river ice
events. To avoid unnecessary data collection and storage, the river ice monitoring station was
designed to routinely collect, transmit and store hourly data. In a separate data storage location,
or data logger channel, five minute data were collected for the purpose of supporting the river ice
model development. This data can be retrieved from the site during manual visits.

The station is designed for two types of alarms. The first is based on the recorded water level. If
the water level changes significantly in a short period of time, a Random GOES transmission
will occur. Based on the experiences of the University of Alberta, this threshold was set to a
water level change of + 10 cm in 15 minutes. When the water level alarm is triggered, the
current water level will be transmitted until the number of allowable random transmissions is
exceeded. Each GOES stations has a limited number of transmissions in a 24 hour window.
AENV is testing the distribution of the signals. For the 2004-2005 ice season, the allowable
transmissions were divided into two time blocks. Should the alarm conditions be exceeded, a
second block of transmissions will become available 12 hours later. The second alarm condition
is related to a pull-wire alarm system, which is installed annually in the early spring and is
similar to the system described by Zufelt, 1993. A Random GOES transmission is activated if
the ice cover starts moving which pulls the attached wires and triggers the alarm.
Based on the operational needs, physical components for the station were selected. The main
components for data collection included an easy to program data logger and a bubbler gauge
system. While the initial programming of the logger is complex, a series of drop down menus
would allow less experienced staff to make onsite adjustments with only verbal instructions from
more experienced staff. A decision was made to accept a limited number of sensor connections
in exchange for the ability to potentially perform onsite servicing. The bubbler gauge system
was selected since there would be a low replacement cost of the river components, such as the
tubing system, that could potential be damaged by ice or impacted by the high sediment
concentration in the river. A self-contained air compressor was used instead of the typical
nitrogen tanks to reduce maintenance visits to the site. A desiccant chamber was placed in series
with the air compressor to remove moisture. Because Alberta’s climate is dry, the air bubbler
system can potentially operate for a few years without any maintenance required.
The site location was selected in the Crooked Rapids area. If the station would have ceased to
operate over the winter, there was still a potential to have AENV staff do manual observations if
conditions warranted. Ideally, the station should be located below Rock Rapids as jams have
frequently occurred at Rock Rapids and above the island downstream of Rock Rapids since river
breakups can occur on only a portion of the channel in this reach. Steep banks would limit
access from the river but was not considered an obstacle as a clearing for a helicopter landing
site was included in the plan. In late August, the Monitoring and River Engineering teams
visited the potential sites and selected a location a few hundred meters upstream of the manual
observation site. High river flows hindered the site selection but it was decided that this station
would be installed in the fall rather than wait until the following year.
The bubbler tubing was buried along the bank to protect it from potential ice damage. However,
the bottom of the river valley is bedrock. Due to high water levels, a shallow trench was chiseled
into only a limited stretch of the river.
The Crooked Rapids station was installed in the fall and collected data until the first ice
movement occurred during the river breakup. Figure 7 shows the new Crooked Rapids station.

3. 2004-2005 Ice Season
Freeze-up, midwinter and spring breakup events were documented by the River Engineering
Team of AENV. A complete description of these events is reported by Robichaud (2005). A
briefer description, highlighting the more interesting aspects of the year, is provided below. The
2004-2005 ice season is distinguished by a midwinter snowmelt event, an early spring runoff, a
large jam on the Athabasca River and a dynamic breakup of the Christina and Clearwater Rivers
(tributaries to the Athabasca River).
Freeze-up of the Athabasca River at Fort McMurray occurred in early-mid November. At the
newly installed RATHCKRP station, the water levels recorded suggest that ice effects started to
be observed on November 21 and that an ice cover was likely formed on November 25. A stage
increase of 2.9 m was observed. Since this was the first freeze-up observation at this site, there
was no other data that could be use for comparison. Satellite images provided by C-CORE later
in the season supported the initial hypothesis that a freeze-up jam had formed in this reach of the
river. Site observations in late January confirmed that a freeze-up jam had occurred.
Typically, the water level under an ice cover continually decreases over the winter months since
precipitation is mainly stored as snow in the basin but this was not the case this year. On
December 17, rising water levels were recorded all along the Athabasca River due to
unseasonably warm temperatures in the upper Athabasca River Basin causing snowmelt. There
was concern that the newly formed ice cover would not be able to sustain the rising water levels.
A river advisory was issued due to the high flows but no observation flights were possible due to
the unusually persistent poor weather conditions (sustained high winds and intense local storm
cells). Water level data is available for gauging sites along the river. The timing of the
hydrograph peaks between Crooked Rapids and the WSC gauge below Fort McMurray indicates
that the peaks traveled relatively consistently taking typically around 18 hours to travel
approximately 40 km between stations (Figure 8). Unseasonably warm temperatures in the
upper basin likely caused another smaller increase in water level along the Athabasca River in
late January.
In late February and early March, warmer temperatures initiated runoff in the Pembina River
Basin raising concerns about the integrity of the ice cover. On March 14, an aerial
reconnaissance of the Pembina and Athabasca rivers was carried out. Upstream of the Pembina
River confluence, the ice cover was dark (indication of thermal deterioration of the ice cover)
and open water was also observed. A 2 km long ice jam was located at the Pembina River
confluence with the Athabasca River. From the Pembina River confluence to approximately
McMillan Lake, the Athabasca River ice was dark and intact. In general, border flow was
observed in this reach. Downstream of McMillan Lake to Fort McMurray, the ice cover was
solid and the normal winter open leads were observed at many of the rapids.
The weather turned cool for the remainder of the month and no noticeable increase in the
deterioration of the ice cover was observed. The cooler weather slowed down runoff in the
Pembina River basin and snow precipitation occurred throughout the Athabasca River basin
during this period. Precipitation ranged from 5 to 30 mm in the Pembina River basin with the
higher precipitation located in the headwaters of the Little Paddle and Paddle rivers.

The warmer weather observed in March initiated spring runoff in the upper Athabasca River
basin. In early April, there was a less than normal amount of snow available for runoff in the
Pembina River basin. This was also observed at the Town of Athabasca. In the vicinity of Fort
McMurray, no runoff signs were noticeable and the ground was covered with snow.
On April 4, an aerial reconnaissance flight was carried out for the Pembina River and Athabasca
River. The ice cover on the Pembina River was deteriorating with the small jam still intact at the
mouth of the river. Runoff was essentially completed in the basin and no significant spring
runoff was observed with this second thaw. The regular open leads (confluence of the Lesser
Slave River and Alpac Mill outfall) had begun to lengthen. From the Pelican Rapids to Fort
McMurray (approximately 200 km), no significant changes to the ice cover were observed since
the last aerial reconnaissance flight on March 14.
On April 6, ice movements were reported at the Town of Athabasca. Aerial reconnaissance
observations on April 7 showed that the Pembina River was open and the jam at the confluence
was still approximately 2 km long. This is likely due to increased ice from upstream replacing
the ice, which had melted in place since the jam was first observed in mid-March. The Athabasca
River upstream of the Pembina River confluence had an intact ice cover which was weak and
dark. Downstream of the Pembina River confluence, the Athabasca River was open to
approximately the community of Chisholm. An 8 km long ice jam was located between
Chisholm and Hondo. No significant backwater was observed. The Athabasca River was
alternating from open water to a weak and dark ice cover from Hondo to the Town of Athabasca.
The river was open at the Town of Athabasca for approximately 30 km upstream. Downstream
of town, a 3 km long ice jam had formed. From this ice jam to McMillan Lake, a weak and dark
ice cover was observed with some open water. Very little change was observed at Grand Rapids
since the April 4 flight. The open leads from Brule Point to Crooked Rapids continued to open
up while small leads were visible from Crooked Rapids to Fort McMurray.
On April 8, the pull wire alarm at WATHAGR was triggered between 16:00 and 17:00 MST.
The water level measured at this station confirmed that ice movements had likely occurred at this
location. After 2:00 MST on April 9, this gauge started to malfunction and was not operational
for the rest of the ice season.
Based on the warnings, an aerial reconnaissance flight was carried out in the morning of April 9.
An 80 km long ice run was observed with the front of the run easily breaking through the ice at
Long Rapids around 8:30 MST. Extensive shear walls were observed from approximately
Pelican Rapids to the House River confluence. The height of the shear walls was estimated to be
between 3 and 4 m and the ice had disrupted trees approximately 30 to 40 years old. Extensive
shear walls were also observed from Boiler Rapids to Middle Rapids. Several ice consolidations
likely occurred along the Athabasca River as several consolidation lines (shear walls) were
observed at the same location. For example, a minimum of six different shear walls was
observed at Joli Fou Rapids as shown in Figure 9.
At 10:30 MST, the ice run came to a halt at Rock Rapids, immediately above the RATHCKRP
station. The two hour travel time suggests that the ice run was either moving at 2.1 m/s or, more

likely, stalled above Crooked Rapids for a short time. AENV staff were onsite as the toe of a
large ice jam formed and a video was taken of the event. At approximately 16:00 MST, a 24 km
long ice jam was observed. A wave of water had traveled downstream of the ice jam and
resulted in an increase in water levels of 1.2 m at the RATHMCM gauge below Fort McMurray
at around 21:00 MST.
The jam and the upstream basin conditions were closely monitored. Figure 10 shows the toe of
the jam on April 9. Since the snowmelt in the upper basin was complete and the channel was ice
free for more than 150 km upstream, very little change in the river flows occurred at the ice jam.
Water continued to move through the jam as indicated by the water levels at the WSC gauge
(RATHMCM) below Fort McMurray. The usual changes in ice coloration occurred from bright
white to dark grey within the ice jam. On April 18, an open lead had developed through the ice
jam. It took 9 days for the ice jam to melt in place.
Apart from the jam below Rock Rapids, the river breakup on the Athabasca River proceeded in a
near thermal phase. A small ice jam / accumulation was noted downstream of station G135 on
April 17. Open leads downstream of Fort McMurray opened the channel below. On April 21, a
small ice run pushed the remaining ice from the channel.
Ice on the Clearwater River broke up dynamically on April 17. Jams on the Christina River and
the Clearwater River above the Christina River were first noted on April 12. The Clearwater
River sub basin responds slowly to snowmelt runoff and these events could be the result of the
mid March snowmelt. Since the ice on the Athabasca River at the Clearwater River confluence
was still intact, the ice from the Clearwater jammed at the mouth of the river resulting in an ice
jam approximately 10 km long. On April 18, a 2 km ice run was observed from the air on the
Clearwater River. Minor flooding of low lying areas occurred. The ice at the confluence pushed
through the left channel of the Athabasca River during the late evening of April 18 and early
morning of April 19.
There were a variety of successful and problematic satellite images. Details are provided in
Robichaud (2005). The images have potential since they are not subject to the same
environmental limitations as manual aerial observations. The images can be taken regardless of
the weather or presence of cloud cover. High resolution images can provide accurate
information to the extent of documenting the formation of open leads. However, the available
images were not reliable and occasionally provided incorrect classifications as in Figure 11,
which was manually confirmed to be open water upstream of Middle Rapids. Factors that
influence the accuracy of satellite images are discussed in Pelletier et al., 2005.
4. Future Plans for River Ice Monitoring on the Athabasca River
AENV has taken a very active role in the documentation of river ice processes, the development
of collecting quantitative data in remote areas, and in supporting research initiatives along the
Athabasca River. AENV will continue to improve the collection of quantitative data on the
Athabasca River. Two remote monitoring sites, similar to the gauging site below Crooked
Rapids, are scheduled for installation in the fall of 2005. The primary purpose of the network of

stations is to support the real-time operations of river ice breakup monitoring for Fort McMurray.
The secondary benefit of these stations is the high quality data provided to research and
modelers, which could establish the Athabasca River as one of the world’s prime locations for
river ice modeling of a natural river. The development of satellite monitoring of river ice
conditions will continue. C-CORE has initiated a project involving members of the Northern
Forum including Canada (Alberta, Yukon), USA (Alaska), and Russia (Saka, Khanty-Mansii).
The three year project will provide each region with satellite imagery during the river ice season
and in return, each region will provide C-CORE with information about the actual field
conditions. Operational research on the Athabasca River remains important to the development
of government programs. For 2005-2006, the Water Research Users Group (WRUG) has
provided funding for Dr. Hicks at the University of Alberta to continue her investigations into
capturing quantitative data along remote reaches of the Athabasca River to support the
development of ice jam surge release modeling.
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Thanks to modern technology, reasonably-priced acoustic velocity sensors are
now readily available for stream gauging. They can provide significantly more
information than that provided by the traditional stage sensors that gave no idea
of the flow area in the presence of an ice cover nor any idea of the ice-induced
backwater effects on river velocity. Acoustic sensors, when permanently
installed on the river bottom at a river discharge monitoring site, can measure
the depth of flow under the ice cover and give a good idea of the vertical
velocity distribution. Through an analysis of the theoretical assumptions of
various velocity distribution models, this paper examines how the data can be
used to estimate the site’s mean velocity (and hence river discharge). The paper
also provides a guide to optimize sensor installation location and refers to a pilot
project carried out by Hydro Québec in partnership with Université Laval,
Environment Canada and the Ministère de l’environnement de Québec.

1. Introduction
The traditional way to monitor river discharge (Q) is to observe river stage (H). Based on an
established rating curve [Q = f(H)], observed water levels are converted to discharge. The rating
curve is normally established based on a statistical regression between H and the measured
discharge at different water levels. Discharge is traditionally measured using a current meter at
various depths at various verticals. Often the chosen depths for measurement are 0.2 and 0.8
and/or at 0.6 of the channel depth (Walker, 1988 and 1997). Normally, the observations are
repeated at a minimum of 20 verticals. The discharge can also be measured using more modern
equipment such as the Acoustic Doppler Current Profiler (ADCP). In any case, stream gauging
takes time and is costly. Also, according to the manager of the water network at the Quebec
ministry of the environment, it normally takes about 5 years of measurements to develop a good
statistical relationship for the rating curve.
The rating method has worked very well over the last hundred years for open channel flow but
does present substantial problems in winter when there are severe backwater effects caused by
ice. This requires some sort of post processing normally done by an experienced technician
although statistical and neural methods have been proposed.
An alternative to determining discharge from stage is to use a velocity-index method (VIM). In
this case, in addition to observing the stage, the velocities at some point or some set of points
(Vp) are observed. A rating curve can then be established in the form Q = f(H and Vp). The
establishment of the statistically-based Q-(H, Vp) relationship would be made similar to the
establishment of the Q-H rating curve. It would imply comparing H and Vp with a number of
discharge measurements over a period of a few years (probably two to three).
Presumably, VIM could apply during winter conditions as well as summer with some slight
adjustments: instead of measuring the stage, the instrument must be able to detect if ice present
and the depth of water (D) to the ice surface giving Q = f(D and Vp). VIM may also be applicable
at freeze-up and break-up as well. Most commercially available Acoustic Velocity Profilers
(AVP) are installed at the bottom of a channel and look up. Close to the sensor, there is a blind
spot. Depending on the cost of the sensor and the acoustic frequency, the velocity (Vp)is then
measured at a number of different levels (y). Close to the water/air or water/ice interface, there is
then a second blind spot caused by the interference at the boundary.
The sensor we have been working with in this project is the Sontek SW. Two acoustic beams at
45 degree angles to the flow are used to determine the velocity from the Doppler principle. In
addition, there is a third beam that looks straight up to detect the exact distance to the water/air
or water/ice interface. Thanks to the strong technical feedback that Hydro-Québec has provided
and thanks to the openness at Sontek, the instrument has been improved. It now also has an
algorithm to detect the presence or not of an ice cover that has been validated at a site on the
Châteauguay River by a time-lapse camera installed by Laval University.

Statistically, when V is somewhat independent of H (or D), VIM should provide a better estimate
for Q than the traditional rating curve. However, some authors go beyond this statistical
affirmation.
Those advocating VIM, suggest that at a given river station, there is a significant reliable
relationship between an index velocity (Vn) and the mean velocity of the cross-section (Vm).
Based on a study of the laws of entropy, Chiu and Chiou (1986) suggest that there is a theoretical
explanation for this relationship. So far data seems to suggest that they are right for all kinds of
open channel flow conditions (Araujo and Chaudhry, 1998 and Ranjie, 1997) and that the
relationship is linear:

Vm
= const
Vn
In their studies, the maximum velocity in the cross-section Vmax was chosen as the index velocity
(Vn). They contend that using the maximum velocity as the index velocity makes sense because it
contains more information than any other velocity in the cross-section.
From a practical point of view, it may not always be possible to install the AVP in exactly the
right spot to measure Vmax. However, as long as the measured velocity (Vp) is significant, the
theory should still hold that V m=f(Vp). Healy and Hicks (2004) analyses confirm this. Their data
suggest that the Vm-Vp relationship is valid for rivers having an ice cover for four different
choices of Vp. In all cases, the relationship was virtually linear and in all cases except one, the
relationship is time invariant (and even in that case, the time dependency was relatively minor).
If we then accept that the flow structure at a given cross-section is consistent enough for there to
be a relationship between Vp and V m for both open water and under ice conditions, we can use
that information to build the discharge model : Q = A Vm. In this case the area A is
deterministically calculated based on the measured value D, the local bathymetry and some
assumptions regarding the lateral homogeneity of the ice cover thickness. The V m – Vp
relationship can be established over time using measured river discharges and statistical
methods. However, while waiting the required years for full statistical precision, in the interim, it
would be very useful to have a theoretical Vm – Vp relationship. It would be based some
theoretically assumed flow distribution in the channel and on a couple of stream gauging sorties
of Q to calibrate theoretical coefficients.
Hydro-Québec is installing a comprehensive weather data network throughout all of Québec and
is supplementing it at a number of locations with river discharge monitoring stations. After a
very thorough analysis, HQ came to the conclusion that the stations should use VIM. They chose
a Sontek Argonaut SW as the AVP. In the interim, in order to reduce risks to personnel and to
save costs, Environment Canada must reduce the number of stream gauging outings. As such,
they are looking at how VIM may help and over the last few years have been exploring various
theoretical relationships to obtain Q. HQ and EC are working together and are evaluating the
precision of EC’s proposed relationship for the new monitoring sites. EC is also investigating the
operational use of the findings of the evaluation. So far two tests sites have been established on
the Châteauguay river tributary to the St. Lawrence River and the Nécopastic River tributary to

La Grande River. The University Laval has also been part of the effort, furnishing some of the
instrumentation and doing some data analysis.
2. Study objectives
In this article, we compare EC’s Vm – Vp models to others. The purpose is not to say one model is
necessarily better than another. Rather, the purpose is to present a few alternatives, to bring out
the underlying assumptions of each model and to make a relative comparison of their results. If
they all give the same answer, so much the better. If not, the comparison may bring out the
relative merits and weaknesses of each model and may provide an indication of the expected
divergence between models. This may provide some indication of the precision of model’s
output.
3. Free surface velocity distribution models
All theoretical models are based on some assumptions about how the flow velocity is distributed
in a channel cross-section. For example, we know that the velocity is less near the bed and banks
and is normally greater at the water surface usually where the channel is deepest. In this chapter,
we present various proposals of the velocity distributions. We will then use this information to
establish the required relationships for VIM.
For obvious reasons, we include in our analysis, the flow velocity distribution used by EC.
Theirs is based on a simplification of the 2-dimensional logarithmic profile. We also present a
modified formulation of the concept, a model based on Manning’s equation and a model based
on the Principle Of Maximum Entropy (POME). We wanted to also include formulations based
on a power relationship between V and y (e.g., Teal and Ettema, 1994) but judged that we had
inadequate resources to do so at this time.
Often, for open channel turbulent flow problems, experimental data suggests that the gradient in
velocity (dV) with depth (dy) is a function of the boundary shear velocity (U*), von Karman’s
parameter (K=0.4) and the local depth (y) (Rouse, 1949) :
dV U *
=
dy Ky

(1)

The shear velocity is an expression of the local boundary shear stress (t o) and using a simple free
body diagram analysis can be shown to be equal to :
U* =

τo

ρ

=

gDS

(2)

where ρ is the fluid density, g is the acceleration due to gravity, S is the slope of the local energy
gradient and D is the local flow depth. (Later on we will discuss flow under an ice cover. In this
case D is defined as the distance (Db) from the bed to the location of maximum velocity when

analysing velocity in the lower zone and the distance from the ice sheet (Di) to the location of
maximum velocity when analysing the velocity in the upper zone). Upon integration, this leads
to the universal logarithmic velocity profile:

V=

U*
y
ln( )
K
yo

(3)

where yo is a constant of integration and has been shown to depend on bed roughness. It is often
estimated as ks/30 where ks ˜ 2d50 and d 50 is the median diameter of the bed roughness elements.
This logarithmic model can be used for various purposes. In almost all cases, velocity
observations are very difficult to obtain close to boundaries. The model can therefore be used to
determine the local unit discharge (q) by calibrating the model based on observed velocities and
extrapolating to the boundaries. Using regression techniques U* and yo are established. The unit
discharge (q) over some panel width wp can then be obtained by integrating equation (3) as
follows:

q = wp

gS
K

D [D ln( D ) − D ln( yo ) − D + yo ]

(4)

The logarithmic model is universally accepted and has proven its worth. However, since it is
only two-dimensional, its application (particularly when establishing the values of U* and yo)
should normally be restrained to flow in the central core of a cross-section where there is little
influence of the banks on the velocity distribution.
Sometimes, the value of yo seems to deviate substantially from its theoretical value. In a recent
report (Wang, 2005), it is suggested that for the purpose of discharge calculation,
yo = 0.01m

(5)

We refer to this model as the Adapted Logarithmic Model (ALM). The advantage of the model is
that it provides an easy way of estimating yo, particularly when there is a large range of estimates
derived from regression of field data.
If one assumes that gS is constant over the full channel width and if one further assumes that
yo is constant over the cross section, then, for equal panel widths ( w p ), equation (4) can be
integrated over the channel width and thereby, the channel discharge can be given by the
following:

Q = wp

gS
K

∑

D j [D j ln( D j ) − D j ln( yo ) − D j + y o ]

We will refer to this formulation as the Full Logarithmic Model (FLM).

(6)

In its interpretation, EC goes one step further. Wang (2005) uses a variation of Equation (3)
based on the considerations that the constant K=0.40 determined by laboratory experiments is
not vilified with natural channel conditions and that the hydraulic slope S is not always available
in field measurement conditions. Wang (2005) introduces a parameter γ = U*/K that reflects the
effects of flow driving force on natural channel flows. Equation 3 is then re-written as
V =γ ln(y/y0)

(3b)

Integration of this equation leads to discharges of natural channel cross-sections. In cases that
the value of γ varies little over a channel cross-section, the discharge is given in as:
Q = w pγ ∑ [D j ln( D j ) − D j ln( yo ) − D j + y o ]

(7)

We refer to this model as EC’s Logarithmic Model (LM). This model may be less precise than
equation (6) but may, in reality, be more accurate. This may be the case when the bed material in
shallower areas is smaller than the bed material in the center of the channel. This is often
observed in rivers having no vegetation near the banks and is often explained as a result of the
smaller shear stresses on the bed material in shallower areas. When this is the case, in equation
(7), the overestimated value of yo in shallower areas may be partially counterbalanced EC’s
deliberate over-estimation of γ in those same areas.
When the yo–value that is in equation (7) is established according to equation (4), we refer to this
model as ‘ALM’.
In cases that the value of γ does vary from one vertical to another over the cross-section, Wang
(2005) gives the discharges as:
Q = w p • ∑ γ j • [D j ln( D j ) − D j ln( yo ) − D j + y o ]

(7b)

We did not evaluate equation 7b in this study.
_________________

At a presentation last year to HQ and EC, Université Laval (UL) also suggested that one could
also make use of the Manning equation to provide a means to get the required relationship for
VIM. First, knowing q from equation (4), Manning’s equation is applied to the vertical having
observations in order to calibrate the resistance to flow parameter:

S
q
=
(8)
2
n
w p DR 3
where R is the hydraulic radius. Q for the whole channel can then be calculated :
Cn =

Q = w p Cn ∑ D j R j

2

(9)

3

The advantage of (9) over (6) and (7) is that the additional resistance due to increased wetted
perimeter near the banks can be included. In the application of (9), one could also use an
increased value in the Manning coefficient where there is greater resistance to flow (e.g., in
shallow areas near banks or in the floodplains).

__________________
However, not one of the equations (6), (7) or (9) specifically takes into account the reduction in
flow velocity due to the three-dimensional flow distribution created by the channel banks.
Researchers have therefore found some indirect means to take bank effects into account. In
addition to older analytical methods, both 2-D St. Venant and 3-D Navier-Stokes numerical
models have recently been used to determine cross-sectional flow distribution.
One interesting newly proposed analytical model has gained the favour the USGS (Fulton,
2004). It was developed by Chiu (1986 and 1988). The model is based on the Principle of
Maximum Entropy (POME) and is applied in two steps.
First, based on the overall channel depth (D), channel width (B) and channel shape, transfer
functions are given to translate the cross section into an adimensional idealised rounded-corner
rectangle. The functions enable one to translate Cartesian coordinates (w, y) into curvilinear
isovels ξ:
ξ = Y (1 − Z ) β i exp( β i Z − Y + 1)

(10)

where Y is an adimensional expression of the depth:
Y=

( y + ∆y )
( D + ∆y + h )

(11)

where h is the distance from the water surface to the location of maximum velocity below the
surface (Chiu et al., 1995). For open channel flows, the introduction of h can be very useful to
simulate velocity distributions having a non-zero gradient at the surface. This allows much
greater flexibility in defining the vertical profile than that offered by equations (1) or (2).
However, as we will see later on, when the model is applied to flow under ice, h = 0 always.
Z is an adimensional expression of distance from the channel center line towards the banks:

Z=

B − 2w
( B + 2 ∆w )

(12)

where B is the overall section width and w is the distance from the bank.

∆y et ∆ w are depth and width parameters that define the degree of roundness of the rectangular
channel corners (when ∆y et ∆ w are set equal to zero the channel is perfectly rectangular and
when they are equal to about 0.5D and 0.25B respectively, the channel has an elliptic shape).
β i is a parameter that allows one to define the relative roughness (N) of the banks compared to
that of the channel bottom:

log ∆y ( D + ∆ y )


βi = N

log1 − B
( B + 2∆w )


(13)

Having defined the isovel shapes (ξ), the value of the velocity V along each isovel is then given
as a function of the maximum velocity in the cross-section (Vmax) and the turbulence parameter
(M) by the following equation :
Vmax 
ξ − ξo 
(14)
ln1 + ( e M − 1)

M
1
ξ
−

o 
Where ξo represents the value of the isovel near the channel boundary and is defined by Araujo
and Chaudhry (1998) as:
V=

ξo =



∆y
∆y
exp 1 −

D + ∆y + ε
 D + ∆y + ε 

(14b)

where e is a small value that we assumed to be equal to zero.
The advantages of the POME formulation are :
• The velocity distribution is truly 3-dimensionnal.
• Velocities are expressed as a function of an observed value (Vmax)
• The shape of the profile is based on an adimensional characterisation of turbulence (M)
that, for most rivers, varies between 3 and 10. Also, according to observations, for a
given cross-section, M does not change with stage or with time (Chiu, 2002). It is
therefore a very convenient parameter that can be calculated based on the ratio of the
calculated mean flow velocity and the observed maximum velocity in the section :

Vm
1
= (e M − 1)e M −
(15)
Vmax
M
The disadvantages of POME are : The influence of the bank on the position of the isovels ξ does
not depend on the real physical distance from the bank (w) but on the relative distance from the
bank (Z). For example, consider the velocity in a rectangular channel at y = D, if N = 1, then Y =
1 and β i = 1. At, for example, Z = 0.8, ξ is always equal to 0.45 regardless of the relative ratio of
channel width to channel depth (B/D). Note that this weakness can be partially overcome for
channels of different widths by adjusting N-value.
φ=

The second disadvantage of POME is that it is difficult to apply to non-elliptic cross-sectional
shapes. When the cross-section is irregular, the application of equation (10) can make it difficult
to interpret observed values of velocity. However, this may not pose a serious handicap for the
determination of Q.
We believe that we have found a new 3-dimensional velocity distribution method applicable to
both open channel flow and ice covered rivers that overcomes these two disadvantages. The
model will be presented in a forthcoming paper.
4. Velocity distribution models for ice-covered rivers
Many researchers have extended the 2-D velocity profile distribution for flow under ice covers.
The usual method of doing so is to consider that the profile can be separated into a zone
influenced by the bed (Db) and a zone influenced by the ice (Di). In the bottom zone, the profile
keeps the same shape as the form under open channel conditions (e.g., logarithmic, power or
other) :

Vb =

U *b
y
ln(
)
K
yob

(16)

In equation (16) the subscript ‘b’ indicates values associated with the bed. As noted above, for
this application, Db replaces D in the calculation of the shear velocity (equation 2); i.e.
gSD b
U *b =
. This is because the velocity gradient at the interface between the ice zone and the
K
bed zone is zero. This implies (according to equation 1) that the boundary shear stress there is
zero. Therefore, when one performs a free body analysis, the boundary shear is only active at the
bed and the weight of water contained in the control volume corresponds only to the water from
the bed to the interface.
At the interface, the maximum velocity (V’) of the profile is given by:

V'=

U *b
D
ln( b )
K
y ob

(17)

The upper zone is normally described using the same general shape as in the lower zone:

U *i
y
ln( )
(18)
K
yoi
where y is the distance from the ice/water interface. For the same reasons as explained above, Di
replaces D in the calculation of the shear velocity U*i .
Vi =

Applying (18) to obtain the maximum velocity at the interface, one gets:

V'=

U *i
D
ln( i )
K
yoi

(19)

If the AVP can detect where the maximum velocity occurs and if there areas sufficient
gS
and yob, then knowing Db and Di, then by
observations in the lower region to calculate
K
equating equations (17) and (19), one can calculate the value of yoi:
U*i

y U
yoi = Di ( ob ) *b
Db

(19b)

Integrating separately from the bed to Db and from the ice/water interface to Di one can calculate
the unit discharge of each zone based on equation (4):

qb = w p
qi = w p

gS
Db [Db ln( Db ) − Db ln( y o ) − Db + yob ]
K
gS
Di [Di ln( Di ) − Di ln( y o ) − Di + y oi ]
K

(20)
(21)

The total unit discharge in the water column is given by :
q = qb + qi

(22)

gS
, yob and yoi are constant over the cross-section, the total channel
K
discharge for flows under ice is given by :
Assuming once again that

Q = wp

gS
K

{∑

}

Dbj [Dbj ln( Dbj ) − Dbj ln( yob ) − Dbj + y ob ] + Dij [Dij ln( Dij ) − Dij ln( y oi ) − Dij + yoi ]
… (23)

For EC’s analysis, it is further assumed that the parameter γ at the upper part of the flow is the
same as at the part close to channel bed. Once again assuming that yob and yoi are constant over

the cross-section, and substituting γ = U*b/K, the total channel discharge for flows under ice is
given by:
Q = w pγ ∑ [D j ln( D j ) − D j ln( yob + yoi ) − D j + yob + y oi ]

(24)

Where γ is determined at the vertical where the velocity measurements are made.
One can also apply the Manning equation to obtain Q from measured values of velocity.
Referring to equation (8), (20) and (21) one obtains:
C nb =

S
nb

=

qb
w p Db Rb

2

(25)
3

and
C ni =

qi
S
=
2
ni
w p Di Ri 3

(26)

From equation (22) and maintaining the same assumptions that lead to equation (9), when the
Manning equation is applied to VIM for ice covered rivers, we get :
Q = w p C nb ∑ Dbj Rbj

2

3

+ w p C ni ∑ Dij Rij

2

3

(27)

Similar to the development of equation (19b), when the Manning equation is used, we get
(Ashton, 1986):

Di  ni
=
Db  nb

1 .5





(28)

Finally, we consider how an ice cover affects POME’s equations. Once again we separate the
flow into two layers. Since the velocity gradient at the interface is zero, when converting the
depth into adimensional coordinates (equation 11) h is necessarily zero. Also, when considering
the bed and ice section separately, in equation 11, one must substitute Db and Di for D
respectively. For the upper section, y is measured down from the ice/water interface. Equation
(11) therefore becomes:

Yb =

( y + ∆y b )
( Db + ∆ yb )

(29)

Yi =

( y + ∆ yi )
( Di + ∆yi )

(30)

At the interface, Y = 1 and Z (according to equation 12) is the same when calculated from either
the bed zone up or from the ice zone down. It follows that ßi must be identical in each zone.
From equation (13), this implies that there is a unique relationship between ∆ yi / ∆y b and Ni/Nb.
In our case we set Ni=Nb=1. This leads to
∆y b

( Db + ∆y b ) =

∆y i

(31)

( Di + ∆ yi )

This implies that the upper zone must have the same physical shape as the lower one. This is a
rather strange result. We are not used to seeing elliptical ice covers (thinnest in the middle and
thickest at the banks) however, it may not be a bad assumption during early winter. In fact, when
using POME, just as the left portion of the channel is necessarily completely symmetrical with
the right portion of the channel, the upper zone is the ‘squashed’ mirror image of the lower zone.
The relative distortion is given by comparing equations (29) and (30) and is proportional to
Di/Db.
Finally, there is the most surprising but simple result of all: At the interface between the upper
and lower zones, to maintain continuity of the velocities and velocity gradients in both the
vertical and lateral directions, the M-value of the lower zone must be identical to the M-value of
the upper zone. Therefore, under the POME hypothesis there is one unique turbulence intensity
for the whole channel including both the upper and lower layers. Equation (15) is therefore still
directly applicable to determine the mean velocity once the M-value for ice conditions and the
maximum flow velocity under the ice cover is known.
For winter conditions, when POME is used to calculate Q, one uses equations (29) and (30) to
generate the curvilinear coordinates in equation 10. Based on the observed values of velocity
(Vp) at the coordinates (ξp), we statistically find the best value of M and Vmax to fit the data. We
then calculate the mean velocity of the section (V m) using equation (15). Knowing the total crosssection area, we then obtain the total discharge of the channel from:
Q = AV m
(32)
5. Parametric analysis methodology
The previous presentation shows that depending on the assumptions, one can obtain different
flow distribution models that, based on the same observed values of velocity, lead to a different
estimate of the total discharge. The correct relationship between D, Vp and Q is the statistical one
that can be developed over a number of years. In the meantime, we don’t know which of the
theoretical models gives the best estimate. The purpose of this article is to present the models
and their assumptions and to compare each solution with each other even though we do not know
which one will actually give the values closest to reality.

Here is the procedure we used to compare the models:
1. Choose a channel geometry (B/D).
2. Choose a channel shape ( ∆y /D & ∆ w /B).
3. Choose a turbulence level (M) – calculate φ according to POME (eqn. 15).
4. Generate the flow distribution in the channel according to POME.
5. Assume that the AVP is a given vertical corresponding to w/B = ½; ¼ or 1/8.
6. At that location, using eqn. 14 and setting V max = 1.0, generate the velocity (Vp) at y/D =
0.2 and 0.8.
7. Based on these two ‘observed’ velocities, for the Logarithmic Model (LM) or the Full
LM (FLM), calculate U*, yo, γ according to eqn. 3; for the Manning Model (MM),
calculate Cn based on eqn. 4 and according to eqn. 8. When using the Adapted LM
(ALM), since yo is already defined by eqn. 5, take the average of the 0.2 and 0.8 Vp’s and
assume it occurs at y/D = 0.5. Based on this velocity at this elevation and the given value
of yo, calculate U* according to eqn. 3 and convert to γ.
8. Using these parameters, calculate the channel discharge according FLM (eqn. 6); LM and
ALM (eqn. 7) and MM (eqn. 9).
9. Once the discharge is known, divide by the cross-sectional area A and get V m (eqn. 32)
and calculate φ (=Vm/Vmax) for each model.
10. Tabulate results, choose new values in steps 1-3 above and repeat steps 4-9.
11. Compare results for various geometries and shapes, levels of turbulence and Acoustic
Velocity Profiler location.
The above steps are suitable for open channel flow conditions. When there is an ice cover,
some small modifications are required:
12. Choose where the interface occurs between the bed zone and the ice zone given by the
ratio Db/Di. In our case we only analysed flows having Db/Di = 3.
13. Given the geometry and M-value defined in steps 1-3, using eqns 29, 30 and 31 and eqns.
10 and 14, generate flow distribution in both areas using POME assuming once again that
Vmax = 1.
14. As explained above, given POME’s symmetry, the U*i/K = U*b/K. This inherent property
of POME leads to exactly the same hypothesis made by EC when analysing flows under
ice cover rivers, namely, when calculating the boundary shear stress U* (as expressed by

gSDb
calculated by eqn. 16.
K
K
(In counter part, the ratio of yoi/yob will adjust itself so that the velocity at the interface
(eqns. 17 and 19) will be identical.
15. For MM, we use equations 22, 25 and 26.
16. Having obtained all these parameters, the total winter discharge is calculated according to
FLM (eqn. 23); LM or ALM (eqn. 24); or MM (eqn. 27). We then follow steps 9-11.
gSDi

) according to eqn. 18, it will be identical to that

At this point, we introduced a new hypothesis that leads to a second formulation of FLM and
MM that we refer to as FLM-2 and MM-2:

gS
gS
i =
b and since Di ≠ Db , it is rather surprising
K
K
that both POME and EC set assume that γi = γb. Rather one would expect in the at the
ice/water interface the shear stress to be less than at the bed:

17. Since it is usual to assume that

U*i = U*b Di

Db

(33)

Therefore, we performed an alternate analysis for flows under ice covers:
We still use POME to generate the velocity distribution in the lower zone. However, for
the upper zone, we calculate U*i from (33) and obtain yoi from (19b). Then, using eqn.
23, we obtain FLM-2 and using eqns 20, 21, 22, 25, 26 and 27, we get MM-2.
6. Summary of model characteristics:
Admittedly, many equations have been presented and the methodology is rather lengthy.
V
However, the calculated value φ= m truly does depend on all the little assumptions made on
Vmax
the way. Let us try to summarize :
•

•

•
•

•

•

FLM assumes a 2-D logarithmic velocity profile at each vertical assuming a constant
gS
value of yo and
throughout. It does not take any bank effects into account.
K
LM assumes a 2-D logarithmic velocity profile at each vertical assuming a constant value
gSD
of yo and
throughout. It does not take any bank effects into account.
K
ALM has the same assumptions as LM except that yo is set by eqn. 5 rather than by fitting
observed velocities to eqn. 3.

S
is
n
then calculated and is assumed constant over the cross-section and the Manning’s
equation is used to represent flow at each vertical. Some bank friction could be included
but 3-D bank effects are excluded.
For POME, the flow is assumed to be fully 3-D. The value of φ depends exclusively on
the level of turbulence (M). It does not depend on channel size or shape and is constant
throughout the whole flow area regardless of whether there is an ice cover or not. (Note
that this is the first time that POME has been extended to ice conditions and therefore this
result for ice covers is a new finding not provided nor endorsed by the original authors of
the model.)
For Winter Conditions, LM, ALM and POME all assume that γ at the ice boundary is
identical to that at the bed. On the other hand, FLM and MM can be based on the
For MM to be applied, the unit flow q is calculated at the location of the AVP.

gSD
or not. This gives rise to two alternatives for each model:
K
FLM or FLM-2 and MM or MM-2 respectively.
assumption of equal

7. Velocity profiles for ice covered rivers.
Figure 1 shows the relative isovels

V
Vmax

for a channel where B/D = 20/2; Db/Di=3; ∆ w /(B/2) =

0.5, ∆y /D =0.5 ; β i =1 and M =5 .

Figure 1

V
Vmax

according to POME for a channel where B/D = 20/2; Db/Di=3; and M =5.

For the same channel type as presented in Figure 1, Figure 2 shows the resulting velocity profile
for a mean turbulence level (M=5) at B/2, B/4, B/8 and B/20 according to POME for an ice
covered river 2 m in depth and B=20 m in width. Note that the maximum velocity is at 1.5m.
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Figure 2. Theoretical velocity profiles generated by POME for an ice-covered river.
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In Figure 3, we have reproduced the POME profiles of Figure 2. However in this case we have
stretched the depth out to a uniform value of 2 m and have plotted the velocity in the vertical
divided by the maximum velocity at each vertical. Figure 3 therefore shows how the banks
affect the shape of the velocity profiles. According to POME, as we approach the banks, the
velocity gradients increase in the core area causing relatively weaker velocities in the zones near
the boundaries. The effect is particularly pronounced for the profile at w=B/20.
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Figure 3 Standardized profiles according to POME for an ice-covered river.

0,9
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Figure 4a shows the resulting velocity profiles for different models at B/8. The Manning
equation cannot be shown because it is One-dimensional. FM-1 is not shown because it is
identical to LM. FM-2 shows greater velocities in the upper zone because we have assumed that
the boundary shear stress at the ice is less than at the bed. Note that the LM models do not give a
zero velocity gradient at the interface between the ice and the bed zones. Note that, in this case
when we set yo = 0.01D, the resulting ALM model diverges from the velocities predicted by the
other models (except, of course, at y/D = 0.5).
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Figure 4a. Comparison of various theoretical velocity profiles at B/8 for an ice covered river.

Figure 4b presents the computed velocity profiles at B/2 based on the flow parameters
determined above at B /8 (as shown in figure 4a). Note that FM and FM-2 reach the maximum
relative velocity (V/Vmax = 1 as computed by POME) at the interface (y = 1.5 m). However, they
keep the same velocity profile shape that was observed at B/8 and therefore underestimate the
degree of turbulence in the centre of the channel. FM-2 differs from FM in that it takes into
account the smaller shear stresses at the ice boundary when compared to that at the bed
boundary. FM-2 will therefore always predict greater values of Q than FM. At this location, for
this turbulence level (M=5), it seems that the stiffness of ALM helps it predict the maximum
velocity. However, in both LM and ALM cases, the use of the same γ as that derived from a
value too close the banks (at B/8), leads to an underestimation of the velocity in the core area.
The argument could be made that obtaining γ at B/2 would probably lead to an over-estimation
of the velocity in the rest of the channel.
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Figure 4b. Computed velocity profiles at B/2 based on model parameters determined at B/8.

8. Computed channel discharge.
Figure 5 shows the resulting φ-values for each model as a function of turbulence (M) for open
channel conditions when the AVP is positioned at the channel center line (at B/2). In this case,
B/D = 20/1; ∆ w /(B/2) = ∆y /D =0.5 ; β i =1. All models indicate an general increase of the ratio
of mean velocity to maximum velocity (φ) as turbulence increases because when there is more
turbulence, the flow is more homogeneous in the core area. POME differs substantially from
other models when M is small because when M is small, the velocity gradients in the core are
large. This implies, according to POME, that the banks have a significant effect into the core
flow area – a three-dimensional effect not picked up by the other models. For moderate to
strongly turbulent flows (M > 5), ALM differs significantly from LM while POME, MM and
FLM fall somewhere in between.
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Figure 5. φ-value for open water conditions when AVP is measures the velocity at w=B/2.
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Figure 6 shows the resulting φ-values for each model as a function of turbulence (M) for Winter
Conditions when the AVP is positioned at the channel center line (at B/2). In this case, B/D =
20/2; Db/Di=3; ∆ w /(B/2) = ∆y /D =0.5 and β i =1. For ice conditions, once, according to all
models, again there is the same general increase in φ as a function of M. As for before, POME
indicates a small value of φ when the turbulence is small. At high levels of M, once again there is
fair difference between LM and ALM with POME in the middle. FLM and FLM-2 provide the
lowest estimates.
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Figure 6. φ-value for winter conditions when AVP is measures the velocity at w=B/2.
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9. Bank effects on model behaviour
Figure 7 shows the resulting φ-values for each model as a function of turbulence (M) for Winter
Conditions when the AVP is positioned at B/4. As above, B/D = 20/2; Db/Di=3; ∆ w /(B/2) =
∆y /D =0.5 and β i =1. According to POME, the flow velocity is a little smaller at B /4 than it is
at B/2. Since the ‘observed’ velocities at y/Db = 0.2 and 0.8 are in fact those generated by POME,
they are smaller than the ‘observed’ velocities generated at B/2. None of the other models have
the ability to take this 3-dimensional reduction in flow into account. They all therefore
underestimate the velocities elsewhere in the channel and therefore their calculated φ-values are
lower than those provided above despite the fact that nothing has changed in flow conditions in
the channel. The only that has changed is the location of the Acoustic Velocity Profiler.
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Figure 7. φ-value for winter conditions when AVP is measures the velocity at w=B/4.
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Figure 8 shows the resulting φ-values for each model as a function of turbulence (M) for Winter
Conditions when the AVP is positioned at B/8. As above, B/D = 20/2; Db/Di=3; ∆ w /(B/2) =
∆y /D =0.5 and β i =1. When the AVP is located even closer to the bank, the strong reduction in
flow velocity in that zone leads to a further under-estimation of the φ-value by virtually all
models except POME.
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Figure 8. φ-value for winter conditions when AVP is measures the velocity at w=B/8.
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The banks’ effect on flow reduction and the subsequent under-estimation of the mean channel
velocity by all models except POME is more clearly shown in Figure 9 for a channel having an
average turbulence intensity (M=5). Figure 9 shows the resulting φ-values for each model as a
function of the AVP position. As above, B/D = 20/2; Db/Di=3; ∆ w /(B/2) = ∆y /D =0.5 and
β i =1. The figure demonstrates that for average flow intensity, as long as the AVP is positioned
in the central core of the channel (no closer than B/4 to the banks), the assumption of a 2dimensional model only changes the predicted flow velocity by 5%. However, if placed at B/8,
the under-prediction can be more.
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Figure 9. φ-value for winter conditions as a function of AVP location for average turbulence
conditions (M=5).
10. Conclusions
The underlying hypothesis that there is a direct relationship between the observed maximum
velocity and the mean velocity has been documented elsewhere for open water and ice covered
conditions. In fact, Healy and Hicks’ field data analyses (2004) indicate that such a relationship

also exists for other significant velocities. When POME is modified for ice conditions, it shows
that there is a direct relationship between the velocity at any point and the mean velocity. As
such, it seems ideally suited to discharge monitoring using a Velocity Index Method (VIM).
However POME does not seem to directly account changes in B/D ratios. Also, when applied to
ice conditions, it also has the particularity of assuming that γ = (U*/K) at the ice interface is the
same as at the bed even if the maximum velocity is located closer to one surface than to another.
All studied models indicate that the ratio of mean to maximum velocity (φ) increases as
turbulence increases: Generally speaking, when turbulence is very low (M=1), φ ˜ 0.6 whereas
when it’s high (M=10), φ ˜ 0.9. Since most the turbulence in most rivers vary between M = 3 to 8
(Wang personal communication, 2005), the values predicted by the models (φ ˜ 0.7 to 0.85)
correspond very well to those commonly used in practice.
At the theoretical level, each model has its advantages and disadvantages that have been
presented in the text. We have a personal preference for POME because it is 3-dimensional, has a
zero velocity gradient at the interface between the bed and the ice zones, is comprehensive and
presents a unified visualisation of the flow distribution. However, we still think that it has
inherent restrictions (homogeneous channel shapes and flow symmetry) that should be further
investigated.
Although 2-dimensional models may be more adaptable to non-symmetrical channel bathymetry,
they must be used with care in shallow water areas or areas affected by the banks. We have a
personal preference for the FLM-2 model because it adequately accounts for changes in depth
and variability in shear stress between the ice and the bed. We also like the Manning model
because it is robust and based on many years of validation. However it suffers from the
disadvantage of not giving the velocity distribution.
At the application level, for open channel flow conditions, when the Acoustic Velocity Profiler is
located in the center part of the channel, all models show an increasing value of φ = Vm/V max as a
function of turbulence (M). For low values of M < 3 all models predict very similar ratios except
POME that suggests 3-D effects should make the φ-value 10% less (Fig. 5). At high turbulence
levels (M > 8), the φ-value may vary by 9% depending on the model.
For ice-covered channels, the results (Fig. 6) are very similar as for open-channel flow
conditions except that two new models are also evaluated. Generally, all models once again
predict an increase of φ as a function of M although the prediction may vary differ by as much as
10% depending on the model chose and the level of turbulence.
From a quantitative point of view, we have no basis for saying which model provides the most
accurate results. When, in five to ten years, more field data becomes available, a quantitative
comparison may be made. However, even then it may be difficult to obtain sufficient precision to
for a clear winner to immerge. In the meantime, one should ensure that the AVP is deployed in
the central part of the channel where there is the most information about channel velocity and
where there is the least bank effects.
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Upon the release of an ice jam, water and ice held by the jam are suddenly free to
move. The resulting wave generates increased water stages and higher flow
velocities, posing a risk to downstream structures, people, and aquatic life.
Climate-induced changes to river ice processes, such as enhanced midwinter
jamming or increased spring flows, could result in more frequent occurrence of
major and damaging waves. Recently obtained field data sets on ice-jam
generated waves are discussed and compared to existing theories. Wave celerity
decreases along the waveform, being largest at the leading edge, intermediate at
the crest, and least at the trailing edge. Celerity also tends to decrease with time
and distance traveled. Very near the point of release, the leading-edge celerity
approximates that of a gravity wave, dropping to near kinematic-wave values as
travel distance increases. The presence of moving ice rubble prevents
measurement of important hydrodynamic characteristics of a wave, such as flow
velocity, discharge, and boundary shear stress. These quantities can be calculated,
however, using an analytical method that is based on the equations of motion and
on plausible approximations for natural-stream geometry. Application to a few
case studies elucidates the degree to which a jam-release wave can magnify
hydrodynamic forces. The steepest waves, which are observed closest to the point
of release, generate the largest magnification, approaching an order of magnitude
in one instance.

1. Introduction
An “ice-jam-release wave” is the dynamic discharge of water and ice from storage when an ice
jam suddenly releases. As the wave travels downstream, it raises water levels and amplifies flow
velocities, shear stresses, sediment transport rates, and rates of scour and erosion. High stages
and ice runs created by the release of an upstream ice jam can carry away or damage bridge
decks. The attendant high velocities can scour riverbeds, undermine bridge piers, erode stream
banks, and degrade aquatic habitat; they can also contribute to damage of structures and property
along the river, and can have major ecological impacts. The issue of climate change further
underscores the need for improved knowledge of dynamic release phenomena because river ice
processes are very sensitive to climatic conditions (Beltaos 1997; Beltaos and Prowse 2001).
Until recently, release waves have been largely known from anecdotal reports and descriptions,
owing to the many practical difficulties associated with field data collection.
In the past few years, detailed data sets have been obtained under field programs conducted in
Yukon, Alberta and New Brunswick (Jasek 2003a, 2003b; Hicks 2003; Kowalczyk and Hicks
2003; Andres et al. 2003; Beltaos and Burrell 2005a, 2005b), which provide useful insights on
the release-wave propagation process. The purpose of this paper is to present an overview of
recent work and summarize the main quantitative findings. Following a discussion of
background information and of instrumentation, typical data are presented and general wave
propagation patterns identified. A new method of analysis is outlined next, and illustrated with a
few case studies. This approach enables determination of important, but difficult to measure,
wave properties, such as velocity, discharge, water surface slope and shear stress. Wave-induced
amplification of these quantities is shown to vary with distance traveled, being most intense near
the point of release.

2. Background Information
Few observations of waves released by ice jams have been reported, and most are qualitative or
based on visual estimates. Mercer and Cooper (1977) observed a jam release on the Mackenzie
River near Point Separation in 1973, which resulted in an estimated peak velocity of over 7.6 m/s
after 30 minutes. Gerard et al. (1984) observed a moving pack of ice some 140 km long, which
they attributed to a wave on the Yukon River that broke up the ice cover downstream, over a
distance of 300 km in 16 hours (rate of advance = 5.2 m/s). Parkinson and Holder (1988)
discussed observations made during the 1982 ice breakup on the Mackenzie River and showed
that the flows resulting from ice-jam release far exceed published daily-average values at
hydrometric stations. Beltaos et al. (1994) and Beltaos et al. (1998) described ice-jam releases at
two sites on the Saint John River, respectively located in New Brunswick and Maine, USA. Peak
surface velocities of about 3 m/s were deduced in both cases, based on visual estimates and
timed movement of ice floes, and lasting for more than an hour. Based on aerial and groundbased observations in Northern Canada, Jasek (2003a, 2003b) provided excellent descriptions of,
and important insights on, ice runs and ice breaking fronts that result from ice-jam releases.
Typical wave configuration and concomitant ice conditions are illustrated in Fig. 1, which is
reproduced from Jasek (2003b). Initially, the ice cover is intact and rises with the incoming
wave. If the rise is sustained, the ice cover is dislodged, and a flux of ice sheets is observed until

the rubble from the jam arrives at the measurement site. The five-metre wave height that
occurred in the case of Fig. 1 is rather large, but so is the duration of the rising limb of the wave,
resulting in an average rate of rise of 0.00035 m/s (0.021 m/min).

Figure 1. Water level and ice observations on the Hay River near Paradise Gardens, May 2,
1989. (from Gerard and Jasek 1990, as cited by Jasek, 2003b)

Hicks (2003) and Kowalczyk and Hicks (2003) reported detailed measurements of a large wave
caused by the release of a 17 km long ice jam on the Athabasca River. This data set derives from
continuous monitoring by pre-installed water-level gauges in a jam-prone reach, and is the most
comprehensive that has been obtained to date. At the upstream-most gauge site, the water level
rose 4.4 m in 15 minutes, which translates to an average rate of rise of 0.0049 m/s. This is an
order of magnitude greater than the value associated with the wave of Fig. 1.
The earliest attempt to predict the characteristics of jam-release waves was made by Henderson
and Gerard (1981), who developed an analytical solution, treating the release of an ice jam as a
sudden removal of a vertical gate in an open channel. Other assumptions included a frictionless
and horizontal bed, rectangular prismatic channel, infinite jam length, and an initial step-like
profile. This idealization results in a step-like wave (or “surge”) that comprises a lengthening
reach of uniform flow between the upstream and downstream unperturbed-flow reaches. In the
literature, the term “surge” has been applied extensively to waves that result from ice jam
releases, regardless of how steep their rising limb might be. As will be shown later, real waves
are far from being surges because their frontal slopes are miniscule relative to a step-like
increase. For this reason the term surge is avoided herein, while the abbreviation JRW is used
for convenience to denote a jam-release wave.

Attempts to predict JRW propagation and hydraulics in real rivers have focused on relatively
simple conditions, where the effect of ice on the behaviour of the wave is most likely to be small
(Beltaos and Krishnappan 1982). Consequently, waves have been simulated using onedimensional hydrodynamic models developed for open-water conditions, with suitable flowresistance adjustments where an ice cover is present (Mercer and Cooper 1977; Beltaos and
Krishnappan 1982; Joliffe and Gerard 1982; Wong et al. 1985; Ferrick and Mulherin 1989;
Saade et. al. 1993; Hicks et al. 1997; Blackburn and Hicks 2003; Andres et al. 2003). More
recently, Liu and Shen (2004) applied a two-dimensional model to explore the effect of side
friction on the motion of the rubble and thence, on wave propagation.
Though model output can be made to match measured wave forms with suitable choice of
calibration parameters, reliable prediction of JRW propagation is still in the future. One
limitation stems from the need to consider the effects of the ice cover, which may remain
stationary, or be set in motion as a series of long sheets that eventually break down into rubble. A
second limitation relates to logistics: while it is feasible to measure stage-time variation at
specific locations, initial and boundary conditions are less amenable to measurement. Few JRW
data sets include such ancillary information, and often involve a single waveform, so that model
calibration cannot be checked at other locations along the river.

3. Field Instrumentation and Methodology
An obvious source of JRW data is the archived stage record of hydrometric gauging stations,
such at those operated by Water Survey of Canada (WSC). Up to 1995, stage was recorded
continuously on special charts, where steep waves are often discerned during the breakup period.
A major obstacle to quantification of such data is the temporal chart resolution: unless a wave
extends over several hours, it is not possible to accurately determine its shape. Starting in 1996,
stage is recorded in digital format, providing readings at 15-minute, or greater, intervals. This
approach does solve the chart resolution problem, but the recording interval may be too large
(see also later discussion). Gauge-recorded waves on the same river are usually too far apart to
allow detailed assessment of propagation characteristics, while there is no concurrent
information on ice conditions or origin of the wave.
Obtaining comprehensive field data on JRWs can be daunting. The formation of an ice jam
depends upon prevailing hydrologic and meteorological conditions, and these conditions may not
occur during a single field season. Even if an ice jam forms, it may release suddenly and at a
time, such as the middle of the night, when field measurements cannot be conveniently obtained.
In addition, jams might occur along a river reach where accurate and detailed measurement of
wave characteristics cannot be safely obtained. Accessibility to the river channel downstream of
an ice jam and a capability for rapid deployment of water-level measurement devices are
important factors in the success of field measurements.
Where there is a high probability of ice-jam formation at a known site, multiple waveforms can
be measured by installing a series of pressure transducers or other water-level sensing devices,
spaced at suitable distances downstream of the expected jam location. This setup was deployed

by Kowalczyk and Hicks (2003) on the Athabasca River above Fort McMurray, and resulted in a
unique data set, partially reproduced in Fig. 2.

Figure 2. Waveforms obtained at consecutive monitoring stations on the Athabasca River above
Fort McMurray, 2002. From Kowalczyk and Hicks (2003). Note progressive wave
attenuation and dispersal.
For applications where the jam location and timing are unpredictable, a device called a “wave
meter” has been developed at the National Water Research Institute of Environment Canada
(Beltaos et al. 1998). The wave meter is portable and can be deployed easily and rapidly along

an accessible riverbank downstream of an ice jam. Once installed and activated, the meter
remains stationary and reports, via radio-telemetry, the depth of water over it. The main
advantage of the wave meter is that it can be deployed after a jam has formed. Of particular
interest is the immediate vicinity of the jam toe (or downstream end), where the release wave is
expected to be the most violent. Wave meters are often buried under grounded ice during the ice
run that follows jam release but are retrievable after the ice rubble has melted. Several
measurements of JRWs have been carried out in New Brunswick, using wave meters and
pressure transducers, while the results are on occasion supplemented by hydrometric gauge
records. These results have been reported by Beltaos and Burrell (2005a), and are briefly
reviewed in the following sections.

4. Wave in Restigouche River, New Brunswick, April 2000
The lower Restigouche River forms the eastern boundary between New Brunswick and Quebec
while the study reach extends from Camp Harmony to Flatlands (Fig. 3). An ice cover usually
forms in November and breaks up in April. Breakup is typically triggered by runoff from
snowmelt, often in combination with runoff from rainfall events. Due to the river’s size (approx.
200 m wide) and slope (approx. 0.0008), major ice jams can form, causing severe release waves
and ice runs, and resulting in considerable property damage and personal hardship (Beltaos and
Burrell 2005a). Following a period of mild weather in late March, 2000, rising flows caused by
rainfall and snowmelt, resulted in breakup of the ice cover of the Restigouche River. Broken ice
jammed and released at several locations as it moved downstream.
Early in the morning of April 4, the toe of a jam was found at Mann Mountain Settlement. A
wave meter was installed at 0700 h on the right bank of the river, 1 km below the mouth of
Chessers Brook, or 1.5 km from the toe of the ice jam (Fig. 3). The jam was about 8 km long; at
0810 h, the head was located just below the mouth of the Upsalquitch River (Fig. 3). There was
evidence of extensive grounding downstream of the toe, in the general vicinity of the mouth of
Chessers Brook. Here, large ice slabs had been uplifted and were sagging between grounded
pressure ridges. By 08:30 h, small pieces of ice were moving in a lead that had developed
downstream of the toe. This occurred intermittently until the ice jam released at approximately
09:15 hours, generating the stage hydrograph shown in Fig. 4. The sheet ice cover below the jam
was in motion at 09:17 h. For the next hour or so, the channel was full of running ice, with
occasional openings. After that time, the surface concentration of ice began to decrease. Total
water level rise during the passage of the wave was approximately 2.8 m, with the peak water
level occurring some six minutes after the jam released. The average rate of rise was thus about
0.5 m/min. The river ran full of ice for about a half-hour, then the ice concentration gradually
lessened. By 10:15 h, the surface concentration of ice was estimated to be about 80% but this
had diminished to less than 20% by 10:30 h. Measurements were continued until about 10:55
hours.
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Figure 3. Restigouche River study reach
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Figure 4. Stage recorded on the Restigouche River on April 4, 2000. From Beltaos and Burrell
(2005a) with changes.

Fractured sheet ice was observed to be running by the community of Matapedia (~ 3.5 km
downstream of the jam toe) and by the interprovincial railway bridge (4.1 km downstream of the
toe) at 12 and 16 minutes after the release, respectively. Twenty minutes after release, fractured
sheet ice was running at a site 6 km from the toe, about 1 km downstream of the inter-provincial
highway bridge. These observations suggest that the leading edge of the wave was dislodging
the sheet ice cover and moving at an average celerity of no less than 5 m/s during the first twenty
minutes of its advance. Ice was still running past the two bridges some 90 minutes after the
release, but it was now of the rubble variety, with a surface concentration of only 5% to 20%
(varying across the river).
The highly dynamic nature of this waveform further suggests that the 15-minute recording
interval of hydrometric gauging stations can be too coarse in cases where the release point
happens to be located very close to the gauge. This is illustrated in Fig. 4: a random selection of
stage values, taken at 15 minute intervals, would most probably have missed the peak stage and
generated a much flatter waveform than the actual.

5. Wave in Saint John River, New Brunswick, April 2002
The study reach of the Saint John River extended from Ledges, Maine to Edmundston, New
Brunswick (Fig. 5), for a total river distance of approximately 40 km. Water levels and flow data
were available from hydrometric stations located at Fort Kent and Edmundston. Information
from previous studies, including field observations and cross sections, was also available for the
study reach.

LEDGES

Figure 5. Upper Saint John River and wave study reach between Ledges and Edmundston.
Channel width is exaggerated for illustration purposes.

On April 12, 2002, an ice jam formed in the Saint John River at Ledges. The toe of the ice jam
was at km 104 and the wave meter was placed on the left (NB) bank at km 103.1, or 6.9 km
upstream of the international bridge between Clair, NB and Fort Kent, Maine (Fig. 5). During
the evening of the 12th, there were a few “runs” of rubble into open leads downstream of the toe,
accompanied by brief spikes in the stage record. The jam released at about 1300 h, on April 13,
generating a water-level rise of approximately 1.2 m in 70 minutes at Ledges. This wave, along
with those recorded at downstream gauges are depicted in Fig. 6.

An initial inspection of the data revealed that characteristic features of the wave, such as the
leading edge, the crest, and the trailing edge, do not propagate at the same rate. Respective
average celerities were calculated from the available data for the reaches Ledges to Fort Kent
gauge and Fort Kent gauge to Edmundston. These values are summarized in Table 1 and suggest
that CL > CP > CT (in which C denotes celerity while the subscripts L, P, and T denote leading
edge, peak stage, and trailing edge, respectively).
2.0

Water level rise (m)

1.5

Ledges
Fort Kent

1.0
Edmundston

0.5

0.0

-0.5
4/13/02 6:00

4/13/02 12:00

4/13/02 18:00

4/14/02 0:00

Figure 6. Saint John River surge of April 13, 2002, as registered at Ledges, Fort Kent, and
Edmundston. Water level rise is above an arbitrary datum in each case. From Beltaos and
Burrell (2005b) with changes.

Table 1. Estimated speeds of different wave features, Saint John River, April 13, 2002.
From Beltaos and Burrell (2005a) with changes
Station
Distance
Maximum
Average celerity between
between
rise (m)
stations (m/s)
stations
Leading
Peak
Trailing
(km)
edge
stage
edge
Ledges
1.19
8.2
Fort Kent
gauge

5.5

2.5

---(1)

3.5

2.1

1.7

1.19

32.2
Edmundston
0.62
gauge
(1)
Difficult to identify the trailing edge

6. Comparison with the Athabasca River data set

As mentioned earlier, Hicks (2003) and Kowalczyk and Hicks (2003) presented data for a JRW
that traveled down the Athabasca River near Fort Murray in April of 2002 (see also Fig. 2).
From the information presented in these two references, the celerities associated with the wave
can be calculated and are presented in Table 2. As with the Saint John River data, it can be seen
from Table 2 that CL > CP > CT while both values generally decrease as the wave travels
downstream. The crest celerity between stations G135 and G130 does not fit the decreasing
trend, but this could be caused by errors in identifying the time of the peak, owing to the “flat”
crest at station G130 (Fig. 2). The first measured wave (G140) is remarkable because it
registered a very large rise (4.4 m) within a very short time interval (15 min). The resulting
average rate of rise is 0.0049 m/s (0.29 m/min). By comparison, the Restigouche River wave
caused a rise of 2.9 m in 6 minutes, resulting in an average rate of rise of 0.0081 m/s (0.48
m/min). Both waves were recorded very near the toe of the released jam (~ 1 to 1.5 km).

Table 2. Estimated celerities of ice jam release wave features, Athabasca River above Fort
McMurray, April 27, 2002 (from Beltaos and Burrell 2005a with changes; based on data by
Hicks 2003; Kowalczyk and Hicks 2003)
Station

Distance
between
stations
(km)

G140

Maximum
rise (m)

4.4
5.4

G135

4.3

3.2

2.3

3.9

3.6

1.9

3.3

2.5

--- (1)

0.7

0.5

--- (1)

1.5
9.1

G130

1.2
10.7

G105

0.8
1.7

(1)

Average celerity between
stations (m/s)
Leading
Peak
Trailing
edge
stage
edge

G95
1.0
Difficult to identify the trailing edge

7. Comparison with Theoretical Results

The small-amplitude wave theories (Ponce and Simons 1977; Daly 1993, 1995) suggest a
common celerity for all points along the wave. This need not apply to a single wave of finite
amplitude, and indeed the field measurements indicate that the celerity decreases along the wave
form, being largest at the leading edge and least at the trailing edge. Therefore, the waveform
spreads out and attenuates as it travels downriver.

The small-amplitude theory indicates further that, in general, the celerity should be between the
kinematic value (Ck = 1.5Uo) and the gravity value (Cg = g ho + Uo). In natural streams, these
quantities are typically about 1.5 m/s and 6 m/s, respectively. Inspection of Tables 1 and 2
indicates that the value of Cg is only approached by the leading-edge celerity, and especially near
the toe of the released jam. Tables 1 and 2 also suggest that the celerity of the peak tends to be
closer to the kinematic value, which is similar to the crest celerity of runoff-generated flood
waves.
The theory of Henderson and Gerard (1981) neglects friction and bed-slope effects, and results in
a true surge, that is, a step-like rise in stage. The celerity of this surge scales on (gho)1/2 and
exceeds that of a gravity wave by an amount that depends on the relative backwater caused by
the jam prior to its release. The available field data indicate celerities that are generally less than
Cg, though it is possible that higher values may briefly occur at the very toe of the jam. With
reference to the step-like feature of a surge, it is noted that the fastest water-level rise that has
been documented to date is about 0.5 m/min, which is a fearsome prospect for residents of
nearby floodplains, or construction crews working on river structures. However, the
corresponding frontal wave slope (calculated using a wave celerity of ~ 6 m/s) is of the order of
0.001. It is thus evident that a JRW, though dangerously steep, is not a surge - not even
approximately. This result suggests that the conditions associated with surge formation
(frictionless and horizontal river bed) may be too restrictive.

8. Rising-Limb Analysis

To assess hydrodynamic wave characteristics that are difficult to measure when ice is present,
Beltaos and Burrell (2005b) proposed an analytical method that utilizes the one-dimensional
equations of motion of river flow. By means of partial differentiation and integration, the
following equation was obtained for the rising limb of the wave:
∂y
≈
∂t

C ( S f − So )
U 2 C 2 ⎛ (1 + a) U
⎞
1− a
+
− 1⎟
⎜
gh gh ⎝ C
⎠

[1]

in which, So = unperturbed-flow river slope; Sf = friction slope, calculated in terms of velocity
and hydraulic radius using the Manning resistance equation; t = time; U = average flow velocity;
C = celerity of the waveform; g = gravitational acceleration; y = water depth = water surface
elevation minus bed invert elevation; h = average flow depth, empirically known to vary in
proportion to y, such that h = ay, with a = site- or reach-specific dimensionless coefficient (a = 1
for rectangular channels, and less than 1 for natural bathymetries); and qo = unperturbed-flow
discharge per unit river width.
From the equation of continuity, the average flow velocity, U, can be expressed as:

y

U=

qo + ∫ Cdy
yo

[2]

h

The integration on the right-hand-side (RHS) of Eq. 1 indicates that C is not a constant, but
changes along the waveform, a property that is responsible for the looped appearance of the
stage-flow variation during the passage of the wave.
In deriving Eq. 1, the frozen-wave approximation was invoked, under which the total derivative
Dy/Dt is set equal to zero, so that ∂y/∂t + C ∂y/∂x ≈ 0. This assumption is reasonable along the
rising limb of the wave, where spatial and temporal derivatives are relatively large in absolute
value. It is not reliable in the wave crest region or along the falling limb, where both derivatives
are small in magnitude or even zero. However, the rising limb is the most dynamic portion of the
wave, because it is here that velocity, flow, and shear stress are highest.
Using Eq. 1, together with Eq. 2, the value of ∂y/∂t can be computed as a function of y, given an
assumed variation of C with y. This can be done by specifying the leading-edge celerity (CL)
and the value at the wave peak (CP), in conjunction with an interpolation function. Consequently,
∂y/∂t can be determined from Eq. 1 as a function of y for a large number of incremental y-values
that represent the range yo to ypeak. For the Nth depth (or elevation) interval, ∆y, a corresponding
time increment is calculated as
∆t N =

∆y N
1 ⎡⎛ ∂y ⎞
⎛ ∂y ⎞ ⎤
⎜ ⎟ +⎜ ⎟ ⎥
⎢
2 ⎣⎝ ∂t ⎠ N −1 ⎝ ∂t ⎠ N ⎦

[3]

By summing the time increments, a set of time values can be applied to any selected set of
elevations or depths. The resulting relationship can be compared with the rising limb of the
measured wave, and the input parameters (CL, CP) adjusted until agreement is optimized.
Alternatively, Eq. 1 can be integrated by means of a Runge-Kutta algorithm after inverting Eq. 1:
∂t
1
= f ( y) ≈
∂y
C ( S f − So )

⎡
U 2 C 2 ⎛ (1 + a ) U
⎞⎤
−
+
− 1⎟⎥
1
a
⎢
⎜
gh gh ⎝ C
⎠⎦
⎣

[4]

Consequently,

t N +1 = t N +

∆y N
( k1 + 2k2 + 2k3 + k4 )
6

[5]

in which ∆yN = small increment in y between the times tN and tN+1; it may be fixed throughout
the integration range, or it may vary in user-specified manner. The k-factors are defined by:

k1 = f ( y N )
∆y N
) approximated as [ f ( y N ) + f ( y N +1 )] / 2
2
∆y
k3 = f ( y N + N ) = k 2
2
k4 = f ( y N + ∆y N ) = f ( y N +1 )
k2 = f ( y N +

[6]

The Runge-Kutta technique is more robust than the more intuitive, finite-difference scheme used
by Beltaos and Burrell (2005b) and requires fewer elevation and time increments.
The computational procedure can be conveniently programmed in a spreadsheet, where input
parameters (CL, CP, and m) can be varied until the instantly calculated and plotted rising limb of
the wave coincides with the measured one. Once the optimum values of the input parameters
have been selected, it is possible to determine other important hydraulic parameters of the wave,
such as instantaneous discharge, average flow velocity, and flow shear stress. These
computations are performed automatically in appropriate columns of the spreadsheet.
Beltaos and Burrell (2005b) applied the rising-limb analysis method (RLAM) to their measured
wave forms on the Restigouche and Saint John Rivers with good results. Examples are illustrated
in Figures 7 and 8. In the case of the Restigouche River wave, which was recorded very near the
point of release (~ 1.5 km), the celerities CL and CP are equal (6.7 m/s), resulting in constant
celerity throughout the rising limb. This value is approximately equal to the local celerity of a
gravity wave (6.6 m/s). For the Saint John River wave at Edmundston, which was recorded at a
distance of ~ 41 km from the point of release, the selected values of CL and CP were 3.4 and 2.0
m/s, respectively. Both are less than the local gravity-wave celerity of 5.9 m/s, while Cp is
slightly less than the local kinematic-wave value of 2.3 m/s.
The analysis also showed that the wave can greatly magnify flow velocity, discharge, and shear
stress near the point of release. This was particularly apparent in the case of the Restigouche
River wave, where the calculated maximum wave discharge amounted to ten times the prerelease value. At the same time, the bed shear stress increased six-fold. Amplification factors
decrease as the wave attenuates with distance and time from release. For the Edmundston wave
form, which was measured some 41 km below the point of release, the RLAM indicated
discharge and shear stress amplifications of 1.6 and 1.3, respectively (Beltaos and Burrell
2005b). In all cases, the flow velocity was less than both CL and CP, suggesting that the wave
travels ahead of the rubble from the released jam, in accordance with experience (e.g. Jasek
2003a, 2003b) and theory (Henderson and Gerard 1981).
An interesting corollary of Eq. 1 is that, under normal conditions, the leading-edge celerity of the
wave should be less than or equal to Cg, the gravity-wave value (see Appendix A). This result is
supported by the above findings, though in the case of the Restigouche River wave, CL was
slightly higher than Cg (6.7 m/s as opposed to 6.6 m/s).
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Figure 7. Comparison between calculated (line) and measured (data points) water levels during
the rising portion of the Restigouche River wave at Walker’s camp (CL = CP = 6.7 m/s).
From Beltaos and Burrell (2005b) with changes
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Figure 8. Comparison between calculated (line) and measured (data points) water levels during
the rising portion of the Saint John River wave at Edmundston (CL = 3.4 m/s; CP = 2.0
m/s). From Beltaos and Burrell (2005b) with changes

9. Comparison of RLAM with numerical model output

It is not possible at present to directly corroborate the RLAM, because the presence of stationary
and moving ice precludes deployment of suitable instruments, such as current meters, to measure
velocity and discharge. However, the leading-edge and peak-stage celerities deduced by the
RLAM were consistent with respective average values between sites where the waveforms were
measured. More detailed tests can be performed by applying the RLAM to numericallygenerated waves, for which not only point-values of celerity, but also flow velocity and
discharge can be determined. This type of comparison was carried out by Beltaos and Andres
(2005) who examined a wave generated by the collapse of a winter ice cover (Peace River,
Alberta). In that study, rising-limb velocities and flows generated by a dynamic flow model
(Hicks 1996) were in satisfactory agreement with corresponding values obtained from the
RLAM.
As a further test of the RLAM, the model “River1d” (updated version of the Hicks model) was
applied to a hypothetical jam-release wave in a rectangular prismatic channel, by assuming the
initial conditions indicated in Fig. 9. The water surface profile approximates that which might be
caused by a 7 km jam, forming in a 120 km long reach of open water. Boundary conditions
consisted simply of: (a) flow = constant = 364 m3/s at the upstream end of the modelled reach, or 0
km; and (b) water level = constant = 82. 5 m at the downstream end of the modelled reach, or 120
km.
Four model-generated waveforms at different locations downstream of the jam were matched using
the RLAM, and a typical result is shown in Fig. 10. Corresponding flows are compared in Fig. 11
and shown to be close, though the analytical method over-predicts near the wave crest. As discussed
earlier, this is probably due to the frozen-wave approximation breaking down in the vicinity of the
crest. Nevertheless, the local discrepancy only amounts to 11%. The same type of comparison
applies to flow velocity, which is directly proportional to discharge. In the case of shear stress,
which is proportional to the square of velocity, the maximum discrepancy would amount to 22%.
By examining model-generated waveforms at successive stations, herein spaced at 1 km intervals, it
is possible to determine approximate point-values of celerity for the leading edge and peak stage,
and compare them with values indicated by the analytical method. The results of this operation are
summarized in Table 2 and, with one exception, seen to be in good agreement. In all cases, CL and
CP are between the applicable kinematic- and gravity-wave celerities, 6.41 and 2.18 m/s,
respectively.
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Fig. 9. Assumed initial conditions and water surface profile caused by an ice jam in an open-water
reach of a hypothetical channel
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Table 2. Analytical versus model-generated celerities
Waveform
location
(km below
toe of jam)

Wave
height
(m)

1
7
17
47

2.77
2.13
1.72
1.18

From RLAM
CL
(m/s)

CP
(m/s)

From numerical
model output
CL
CP
(m/s)
(m/s)

6.05
4.63
4.00
3.27

3.90
2.92
2.64
2.60

6.17
4.63
3.97
3.09

2.94
2.92
2.65
2.65

10. Concluding Remarks

Water waves and ice runs generated by the release of ice jams can result in loss of human life, in
damage or destruction of infrastructure, in devastation of private property, and in diverse impacts
on the biophysical environment. An ability to predict the characteristics and effects of ice-jam
release waves may lead to further development of strategies to reduce losses. Along many
Canadian rivers, changing climates will likely result in changes in the frequency and severity of
ice jams, and thus in the occurrence and nature of ice jam release waves.
Recent field studies have shown that the celerities of various components of the wave that is
produced upon release of an ice jam differ, with the celerity of the leading edge being greater

than the celerity of the wave peak, while the latter is greater than the celerity of the trailing edge.
Moreover, the data suggest that the wave slows down as it travels, so that the celerity of any one
component of the wave decreases with distance from the point of release.
The measured waves differ from idealized waves deriving from simplifying theoretical
hypotheses, such as small amplitude and linearization of the equations of motion, or neglect of
hydraulic resistance and channel slope. It is only very near the point of release, i.e. during the
very early phase of the wave propagation, that the wave celerity approaches that of the gravitytype of wave, which is the maximum celerity indicated by the small-amplitude theory. In this
early phase, the rising limb of the wave is very steep but still far from the step-like increase
predicted by the zero-resistance/slope theory.
To compensate for experimental difficulties associated with insitu measurement of flow velocity
and shear stress, the equations of motion can be used in conjunction with measured waveforms to
calculate such quantities along the rising limb of the wave. The resulting analytical method has
been successfully applied to a few field measurements, and provides useful insights on the
amplification of hydrodynamic wave characteristics as a function of time and distance traveled.
While direct corroboration of this approach is not possible at present, application to waveforms
generated by numerical models indicates agreement between analytical and model-generated
celerities and velocities.
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Appendix A. Limits to leading-edge celerity, CL

With reference to Eq. 1, it may be noted that, initially, both ∂y/∂t and (Sf – So) are nil. The arrival of
a wave causes them to take on non-zero, and most likely, positive values. This is self-evident in the
case of ∂y/∂t, but one cannot be certain about the sign of (Sf – So). The latter can be expressed as
⎡ ⎛ U ⎞ 2 ⎛ h ⎞ −4 / 3 ⎤
S f − So = So ( − 1) = So ⎢⎜
⎟ ⎜ ⎟ − 1⎥
So
⎢⎣⎝ U o ⎠ ⎝ ho ⎠
⎥⎦
Sf

[A.1]

which is based on the Manning resistance equation. In the vicinity of the leading edge, the rise in
water level and the increase in flow depth are both very small relative to their respective
unperturbed-flow values. Therefore, Eq. 2 reduces to:

⎛ C
⎞ε
U
≈ 1 + ⎜ L − 1⎟
Uo
⎝ aU o ⎠ ho

[A.2]

in which ε = h-ho, assumed to be much smaller than ho for a very small rise in water level.
Substituting Eq. A.2 in Eq. A.1 and neglecting terms involving powers of ε/ho higher than one, it
can be shown that

⎡ ⎛ C
⎞ 4⎤ ε
S f − So ≈ So ⎢ 2 ⎜ L − 1⎟ − ⎥
⎢⎣ ⎝ aU o ⎠ 3 ⎥⎦ ho

[A.3]

which will be positive for
CL >

5a
Uo
3

[A.4]

The RHS of Eq. A.4 can be identified as a generalized expression for the kinematic wave celerity.
For a rectangular channel, a = 1, and thence Eq. A.4 gives Ck = (5/3)Uo. Had the Chezy resistance
equation been used in place of the Manning equation, the numerical coefficient would have been 3/2
instead of 5/3. The measured waves that have been discussed in the preceding sections satisfy Eq.
A.4. Therefore, a positive rate of rise at the early phase of wave arrival (when U and h are
approximately equal to their unperturbed values) requires that
1− a

⎞
U o 2 CL 2 ⎛ (1 + a ) U o
+
− 1⎟ > 0
⎜
g ho g ho ⎝ CL
⎠

[A.5]

which, after taking the positive root of the resulting quadratic, reduces to:
CL <

1+ a
U o + gho + 0.25(1 − a) 2 U o 2
2

[A.6]

The RHS of Eq. A.6 can be identified as a generalized version of the gravity-wave celerity, which
for a rectangular channel reduces to the more familiar expression Cg = Uo+(gho)1/2. Under normal
conditions, therefore, Ck < CL < Cg. The same result is indicated by the linearized, small-amplitude
theory (Ponce and Simons 1977) and by the nonlinear finite-amplitude theory of the monoclinal
wave (Ferrick and Goodman 1998).
In the unlikely case that (Sf – So) is negative at the start of the wave, a positive rate of rise can still
occur, but the above conditions must be reversed, so that Ck > CL > Cg. This requires that

Uo
3
2a
≡ Fo >
gho
2a 5a − 3

[A.7]

in which Fo is the Froude number of the unperturbed flow. Because a is close (or equal) to 1, Eq.
A.7 points to supercritical initial conditions (e.g. Fo > 1.5 for a rectangular channel). This is highly
unlikely in ordinary rivers, and rendered even more improbable by the fact that jamming may not
even be possible when the flow velocity is very high.
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Abstract
In most northern temperate climate anchor ice is common during winter time
and plays a key role when considering in stream winter conditions. The
underlying mechanisms that form anchor ice and the effect of anchor ice on the
flow regime is not very well known for steep streams. This paper presents
results from studies on anchor ice development in two Norwegian rivers with
different hydraulic characteristics.
Two rivers in middle Norway have been selected as study sites. River Stavilla is
a small, steep unregulated stream with coarse substrate and river Orkla is a
larger river with lower gradient. River Orkla is regulated for hydro power and
thereby provides an unstable ice regime with frequent anchor ice episodes
during winter. In river Stavilla we found anchor ice dams as an important
mechanism for ice cover formation. The anchor ice dams formed in areas with
large substrate/shallow water and reduced the water velocity in the steep section
which trigged ice cover formation. In river Orkla anchor ice was produced at
several locations over the study reach linked to local hydraulic and
topographical conditions. The overall extent of the ice was controlled by
climatic conditions with large carpets forming both in riffles and runs during the
coldest nights. Most of the ice was released during mid day through the entire
study period. Both studies show that anchor ice can be extensive and an
important factor when analyzing ice formation, ice regime and flow conditions
in small and large streams and that it should be included in winter time instream flow analysis in rivers in cold climate.

1 Introduction
In northern countries dynamic ice formation may occur frequently during winter time with low
air temperatures and supercooled water (Kanavin, 1970). Dynamic ice formation in the form of
frazil and anchor ice is dependent on meteorological conditions, the river topography and local
flow conditions. Normally, anchor ice occurs in turbulent, shallow rapids with rough substrates,
but it can also appear in deep areas as noted by Ashton (1986) who observed anchor ice at a
depth of six meters in the Niagara River and twenty meters in the Neva River. Dynamic ice
formation may cause engineering difficulties (e.g. blocked water intakes, Michel (1971);
blockage/damage to hydropower installations, Freysteinsson and Benediktsson (1994); decreased
discharge, Arden and Wigle (1972); and increased stage, Tsang (1982) as well as environmental
challenges, Prowse (1994). In the last years there has also been a significant increase on general
winter studies on stream salmonids (e.g. Cunjak and Power, 1986; Cunjak, 1988; Heggenes et
al., 1993), traditionally from a biological perspective. In Norwegian rivers dynamic ice
production has been a topic since the early 1920’s instigated by serious ice problems caused by
river regulations for hydropower production.
Formation of subsurface ice is predominantly found in shallow steep rivers or river sections
when the water is supercooled (Tesaker, 1994). Supercooled water has been suggested to be
slight less than 0˚C (Tsang, 1982; Kempema et al., 2004) and usually not exceeding 0.1˚C
(Beltaos, 1995) although very few field measurements of the water temperature in such
conditions have been recorded. In steep locations rough substratum dominate due to high water
velocities and cause an increase in the turbulence level. Turbulence is a crucial factor through its
vertical transportation of supercooled water from the surface and down to the river bed (Tsang,
1982). In supercooled, turbulent water tiny ice particles with adhesive features are formed, by
definition, active frazil ice. In a study by Hirayama (1986) frazil ice appeared when the heat loss
rate was about 58.1 J/m2/s. In the same study frazil ice was observed in large amounts when the
heat loss rate was about 116.3 J/m2/s, which was considered low compared to previous studies.
As proposed by Hiryama et al. (2002) the result might be due to differences in turbulence level
and thereby differences in river characteristics. In regulated river systems dynamic ice
production is believed to be controlled by both the local climate and operational strategies
influencing river discharge (Kanavin, 1970), while in small, steep rivers the dynamic ice regime
is predominantly controlled by natural variations, although little knowledge exist in these
environments.
Anchor ice is mainly formed during cold, clear nights when the heat transportation from the
water surface reaches its maximum, and released during daytime due to increased short wave
radiation. In the study by Kerr et al. (2002) they found initial anchor ice growth when the
cumulative freezing-degree hour of the air temperature reached less than 50˚C 6 hr. In
supercooled water frazil ice is brought down to the river bed where it accumulates (Ashton,
1986), although it has also been suggested that anchor ice formation is triggered by direct
underwater nucleation when super cooled water comes in contact with supercooled substratum
(Ashton, 1986). Tesaker (1994) suggested a critical velocity of 0.6 m/s for dynamic ice
formation while Hiryama et al. (2002) refers to 0.7 – 0.9 m/s. Kerr et al. (2002) found in an
experimental set up in an indoor flume a critical water velocity of 0.25 m/s. In the same study
stability and shape of anchor ice was described by the non-dimensional Froude number. The
results showed that when Froude number was in the interval 0.2-0.5 “scales” and “tails” were

formed on the substrate while Froude number higher than 0.5 resulted in “ball” types. During
this experiment anchor ice was never observed to form below 0.4 to 0.5 ds from the top of
substratum. In a similar study by Doering et al. (2001) they found in an artificial flume
maximum anchor ice growth when the Froude number was 0.27.
The formation of anchor ice, particularly in natural rivers, has been scarcely described in the
literature, compared to studies on frazil ice formation. One of the earliest descriptions was made
by Devik, (1930) who fundamentally pointed out the recognition of the relationship between
supercooling and the formation of frazil ice in rapid flow, including a discussion of the formation
of anchor ice and its consequences for the ice conditions in rapids. Traditionally, research on
dynamic ice formation has focused on development and production of frazil ice in super cooled
water (Carstens, 1970; Day and Anderson, 1976; Tsang, 1982; Ashton, 1986; Shen, 1998) and
very little has been done on anchor ice formation (Tesaker, 1994). However, a few studies have
been conducted, mainly as experimental set ups in laboratories (Kerr et al., 2002; Doering et al.,
2001; Doering and Morris, 2003), but also as field experiments (Ke et al., 2000; Doering and
Morris, 2003). As noted by several authors (Prowse, 2001; Shen, 2003; Kempema et al., 2004;
Morse and Hicks, 2005) more knowledge on dynamic ice formation, especially on anchor ice
formation, is needed. In order to understand the processes behind anchor ice formation field
experiments will provide important knowledge. In the present field study anchor ice formation
and its trigging factors have been investigated in two different river characteristics during winter
2003 and 2004. Findings and observations from one large regulated river and one small, steep
river are discussed and presented.
2 Methods and study sites
In the present study observations from three field experiments have been collected from two
different rivers; River Orkla and River Stavilla, both located in middle part of Norway (Figure
1). In River Orkla two experiments was carried out during winter 2003 and 2005 where data on
meso scale (10 -100 m) and micro scale (0-10 m), respectively, was collected. In River Stavilla
one experiment during winter 2003/2004 was conducted where data on meso and micro scale
was collected.
Table 1: Table of physical features for River Orkla (regulated) and River Stavilla (unregulated, small, steep river).
Physical feature

River Orkla

River Stavilla

3 -1

Mean annual flow

71 m s

4.4 m3s-1

Average wetted width

45 m

9.15 m

Slope

0.5 %

1.6 %
2

3 -1

Surface area of the reach

11622 m (11 m s )

756 m2 (1.8 m3s-1)

Substratum, roughness (ks)

5.21 cm ± 4 SD

17 ± 7 SD

Study sites
River Orkla
River Orkla (63° 17’ N, 9° 50’ E) is a regulated river with a catchment’s area of about 3053 km2
and an annual average runoff of 71 m3s-1. It was first regulated in 1981, and today, five large
hydro power plants operate in the river system. The study site was located in the middle portion

Trondheim

Orkla site

Sokna site

of the river system approximately 10 km
downstream of nearest power plant
outlet. The site was 250 meter long and
ranged from 30 to 60 m in wetted width.
The selected reach is predominantly run,
pool and riffle with cobbles (mean
roughness ± SD defined as effective
height; 5.21 cm ± 4.0 SD) covering the
bed and boulders located along the
margins.
Data collection and physical conditions

During a twelve day study period from
19th of February to 2nd of March winter
2003 data on topography, ice
distribution,
hydraulic
and
meteorological conditions was collected.
Figure 1: Orkla and Sokna study sites
A climate station (Campbell Scientific)
was located on the study site recording net long and short wave radiation, humidity, temperature
and wind speed and direction. Based on this the open water energy balance was computed using
measured net radiation values and estimated sensible and latent heat fluxes by the Russian
Winter Equation and Bowens Ratio as outlined by Ashton (1986). Contribution of heat from
friction and ground conduction was neglected (Beltaos, 1995). No precipitation occurred during
the study period thereby eliminating the precipitation component of the energy balance. Six
thermographs (Vemco model Minilog TR, accuracy ± 0.1˚C) were placed upstream, in the
middle and in the downstream riffle section recording water temperatures in the surface and on
the bottom. In addition three Lakeland thermistors (accuracy ± 0.1˚C) chains were placed out on
same locations giving three transverse temperature profiles for the reach. Discharge was
monitored at the Syrstad gauging station located approximately 1 km upstream. Data on substrate
and bathymetry were collected using a total station (Leica TC 307). Distribution of surface and
anchor ice was mapped three times during the study period using the total station. Additionally,
visual observations were conducted every 6th hours related to 20 transects evenly spaced every
15 m along the river reach.
Water discharge (Figure 2) was stable high (mean ± SD, 21.1 m3s-1 ± 1.7 SD) during the first
three days of the experiment, then decreased to low flow conditions (11.1 m3s-1 ± 1.7 SD)
reducing the wetted area by 30 %. The discharge level was then maintained low throughout the
entire period except one day when water was released to prevent permanent ice build up
(February 28th). Maximum depth was 2 m (mean ± SD, 0.51 m ± 0.39 SD) on low flow and 2.4
m (mean ± SD, 0.75 ± 0.53 SD) on high flow. Water temperature ranged from -0.125 to 0.65˚C
(mean ± SD, 0.07˚C ± 0.15 SD) while air temperature ranged from 2.2˚C to -14.0˚C (mean ± SD,
-5.3˚C ± 3.5 SD) (Figure 3).
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Figure 2: Discharge (m3s-1) and air temperature during the study period 18th of February to 1st of March 2003.

During winter 2005 data on micro scale was collected using high accuracy equipment in three
predefined squares located in three different river sections; one in smooth glide section and two
in riffle section (Table 2). Ice formation (thickness and distribution) and substratum size (longest
and shortest axis) was collected using differential GPS (± 0.01 m). Effective roughness defined
as vertical distance (height) from substratum bottom to substratum surface was measured using a
similar technique as a slide caliper. Water temperature was measured using a high accuracy (±
0.002˚C) water temperature logger (SBE39, ITAS Instrumentation). Meteorological data was
obtained from the local power company (KVO) from a gauging station 1 km upstream.
Measurements of turbulence (measured as velocity fluctuations) were obtained using a Sontek
ADV (10 MHz, velocity range 250 m/s, measurement period 2 minutes) on three different water
depths; surface (defined as 10 cm below surface), middle (defined as 50 % of total depth) and
bottom (defined as 10 cm above the bed). The axis of measurement was aligned for each
measurement using fixed shore markers. Discharge was kept stable on 50 m3s-1 during all
measurements. Signal to Noise Ratio (SNR) for the measurements was 20.2 ± 7.7 SD. Data was
filtered using the Phase-Space algorithm (Goring and Nikora, 2002) implemented in the
WinADV program (Wahl, 2003), and velocity variables were calculated for each location. In the
lower riffle section vibrations in the instrument during measurements was observed and the
measurements were cancelled.
River Stavilla
The river Stavilla is located in central Norway (62° 55’ N 10° 15’ E) with a catchment area of
172.4 km2 and mean annual discharge of 4.4 m3s-1. The study site is located in the lower part of
the river where it meets tributary Igla form the Stavilla river. The site is 90 meters long with an
average wetted width of 6.8 – 11.5 meters. The average gradient is 1.6 %. The site is composed
of two different sections; a steep rapid section upstream (gradient 2.4%) and a gentler run
downstream (average gradient 0.5%). Bottom substrate has a mean size of 25 cm ± 15 SD and
mean roughness of 17 ± 7 SD. In addition several emergent boulders are found particularly in the
upper section.
The site was mapped by total station (LEICA TC307) during the autumn of 2003 and ice
measurements were carried out in the following winter. The water surface elevation was
measured along the entire reach to quantify the effect of ice formation on the water level in the
reach. Anchor ice was mapped for both location and thickness of the ice accumulation. The
border ice along the reach was mapped during the initial ice formation, and the ice cover

development was mapped several times during the winter. Air and water temperature data was
collected using Vemco temperature loggers.
Statistical analysis was conducted using Minitab v. 14.1 and SPSS v. 13.0 for Windows.
Assumptions of normality and homogeneity of variance were tested and, when these conditions
were violated, non parametric tests were used. Results were considered significant at the p = 0.05
α level and mean values are shown with their associated standard deviation (± SD).
3

Results

River Orkla; ice formation winter 2003:
Frazil ice production and anchor ice growth had a diurnal cycle; growth during night time and
cessation at daytime. Anchor ice formed every night except night 22nd of February where an
artificial ice break up occurred due to a decrease in water discharge from 22 to 11 m3s-1. Here, no
anchor ice formation was observed. During nights 27th and 28th of February and night 1st of
March extensive ice formation occurred (Figure 3) covering 93.3 % of both riffle and pool
section. Ice thickness up to 50 cm was observed. Air temperature dropped significantly during
the nights, with lowest temperature on night 1st of March (-14.0 ˚C). Supercooling occurred
every night (mean ± SD; -0.10 ± 0.02 SD) with minimum value of -0.125 ˚C on night 22nd of
February. Net heat flux reached its minimum during night time (mean ± SD; -107.8 W/m2 ±
20.5, min net heat flux = -144.3 W/m2) and maximum during day time (mean ± SD; 55.11 W/m2
± 141.6 SD, max net heat flux = 362.1 W/m2) (Figure 3). Cessation of anchor ice was observed
to occur between 10 a.m. and 13 a.m. Formation of anchor ice was observed from 9 p.m. Here,
the net heat flux ranged from -78.9 to -130.0 W/m2. Statistical tests showed a significant
difference (Mann-Whitney U-test, p = 0.000) between net heat flux during low and high degree
(defined as ice covered area on the bed) of anchor ice formation with lowest median net heat flux
(-132.6 W/m2) during high degree of anchor ice formation. Test on difference between degree of
anchor ice formation during high and low flow level showed no significant difference (MannWhitney U-test, p = 0.18).
During the experimental period one small anchor ice dam (50 cm high, 3 m wide) was
established at the upstream edge of the riffle part causing local alterations of the water flow. In a
deep pool (approximately 4 m deep, 40 m wide) at the downstream end of the study reach a
hanging dam was established increasing the water depth of 30 cm 150 m upstream and thereby
influencing the velocity field in the upstream riffle. In the riffle section anchor ice was observed
to form between the substratum and down into the bed, filling the space between boulders.
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Figure 3: Graphs on anchor ice coverage, water temperature and degree day factor (1 h) during the study period
winter 2003. In addition graph of net heat flux during cessation (positive values) and formation (negative values) of
anchor ice.

River Orkla; ice formation winter 2005
Mean roughness (mean ± SD) defined as effective height of the substrate in the two experimental
squares in the lower and upper riffle section was 10.0 cm ± 5.7 SD and 5.8 cm ± 5.1 SD,
respectively. Glide section had a mean roughness (mean ± SD) of 5.7 cm ± 3.2 SD. Average
mean depth in glide section was 38.5 cm ± 10.5 SD and 48.3 cm ±13.1 SD and 38.8 cm ± 9.2
SD, lower and upper riffle, respectively. Mean velocity was 24.2 cm/s (glide) and 55.0 cm/s
(upper riffle). No values were recorded for the lower riffle section due to vibrations in the tripod
carrying the velocity meter (visual observation). Turbulence level (represented by RMS [V’])
was measured as 9.9 cm/s and 37.2 cm/s for glide and riffle part, respectively (Figure 4). Froude
number was calculated as 0.11 for the glide and 0.30 for the riffle. As observed during the 2003
experiment anchor ice formed between the substrate and not only as a top layer. A high accuracy
temperature logger (± 0.002) showed supercooling during anchor ice formation (9 – 10 p.m.)
ranging from -0.004 to -0.08˚C (Figure 4).
Test on difference between the three experimental sites showed no significant difference in
substratum composition (Kruskal-Wallis test, d.f. = 2, p = 0.76), but a significant difference in
median depth (Kruskal-Wallis test, p = 0.001). Significant (Kruskal-Wallis test, p = 0.005)
higher degree of anchor ice formation (defined as thickness) were found in the three
experimental squares located in the riffle section and in the glide section. In the glide section

anchor ice distribution was only scattered on the bottom substrate (estimated 0.5 % of total area
ice covered) while in the riffle section had a uniform coverage of 97.2 and 99.2 %, respectively.
Table 2: Hydraulic features of the three experimental squares in River Orkla, winter 2005. Turbulence values are
based on surface measurements while velocity is from 50 % of depth.
Hydraulic parameter
Area (m2)
Substratum roughness (ks)
Depth (Yav)
Velocity (Uav)
Turbulence (RMS [V’])
Froude number (Fr)

Smooth glide
(upstream)
8.7
5.7 cm ± 3.2 SD
48.4 ± 13.12 SD
24.2 cm/s
9.9 cm/s
0.11

Riffle I
(mid section)
14.3
5.8 cm ± 5.1 SD
38.8 cm ± 9.2 SD
57.7 cm/s
37.2 cm/s
0.30

Riffle II
(downstream)
11.9
10.0 cm ± 5.7 SD
48.3 cm ±13.1 SD
-

0.5

97.2
10.9
20
0

99.2
3.9
7
0

Anchor ice data
Coverage (%)
Average ice thickness (cm)
Max ice thickness (cm)
Min ice thickness (cm)

3.6
12
0

-80

-2

0.08

0.04

-8
-10

0.02

Velocity (cm/s)

-40

-6

-20
0
20
40

-12

0.00

60

-14
-0.02

-0.04
sø 22

80
80

-16

60

-18
sø 22

ma 23

ma 23

Date
Water temperature
Air temperature

ma 23

ti 24

40

Velocity (cm/s)

Water temperature (deg C)

-60

-4

0.06

20
0
-20
-40
-60
-80
0

200

400

600

800

1000

1200

1400

Figure 4: Water and air temperature for Orkla study site during ice measurements in 2005 (left). Velocity
fluctuations around mean in upper section (upper right graph, average velocity 55 cm/s) and middle section (lower
right graph, average velocity 78 cm/s).

River Stavilla, ice formation
The first ice formation appeared in late October when border ice formed along the banks.
Following the first real cold period, five anchor ice dams formed in the reach (Figure 5 and
Figure 6). Further, smaller anchor ice aggregations occurred on larger substrate in the upper part

of the reach, and carpets of anchor ice covered the bottom in the lower part of the reach. The
anchor ice dams reached a thickness of 58 cm (mean 22 cm ± 13 SD).The formation of anchor
ice dams lead to a rise in water level at each location, with the most pronounced rise at the most
downstream area of the study site (Figure 5). The discharge at the time of ice formation was 1.8
m3s-1. A continuous ice cover formed on the pool upstream of the lower anchor ice dam while the
dams upstream eventually were drained. The edges of the upstream anchor ice dams froze and
formed permanent constrictions to the river channel that increased the border ice cover and
formed further anchor ice dams in the river. The narrowing of the river reach altered the flow
pattern and the velocity distribution within the channel
The initial formation of anchor ice occurred in areas with large bottom substrate/emergent
boulders and/or in areas with shallow water. Typically were areas where the river was narrower
and where substrate formed underwater sills in the river
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Figure 5: Change of water surf ace elevation in River Stavilla before (small, dashed line) and after (solid line)
anchor ice formation. Elevation of river bed is given as large, dashed line (lower line).Triangles shows position of
the anchor ice dams from downstream end.
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4 Discussion
According literature anchor ice formation has been related to predominantly occur during
supercooled water in locations with sufficient level of turbulence, i.e. rapids and riffles (e.g.
Carstens, 1970; Tesaker, 1971; Ashton, 1986). In the present study anchor ice formation in two
different river types, one regulated and one small, steep river has been studied. Results show that
the dynamic ice process itself varies dependent on the river characteristics.
The study reach in River Orkla are less steep (0.5 %) compared to River Stavilla (1.6 %), and has
a gentler flow pattern with a combination of riffle and pool areas. The pool areas will freeze over
and for the parts of the river that are not affected by the hydropower system a fixed cover may
form. The river Sokna is mostly composed of rapids and riffles with few areas where velocity
conditions permit a fixed ice cover. Therefore the ice formation regime is different from the river
Orkla using border ice and anchor ice dams to form the ice cover.
In River Orkla anchor ice followed a diurnal pattern with growth during night time and cessation
during daytime. In addition large quantities of frazil accumulated downstream in a deep pool
causing a hanging dam that frequently raised and lowered (due to drainage) the water level. Only
one, small (relative compared to the size of the study area) anchor ice dam was established, but
this had no effect on the ice formation in the reach. In River Stavilla anchor ice did not loosen
during daytime and several anchor ice dams were formed, predominantly upstream larger
boulders and on shallow underwater sills in the rapid section. Observations indicate that

formation of such dams is a crucial factor for further ice cover formation in small, steep rivers,
which corresponds with previous literature and observations (Kanavin, 1970; Tesaker, 1994).
Formation of an ice cover in a steep river must follow a different process than in a gentle sloping
river due to velocities above the limit for ice accumulation. The most common process is a
combination of border ice formation in shallow and slower flowing areas and anchor ice dams
that raises the water level and reduces the velocity so that an ice cover can form. These processes
were evident in the study reach in Stavilla, and the ice cover that eventually formed was to a high
degree controlled by the formation of anchor ice dams. Similar formation processes were also
seen in the river downstream of our study site where anchor dams of more than 1.5 meters in
height was observed. This process was repeated over several cold periods until a stable cover
formed. In a discussion on ecological effects of winter the increased variability in flow pattern
may be of important since anchor ice dams completely alter the upstream flow conditions and
that repeated drainage of the dams may create an unstable flow regime in the reach.
As noted by Kanavin (1970) dynamic ice production may increase in regulated rivers. In River
Orkla extensive anchor ice formation occurred during night time both in riffle and pool section.
In our study this occurred after a decrease in water discharge covering up to 99.2 % of the bed
with a maximum ice thickness of 50 cm. The decrease in water discharge seemed to stabilize the
water temperature at a lower level thereby increasing the cooling effect and may have
contributed to the extensive ice formation. However, no significant difference was found
between water flows and high and low degree of anchor ice formation, indicating that other
parameters may be more important.
Most previous research (Michel, 1971; Arden and Wigle, 1972; Tsang, 1982; Daly, 1991)
indicates that anchor ice formation starts hours after sunset. In a study by Kempema et al. (2004)
these assumptions were made in which midnight was assumed to be the starting time for growth.
In the present study in River Orkla anchor ice formation was observed initiated 2-3 hours after
sunset (8 to 9 p.m.). Here, net heat flux ranged from -78.9 to -130.0 W/m2 which is similar
compared to Hirayama (1986) who observed that a large amount of frazil appeared when the net
heat flux was -116.3. Anchor ice is also suggested to only remain attached to the river bed during
supercooled water and released when the sun is warming the water (e.g. Arden and Wigle, 1972;
Tsang, 1982). In River Orkla the anchor ice were not released until mid day (from 10 to 13 a.m.).
Although our observations during winter 2003 experiment showed that the water stayed
supercooled the accuracy of the temperature loggers have to be considered (± 0.1˚C). In River
Stavilla the ice was not released from the river bed during the whole day. Here, it has to be
considered that River Stavilla study site has only one and a half hour with sunlight during day
time due to its position in a steep forested valley. On the other hand small, steep rivers seem to
have a more extensive dynamic ice formation and higher degree of ice accumulation, relative to
its size. Also, when the established anchor ice dams in this river drained the remaining ice
borders froze and provided grounds for further ice development.
General discussions on anchor ice formation have been concerned with loose bindings and
formation on the upper part of the substrate. Kerr et al. (2002) made observations of anchor ice
laying on top of substrate, and similar observations were made by Roussel et al. (2004) in a study
on Atlantic salmon (Salmo salar). In the laboratory experiment by Kerr et al. (2002) they found
that anchor ice never formed lower than 0.4 to 0.5 ds of top of the gravel. In contrast, the
observations in both Stavilla and Orkla show that the ice may completely encapsulate the bottom
substrate and remove interstitial space. In River Stavilla it was also observed frozen ice on the

river bottom after a prolonged period with cold weather. Substrate size has also been discussed in
relation to anchor ice formation. Tsang (1982) states that anchor ice normally form on boulders
and gravel, but usually not on sand, silt or finer material. In River Orkla anchor ice growth
seemed not to be affected by the substrate size in the area, i.e. ice formation was observed both
on pebbles and cobbles. However, locations with sand or silt were never observed with anchor
ice which corresponds well with previous studies. In the experiment during winter 2005 no
significant difference on substrate size between the experimental sites was found, but it was
found a significant difference in anchor ice distribution. Further, a significant difference in depth
distribution was found and measurements of turbulence level near surface were different between
the riffle and the smooth, glide section. Mean velocity was also found to be different between the
sections. Earlier findings (Tesaker, 1994; Hiryama et al., 2002) have suggested a critical velocity
value of 0.6 to 0.9 m/s for initiation of dynamic ice formation. In our study anchor ice formed in
both low velocity (0.24 m/s) and in high velocity (0.58 m/s) fields, although the amount of ice
formed in the low velocity area was small. The results indicate that anchor ice formation may
not be determined by velocity or substrate alone, but is dependent on the amount of vertical
mixing (turbulence), which seems to be a general statement in the literature. This could again be
attributed to slope, depth and bed roughness in the river reach for a simple relationship between
anchor ice formation and physical parameters in the river.
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ABSTRACT
Field observations indicate ice covers significantly affect sediment transport
processes in rivers, especially scour at bridge piers. To establish the sensitivity of various
parameters affecting sediment transport processes under ice, twenty tests were conducted
in a refrigerated flume at the United States Army Corps of Engineers Cold Regions
Research and Engineering Laboratory. All tests were conducted using a 5.08-cmdiameter circular bridge pier and sand with d50 = 0.13 mm with various discharges. Flow
velocities were selected to focus primarily on clear-water scour using both smooth and
rough simulated ice covers for three surface conditions: open water, floating cover where
the ice was free to respond to changes in water level, and a fixed cover simulating ice
frozen to the pier and banks with a hydrostatic head created by an upstream ice jam.
The cover roughness and pressure flow condition both alter velocity distribution and
caused live-bed scour even when the mean flow velocity, Vavg, was less than the critical
velocity for bed movement, Vc. The combination of increased cover roughness and
pressure flow resulted in the largest scour depth. This paper presents a summary of the
field investigations and laboratory experiments, and discusses both the velocity
distributions and shear stress analysis.

1. Introduction
The influence of an ice cover on a channel involves complex interactions among the ice
cover, ice roughness, fluid flow, sediment, bed geometry, water depth, and channel geometry. This
complex interaction can have a dramatic effect on sediment transport process and channel
development, especially in narrow rivers. The extent of the ice cover’s rigid influence is defined
using the characteristic length, l, which is primarily a function of the ice cover thickness. For
freshwater ice and a short-term, elastic load, the characteristic length is defined by 16h3/4, where
h is the ice thickness (Gold, 1971). The ice cover’s rigid influence is known as the radius of
influence and is approximately four to five times the characteristic length (Nevel, 1978). For
example, 50-cm-thick ice has a corresponding l of 9.5 m, and the radius of influence from a pier
or shoreline is 47.5 m. If the river is less than 95 m wide, the ice cover will be constrained from
responding to changes in water levels. Restraining the ice cover may cause a condition akin to
pressure flow, especially when the ratio between the unrestrained length (defined as the distance
between shores or bridge piers and shores) and 10l decreases. In these cases, the river bed may
experience ice-induced scour.
When the ice cover is frozen to the riverbanks and bridge piers, it restrains the cover from
freely responding to changes in discharge conditions. The ice cover forms at the stage
corresponding to the freeze-up discharge, defining the surface elevation and subsequently the
flow area for the remainder of the winter. Any increase in the discharge above this freeze-up
datum has to be accommodated by an increase in velocity. An ice cover approximately doubles
the wetted perimeter of the river, adding to the flow resistance. Conveying a similar open-water
discharge under the ice cover requires an increase in stage, mean velocity, or both.
For shallow rivers with thick ice, the change in discharge required to trigger break-up
maybe an order of magnitude greater than the freeze-up discharge. A rule of thumb is that the
corresponding open water stage has to increase two to four times the ice thickness to initiate
break-up of the ice cover (Donchenko, 1975). Furthermore, if the discharge is above the freezeup datum, but below the break-up threshold, the bed will continue to erode to restore the balance
between the shear stress and the erodibility of the bed material. Roughness on the underside of
the ice also has a role in the scour process.
Although ice impacts on sediment transport can be significant in cold regions, the effect
of a fixed ice cover has yet to be considered in scour and sediment transport processes.
2. Revised Bridge Scour Model
The scour process and resulting scour hole depth are a function of several factors that can
be grouped into four major categories: flow, bed sediment, bridge geometry, and time. As
defined by Melville and Coleman (2000), the functional relationship between the depth of scour,
ds, and its dependent parameters is
ds = f [Flow (ρ, ν, V, y, G, g), bed sediment (d50, σg, ρs, Vc),
bridge geometry (B, Sh, Al), time (t)]
where
ρ = fluid density
ν = fluid viscosity
V = mean approach flow velocity
y = flow depth

[1]

G = parameter describing effects of lateral distribution of flow in the approach
channel
g = acceleration due to gravity
d50 = median size of sediment
σg = geometric standard deviation of sediment particle size distribution
ρs = sediment density
Vc = critical mean approach flow velocity for entrainment of bed sediment
B = foundation width = b = pier width
Sh = shape factor
Al = alignment factor
t = time
To simplify the analysis, assume a constant relative density of sediment and the absence
of viscous effects, which is typical for high Reynolds number flows.
Eq (1) can then be non-dimensionalized and expressed as (Melville and Coleman, 2000)

ds
V y b
Vt V
= f( , ,
, σ g , Sh, Al , G, ,
)
[2]
b
Vc b d 50
b
gb
In addition to the increased wetted perimeter and boundary roughness, the fixed ice cover
condition introduces a pressure flow condition. The increase in resistance cannot cause an
increase in flow depth in the vicinity of the pier since the ice cover fixes the water surface
elevation for some distance, Lc, upstream. To account for the pressure condition and the length
of the fixed cover, two parameters, the difference between the approach depth (ya) and depth
under the fixed cover (y), yh, and the length of fixed cover, Lc, must be included in Eq (1). Eq (1)
is modified to yield Eq (3):
ds = f [Flow (ρ, ν, V, y, G, g, yh), bed sediment (d50, σg, ρs, Vc, kbed),
bridge geometry (B, Sh, Al), time (t), cover (kcover, Lc)]

[3]

Eq (2) can be modified to include a relative depth term, yh/y, and a relative length-to-depth-ratio
term, Lc/y, included in Eq (4):
ds
Vt V kcover yh Lc
V y b
= f( , ,
, σ g , Sh, Al , G, ,
,
, , )
b
Vc b d 50
b
gb k bed y y

[4]

These terms provide a way to quantify the effect of the pressure head and extent of the fixed ice
cover condition. The effect of pressure head was evaluated in this study. The effect of the fixed
ice cover length upstream was not investigated in this study and was mitigated by extending the
fixed cover far enough upstream to ensure uniform flow conditions approaching the pier. The
effect of the extent of the ice cover remains a future research effort.
3. Field Investigations
The investigation into scour under ice was triggered by the collapse of a bridge over the
White River in White River Junction, Vermont. During its service life the bridge survived more
dramatic ice and flood events than the one that led to the failure of the pile foundation. The
anecdotal evidence indicated that the foundation had deteriorated because of multiple bridge pier

scour cycles (Zabilansky, 1996). The first step to correlate the hydraulic and ice conditions with
the scour process required the development of a robust real-time scour monitor that could operate
in ice-covered rivers. The resulting instrumentation developed at CRREL utilized Time Domain
Reflectometry (TDR) technology (Zabilansky and Yankielun, 2000). Three TDRs were installed
upstream of a bridge pier in the White River. These measurements were augmented with the
hydraulic, meteorological data and visual documentation of the ice conditions. Several years of
measurements demonstrated the dramatic effect an ice cover has on sediment processes,
especially during the rising limb of the break-up hydrograph.
The unique TDR instruments were incorporated into two additional projects to monitor
sediment transport process during the winter: the Missouri River in eastern Montana and the
Mississippi River near Rock Island, Illinois. Zabilansky (2002) summarized the observations
from the three case studies, which help define the following test parameters and provided
validation data for the flume study described below. Moreover, preliminary findings from an
ongoing study indicate that scour under ice was a contributing factor in the collapse of the I-90
Bridge over the Schoharie Creek on April 5, 1987.
4. Experimental Study

This investigation was designed primarily as a sensitivity analysis to determine the effects of
two critical parameters on the sediment transport process: pressure flow and ice cover roughness.
Pressure flow is assumed to occur when the ice cover is fixed. The depth of scour around a model
cylindrical bridge pier and the velocity profiles were used to assess the influence of these parameters.
All tests were designed to be in the clear-water scour regime, where the mean velocity, Vavg, was less
than critical velocity, Vc, defined as the
TABLE 1. Test conditions.
threshold for general bed movement. Table 1
Number
Cover
Relative Cover
lists the general testing conditions in terms of
of Tests
Condition
Roughness
the cover condition and relative cover rough6
Open
Water/
N/A
ness for the twenty tests that were conducted.
Free Surface
The apparatus used in this study is
5
Floating
Smooth
the recirculating tilting bed flume, housed
1
Floating
Rough
in a coldroom in the Ice Engineering
6
Fixed
Smooth
Facility at CRREL. The flume is 36.58 m
2
Fixed
Rough
long, 1.22 m wide, and 0.61 m deep and
can be tilted from a +1° to a –2° slope. To
avoid experimental effects caused by variations in thermally grown ice covers, simulated ice
with stable engineering properties was used, rather than an ice cover created using the room’s
refrigeration system. The water temperature was maintained at 1.6°C to obtain values of density
and viscosity typical of an ice-covered channel. Downstream of the entrance transition section,
the flume was filled to a depth of 19.05 cm with uniform sand, with a median grain diameter of
0.13 mm and a sediment uniformity coefficient of 1.41. The ice cover was simulated using
Styrofoam insulation panels, with the natural finish used as the smooth cover (with an estimated
Manning’s n of approximately 0.010). For the rough cover, a geotextile open mat (Enkamat,
manufactured by Maccaferri) was attached to the Styrofoam. Manning’s n for the rough cover is
reported as 0.0303 (Maccaferri, 2002).
For the fixed cover tests, the simulated ice was fixed vertically for 15.24 m around the
pier (12.19 m upstream to 3.05 m downstream) to maintain a water depth of 22.86 cm. To

simulate an upstream ice jam that creates a hydrostatic head under the fixed cover section, an
11.58-m-long transition section was extended immediately upstream of the fixed cover. The
simulated ice in the transition section followed a linear slope from the fixed elevation to the
hydrostatic head elevation.
5. Velocity Distribution Analysis

Velocity measurements were taken 3.66 m upstream of the pier on the centerline and at
locations 25.5 cm left and right of the centerline. The vertical velocity profiles were taken using
a two-dimensional Acoustic Doppler Velocimeter (ADV) with a 1-s sample rate for two minutes
at 1-cm increments between the bed and the water surface or underside of the cover. A complete
description of the experimental set-up and procedure can be found in Hains and Zabilansky
(2004) and Hains (2004).
The analyses were conducted by normalizing the average velocity by the critical velocity,
which for this sediment is 27.43 cm/s. The majority of tests were conducted at a relative velocity
of 0.8589, and it is at this relative velocity that the effects of the different cover and pressure
conditions can be most readily identified. A discussion of the full test series can be found in
Hains (2004).
The effects of ice cover roughness on the velocity profile are evident in Figure 1. As
expected, the open water profile is logarithmic. For the floating smooth cover, the profile is
gradual, with the maximum velocity approximately at the mid-depth, indicating that the
roughness of the Styrofoam and bed are similar. For the floating rough cover, the maximum
velocity is also at mid-depth but is about 20% greater than the smooth ice profile. The steeper
velocity gradient is responsible for the live-bed scour that was observed under the rough floating
cover. The effects of the pressurized flow condition are not significant when the smooth ice
cover is fixed (Fig. 2). Here, the depth of flow on the ordinate axis has been non-dimensionalized
to allow comparisons between tests with different depths of flow.
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FIGURE 1. Velocity profiles for open water and floating smooth and rough ice covers. Vavg
= 23.56 cm/s, Vavg/Vc = 0.8589.
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FIGURE 2. Velocity profiles for open water and floating and fixed smooth ice covers with
hydrostatic heads of 7.6 and 15.2 cm. Vavg = 23.56 cm/s, Vavg/Vc = 0.8589.
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FIGURE 3. Velocity profiles for open water and fixed smooth and rough ice covers with
hydrostatic heads of 7.6 and 15.2 cm. Vavg = 23.56 cm/s, Vavg/Vc = 0.8589.

More significant changes in the velocity profile are observed with a fixed rough cover
(Fig. 3). The maximum velocity for the fixed cover with the pressurized condition was higher
than for the floating cover condition. For the smooth fixed cover tests, the velocity profile was
nearly symmetrical about the mid-depth. The velocity profile for the rough fixed cover test
shifted dramatically towards the bed, the smoother of the two boundaries. The steeper velocity
gradient near the bed and the associated increased shear stresses along the bed resulted in livebed scour.
The velocity profile shift toward the smooth cover is more pronounced when the relative
velocity is increased to 0.9278, and it is especially pronounced for the higher pressure head (Fig.
4). Moreover, at this relative velocity, the maximum velocity for both pressurized tests was
greater than those of the floating cover tests. The live-bed scour that occurred under these test
conditions is likely a result of the greater maximum velocity.
Theoretically, Vavg/Vc must be greater than one for live-bed scour to occur for the open
water condition. However, these test results indicate that, although the average velocity may be
an acceptable indicator for the type of scour (clear-water versus live-bed) for open water
conditions, it is not acceptable for ice-covered water, especially when a pressurized or rough
cover exists. Figure 5 demonstrates this point with the velocity profiles for the floating and fixed
rough covers. As the hydrostatic pressure increases from zero in the floating condition to 15.2
cm in the fixed condition, the velocity profile shifts towards the smoother boundary. This profile
shift will subject the bed to higher shear stresses and accelerated scour.
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FIGURE 4. Velocity profiles for open water and floating smooth and fixed smooth ice covers
with hydrostatic heads of 7.6 and 15.2 cm. Vavg = 25.48 cm/s, Vavg/Vc = 0.9278.
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FIGURE 5. Velocity profiles for open water and restrained smooth and rough ice covers
with hydrostatic heads of 7.6 and 15.2 cm. Vavg = 23.56 cm/s (0.773 fps), Vavg/Vc = 0.8589.

6. Shear Stress Analysis

Although critical average velocity is often used to characterize the type of channel scour,
a more fundamental approach is to examine the shear stress which is directly used to quantify
resistance to motion. When the critical shear stress of sediment particles on the bed is exceeded,
particles move. Shear stress is a measure of the resistance to flow and, when determined
upstream of a bridge pier, may be used as an indicator for the depth of scour at the pier. This
section presents the analysis of the shear stresses on the bed and on the cover as determined from
the velocity profiles 3.66 m upstream of the bridge pier.
With a median sediment size, d50 = 0.13 mm and water at 35° F, the Shield’s diagram
yields a boundary Reynolds number of 1.3 at critical conditions defined as incipient motion.
Based on the definition of boundary Reynolds number in Eq. 5,

R* =

U *d

ν

[5]

where

U* = shear velocity
ν = fluid viscosity
d = characteristic length = d50 = median size of sediment
the critical shear velocity is 0.016 m/s. The shear velocity is related to average shear stress by
Eq. 6.

τo
ρ

[6]

τ o = ρU *2

[7]

U* =
Thus,

At 35° F, the density of clear water is 1.0004 x 103 kg/m3 and the critical shear stress is 0.2561
N/m2.
In the vicinity of the boundary, it was assumed that the velocity distributions followed the
logarithmic law of the wall (Tatinclaux and Gogus 1983). For a smooth boundary,

V ( z ) 1 ⎛ 9U * z ⎞
= ln⎜
⎟
κ ⎝ ν ⎠
U*

[8]

V ( z ) 1 ⎛ 30 z ⎞
= ln⎜
⎟
U*
κ ⎝ ν ⎠

[9]

and for a rough boundary,

where κ is von Karman’s constant which is assumed to be 0.4 for clear water. Since the
boundary Reynolds number is less than 5, the bed can be considered hydraulically smooth. For a
hydraulically smooth boundary, the boundary layer includes a viscous sublayer.
A linear regression analysis of the measured velocity, V(z) versus the ln z yielded the
shear velocity from the slope of the regression line. More specifically, the slope of the
regression line is U* / κ. Although the no slip condition, V(0) = 0, is assumed at the boundary,
this is mathematically impossible for the assumed logarithmic profiles since the logarithm is
singular at zero. For the smooth bed boundary, the best-fit of the measured and calculated
velocity profiles occurred when the z-origin was 0.0015 cm which is an order of magnitude less
than the d50 of the sediment on the bed (0.013 cm). The same z-origin was also found to be the
best-fit for the smooth cover which further indicates that the smooth cover and bed exhibit
similar roughness characteristics. Hains (2004) contains the complete shear stress analysis for
the bed and smooth cover.
For the rough boundary, the actual origin of the z-ordinate cannot be assumed to be close
to boundary and must be determined by experimentation or by optimizing the correlation
coefficient in the regression analysis (Tatinclaux and Gogus 1983). Gogus (1980) noted that the
z-origin was located at approximately the average roughness height of the model cover. The
Enkamat© geotextile used for the rough cover tests was approximately 10 mm thick. From the
regression analysis, the z-origin for the rough covers varied from 0.5 cm to 0.8 cm which is
within the thickness of the Enkamat ©. Also, for the rough covers, the equivalent sand grain
roughness, ks, can be determined from the intercept of the linear regression. Hains (2004) also
contains the shear stress analysis performed for the rough covers.
For the open water tests, a majority of the velocity profile points were used in the linear
regression. For the covered tests, the flow was divided into two regions at roughly the location
of the maximum velocity. The bed region was analyzed in the same manner as in the open water
tests; whereas, the velocity profile was inverted to examine the shear stress on the cover. Figure
6 is a definition sketch of the two regions.

z
Cover Region
Vmax
yv_max
z

Bed Region

FIGURE 6. A General Shear Stress Analysis Definition Sketch.

Lau (1982) noted that the velocity profiles under floating covers deviate from the
logarithmic distribution for about 40% of the flow depth. The velocity is less than that given by
the logarithmic profile for approximately the 40% of the profile near the location of the
maximum velocity (Lau 1982). Consequently, for the regression analysis of the covered flows,
approximately the lower 30% of profile was used for the bed shear stress analysis and the upper

30% used for the cover shear stress analysis. Finally, since the boundary interfered with the
velocity measurement near the boundary, the closest two points to the boundary were not used in
the regression analysis. This gave a much better fit of the data.
Table 2 lists the test series notation and Table 3 lists the computed bed shear stress and
other data from the linear regression analysis of the velocity profiles.
Notation
A
B
R
C
XR

TABLE 2. Test Series Notation
Cover Condition
Relative Cover
Roughness
Open Water/Free Surface
N/A
Floating
Smooth
Floating
Rough
Fixed
Smooth
Fixed
Rough

TABLE 3. Bed Shear Stress Results.
ds
U*
τ
Test
[cm]
Slope
[cm/sec]
[N/m^2]
V = 0.650 fps, Vavg/Vc = 0.7222
A5
6.826
2.3448
0.9379
0.0880
B3
6.985
2.6038
1.0415
0.1085
V = 0.700 fps, Vavg/Vc = 0.7777
A6
7.144
2.6168
1.0467
0.1096
B5
8.255
2.8418
1.1367
0.1293
V = 0.735 fps, Vavg/Vc = 0.8167
A3
6.826
2.7342
1.0937
0.1197
B1
8.255
2.8351
1.1340
0.1287
C1
7.938
2.8253
1.1301
0.1278
C4
7.938
2.6947
1.0779
0.1162
V = 0.773 fps, Vavg/Vc = 0.8589
A2
8.096
2.9558
1.1823
0.1398
B2
8.255
3.1695
1.2678
0.1608
R1*
7.620
3.2730
1.3092
0.1715
C5
8.255
2.9800
1.1920
0.1421
C6
8.096
2.8760
1.1504
0.1324
XR1*
7.303
3.6280
1.4512
0.2107
XR2*
8.414
3.4487
1.3795
0.1904
V = 0.836 fps, Vavg/Vc = 0.9278
A4
8.414
3.0382
1.2153
0.1477
B4
8.573
3.2361
1.2944
0.1676
C2*
8.255
3.2803
1.3121
0.1722
C3*
7.303
2.8328
1.1331
0.1284
* Denotes live-bed scour

r2
0.9826
0.9977
0.9951
0.9953
0.9970
0.9968
0.9963
0.9950
0.9984
0.9997
0.9169
0.9914
0.9951
0.9988
0.9786
0.9967
0.9993
0.9950
0.9796

As the relative velocity increases, the bed shear stress increases. For each relative
velocity value, the bed shear stress under the floating cover was greater than that under the open
water condition. The depth of scour under the floating cover condition was also greater than that
under the open water condition. For the smooth cover, the bed shear stresses were less than that
under the floating cover and decreased with an increase in pressure head. The depths of scour
follow a similar trend.
Although the shear stress analysis was performed for the live-bed scour, these values are
approximate and only account for the surface resistance. The dunes that are indicative of livebed scour provide additional form resistance. By definition, in live-bed scour, the shear stress on
the bed must exceed the critical shear stress. The correlation coefficients for the linear
regression on these profiles are much lower than those of the clear-water scour tests. Therefore,
the z-origin must be increased for these tests resulting in a much steeper slope and larger shear
stress. However, with a larger z-origin, the assumed velocity profile is no longer valid.
Consequently, the only definitive conclusion for the shear stress analysis for the live-bed scour
test is that the critical shear stress was exceeded.
Table 4 lists the shear stress on the underside of the simulated ice cover and computed
data from the linear regression of the velocity profiles in the cover flow region.
TABLE 4. Cover Shear Stress Results.
ds
U*
τ
Test
[cm]
Slope
[cm/sec]
[N/m^2]
V = 0.650 fps, Vavg/Vc = 0.7222
B3
6.985
2.5401
1.0160
0.1033
V = 0.700 fps, Vavg/Vc = 0.7777
B5
8.255
2.7946
1.1178
0.1250
V = 0.735 fps, Vavg/Vc = 0.8167
B1
8.255
2.7910
1.1164
0.1247
C1
7.938
2.8196
1.1278
0.1273
C4
7.938
2.7590
1.1036
0.1218
V = 0.773 fps, Vavg/Vc = 0.8589
B2
8.255
3.0521
1.2208
0.1491
R1**
7.620
11.1850
4.4740
2.0025
C5
8.255
2.9574
1.1830
0.1400
C6
8.096
2.8788
1.1515
0.1327
XR1**
7.303
10.8480
4.3392
1.8836
XR2**
8.414
10.6120
4.2448
1.8026
V = 0.836 fps, Vavg/Vc = 0.9278
B4
8.573
3.1779
1.2712
0.1616
C2*
8.255
3.2721
1.3088
0.1714
C3*
7.303
3.3489
1.3396
0.1795
* Denotes live-bed scour
** Denotes live-bed scour and rough cover

r2
0.9938
0.9934
0.9972
0.9954
0.9919
0.9918
0.9970
0.9941
0.9959
0.9940
0.9923
0.9948
0.9972
0.9853

As the relative velocity increases, the shear stress on the underside of the cover increases.
However, as the pressure head is increased, the shear stress on the underside of the smooth
covers decreases slightly for a relative velocity of 0.8167 and 0.8589. For a relative velocity of

0.9278, the shear stress on the underside of the cover increased when the pressure head was
increased and at this relative velocity, the shear stress on the underside of the cover was greater
under the pressurized flow condition than that under the floating cover.
For the rough cover, in addition to determining the shear stress on the underside of the
cover, the equivalent sand grain roughness, ks, of the cover can be calculated from the intercept,
y’, of the linear regression analysis of the velocity profile according to the equation (Gogus
1980):
0.4 y '
ln k s = −
+ ln 30
[10]
U*

With ks, an approximate Manning’s n for the rough cover can be calculated from Strickler’s
equation (Chow 1959):
1

n = 0.0342k s 6

[11]

where ks is in feet. Table 5 lists the z-origin, intercept (y’), equivalent sand grain roughness (ks),
and Manning’s n for each of the rough cover tests.
TABLE 5. Rough Cover Roughness Analysis.
Test z-origin
y’
ks
Manning’s n
[cm]
[cm/sec] [cm]
R1
0.50
8.2494 14.35
0.030
XR1
0.65
3.9007 20.94
0.032
XR2
0.80
3.2853 26.72
0.034

The ks values are quite large, and in the case of XR2, greater than the 22.86 cm depth of
flow under the cover. However, these results are consistent with the smooth bed and cover tests
conducted by Gogus (1980) in his study of flow between two boundaries of unequal roughness.
The rough cover in Gogus’ (1980) tests consisted of plastic blocks randomly distributed over a
molten paraffin base on sheet-metal panels. The average roughness height of the rough cover in
Gogus’ tests was 10 mm, similar to the Enkamat© geotextile. In this study, the calculated values
of ks exceeded the depth of flow for the rough cover and smooth bed tests. Gogus (1980) noted
that “the equivalent sand grain roughness is one order of magnitude greater than the actual
roughness height, in accordance with the results of previous experiments on surfaces with large,
irregular, randomly distributed roughness elements.” Further, Chow (1959) states that
It should be noted that the roughness height is merely a measure of the linear dimension
of the roughness elements but is not necessarily equal to the actual, or even an average,
height. For example, two roughness elements may have different linear dimensions, but
owing to the difference in shape and orientation, they may produce identical roughness
effect, and thus, their roughnesses will be designated by the same roughness height.
Finally, the Manning’s n values in the table are consistent with the Manning’s n value of 0.0303
reported by Maccaferri Engineering for the Enkamat© geotextile.

7. Conclusion

The field observations and flume study indicate that river ice is an active participant in
the scour and sediment transport process in cold regions. The roughness of the ice cover and the
pressurized flow condition strongly influences the velocity distribution of the flow and must be
considered in the analysis of scour and sediment transport in ice-covered rivers. Under the
influence of a rough cover and pressurized flow, the velocity profiles shift toward the smoother
boundary. When the underside of the ice cover is rougher than the bed, the velocity profile shift
causes live-bed scour at average velocities less than the critical velocity. If the ice cover forms
from dynamic processes, typical of steep, narrow rivers in cold regions, the bottom surface of the
ice may be rougher than the bed. When the discharge increases above the freezeup datum, the
pressurized flow condition, combined with the rough underside of the ice, will cause the
maximum velocity in the flow to both increase and shift closer to the bed. The result will be
increased shear stresses on the bed, increased bed erosion and greater depths of scour at bridge
piers.
Clearly additional research is required to quantify effects of pressure and roughness on
the velocity profiles, shear stresses, bed erosion, scour at bridge piers and sediment transport.
The complex nature of the ice, flow, and sediment interaction requires a laboratory flume study
to further characterize the effects of the pressure and roughness of the ice cover.
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Ice consolidations during freeze-up on the Peace River (Alberta) can produce
local flooding due to either the attendant surge of ice and water or the resulting
over-thickened ice accumulation. These consolidation events occur very quickly,
they affect the ice cover over a relatively short domain of the river, but produce
steep waves that are felt a long distance downstream. The available evidence
suggests a link between certain types of consolidation with sharp temperature
increases. Although the impacts of such events have been measured, there is
limited knowledge of how they are initiated, and of the hydrodynamic
characteristics and ice-breaking capacity of the resulting waves. The issue of
climate change and variability underscores the need for improved understanding
of consolidation-generated waves.
In 2000-01, a consolidation event was detected on the Peace River between
Dunvegan and the Town of Peace River. The response of the Dunvegan gauge
upstream of the consolidation provided an indication of the rate at which the ice
cover collapsed, and three gauges downstream of the consolidation measured the
resulting water wave. Using a recently-developed analytical method that is based
on the one-dimensional equations of motion, flow velocity, discharge, and
boundary shear stress were determined for the waveform. These values are in
agreement with earlier estimates that were obtained via numerical modelling.
Using the calculated shear stress values, the capacity of the wave to dislodge the
solid-ice cover is examined within the context of the existing criteria of breakup
initiation. The resulting inferences compare favourably to observations.

1. Introduction
The stability of an ice cover on regulated rivers in Canada is one of the major operational
constraints to winter generation of hydroelectric power (Wigle et al., 1990). Hydropower
production typically leads to an increase in discharge at freeze-up, often resulting in a more
dynamic freeze-up than would occur naturally. In western Canada, this is an issue at least on the
Bow, North Saskatchewan, Peace, and Nechako Rivers. Observations indicate that consolidation
events, which comprise the collapse and thickening of a newly formed ice cover, cause some of
the highest winter water levels. These consolidation processes are most evident on the Peace
River, where regulation has had the most dramatic effect on winter flows – discharges at freezeup have been increased by about 400%, relative to the pre-regulated condition.
Neill and Andres (1984) documented one significant consolidation event that occurred on the
Peace River in 1981 when almost 100 km of newly-formed ice cover collapsed into about 40 km
of rubble, raising water levels at the Town of Peace River (TPR) to near-record levels. Their
analysis showed that the stage increase at the town was due to an increase in the thickness of the
ice cover and to the effects of a water wave that was abruptly released from channel storage
during the collapse. While the effects of the wave were short lived, the effects of the thicker ice
cover persisted for the entire winter.
More recently, Andres et al. (2003) described a Peace-River collapse event that took place near
Dunvegan on February 27, 2001, at ~ 1930 h. A rise in mean daily air temperature, from
–23.6°C on February 25 to –3.0°C on February 27 preceded the collapse. About 27 km of ice
cover was consolidated into some 13 km of rubble. After the collapse, the head of the ice cover
was located at km 923, and the toe of the now thickened accumulation was located at km 910, or
about 9 km upstream of the gauge at Elk Island (Fig.1).
Andres et al. (2003) pointed out that there is little quantitative information in the literature about
this phenomenon. They suggested that to quantify the effects of a consolidation and to forecast
the likelihood and the outcome of its occurrence requires a thorough understanding of: (a)
triggering of the event; (b) release of water upon collapse of the ice cover; (c) hydrodynamic
characteristics of the water wave as it advances ahead of the moving ice; (d) downstream
translation and thickening of the ice cover; and (e) eventual arrest of the moving rubble against
the solid ice cover downstream. One of the simpler of the above issues, the pattern of water
release from storage was addressed by Andres et al. (2003) who inferred the outflow hydrograph
that was generated by the consolidation event, based on measured water waves at three gauge
sites downstream of the consolidation reach. The authors also noted that the original ice cover
downstream of the re-formed accumulation remained largely intact (Fig. 1), despite being
subjected to relatively large shear stresses and water-level increases of up to four times the
thickness of the thermal (solid) ice in the accumulation.
Herein, a recently-developed analytical method is utilized to (a) deduce important hydraulic
characteristics of the measured waveforms, such as peak discharge, flow velocity, and shear
stress; (b) compare the results with corresponding values deduced by Andres et al. (2003) using
numerical modelling; and (c) use these findings to examine the capacity of the water wave to
dislodge the solid-ice cover, within the context of physically-based criteria of breakup initiation.

Figure 1. Study area showing gauge locations and ice front locations (TPR = Town of Peace
River; PRCC = Peace River Correctional Centre). From Andres et al. (2003).

2. Background Information
As described by Andres et al. (2003), the collapse began at ~ 1930 h on Feb 27, 2001, after the
newly-formed ice cover had advanced upstream to within a few kilometres of Dunvegan, and
lasted for ~ 6 hours. The resulting consolidation compressed 27 km of the original ice cover into
13 km of a thickened ice accumulation (Fig. 1). The pre-collapse discharge is estimated as
1600 m3/s, based on known releases at the Bennett Dam located some 300 km above Dunvegan,
and approximate inflows in the intervening reach of the river.
Andres et al. (2003) used the unsteady flow model CDG1D (Hicks, 1996) to simulate the water
levels measured at the three gauges shown in Fig. 1, all located downstream of the collapse and
consolidation reach. Although this model was not developed to be used for situations with an ice
cover, a pseudo ice-covered condition was simulated by adjusting the open-water roughness to
represent the composite roughness of both the bed and the ice cover. Given a dearth of cross

section data, the river was assumed to be a rectangular prismatic channel, having a width of
410 m, and a slope of 0.00028. The upstream boundary condition for the model was specified as
an inflow hydrograph at the arbitrarily selected site of the new ice front. By trial-and-error, it was
found that fair agreement between model predictions and measured waves could be obtained
(Fig. 2) when the inflow hydrograph was given a Gaussian shape with a peak flow of 3850 m3/s.
The duration of the inflow hydrograph was adjusted to match the outflow volume, which was
calculated from known backwater levels along the collapse reach. Once the model has been
“calibrated” in this fashion, its output can be further examined and processed to determine flow
velocities, discharges, friction slopes, and thence shear stresses at any location downstream of
the consolidated accumulation. The shear stress is seminal to considerations of ice cover stability
because it governs the hydrodynamic forces that are applied on the ice cover during the passage
of the wave.
While the model generates comparable waveforms to the measured ones, the “match” is
approximate (Fig. 2), and it is difficult to assess the effects of discrepancies in respective water
levels on the aforementioned hydraulic characteristics. Ideally, this question would be addressed
by reference to actual data obtained by field measurements. However, such data are not available
in this case, and are very difficult to obtain when there is ice on the river.

Figure 2. Comparison of measured and simulated stage increases at the three gauge sites
downstream of the consolidation area. From Andres et al. (2003).

3. Rising-Limb Analysis
To assess hydrodynamic wave characteristics that are difficult to measure when ice is present,
Beltaos and Burrell (2005a), developed an analytical method that utilizes the one-dimensional
equations of motion of river flow. By means of partial differentiation and integration, the
following equation was obtained for the rising limb of the wave:
1 ∂y ⎡
U 2 C 2 ⎛ (1 + a ) U
⎞⎤
+
− 1⎟⎥
S f − So ≈
⎢1 − a
⎜
C ∂t ⎣
gh g h ⎝ C
⎠⎦

[1]

in which, So = unperturbed-flow river slope; Sf = friction slope, defined by the shear stresses that
are applied by the flow on the ice cover and channel bed, as well as by the hydraulic radius of the
flow; t = time; U = average flow velocity; C = celerity of the waveform; g = gravitational
acceleration; y = water depth above the “average” river bed, such that ∂y/∂x = -(Sw - So), with Sw
= water surface slope; h = average flow depth, empirically known to vary in proportion to y, such
that h = ay, with a = site- or reach-specific dimensionless coefficient (a = 1 for rectangular
channels, and less than 1 for natural bathymetries); and qo = unperturbed-flow discharge per unit
river width.
From the equation of continuity, the average flow velocity U is expressed as (Beltaos and
Burrell, 2005a):
y

U=

qo + ∫ Cdy
yo

h

[2]

The integration on the right-hand-side (RHS) of Eq. 2 indicates that C is not a constant, but
changes along the waveform, a property that accounts for the looped appearance of the stageflow variation during the passage of the wave (Beltaos and Burrell, 2005a). The friction slope Sf
can be calculated via the Manning resistance relationship:
S f = (nUR −2 / 3 ) 2

[3]

in which n = Manning coefficient of the bed for open-water conditions or of the composite flow
for ice-covered conditions; and R = hydraulic radius ≈ h or h/2, depending on flow condition
(open or ice-covered).
In deriving Eq. 1, the frozen-wave approximation was invoked, under which the total derivative
Dy/Dt is set equal to zero, so that ∂y/∂t + C ∂y/∂x ≈ 0. This assumption is reasonable along the
rising limb of the wave, where the absolute values of the spatial and temporal derivatives are
relatively large. It is not reliable in the wave crest region where both derivatives are very small or
zero. However, the rising limb is the most dynamic portion of the wave, and it is of most interest
because it is here that velocity, flow, and shear stress are highest.

Using Eq. 1, together with Eqs. 2 and 3, the value of ∂y/∂t can be computed as a function of y,
given an assumed variation of C with y. This can be done by specifying the leading-edge celerity
(CL) and the value at the wave peak (CP), in conjunction with an interpolation function. For the
latter, a structure that has been suggested by analysis of the available data is as follows:
⎧⎪ ⎛ h − h ⎞ ⎫⎪
o
C = CP + (CL − CP ) exp ⎨−m ⎜
⎜ hp − h ⎟⎟ ⎬
⎠ ⎭⎪
⎩⎪ ⎝

[4]

in which m = dimensionless interpolation coefficient that may vary from site to site; and ho, hp
refer to unperturbed- and and peak-stage conditions respectively. The empirical finding that
CL > CP is reflected in the structure of Eq. 4 (Beltaos and Burrell 2005b).
Consequently, ∂y/∂t can be determined from Eq. 1 as a function of y for a large number of
incremental values of y that represent the range yo to ypeak. For the Nth depth (or elevation)
interval, ∆y, a corresponding time increment is calculated as
∆t N =

∆y N
1 ⎡⎛ ∂y ⎞
⎛ ∂y ⎞ ⎤
⎜ ⎟ +⎜ ⎟ ⎥
⎢
2 ⎣⎝ ∂t ⎠ N −1 ⎝ ∂t ⎠ N ⎦

[5]

By summing the time increments, a set of time values can be applied to any selected set of
elevations or depths. The resulting relationship can be compared with the rising limb of the
measured wave, and the input parameters (CL, CP and m) adjusted until agreement is optimized.
There is some ambiguity at the very beginning of the rising limb (or leading edge), where y → yo
and Sf → So, resulting in implausibly high values for ∆t. This difficulty is circumvented by
starting the integration shortly after the arrival of the leading edge, when y is still close to, but
perceptibly higher than yo. Because the frozen-wave approximation is not likely to apply near the
peak of the wave, a “match” between measured and calculated y-t variations is considered
satisfactory if it applies to the main portion of the rising limb, even if there is no agreement near
the wave crest.
The computational procedure can be easily programmed and input parameters (CL, CP, and m)
can be varied until the calculated flow depths on the rising limb of the wave coincide with the
measured ones. Once the optimum values of the input parameters have been selected, it is
possible to determine other important hydraulic parameters of the surge, such as instantaneous
discharge, average flow velocity, and flow shear stresses. Beltaos and Burrell (2005a) applied the
rising-limb analysis method (RLAM) to several measured waveforms that resulted from releases
of river ice jams with good results. While it was not possible to fully corroborate the method by
measuring directly the velocity and discharge, the leading-edge and peak-stage celerities deduced
by RLAM were within the ranges dictated by average values between sites where the waveforms
were measured.

4. Application to Measured Waves
Following Andres et al. (2003), the study reach of Peace River is approximated by a rectangular
prismatic channel, 410 m wide, with a slope of 0.28 m/km. The composite Manning coefficient
is taken as 0.03, a value that has been found to describe the average under-ice flow during the
freeze-up period at TPR and applies as well upstream of that location. At the time of the
collapse, the aggregate thickness of the ice cover would have been 2 to 2.5 m. Because of the
assumed rectangular cross-section of the channel, the presence of the ice cover does not
influence the calculated stages, beyond the addition of a constant value. Even this effect
disappears, however, when waveforms are expressed in terms of rise above the unperturbed
water level.
Application of the analytical method to the measured waves resulted in the comparisons shown
in Fig. 3. The agreement between measured and calculated rising limbs is very good, except in
the vicinity of the wave crest. The selected RLAM parameters, CL, CP, and m, are summarized
in Table 1. Though it is not possible to determine corresponding point-values of observed
celerities, one can examine average values between gauge sites. The latter are summarized in
Table 2 and are seen to be comparable to the values determined via RLAM (Table 1).
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Figure 3. Comparison between measured waves at the three gauging stations and rising-limb
portions calculated with the analytical method.

Previous work has shown that celerity decreases with distance traveled (Beltaos and Burrell,
2005b), and this feature is also exhibited by the values in Tables 1 and 2. The trend is further
supported by the relationships between respective pairs: for instance, the Elk Island point values
(Table 1) are greater than the respective average values between Elk Island and PRCC (Table 2);

the PRCC point values are smaller. At the same time, the PRCC point values are greater than the
average values between PRCC and TPR, which in turn are greater than the point values at TPR.
The maximum flows (Qmax) determined by the numerical model and by RLAM are very similar
at the two downstream gauge sites, but there is significant discrepancy at Elk Island where the
numerical model suggests a 20% lower flow. The discrepancy could be related to: (a) analytical
over-prediction of stages near the peak (Fig. 3) and (b) model under-prediction within the entire
rising limb (Fig. 2). To test this hypothesis, RLAM was applied directly to the model-generated
waves, and the respective flow comparisons are illustrated in Fig. 4.
Table 1. Results of application of RLAM to the measured waveforms
Location
Qmax (m3/s)
m
CL
CP
Qmax τmax
3
(m/s) (m/s) (m /s) (Pa) (from numerical model)
Elk Island
8
3.50
2.50
3080
10.9
2500
PRCC
1.5 2.70
1.53
2110
7.2
1970
TPR
0.5 2.32
1.25
1970
6.8
1930
Downstream
Boundary
(unperturbed)
NA
NA
NA
1700
6.0
NA

Table 2. Average celerities deduced from measured waves
Reach
CL
CP
(m/s)
(m/s)
Elk Island to PRCC
2.8
1.6
PRCC to TPR
2.5
1.4

3000
Calculated using RLAM
Calculated using numerical model
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Figure 4. Flow comparisons at the three gauging stations when RLAM is applied to modelgenerated waves.

Agreement is generally very close. The analytical method still yields a higher peak flow
(~2800 m3/s) than the model (~2500 m3/s), but the difference is now halved (from 600 to
300 m3/s). Consequently, the best estimate of actual peak flow for Elk Island becomes
~2800 m3/s.

5. Ice Cover Stability at Elk Island
The ice cover had advanced past Elk Island sometime between Feb 20 and Feb 23, most likely on
Feb 22. During the five day period between then and the consolidation, the mean daily air
temperature dropped to as low as -23.5 0C and averaged about -17 0C. Environment Canada
reported 0.6 cm of snowfall over a two day period between Feb 22 and Feb 23 at the Peace River
airport. From considerations of the air temperatures and the snow fall, the thermal (solid) ice
thickness at Elk Island was calculated to be between 0.25 and 0.35 m, depending on the adopted
porosity of the frazil and the thermal conductivity of the snow cover.
Andres et al. (2003) noted that a stage increase of 1.3 m at Elk Island was insufficient to dislodge
the newly formed ice cover. The stage rise represents 3.7 to 5.2 ice thicknesses, which could be
sufficient to initiate breakup on certain rivers (Beltaos, 1990). However, this simple criterion that
relates the onset of breakup to the ratio of stage rise to ice thickness is empirical, site-specific,
and does not take into account local river morphology and forces applied on the ice cover. A
more general physically-based criterion that reflects the local channel characteristics has been
proposed by Beltaos (1997). Its efficacy has been tested at eight sites on several Canadian rivers
(Beltaos, 2004). The criterion is formulated as

ΦB ≡

8( W B - W i )ϖ i m2
σ fh
=ßσ fo (
) =ßσ fo f( S 5 )
(m - 0.50) ho
σ fo ho

[6]

in which ΦB represents the multi-variable quantity on the LHS of the equation and has units of
stress; WB = water surface width at the stage at which the breakup is initiated; Wi = width of ice
cover which is the river width at freeze-up minus the width of the side strips caused by hinge
cracking prior to breakup; h, σf = ice cover thickness and flexural strength respectively, while the
suffix “o” denotes initial values, just before thermal deterioration begins; m = radius of channel
curvature divided by ice cover width; ϖi = downslope force per unit area applied on the ice cover by
its own weight and by flow shear; and ß = dimensionless coefficient, expected to be between 0.3
and 1.5 – measurable quantities only permit assessment of the product ßσfo.
The ratio σf h/σfoho quantifies the reduction in ice “competence” due to thermal deterioration during
the pre-breakup period. This process involves reductions in both ice thickness via top and bottom
melt, and in strength, due to penetrating solar radiation and preferential melting at crystal
boundaries. It is difficult to predict such effects, however, owing to complexities introduced by the
snow cover and its changing reflective/absorptive properties as melt progresses (Prowse and Marsh,
1989). Consequently, the “competence” ratio has been expressed as an empirical function of S5, the

accumulated degree-days above a base temperature of -5°C (Bilello, 1980). By definition, f(S5) = 1
when S5 = 0. Eq. 6 does not apply to thermal breakup events, but this is not a concern in this case
study, as the ice cover was dislodged with minimal, if any, thermal deterioration. An average value
for βσfo in Eq. [6] would be ~ 90 kPa (Beltaos, 2004). In the present case, a likely value for ice
thickness is 0.3 m (the average of the calculated range of thickness). Moreover, h = ho and σf = σfo
since the consolidation occurred in mid-winter without thermal deterioration of the ice cover
(equivalent to setting S5 = 0 and f(S5) = 1).
For an ice cover that comprises a solid ice layer underlain by a porous deposit of ice floes and slush,
the driving stress, ϖi, can be expressed as:

ϖ i = γ Ri S f + γ i hi S w + γ php S w + γ i (1 − p )hp S w

[7]

in which γ and γi are the unit weights of water and ice, respectively; hi and hp are the thicknesses
of the thermal and porous ice layers, respectively; and Ri is the hydraulic radius associated with
the ice cover, herein estimated as one-half of the flow depth. The first term on the RHS of Eq. [7]
represents the flow shear stress, while the sum of the remaining terms expresses the downslope
component of the cover’s weight per unit area. In the present case, the friction slope Sf and
water-surface slope Sw are very nearly equal and can be used interchangeably, though this may
not be the case for highly dynamic waves that can result from releases of major ice jams during
breakup. For the Elk Island wave, the maximum shear stress is estimated as 10.9 Pa. With a total
ice cover thickness of 2 m, and an assumed porosity of 0.5, the value of ϖi would be 18.0 Pa.
Channel curvature varies along the river. The greater the curvature, the smaller is the value of m,
and the larger the value of (WB-Wi)ϖi would have to be to produce breakup. This is consistent with
the known tendency of sharp bends to instigate ice jams. In the vicinity of Elk Island there are
three bends having a radius of about 7 river widths, thus a value of m = 7.0 was adopted.
The concept of the breakup initiation process embodied in Eq. [6] presupposes the formation of
transverse cracks in the ice and the ability for the resulting ice sheets to be dislocated and move
downstream as the water surface width increases with rising stage. The quantity WB-Wi reflects
the space that is available on the water surface for lateral movement of the ice sheets so that they
can clear planform-imposed constraints and be set in motion. Substituting βσfo = 90 kPa, m =7,
f(S5) = 1, and ϖi = 18.0 Pa in Eq. 6, the least value of WB-Wi that could have initiated breakup at
Elk Island is calculated to be about 25 m.
For typical breakup conditions, any unconsolidated ice deposits that would have formed at
freezeup have largely melted, and the ice cover essentially consists of sheet ice. In that case,
WB-Wi comprises two quantities: (a) the increase in water surface width due to the rising water
level and the sloping river banks; and (b) the width of the side strips of ice created when hinge
cracks form. Being attached to the banks, the side strips of ice are initially submerged and
weakened before they detach and float. By then, they offer no constraint to the movement of the
main ice sheet.
If this approach is applied to the present situation, the total width of the side strips can calculated
to be about 9.5 m (Beltaos, 1997), using a solid-ice thickness of 0.3 m, which is the midpoint of

the estimated range of h. The stage-rise effect requires knowledge of local bathymetry. The
closest available river cross-section is located some 7 km downstream of Elk Island and is used
as a surrogate. For a rise of 1.3 m, the change in width is estimated as 7.4 m, and the quantity
WB-Wi works out to be ~ 17 m. This is less than the required 25 m, and would explain why the
Elk Island ice cover remained intact.
However, the situation analyzed herein is not as straightforward. The solid-ice cover was newly
formed and underlain by a much thicker unconsolidated accumulation. Local observations and
experience indicate that the grounded, shore-fast portions are about 20 m wide on either side of
the river. The edge of the shore-fast accumulation becomes a “shear line”, at which the main
(middle) portion of the ice cover separates from the shore-fast ice. It is not immediately evident
what the value of WB-Wi should be in this case, but a number of scenarios can be envisioned. In
one scenario the shore-fast ice remains attached to the bank and is completely submerged as the
water level rises by 1.3 m. The main portion of the ice cover rises by the same amount and
moves laterally and downstream against one bank. In this situation WB-Wi would comprise the
width of the shore-fast ice and the stage-related width change – say a total of 20 to 30 m. In
another scenario the shore-fast ice is completely detached from the bank and floats up with the
ice cover. In this case the change in width would reflect the formation of hinge cracks and the
change in stage would be between 15 and 20 m. In a third scenario, the shore-fast ice remains
attached to the bank, but rotates upward with the passage of the wave. The rotation angle is very
small (3° to 4° at the most) and the net result would be minimal effective increase in width,
making ice cover dislodgement unlikely. In fact, in this situation, the ultimate stability of the ice
cover may be related to the ability of the shore ice to accommodate a given stage increase
without detaching from the bank or breaking apart.
In all but the last scenario, the width difference is close to the limiting value of 25 m, suggesting
that the ice cover at Elk Island was on the verge of being dislodged, and likely would have been, if
even a moderately higher (increased WB-Wi) and/or steeper (increased ϖi) wave had developed at
that location. Taking into account wave attenuation with travelled distance, it can be deduced that
the downstream limit of the consolidated cover should have been located not far above Elk Island.
This was indeed the case, as illustrated in Fig. 1.
Alternatively, one may work with a range of WB-Wi to determine a corresponding range for the
parameter βσfo, assuming that the Elk Island ice cover was at the limit of its stability. Setting
WB-Wi = 20 to 30 m, hio = 0.25 to 0.35 m, and ϖi =18.0 Pa, Eq. 6 results in βσfo = 62 to 130 kPa,
which is consistent with the range defined by data on other rivers for conventional breakup
conditions (Beltaos 2004).
The above findings suggest that Eq. 6, which has been developed for conventional breakup
conditions, may be also relevant in the case of winter consolidation of an ice cover. As the
writing of this article was about to be completed, the authors came across data from a more
extensive consolidation event on the Peace River, which occurred near Dunvegan on January 30,
2004 (Jasek et al. 2005 - on this CD). The toe of the resulting jam was located in a relatively
straight reach between two bends of well-defined curvature, while the wave passage was
recorded at nearby gauge. The present method of analysis was applied to the two bends and
indicated ice cover dislodgment at the upstream bend (WB-Wi = 17 m) and stability at the

downstream one (WB-Wi = 37 m). The final position of the toe was most likely determined by the
formation and eventual grounding of a rubble front.

6. Summary and Conclusions

The recently developed rising-limb analysis method has been applied to three waveforms that
were recorded at respective gauging stations on the Peace River, Alberta, following the collapse
and consolidation of 27 km of newly-formed ice cover. The deduced leading-edge and peakstage celerities decrease with distance traveled by the wave, in accordance with previous findings
on other rivers. The analysis furnishes point values of celerity which themselves cannot be
directly compared with observation, because only the average celerity between gauging stations
can be deduced from the recorded waveforms. However, the decreasing trend in celerity suggests
that a point value at a given station should exceed the average value to the downstream station
and be less than the average value to the upstream one. The analytically deduced celerities
conform to these inequalities for all three measured waves and gauging stations.
In general, analytical estimates of peak wave discharge are very close to those obtained earlier by
application of a one-dimensional hydrodynamic numerical model. There is a 20% discrepancy
with respect to the Elk Island wave, which was shown to have been caused by both analytical
over-prediction near the crest and model under-prediction of the entire rising limb.
The analytical method also furnishes peak shear stresses, which can be used to quantify the
stability of the ice cover. At Elk Island, the peak shear stress was almost double the unperturbedflow value. Taking into account the downslope component of the ice cover, a physically-based
breakup-initiation criterion was applied to the Elk Island site. It was calculated that the wavegenerated forces at Elk Island were insufficient to dislodge the ice cover, which is consistent
with the observed ice cover stability at that site and downstream. At the same time, it was noted
that a moderately steeper and higher wave might have been able to dislodge the ice cover, which
is also consistent with the observed proximity of the upstream end of the intact ice cover.
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The hydrodynamic forces acting on individual ice floes are examined using a
three-dimensional computational fluid dynamics package. Understanding the
complex fluid dynamics is of relevance to the physics of ice cover development
and ice jam formation and release. The objective of this study is to examine the
steady state stability of floating ice blocks that have come to rest against an
intact ice cover using 3-D k-ε modelling. Preliminary results on the modeling
efforts are presented with focus on a sensitivity analysis of the inlet
development length, inflow boundary condition and shape of the leading edge
of the ice cover on the pressure distribution beneath the ice cover.
It was found that the longer the development length the greater the pressure
reduction at the leading edge of the ice cover. The results suggested that the
magnitude of the surface velocity may be important to the resulting force acting
on the ice cover. The sensitivity analysis of inflow velocity profile further
corroborated this finding as three different velocity profiles with the same
surface velocity, different average velocity, produced similar pressure
distributions beneath the ice cover.
The effects of shape of the leading edge were examined by comparing model
results for a sharp rectangular edge to those for a beveled edge. The bevel
affected the separation zone and the local pressure reduction at the leading edge
of the ice cover creating a smaller force on the ice cover. Future work includes
validating the numerical results, using the numerical model as an investigational
tool, and using the numerical results to plan an experimental study.

1. Introduction
The transport and accumulation of ice is one of the more complicated problems in river ice
hydraulics, because of the complex fluid dynamics surrounding individual ice floes. It is of
relevance to the physics of ice cover development and ice jam formation, but is of particular in
the context of ice jam release. Jasek (2003) notes that when large ice floes are transported
downstream under an ice jam past its toe, then it is likely that these floes will be propelled
upwards, impacting the underside of the intact solid ice cover. He suggests that such occurrences
have the potential to crack and weaken the restraining ice cover, initiating the open leads which
are believed to play an important role in the occurrence of ice jam release (Jasek, 2003). If true,
specific knowledge of the hydrodynamic forces acting on individual ice floes will be an
important component of any model which attempts to predict the occurrence of ice jam release
events.
In the practical context of this problem, there are a number of component phenomena to
consider. For example, the initial question is whether or not discrete ice floes approaching an ice
jam accumulation from upstream will contribute to lengthening, or will be entrained in the flow
and transported beneath the ice jam. For the latter case, the further question is whether or not the
entrained floe will be transported all the way past the ice jam toe, to be in a position to rise under
the intact restraining ice cover.
At present, much of our knowledge of these processes is necessarily qualitative, due to the
inherent logistical difficulties and safety issues which arise when trying to measure dynamic ice
processes in the field. This is particularly difficult for ice floe transport under ice jams. As a
consequence, we must rely in large part on experimental and numerical work to further
understand the mechanics of ice floe entrainment and transport, and that is the purpose of this
investigation. Here we discuss some preliminary results of the first phase of this investigation, in
which we focus on the issue of ice floe entrainment at the leading edge. Current theory and
observations (e.g. Beltaos, 1995) suggest that the leading edge of an ice jam accumulation
behaves as a narrow jam, with floe entrainment or juxtapositioning being the dominant local
processes. Healy and Hicks (2001) observed this same tendency near the leading edge of ice
jams forming in a laboratory flume.
Numerous studies have already been conducted to examine this problem of ice block stability.
Early investigations of this phenomenon focused on defining the critical approach velocity or
critical densimetric Froude number (based on approach flow velocity and block thickness) at
which floating ice blocks at leading edges of intact ice covers are submerged (Pariset and
Hausser, 1961; Ashton, 1974; Uzuner and Kennedy, 1972; Larsen, 1975). Daly and Axelson
(1990) examined the problem analytically and determined that instability was reached when the
underturning moment exceeded the righting moment. Coutermarsh and McGilvary (1991, 1993,
1994) attempted to measure the two dimensional pressure distribution along the bottom surface
of a floating block and found both positive (stabilizing) and negative (destabilizing) pressures
acted on the block, with a characteristic saddle shape in the pressure distribution. They observed
that changes in flow velocity had little effect on the pressure distribution but primarily changed
the pressure magnitude. More recently Hara et al. (1996) and Kawai et al. (1997) conducted a
series of experiments investigating the movement of ice floes at the edge of an ice cover

characterizing the movement and the critical densimetric Froude number at movement. They
focused on the shape of the edge of the ice cover and the thickness of the ice block.
With recent advances in numerical and experimental technology that allow for better flow
visualization and determination, more information about the mechanics of the problem can now
be now realized. The objective of this first phase of our study is to examine the steady state
stability of floating ice blocks that have come to rest against an intact ice cover using a threedimensional (3-D) computational fluid dynamics package. We seek to increase our knowledge of
the stability behaviour of floating ice floes and the hydrodynamic forces that act upon them. The
results of this study will be used to assist in the design of an experimental study, and will
hopefully ultimately prove valuable to the advancement of discrete particle models of river ice.
At this stage, preliminary results of the numerical modeling effort are presented with a focus on
the effects of the assumed inlet velocity profile and the shape of the leading edge of the ice cover
on the pressure distribution under the ice cover.
2. Dimensional Analysis
When an ice floe comes to rest against a floating obstacle, it can remain in place or it can become
submerged. Buoyancy is the resisting force against motion, while the submerging forces are due
to the pressure reductions under the ice floe caused by flow separation and acceleration. The
significant variables in this analysis are (Figure 1):
• the mean flow velocity under the block, Vu;
•
the depth of the approach flow, H;
• the block length L, block thickness, t;
• the block width b, block density, ρ’;
• the fluid density, ρ; and
• the acceleration due to gravity, g,
such that,
Vu = f (b, t , L, ρ ' , ρ , g , H )

[1]

Dimensional analysis leads to the following relationship:

b t ρ' t
= f( , , , )
L H ρ L
gt

Vu

[2]

which is the same result as in Beltaos (1995).
However, most authors have expressed their results in terms of a densimetric Froude number
which would be in the form of:

F=

Vu
⎛ ρ − ρ '⎞
⎟⎟ gt
⎜⎜
⎝ ρ ⎠

b t t
= f( , , )
L H L

[3]

3. Model Implementation
3.1 Modeling Platform
A three dimensional (3-D) computational fluid dynamics package, ANSYS CFX-5, was used to
investigate the steady state stability of ice blocks resting against an ice cover. CFX-5 is based on
the finite volume technique which solves the Navier Stokes equations in their conservation form.
For steady state, inviscid flow the equations of motion presented in the CFX-5 Solver Theory
Manual in differential form reduce to:

(

)

∇ ⋅ ρU ⊗ U = ∇ ⋅ (− ρδ ) + S M

[4]

where:
⎛∂ ∂ ∂⎞
∇ = ⎜⎜ , , ⎟⎟
⎝ ∂x ∂y ∂z ⎠

U = velocity vector
ρ = density
⊗ = tensor product
δ = Kronecker delta or identity matrix
S M = momentum source
Turbulence models are necessary in CFD simulations to enable the effects of turbulence to be
predicted without requiring a prohibitively fine mesh and computing power that does not yet
exist. There are many turbulence models available in CFX-5 and can be divided into eddy
viscosity models, Reynolds stress models, Large Eddy Simulation (LES) and Detached Eddy
Simulation (DES). The turbulence models equations presented here are described in the CFX-5
Solver Theory Manual while general description can be found in the CFX-5 Solver Modelling
Manual. Within the eddy viscosity models, the k-ε model is considered the industry standard
turbulence model as it is good for many engineering flows. The term k is the turbulence kinetic
energy and ε is the turbulence eddy dissipation. This model introduces two variables to the
system of equations, specifically the effective viscosity µ eff and the modified pressure p' as:

µ eff = µ + µ t

[5]

p' = p +

2
ρk
3

[6]

where µ t is the turbulence viscosity which in the k-ε model is assumed to be linked to the
turbulence kinetic energy and dissipation via the relationship:

µt = Cµ ρ

k2

ε

[7]

where C µ is a constant equal to 0.09 (CFX-5 Solver Theory Manual).
The Large Eddy Simulation model is for transient large scale fluctuating flows. It filters the
velocity field so that it contains only the large scale components of the total field as it is the large
scale motions that are more energetic and effective transporters. LES filters the equations of
movement and decomposes the flow variables into a large scale (resolved) and a small scale
(unresolved) parts. The LES model is used primarily for research purposes and is not practical
because of the fine grid and time step requirements. It must be run in a transient mode and gives
detail on the structure of turbulent flow such as pressure fluctuations that would not be obtained
from a Reynolds Averaged Navier Stokes formulation.
Boundary conditions in CFX-5 can be modeled as an inlet, outlet, opening (fluid can
simultaneously flow both in and out of the domain), wall, or symmetry plane. The most robust
boundary configuration is to specify a velocity / mass flow at an inlet with a static pressure at an
outlet (CFX-5 Solver Modelling Manual).
3.2 Test Case for Ice Block Stability
A key component of any numerical modeling study is validation data, and at present the most
comprehensive validation data found in the literature are the detailed pressure measurements by
Coutermarsh and McGilvary (1991,1993,1994). Although at this time, these data are not yet
available to us, our preliminary test cases were modeled after that study in the hope that
ultimately a verification comparison might be conducted. Their experiments were conducted in a
warm flume with cross section of 0.91 by 0.91 m and length of 7.32 m with a variable pumping
capacity of 0.3 m3/s. A hollow Plexiglas square ice floe 61.6 by 61.6 cm and thickness of 7.62
cm with 91 pressure taps on the bottom surface was fastened to the flume to hold the block rigid
through the test. The upstream end of the block was fixed with a threaded rod that allowed the
block angle of attack to be varied. The t/H ratio was varied by changing the water depth as the
thickness of the ice floe remained constant.

For this preliminary study component, simulations were limited to the following test cases:
• angle of attack of 0°,
•
t/H of 0.1, and
• approach flow mean velocity, V, of 0.45 m/s.
in order to conduct detailed sensitivity analyses of the following parameters:

•
•
•
•
•

inflow boundary conditions (i.e. assumed velocity profile)
shape of the leading edge of the ice floe;
location of outlet boundary
use of a symmetry plane
domain setup

3.3 Model Implementation
Geometry

Figure 2 illustrates the geometry of the modeled domain, which was created to match that of the
apparatus used by Coutermarsh and McGilvary (1994), as discussed earlier. The pressure
measurements made by Coutermarsh and McGilvary (1994) verified that the pressure
distributions were always symmetrical about the centerline of the ice floe and initial runs of our
numerical model also confirmed this. Therefore, a symmetrical boundary condition was used at
the centerline of the flume (x = 0.455 m), to minimize computational memory and processing
requirements.
The regions of fluid flow and/or heat transfer in CFX-5 are called domains. Fluid domains define
regions of fluid flow while solid domains are regions occupied by conducting solids. As there
was no need to model thermal heat transfer between the ice and the water and the ice remains
stationary, the ice floe and ice cover were modeled as cavities rather than as solid domains. By
modeling as a cavity, the physical properties of the ice are not modeled (density, heat transfer,
etc.). This saves on computational time as there is no computational mesh over the ice cover. The
specific gravity of ice was assumed to be 0.92 and was used to determine the vertical
displacement of the ice.
As this simulation was steady state and the ice floe remained stationary there is little advantage
to modeling the ice floe and ice cover separately. Rather the ice floe and ice cover were modeled
as one continuous piece of 1 meter length. This simplified the meshing procedure and geometry
setup and had the advantage of effectively modeling an ice block of infinite length.
Computational Mesh
A key aspect of developing a meaningful 3-D numerical model for this study was the
determination of an appropriate computational mesh. Ideally, a fine mesh throughout the
computational domain would be best, but this is impractical both in terms of the memory
requirements and the length of time required to conduct a 3-D simulation. Consequently, a more
practical overall meshing strategy is to have a relatively coarse mesh in areas where the solution
does not changing rapidly and a finer mesh in areas with large gradients in velocity or pressure.
In this context then the computational mesh development is an iterative process which can be
automated in the CFX-5 software using a built-in feature known as “mesh adaptation”. Figure
3 illustrates an example of a cross section (YZ plane) of the mesh at the edge of the ice block
both before and after mesh adaptation.

Normally, for optimal results, the mesh should be refined to a point at which a grid independent
solution is reached. In other words, to a point at which the solution no longer changes with

further mesh refinement. However, this case provided an interesting situation because of the
sharp leading edge on the ice cover. It was found that if the mesh became too refined, the steady
state solution would no longer converge, and oscillations would result both in the residuals
(solution error) and in the solution itself. Figure 4 illustrates an example of this. It is suspected
that this behaviour is evidence of either vortex shedding beneath the ice cover, or pressure
oscillations rebounding from the outlet. These possibilities will be investigated further at a later
time using transient large eddy simulation (LES). However, at this preliminary stage, the mesh
was refined as far as possible with the additional criterion of achieving a converged steady state
solution. In addition, the effect of smoothing the leading edge of the ice was examined.
Boundary Conditions

For this preliminary investigation, the flume walls and bed as well as the ice underside were
modeled as smooth, no slip, walls while the open water surface was modeled as a free slip
surface. The outlet boundary condition was specified as an average static pressure of 0 Pa. This
is an average over the whole outlet which is the most commonly used option. The average
constraint is applied by comparing the area weighted pressure average over the outlet to the user
specified value of 0 Pa. A sensitivity analysis was carried out to ensure that the location of the
outlet was not affecting the solution in the region of interest. The length of the ice cover was
varied from 1 to 5 m. It was found that an ice cover of 1 m yielded similar results to longer ice
covers, which gave confidence that the location of the outlet was not adversely affecting the
pressure distribution beneath the ice cover.
The inlet boundary condition was a specified as Cartesian velocity components with a medium
turbulence intensity of 5%, which is the recommended option if there is no information available
about the inlet turbulence. This preliminary study was primarily focused on conducting a
detailed sensitivity analysis examining the effects of the inlet velocity profile shape and inlet
boundary location (flow development length) on the pressure distribution and force calculation
under the ice floe.
4. Model Results
4.1 Sensitivity Analysis on Inlet Development Length and Inflow Boundary Condition
A sensitivity analysis was performed on the inlet boundary conditions by systematically
changing the location of the inlet and the inlet velocity profile to see the effect on the resulting
pressure distribution beneath the ice cover. In order to examine solution sensitivity to the
location of the inlet, the distance from the inlet boundary to the upstream edge of the ice cover
was varied from 0 to 50 meters holding all other variables constant. The inlet velocity profile
was examined by comparing results for uniform, power law, and log-law velocity profile
distributions while keeping all other variables constant. A one-seventh power law profile was
prescribed as:
⎛ z ⎞
u = u max ⎜ ⎟
⎝H⎠

1

7

where u max is the surface velocity.

[8]

The log-law velocity profile was prescribed as:
⎛ 1 zu
⎞
u = u * ⎜ ln * + 5.0 ⎟
ν
⎝κ
⎠

[9]

where κ = von Karman’s constant (0.41)
u * = shear velocity
ν = viscosity
Effect of Varying Development Length
In this first series of tests, the inlet velocity profile was set to be a uniform velocity of 0.45 m/s
with a medium turbulence intensity of 5%. The distance from the inlet boundary to the upstream
edge of the ice cover was varied as 0, 5, 10, 20, 30, 40 or 50 m. The outlet boundary condition
was set as 0 Pa, the k-ε turbulence modelling option was selected, and all walls were modeled as
smooth walls. Figure 5 presents the results of this sensitivity analysis, illustrating the centerline
pressure profiles along the ice cover. As the figure illustrates, these tend to have a similar shape
regardless of development length. However, as the development length increased the magnitude
of the pressure drop increased. This suggests the importance of the surface velocity on the
magnitude of the pressure reduction at the leading edge of the ice cover. The velocity profile
becomes increasingly developed from the uniform profile as the development length increases.
This would lead to a higher surface velocity as the average velocity would be kept constant at
0.45 m/s. So one would expect that the surface velocity with a development length of 50 m to be
higher than the surface velocity with a development length of 5 m.
Effect of Varying Inlet Boundary Condition
Three different inlet velocity profiles were tested, specifically: uniform, power law and log-law
profiles. In this case, the results were compared based on a 1m development length (chosen to
minimize computational requirements). Only the inlet velocity profile was changed, all other
variables were kept constant. The outlet boundary condition was set as 0 Pa, the k- ε turbulence
modelling option was used, all walls were modeled as smooth walls, and a medium intensity
turbulence inlet boundary condition was chosen. As the results of the development length
sensitivity analysis indicated that the surface velocity was important in the pressure reduction at
the leading edge of the ice cover, the surface velocity of all three profiles was set to 0.45 m/s
which gave an average velocity of 0.45 m/s, 0.41 m/s and 0.39 m/s for the uniform, power and
log law profiles, respectively.

Figure 6 presents the results of this sensitivity analysis, illustrating the centerline pressure
distributions. The figure shows that the greatest pressure reduction is for the uniform velocity
profile and the least is for the power law profile. However, the difference between the three
profiles is rather small compared to the development length investigation. To further investigate
the surface velocity effect a one seventh power law profile with an average velocity of 0.45 m/s

(surface velocity of 0.5156 m/s) was tested and is also shown in Figure 6. The pressure
reduction is significantly larger for this profile than the other three.
4.2 Sensitivity Analysis on Shape of the Leading Edge of the Ice Cover
As discussed earlier, assuming a sharp leading edge on the ice cover creates a strong separation
and recirculation zone that is difficult for the numerical model to resolve, particularly in a steady
state simulation. To explore this effect further, additional simulations were conducted in which
the leading edge of the ice cover was beveled (as illustrated in Figure 7). In this case, results
were compared to that for the sharp leading edge, based on a 5 m development length (chosen to
minimize computational requirements).

The centerline pressure results are compared in Figure 8, where it is seen that the pressure
distribution obtained for the beveled leading edge is significantly different than obtained for a
rectangular leading edge. The negative peak pressure near the leading edge is much larger in
magnitude, occurs further downstream (just after the edge of the bevel) and recovers more
rapidly, as compared to the behaviour for the sharp leading edge case. This increased magnitude
of the negative peak pressure actually seems to go against intuition, as one might expect the
beveled edge to produce a smaller pressure drop (as the flow separation would not be as strong).
The most likely explanation for this is that the results for the sharp leading edge case are not
realistic. Clearly then, this behaviour cannot be resolved properly using this steady state
simulation. Further analyses, employing the transient large eddy simulation available in CFX-5
are planned to investigate this further.
This limitation, however, has little effect on the overall force calculation. The peak negative
pressure occurs over a small area so it has little effect on the overall force acting on the ice cover.
Thus, even though the peak negative pressure for the beveled edge is greater, the magnitude of
the calculated vertical force acting on the ice cover for the sharp leading edge is actually larger
(-6.13 N) than for the beveled edge( -3.73 N). It is the overall distribution of the pressure which
is important.
5. Summary and Conclusions
Preliminary results of a numerical study on the steady state stability of floating ice blocks that
have come to rest against an intact ice cover have been presented. This knowledge of the
hydrodynamic forces that act on individual ice floes is crucial to the prediction of ice jam release
events as much of the current knowledge of these processes is necessarily qualitative. A 3-D
computational fluid dynamics package, ANSYS CFX-5, was used for this study. The logistics of
setting up the model were discussed including meshing, boundary conditions, and physical
model selection. Sensitivity analyses on the inlet development length and inflow boundary
conditions were conducted.

The sensitivity analysis showed that as the development length increased, the velocity profile
became more developed and the pressure reduction at the leading edge of the ice cover was
increased. This suggested the importance of the surface velocity on the pressure reduction. The
inflow boundary condition (velocity profile) sensitivity analysis showed that three different
profiles with the same surface velocity (different average velocities) produced a similar pressure

reduction on the ice cover. This is important not just for a numerical study but also for an
experimental study in a shorter flume. If the velocity profile is not fully developed before
reaching the region of interest the results may not be accurate. Also when modeling experimental
results it may be important to use the actual velocity profile from the experiment as an inlet
boundary condition rather than assuming a fully developed profile. A good practice would be for
experimenters to measure the velocity profile in the flume experiment.
The effect of beveling the leading edge of the ice cover was a reduction in the overall force
acting on the ice cover. This suggests, as other researchers have found, that the local pressure
reduction caused by the separation zone is important. Most current ice models assume a sharp
leading edge on the underside of the ice cover, which may not be realistic in all circumstances.
The effect of different leading edge shapes will be investigated further in the next phase of this
study.
Plans for further numerical investigations also include switching the simulation to a transient
large eddy simulation which will allow for more detailed modeling of the vortex shedding at the
leading edge of the ice cover. This can then be used to determine whether it is the instantaneous
pressure distribution due to vortex shedding or the overall average pressure acting on the block
that is important in determining whether the ice block will underturn. The final step of the
numerical modeling will attempt to model the actual block movement under the ice cover. This
will involve a transient simulation with moving mesh techniques to track the movement of the
block with the appropriate hydrodynamic forces.
In the future, the detailed pressure measurements of Coutermarsh and McGilvary (1994) could
provide excellent validation data for these numerical results. From this the model can be used as
a testing device to investigate a wider range of variables (such as block geometry and flow
characteristics) in much less time than would be feasible with an experimental model. The results
of this testing will be further used to design an experimental program employing particle image
velocimetry to obtain detailed velocity field measurements, and digital imaging techniques to
track the movement of ice blocks at the leading edge.
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Figure 1. Defining sketch for ice floe stability problem.
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Figure 2: Model geometry for preliminary simulations.

a)

b)

Figure 3. YZ plane at edge of ice cover a) before mesh adaption, and b) after mesh adaption.
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In 1994, we installed an inexpensive ice-control structure (ICS) in the Lamoille
River upstream of the village of Hardwick, VT. Developed using model tests,
the ICS consists of four sloped granite blocks embedded in a riprap blanket
across a channel section with an adjacent treed floodplain. It has performed
well during 11 winter seasons, arresting ice runs and retaining them for hoursto-days. Ice-run arrest and jam-holding time improve with increasing ice
thickness, and the structure has held three jams throughout the corresponding
breakup events. Most importantly, the Village of Hardwick, having experienced
10 ice-jam floods in the preceding 30 years, has not experienced an ice-jam
flood since construction of this ICS.

1. Introduction
Ice breakup on small, steep rivers poses difficult challenges for flood mitigation. Flood damages
can be significant relative to community resources but insufficient to justify large dam-based
control structures. A natural desire for low cost and environmental impact conflicts with the
need to reliably arrest dynamic breakup surges and hold the resulting ice jams.
We developed a sloped-block ice-control structure (ICS) that meets these challenges (Lever et al.
1997). Based on encouraging model results, the structure was installed in the Lamoille River
upstream of the Village of Hardwick, Vermont, in 1994. The previously flood-prone Village has
not experienced an ice-jam flood during the subsequent 11 seasons.
The ice-arrest and holding functions of the ICS depend on breakup-event characteristics such as
ice thickness and surge amplitude, with more extreme events producing more reliable ice control
at the structure. Here, we compare the compare the pre- and post-ICS event consequences and
discuss the reliability of the ICS in terms of ice-run arrest and holding time.
2. Hardwick Ice-Jam History
Figure 1 shows a map of the Lamoille River through Hardwick, VT. Lever et al. (1997) describe
the ice-hydraulic conditions of the study reach. The steep reach (0.009 slope) above the Village
produces frazil ice throughout the early winter. This frazil forms a thick ice cover along the
flatter reach from Hardwick Lake to Cooper Brook. Before ICS construction, breakup ice jams
formed most years in the vicinity of the Cottage Street bridge as the breakup ice run encountered
the frazil deposits.
Information about the formation
and consequences of ice jams in
Hardwick are available from
Calkins (1985), FEMA (1987)
and the Hardwick Gazette
newspaper, whose offices abut
the river. We summarized the
available information and ranked
the events in terms of severity,
with 4 being most severe and 0
being of no consequence.
Fairly complete records exist
after 1964 when an ice jam
destroyed the Cottage Street
bridge. Two other ice jams, a
Figure 1. Map of Lamoille River through Hardwick, VT
freezeup jam in 1976 and a
breakup jam in 1981, resulted in
more than 1 m of water in the subdivisions and businesses adjacent to the bridge. Extensive
property damage, evacuations, road closures and personal injuries resulted during these events,
which we rank as category 4.

Category 3 events produced minor flooding (0.3 m or less) but resulted in significant operational
effort such as excavation or blasting of the jam. These occurred on seven occasions, the last on
11 March 1992 during a severe breakup event that caused extensive flood damages in nearby
Montpelier, VT. During that occasion, emergency excavation work in Hardwick released the
jam while flooding was still minor.
Category 2 events produced threatening ice jams but no flooding in the Village. However, they
usually provoked an emergency response to mobilize excavation equipment and occupied
attention of Town officials for several days at a time. These consisted of both freezeup and
breakup jams and occurred on 20 occasions from 1964 to 1990, with some multiple events
during the same season.
Category 1 events produced minor ice jams that may or may not have provoked an emergency
response. These occurred on 38 occasions since 1965, again with some multiple events during
the same season. Four Category 1 events have occurred since construction of the ICS, including
two events during which the ICS held ice without releasing it.
Category 0 events produced no ice jams owing to thermal breakup or ice runs that passed
through the Village without jamming. During the 30 years prior to ICS construction, only six
category 0 events occurred, including a thermal breakup at the end of the 1993-94 season. Since
then, 11 Category 0 events have occurred, including eight releases from the ICS that passed
cleanly through the Village and three thermal breakups.
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Figure 2. Ice jam event categories for Hardwick since 1964

2010

Figure 2 compiles the event
categories by year beginning in
1964.
In an effort to reduce
flooding, the pool in Hardwick
Lake was lowered at the start of
each winter beginning in 1984.
This had the beneficial effect of
moving the location of the frazil
deposits about 1 km downstream.
Figure 2 suggests that this may
have reduced event severities,
although the 1992 event had the
potential to be Category 4 if the
emergency excavation effort had
not been successful. No events
more severe than Category 1 have
occurred since ICS construction
prior to the 1994-95 winter season.

3. Ice-Control Structure
The ICS was developed through tests in CRREL’s refrigerated hydraulic laboratory and
constructed in the Lamoille River in September 1994 (Lever et al. 1997). It consists of four
granite blocks embedded in riprap across a 24-m-wide channel section adjacent to a treed
floodplain. Each block weighs about 38 x 103 kg, protrudes 1.5 m above the riprap and is about
1.4 m wide. The gaps between blocks are about 4.3 m wide.

Figure 3. ICS during freezeup in 1995 (looking upstream)

Figure 4. Breakup jam at ICS on 28 Feb 2000 held throughout event

Figure 3 shows the ICS during a
typical freezeup period as an ice
sheet forms on the pool above the
structure. The breakup ice run
arriving from upstream normally
fractures this sheet and shoves the
pieces onto the ICS. Arrest of the
run then produces a grounded jam
at the ICS (Figure 4). Depending
on the ice thickness and amplitude
of the breakup surge, the ICS will
hold the ice jam as waterlevels rise.
Most of the flow passes through
the grounded jam, but on two
occasions water also flowed
around the jam on the treed
floodplain.
The ICS has experienced 16
breakup events during 11 seasons.
Table 1 provides a summary of
conditions and the ICS behavior
during these events. In all cases,
no flooding occurred in Hardwick.
The ICS held ice throughout the
event on three occasions and
released ice held for several hours
on six occasions. It did not form a
jam during seven breakup events:
three thermal breakups and four
cases of thin ice. In these latter
cases, the ice runs passed
harmlessly through the Village.

Because of its flood history and the experimental nature of the ICS, the Town has mobilized
equipment to excavate ice jams formed in the Village from the initial ice run downstream of the
ICS. They did so during the four Category 1 events listed in Table 1. This behavior is prudent
until the ICS demonstrates that it can hold ice throughout extreme breakup events.

Table 1. Summary of breakup conditions and ICS behavior.
Breakup
Date

AFDD
(°C)

ICS Ice Thickness
Sheet (m)
Pieces (m)

15-Jan-95

194

0.28 ± 0.02

0.20 ± 0.05

16-Mar-95

344

0.30 ± 0.08

0.15 ± 0.05

19-Jan-96

444

0.18 ± 0.08

21-Feb-96

278

0.15 ± 0.13

22-Feb-97

518

29-Mar-97

144

7-Jan-98

227

12-Feb-98

204

24-Jan-99

250

28-Feb-00

453

0.33 ± 0.05

Mar-Apr
01

840

0.36 ± 0.03

10-Mar-02

Breakup
Weather
T > 10°C,
drizzle,
snowmelt
T > 4°C,
drizzle
T > 10°C,
rapid
snowmelt

0.18 ± 0.05

T ~ 4°C,
rain
T > 4°C,
gradual
snowmelt
T ~ 4°C,
gradual
snowmelt
& drizzle
T < 4°C,
rain & drizzle
T < 4°C,
gradual
snowmelt
& rain

0.20 ± 0.08

T ~ 4°C, rain

0.38 ± 0.13

T ~ 4°C, rain

320

0.08 ± 0.03

T ~ 0°C, dry
T ~ 10°C,
rain

21-Mar-03

914

0.15 ± 0.05

T ~ 0°C, dry

Mar-Apr
04

836

14-Jan-05

200

0.15 ± 0.05

T ~ 4°C, rain

2-Apr-05

487

0.25 ± 0.05

T ~ 4°C, dry

0.41 ± 0.08

0.30 ± 0.08

0.15 ± 0.08

0.30 ± 0.15

T ~ 0°C, dry

ICS
Behavior

Released
Ice

jam at ICS,
7.0 hrs
no jam,
slowed run

ran through
Village
ran through
Village

jam at ICS,
2.8 hrs
jam at ICS,
2.8 hrs

ran through
Village
pushed
Village jam
downstream

1

jam in pool,
no release

no release

1

jam at ICS,
4.8 hrs
jam in pool,
1.5 hrs

ran through
Village
ran through
Village

jam in pool,
no release
no jam,
slowed run

no release
ran through
Village

0

no release

1

jam at ICS,
no release
no jam,
thermal
breakup
no jam,
slowed run
no jam,
thermal
breakup
no jam,
thermal
breakup
jam at ICS,
2 hrs
jam at ICS,
16 hrs

thermal
breakup
ran through
Village
thermal
breakup
thermal
breakup
pushed
Village jam
downstream
ran through
Village

Event
Category

0
0

0

0
0

0

0
0

0

0

0
1

Holding Time (hr)

A key parameter governing ice-jam formation and holding time at the ICS is ice thickness.
Historical records indicate that ice thickness in Hardwick Village can exceed 0.6 m at the end of
a cold winter without a mid-winter breakup event. Pieces excavated from the 1992 Category 3
ice jam approached 1 m in thickness. The maximum ice thickness since 1994 was only 0.41 ±
0.03 m measured for the sheet upstream of the ICS prior to the 22-Feb-97 breakup. For this
event and the 28-Feb-00 breakup,
50
average ice-piece thickness at the
ICS equaled or exceeded 0.3 m,
and the ICS held the jams
40
throughout the events (until flow
eroded channels through the jams
30
several days later).
20

10

0
0.05

0.10

0.15

0.20

0.25

0.30

0.35

ICS Ice Piece Thickness (m)

Figure 5. Ice-piece thickness versus ICS jam-holding time.

0.40

Figure 5 shows the relationship
between
average
ice-piece
thickness at the ICS and jamholding time. Note that for “no
release” we assigned an arbitrary
holding time of 48 hours (longer
than the typical 24-hour event
durations).
Generally, holding
time increased with ice thickness
up to a threshold of about 0.3 m,
after which no releases occurred.

4. Discussion
The sloped-block ICS is relatively inexpensive ($3,600/m river width, 1994 dollars) and
unobtrusive. These are important characteristics for small communities located on small,
essentially undeveloped rivers. The widely spaced blocks, their sloped faces, lack of a dam and
presence of an adjoining treed floodplain are all important contributors to keeping cost and
environmental impact low. It is clear, however, that the ICS does not arrest all ice runs or hold
them indefinitely. Thin ice may not jam at the ICS or it may release after several hours.
Provided the reach requiring flood mitigation is fairly limited in extent, ice runs that pass through
the structure can also pass through the critical reach without posing a flood threat. This appears
to be the case in Hardwick.
We developed the sloped-block ICS with a view to controlling severe breakup conditions on
small, steep rivers. These conditions include thick, strong ice, large contributing ice volume and
large-amplitude abrupt breakup surges. Model results indicated that the ICS reliably formed and
held ice jams for these conditions, and field results to date are consistent with these results.
When ice is competent (air temperatures below freezing a week or so before breakup) and ice
thickness exceeds about 0.3 m, the ICS will arrest the breakup ice run and hold it throughout the
event. The floodplain allows flow to bypass the structure, limiting stage rise and forces on the
jam. Most of the flow passes through the structure and warm water melts open the jam as the
event proceeds.

Clearly, breakup ice thickness does not solely govern the ICS performance. Ice floe size and
strength and surge amplitude must also influence arrest and grounding of the ice run and
subsequent jam retention (Lever and Gooch 1998). However, ice thickness is a reasonable
surrogate for these other factors. Ice floe size increases with thickness, increasing the likelihood
of jamming across the ICS gaps; stage rise required to initiate breakup increases with ice bending
strength (and thus thickness) as does the amplitude of the resulting surge; large ice thickness at
breakup implies high strength of ice floes and thus high potential to resist rising hydraulic forces
in the jam.
Is the sloped-block ICS mitigating ice-jam flooding in Hardwick? Circumstantial evidence
suggests yes. There has been a noticeable reduction in ice-jam severity (category values) in
Hardwick Village during the past 11 seasons compared with the previous 30 years. The ICS
arrests ice runs and holds the resulting ice jams during conditions that pose the greatest flood
threat: thick, strong ice and large breakup surges. Nevertheless the large gaps between blocks
and their sloped faces permit thin ice to pass through or over the ICS. While thin ice does not
pose a serious flood threat to Hardwick, this release behavior must be considered if the slopedblock ICS is a candidate for installation at other sites.
Acknowledgments
Nearly everyone in CRREL’s Ice Engineering group has contributed over the years to the design,
construction and monitoring of the Hardwick ice-control structure: Kate White, Steve Daly,
Andy Tuthill, John Gagnon, Charlie Clark, Bob Haehnel, Jesse Stanley and Carrie Vuyovich.
The authors sincerely thank them for their efforts and continued interest in the project. We also
gratefully acknowledge the support of the US Army Corps of Engineers civil works research
program for initial development and continued monitoring of the ICS.
References
Calkins, D.J., 1985. Ice jam prevention measures: Lamoille River at Hardwick, Vermont, USA.
2nd Int. Conf. on the Hydraulics of Floods & Flood Control, Cambridge, England, paper
C3, p. 149–168.
Federal Emergency Management Agency, 1987. Flood insurance study, Town and Village of
Hardwick, Vermont, Caledonia County. FEMA community number 500027, Washington,
D.C.
Lever, J.H., G. Gooch, A. Tuthill and C. Clark, 1997. Low-cost ice-control structure. J. Cold
Regions Engineering, 11(3):198 – 220.
Lever, J.H. and G. Gooch, 1998. Model and field performance of a sloped block ice control
structure. Ice in Surface Waters (ed. Shen), Balkema, Rotterdam, Proceedings of the 14th
International Symposium On Ice.

CGU HS Committee on River Ice Processes and the Environment
13th Workshop on the Hydraulics of Ice Covered Rivers
Hanover, NH, September15-16, 2005

Performance of the Lake Erie Ice Boom,
Eight Years After Major Design Modifications in 1997
R. Abdelnour, G. Comfort and A. Liddiard,
BMT Fleet Technology Ltd
Kanata, Ontario, Canada, K2K 1Z8
rabdelnour@fleetech.com, gcomfort@fleetech.com, aliddiard@fleetech.com
R. Crissman and D. Harding,
New York Power Authority York, USA
rcrissman@nypa.com, dharding@nypa.com

Since 1964, NYPA and Ontario Hydro (OH) install the 2,700-meter Lake Erie
Upper Niagara River Ice Boom (LENRIB) every winter near the entrance to the
upper Niagara River prior to ice formation on Lake Erie. The purpose of
LENRIB is to promote the formation of a stable ice cover on Lake Erie near the
entrance of the Niagara River. It significantly reduces the volume of ice
entering the Niagara River and reduces the potential for ice jamming
downstream. The ice boom was originally designed for fabrication from
Douglas Fir timber (Figure 1) that was replaced in the fall of 1997 with
cylindrical steel pontoons. The boom was designed to restrict, but not
necessarily eliminate completely, the movement of broken lake ice into the
Niagara River. The new design developed in 1997 increased the resistance of
the boom by at least three fold while maintaining the maximum resistance at
40% of the span and anchor cables resistance capacity. One major event
occurred on February 4th, 2003, where one anchor cable broke and precipitated
the failure of 13 adjacent span cables. The analysis showed that the average
wind during the event was at 49 km/hr, which constituted a 1-in-37-years event.
To prevent such an event from occurring again, the NYPA started to monitor
the Freezing Degree-Days (FDD) and break the ice that surrounds the boom
using the icebreaker as soon as this value reaches 200 FDD.
This
recommendation was started during the winter season of 2004/05.

Figure 1: Location and Arrangement of Lake Erie-Niagara River Ice Boom
(Inserts show January 1997 prototype test, Steel and Timber Pontoons, Steel in center retain the ice)

1.
Design Modifications in 1997
An investigation into new alternatives to the boom and its configuration started in 1993
(Abdelnour et al, 1994). It included an evaluation of the performance of LENRIB, and the
determination of modifications to potentially enhance the performance of the boom. The new
design consisted of replacing the 13 Douglas fir timbers pontoons per section with 10 (A to L)
and 11 (M to V) Steel ones. The steel pontoons were 0.762 m diameter and 9.1 m long. The
results obtained from two field data collection programs in 1994 and 1997 (Figures 1, 2 and 3),
during which ice overtopping events occurred, showed that the resistance capacity of the boom
increased significantly during the freeze-up period, from about 2 to 9 kN/m, while its resistance
during the winter, when the ice was already formed, was not affected and averaged about 9
kN/m.
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Figure 3: Line Load during 1997 Ice Run Even (Steel)

2.
Recent Events, Post 1997
Since 1997, the operations of the hydro-plants located on the Upper Niagara River were not
affected by ice. During the 1997 to 2005 period, the boom retained the ice despite recording
higher wind events which had been the reason for many of the events recorded during the period
between 1963 and 1996. One example of an event was recorded on a Web cam during most of
the morning of January 24, 1999. The wind was over 30 km/hr as shown in Figure 4. The
majority of the ice remained upstream of the boom. Some ice small floes ran under the boom
first, then larger ice floes ran over the boom (Figure 5). This event did not result in any
significant reduction in the power production or in increasing the water level of the UpperNiagara River.
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Figure 5: January 24, 1999 Ice Run Event

One major event occurred on February 4th, 2003, where the anchor cable No. 18, located on the
Canadian side of the boom, broke and precipitated the failure of 13 adjacent span cables. The
event occurred when the ice was solidly formed and consolidated to the boom pontoons. The
failure of the boom did not result in an ice run because the ice cover was wedged between the
north and south shores of the lake. The failure of the boom is shown in Figure 6.

Figure 6: A Video Clip Showing the Failure of the Boom Figure 7: The Failure Started on the Canadian Side

3.
Analysis of the February 4th, 2003 Boom Failure Event
The boom failed at 10:54 AM on February 4th, 2003. An assessment of the environmental
conditions that preceded the failure event of the LENRIB was carried out:
• The winter of 2003 was particularly cold. The average daily air temperature for the
period between the 1st of January and the 5th of February is shown in Figure 8. The
freezing degree-days curve had reached about 290 freezing degree-days by February 4, is
also displayed on the same figure. The ice started to form on about January 11 as shown
on Figure 8.
• The plots of the freezing degree-day records since 1972 shown in Figure 9 indicated that
the FDD recorded during the winter of 2002/03 was a slightly above average winter.
• The daily wind speed and its prevailing direction for the period between the 1st of
January and the 5th of February were quite active and is shown in Figure 10.
• The wind speed and its direction for February 4th, 2003, the day of the event, are shown
in Figure 11. It showed that the wind peaked between 8:30AM and 12PM.
• The water level for the period from the 1st of January to the 5th of February is shown in
Figure 12. The water level was constant for 15 days prior to the Feb 4th event and rose
suddenly on Feb 4, between 6:00AM and 9:00AM, due mainly to the wind setup as
shown in Figure 13.
The steps that led to the failure event are a set of successive events that led to very high pushing
force on the boom while the ice was completely consolidated (frozen) to the boom. The
following is the sequence of the event:
1. The cold temperature produced an ice cover during the second week in January.
2. The wind was blowing from the southwest direction at up to 40 km/hr during the period of
ice formation until January 25th producing relatively thick pack ice, particularly upstream of
the boom.
3. The period of high wind was followed by one week of relatively calm weather, with wind
blowing at below 30 km/hr, combined with cold temperatures. This long period provided
sufficient time to freeze and consolidate the ice, ridges and rubble ice, which accumulated
around the boom's cables, chains and pontoons.
4. The last four days prior to the event, warm temperatures hovering around 0oC prevailed,
which led to the weakening of the shore ice.
5. During the day of the event, the following occurred:
a. The wind was blowing from the south at an average of 49 km/hr and gusting at 90 km/hr.
b. The water level rose about 0.75 m, from 173.75 m to 174.5 m.
c. The high winds, and the rise in water level, may have caused the current velocity to
increase significantly. This would have resulted in very high ice forces that exceeded the
resistance capacity of the anchor cable No. 18 (this anchor cable was due to be changed
the following summer, so it was in a less than perfect condition).
d. Usually the shores take most of the wind and current drag forces applied on the ice.
However, when the ice cover rose 0.75 m, it broke free from the shores, and they were no
longer able to contribute as much to resist the ice load. Therefore, the shore resistance
shifted almost entirely to the boom. This load can easily exceed the design load of the
boom if the boom does not submerge, allowing the ice to overrun the boom.
e. For example, if the ice cover upstream the boom is 5 km long; the uniform line load
applied by the ice on the boom for 49 km/hr wind and 0.5 m/sec current is 29 kN/m

(Abdelnour et al, 1996). However, the maximum line load that an ice sheet can apply on
the boom can exceed this value. The maximum load is only limited by its strength and its
resistance to the start of ridge formation away from the boom. For a 0.5 m ice cover
thickness, the maximum line load that it can apply before starting to form ridges is about
50 kN/m (Figure 14). Therefore, the load on the boom can reach a maximum of 50 kN/m.
f. The boom was designed to let the ice run past the boom pontoons when the line load
exceeds 9 kN/m (Abdelnour et al, 1996). This assumes the line load is distributed
uniformly and applied perpendicularly to the boom layout (from the southwest direction).
If the ice was frozen to the boom (span cables, chains and pontoons), the boom can resist
until the following occurs:
i. It is expected that either the consolidated rubble ice surrounding the pontoons breaks
and allows the pontoon to submerge through the rubble ice and subsequently releases
the ice, or one of the two chains connecting the span cable to the pontoons breaks and
allows the ice to pass over the boom span cable.
ii. If more than 50% of the pontoons resist submerging, the tension load on the chains
will be lower than the chain breaking load and the span cable will fail instead when
the line load applied by the ice exceeds 22 kN/m (as shown in Figure 15).
iii. The anchor cable is not expected to fail and it is designed to break when a line load,
uniformly applied on the boom, exceeds 27 kN/m. Unfortunately, the cable broke,
for a lesser load than its rated resistance capacity.
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Figure 15: Resistance of the Boom’s Span and Anchor
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4.
Comparison of February 4th, 2003 Event with Past Events
A review of the environmental factors and the timing that led to the event of February 4th, 2003
are compared with several lake ice run events that have occurred since the construction of the
boom between 1968 and until 1989 (Abdelnour et al, 1996).
A classification system was developed which rated each of the ice run events observed to be one
of the following categories: Early freeze up, Late freeze up, Early break-up and Late break-up.
The different events categories are described in Table 1. Using the ice run classification system,
the lake ice run event seen on February 4th, 2003 would be classified as a late freeze-up lake ice
run event. In Table 2, a summary of these lake ice run events is presented. Three types of lake
ice run severity were observed. An event is defined in terms of its potential to cause ice
stoppages or ice jams in the Grass Island Pool reach of the upper Niagara River (25 miles
downstream) that may adversely affect power production and/or lead to flooding in the
Tonawanda Channel. The first type is when an ice run occurs but no stoppage near the NYPA
water intakes occurs (noted in the table as "NO"). The second type is when the ice stops near the
NYPA water intakes and where action to dislodge the ice was taken (noted in the table as
"YES"). The third type is when the ice stoppage caused significant water level rise and
significant reduction in power production (noted in the table as "Severe"). All "Severe" events
occurred under the early freeze up category. The February 4th, 2003 occurred under the late
freeze up category.

During all the event categories, the boom was not necessarily damaged as happened on February
4th, 2003. Only five late freeze-up events have occurred since 1968. A review of the main factors
that resulted in the February 4th, 2003 lake ice run event is made.
Table 1
Values of Cumulative Freezing Degree-Days Used to Classify Lake Ice Runs With the LENRIB in Place
(Abdelnour et al, 1996)
Category of Lake Ice
Run
Early Freeze-up

Value for
Classification
β < 30,
dβ/dt > 0

Late Freeze-up

β > 30,
dβ/dt > 0

Early Breakup

δ < 50,
dβ/dt < 0

Late Breakup

δ > 50,
dβ/dt < 0

Character of Ice Cover and Ice Strength
Lake ice is generally less than about 5 cm thick and is very fragile and may
cover only a small area of the lake. The ice strength is not sufficient to
transfer the environmental load to the shores to form the natural ice arch.
Any movement of ice into the upper Niagara River is resisted solely by the
LENRIB.
Lake ice is generally more than 5 cm thick, covers a large area of the lake,
and has strengthened to the point that most of the environmental load on the
ice cover is transferred to the shores (natural ice arch). Movement of ice into
the upper Niagara River is resisted primarily by the natural ice arch. In
extreme wind events ice can be forced over the ice boom.
Lake ice can be any thickness, but generally greater than about 20 cm and
covers a large area of the lake. Early breakup is characterized by a short
period of warming that causes the ice cover to weaken and become more
susceptible to motion. Movement of ice into the upper Niagara River may be
resisted by either the natural ice arch or the ice boom depending on the ice
thickness and strength.
Lake ice can be any thickness, but generally greater than about 20 cm and
covers a large area of the lake. Late breakup is characterized by a long
period of warming that causes the ice cover to weaken substantially and
become very susceptible to motion. Movement of ice into the upper Niagara
River is resisted by both the natural ice arch and the LENRIB, but a greater
proportion of the resistance is by the ice arch until very late in the breakup
period.

Air Temperature
The air temperature records from NOAA’s Buffalo station for the past 30 years (1972 to 2002)
were obtained and the freezing degree-days calculated and presented in Figure 9. The number of
freezing degree-days calculated for the season of 2002/03 was not particularly different from
many other years. When the event occurred, the value of the freezing degree-days was about
290, or a little more than half the value reached at the end of the winter.
However, it is important to note that the rate of increase of the freezing degree-days was higher
than normal, especially for the period between January 11 and 30. A similar trend was observed
for the years 1976, 1977, 1980, 1983, 1989 and 1993 (shown in bold lines). The ice stoppages
occurred only in 1967 and 1977 as noted in Table 2. No similar trend was noted after 1997 when
the new boom design was implemented (shown in Figure 9, dashed lines).
Wind Speed and Direction
The average daily wind speed and direction records (obtained from NOAA’s Buffalo station) for
a 19-year period (1984 to 2002) were obtained. The average daily wind measured for the day
was 37 km/hr. As can be seen in Figure 16, this value is well below the high-resolution wind
data obtained for the same period where the average wind from 6AM to 12PM was 49 km/hr
during the event and the maximum gust reached was 90 km/hr. The wind data from Abdelnour
et al, 1996, presented in Table 2 was more useful for comparison with the February 4th, 2003

since they were obtained for each observed lake ice run. The results of the comparison of all 45
events with the event of 2003 (event 46) are shown in Figure 17.
The average measured wind speed during the event of February 4th, 2003 compares closer to the
maximum wind speeds recorded during all previous lake ice run events recorded since 1968
(Table 2). The maximum wind speed (gust) during the event was 90 km/hr, which is 34% higher
than the maximum wind speed measured during the past 45 events.
A probability distribution was fitted to the wind speed during ice run events and to wind gusts
during ice run events (without the 2003 wind gust of 90 km/h). The 2003 event gust of 90 km/hr
is a significant outlier and was removed from the fitted data. In both cases shown in Figure 16,
the Normal distribution provided the best fit. The average wind speed of 49 km/hr during the
event constitutes a 1-in-37-years event, and the 90 km/h gust is approximately a 1-in-100,000years event (keeping in mind that extrapolating to 100,000 years from 20 years of data can
incorporate significant error).
Ice Thickness
The ice thickness upstream of the boom was measured on February 17 (Harding, 2003), about
two weeks after the event occurred. The average ice thickness measured was 49 cm. The data is
shown in Figure 18. Figure 19 shows the FDD on February 4th, 2003 and for all the seasons.
The ice thickness was calculated for the date of the event, February 4th, 2003, using a modified
Stefan’s formula [1] for the Lake Erie (Abdelnour et al, 1996) as follows:
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Ice thickness (cm) = 1.308 β0.6

[1]

Where β is the number of freezing degree-days starting when the water reached 0oC. After
assuming that the start of the ice growth was at 50 freezing degree-days (water temperature
reached 0oC), the number of freezing degree-days (β) after the formation of the ice cover and up
to the date of the event was 240oC-days. Using a value of β of 240oC-days, the calculated ice
thickness on February 4th, 2003 was 35 cm. The natural ice thickness growth at the end of the
winter was estimated to have reached 54 cm for a value of β of about 490oC-days.

Table 2: A Summary of the 45 Recorded Lake Ice Run Events between 1968 and 1993
and the February 4th, 2003 event. (Abdelnour et al, 1996)
Event
No.

Start
Date

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

05/Jan/68
21/Mar/69
26/Mar/70
09/Apr/70
10/Jan/71
26/Jan/71
30/Jan/71
28/Feb/71
04/Feb/72
12/Jan/73
16/Jan/73
19/Jan/73
22/Jan/73
03/Feb/73
14/Jan/74
12/Feb/75
28/Feb/76
12/Mar/76
06/Apr/76
17/Apr/76
10/Mar/84
16/Mar/84
10/Mar/86
08/Feb/87
30/Mar/88
15/Mar/89
08/Jan/70
15/Feb/76
05/Mar/76
27/Mar/76
12/Apr/76
05/Apr/77
11/Apr/78
06/Apr/79
10/Jan/82
22/Mar/84
12/Mar/85
02/Mar/87
13/Jan/88
07/Feb/89
11/Feb/89
25/Feb/75
09/Jan/78
18/Jan/85
05/Jan/86
04/Feb/03

Ice
Freezing
Freezing
Stoppage Degree-Day Degree-Day
α (1)
β (2)
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
SEVERE
SEVERE
SEVERE
SEVERE
NO

(FDD oC)
24
323
471
438
124
211
253
318
119
82
84
61
58
68
149
77
269
256
141
57
391
414
345
80
151
201
173
316
249
201
256
430
513
361
92
409
262
173
76
68
99
62
97
67
109
290

(FDD oC)
12
239
331
298
29
116
158
223
62
16
18
-6
-8
2
45
61
159
146
31
-53
295
318
236
11
104
133
33
206
139
91
146
352
438
313
45
313
171
104
29
0
31
47
22
0
0
240 (3)

Type of
Event

Early Freeze-up
Early Break-up
Early Break-up
Early Break-up
Early Freeze-up
Late Freeze-up
Late Freeze-up
Early Break-up
Late Freeze-up
Early Freeze-up
Early Break-up
Early Break-up
Early Break-up
Early Break-up
Early Freeze-up
Late Freeze-up
Early Break-up
Early Break-up
Late Break-up
Late Break-up
Late Freeze-up
Early Break-up
Early Break-up
Early Freeze-up
Early Break-up
Early Break-up
Early Freeze-up
Early Break-up
Early Break-up
Late Break-up
Early Break-up
Late Break-up
Early Break-up
Late Break-up
Early Freeze-up
Early Break-up
Early Break-up
Early Break-up
Early Freeze-up
Early Freeze-up
Early Freeze-up
Early Break-up
Early Freeze-up
Early Freeze-up
Early Freeze-up
Late Freeze-up

Duration of
Air
Estimated
Water
Wind at Wind Max Wind
Wind
Lake Ice Temperature
Ice
Level
Start of During
During
Direction
Run
During Run Thickness IGLD 1955 Ice Run Ice Run Ice Run During Run
(oC)
(hr)
(cm)
(m)
(km/hr) (km/hr)
(km/hr)
(km/hr)
9
-13.4
6
173.9
18.5
13.4
18.5
275
9
2.1
35
174.02
39
41.8
48.9
243
25
3.4
43
173.9
18.2
17.9
44.5
200
21
5.6
40
174.05
23.9
4.5
23.9
295
13
-0.8
10
174.1
24.2
19
30.8
258
9
-9
23
174.1
35.8
21.5
35.8
270
17
-7.1
27
174.1
14.4
20.3
38.4
268
9
1.1
34
173.97
45.6
41.5
48.2
253
9
-5.6
16
174.02
26
25.8
29
265
13
-5.1
7
174.55
23.4
16.9
23.9
260
33
4.1
7
174.55
30.8
31.3
37.9
237
37
-0.6
8
174.55
29
6.3
45.5
289
13
8.1
8
174.55
24.7
27.1
32.1
178
13
0.2
8
174.42
27.9
8.9
27.9
282
17
2
13
174.36
50.3
32.6
50.3
247
9
-5.8
15
174.37
21
19.8
36.3
260
13
3.3
27
174.25
25.2
13.7
31.8
260
21
2.2
26
174.53
32.1
34.2
53.1
220
9
6.4
10
174.55
28.6
6.1
28.6
285
37
20.3
10
174.55
12.7
14.5
25.8
205
21
-6.2
40
174.27
25.2
23.2
45.5
250
17
-2.4
42
174.27
33.6
-8.2
33.6
218
29
7.3
35
174.65
29.4
25.3
54.4
254
49
-5.7
6
174.52
6.5
4.8
36.3
271
13
7.1
21
174.13
46.1
27.1
53.1
209
13
4.9
25
173.77
41.3
37.7
51.6
236
41
-15.6
11
173.94
33.4
30.5
36.6
236
9
6.6
25
174.25
27.3
35
50
195
49
0.4
25
174.53
44
27.1
44
246
13
7.1
20
174.53
24.2
29.7
42.4
234
29
3.8
26
174.55
39.4
26.3
39.4
237
29
3.7
44
174.13
22.7
31
44
222
65
5.1
50
174.33
26.1
19.8
36.8
253
13
-4.6
41
174.23
41.9
42.4
56.1
240
29
-18.2
13
174.2
20.2
33.6
55.2
249
25
1.6
41
174.21
11.9
31.9
50.2
219
45
2
29
174.53
59.4
21
59.4
238
45
-0.9
21
174.46
25.8
17.4
43.6
263
21
-9.4
10
174.2
22.7
7.3
41.3
298
77
-9.4
0
173.88
16.5
27.3
55.8
238
9
-3.1
10
173.88
21.3
22.9
34.8
250
33
0.4
13
174.37
31.1
35.2
51.6
233
61
-9.7
8
174.19
43.6
28.2
56.9
280
133
-9.3
0
174.38
11.1
27.6
53.2
242
36
-5.9
0
174.44
21.3
18.1
44.4
266
3
1
35
174.55
16
60
85
160

1) α is the cumulative freezing degree days (°C-days) from the time the lake temperature reaches 4°C to the day ice run begins.
2) β is the cumulative freezing degree days (°C-days) from the time the lake temperature reaches 0°C to the day ice run begins.
3) Estimated value.

Based on the freezing degree-days, the ice thickness for the winter of 2002/2003 was above
average, making this the third coldest winter since 1972. Figure 9 shows the freezing degreedays for all 45 events that have occurred since 1972.
The ice thickness was one of the factors that led to the severe event of February 4th, 2003.
Although previous analyses by Abdelnour et al, 1996 showed that the most severe ice stoppage
events occurred when the ice thickness was below 15 cm, in this case, the event was due to the
failure of the boom to resist the applied load rather than the ice over topping the boom. No ice
overtopped the boom before February 4th, 2003. The boom failed because the boom structure
could no longer resist the ice forces applied. Therefore, the occurrence of the February 4th event
is likely due to a combination of factors; namely the consolidation of the ice around the boom
and the ice thickness at this early time during the season and the considerable southwesterly
wind that prevailed during the day of the event.
Ice Consolidation around the Boom
The ice thickness calculated above does not take into consideration the ridge building that occurs
immediately upstream of the boom, especially during the ice formation period. Previous
measurements of the submergence of the junction plate located under the buoy have shown that
the depth of submergence by the moving ice during an overtopping event (in January) was at
least 1.5 m below the water surface (Abdelnour et al, 1997). This provides an indication of the
depth of accumulated rubble ice. This relatively thick ice later consolidates and forms a strong
bond with the boom pontoons. The packed ice starts to consolidate from the surface and
gradually freezes toward the bottom. The thickness of the consolidated layer expected in Lake
Erie can be twice the ice thickness calculated from the freezing degree-days or up to 1 meter of
consolidated rubble ice.
It was therefore likely that on February 4th, 2003, the ice surrounding the pontoons was thicker
and the accumulated rubble ice was partly consolidated. This can be observed in Figures 20 and
21, taken on February 7.

Figure 20: Consolidated Ice around One of the Pontoons

Figure 21: Consolidated Ice around the Buoys

The ice consolidation around the boom pontoons will likely hinder the boom from submerging
under the ice, which normally allows the ice pressure to be released when the applied load
exceeds the capacity of the pontoon thereby releasing the pressure on the boom.

5.
Performance Comparison of the New Steel Boom and the Timber one
Following the failure event of February 4th, 2003, a question was raised about the effect of
replacing the timber pontoons with steel ones on the occurrence of the event. A comparison of
the performance of both types of booms is presented for both the period with ice and in open
water.
In Presence of Ice
The timber ice boom was replaced with steel pontoons to provide a higher resistance to ice
during the early freeze-up period. As shown in Figures 2 and 3, the ice boom resistance
measured during the 1994 and 1997 field trials increased significantly from 1 kN/m for an ice
boom with timber pontoons to 9 kN/m for steel pontoons. Based on the same test results, the
loads measured during the latter part of the winter (late freeze-up, early and late break-up) were
relatively similar for both the timber and the steel pontoons. Therefore, the performance of the
two types of pontoons (timber vs. steel) was assessed during two different periods:
1. During the early freeze-up period when the ice starts to form on the lake, (most severe ice
overtopping events that occurred in the past 30 years occurred during this period)
2. During the winter and when a fully developed ice cover forms upstream to the ice boom
(the event of February 4th, 2003 occurred during this period)
During Early Freeze-up: The increase of the boom’s resistance capacity during the early
freeze-up period significantly reduced the potential of the ice run event occurrences
experienced about 45 times between 1968 and 1993 (Table 2). These ice run events caused
blockages at the NYPA power plant water intakes 19 times, of which four were severe. No
ice run events have occurred since the installation of the new steel pontoons in the fall of
1997. With the steel pontoons, ice accumulated upstream of the boom rather than overtopping the boom pontoons. The ice cover quickly progressed upstream to form a stable ice
cover that remained intact until the end of the winter.
In Table 3, eight early ice-overtopping events were compared with high wind events that
occurred on January 11, 2003. No ice overtopping was reported. In general, the critical wind
velocity required to initiate an ice overtopping event during the early freeze up period
increased from about 20 km/hr for the timber pontoons to more than 34 km/hr for the steel
ones.
Table 3: Comparison of the Conditions that Caused Past Severe Events
during the Early Freeze-Up with the Conditions on January 11-16, 2003
Event
No.

Start
Date

Ice
Stoppage

Type of
Event

39
27
35
40
41
43
44
45
47
48
49

13/Jan/88
08/Jan/70
10/Jan/82
07/Feb/89
11/Feb/89
09/Jan/78
18/Jan/85
05/Jan/86
11/Jan/03
11/Jan/03
11/Jan/03

YES
YES
YES
YES
YES
SEVERE
SEVERE
SEVERE
No
No
No

Early Freeze-up
Early Freeze-up
Early Freeze-up
Early Freeze-up
Early Freeze-up
Early Freeze-up
Early Freeze-up
Early Freeze-up
Early Freeze-up
Early Freeze-up
Early Freeze-up

Duration of
Air
Lake Ice Temperature
Run
During Run
(oC)
(hr)
21
-9.4
41
-15.6
29
-18.2
77
-9.4
9
-3.1
61
-9.7
133
-9.3
36
-5.9
120
-5
24
-3.5
72
-5

Estimated
Ice
Thickness
(cm)
10
11
13
0
10
8
0
0
0
0
0

Wind at Wind Max Wind
Wind
Start of During
During
Direction
Ice Run Ice Run Ice Run During Run
(km/hr) (km/hr)
(km/hr)
(km/hr)
22.7
7.3
41.3
298
33.4
30.5
36.6
236
20.2
33.6
55.2
249
16.5
27.3
55.8
238
21.3
22.9
34.8
250
43.6
28.2
56.9
280
11.1
27.6
53.2
242
21.3
18.1
44.4
266
34
20
NA
240
34
34
NA
240
34
30
NA
250

During the winter: Several winter events have occurred in the past. Two major ones are the
events that occurred in 1975 and in 2003. The first one took place on February 25th, 1975
when the ice moved and over topped the boom and caused a “severe” ice blockage event
downstream along the Upper Niagara River. The second event took place on February 4th,
2003 when the ice cover had already formed and was consolidated to the boom. The ice
consolidation prevented the boom pontoons submergence and did not allow the ice to overtop
the boom (a design feature). This permitted the boom to resist much higher loads than its
capacity, which led to the failure of the anchor cable No. 18 (Section 3).
Another minor event occurred on January 24th, 1999 when large ice floes overtopped the
boom (Figure 5) but the volume remained below the amount that would cause any blockage
or the water level to rise.
In Table 4, the events of February 4th, 2003 and of January 24, 1999 are added to past events
that occurred during the winter (late freeze-up, early breakup and late breakup) recorded
between 1968 and 1993.
Table 4: Comparison of the Conditions that Caused Past Severe Events
Subsequent to Early Freeze-Up with the Conditions on January 11-16, 2003
Event
No.

Start
Date

28
29
30
31
32
33
34
36
37
38
42
46
50

15/Feb/76
05/Mar/76
27/Mar/76
12/Apr/76
05/Apr/77
11/Apr/78
06/Apr/79
22/Mar/84
12/Mar/85
02/Mar/87
25/Feb/75
04/Feb/03
24/Jan/99

Ice
Stoppage

Type of
Event

YES
Early Break-up
YES
Early Break-up
YES
Late Break-up
YES
Early Break-up
YES
Late Break-up
YES
Early Break-up
YES
Late Break-up
YES
Early Break-up
YES
Early Break-up
YES
Early Break-up
SEVERE Early Break-up
NO
Late Freeze-up
NO
Late Freeze-up

Duration of
Air
Lake Ice Temperature
Run
During Run
(oC)
(hr)
9
6.6
49
0.4
13
7.1
29
3.8
29
3.7
65
5.1
13
-4.6
25
1.6
45
2
45
-0.9
33
0.4
3
1
8
5

Estimated
Ice
Thickness
(cm)
25
25
20
26
44
50
41
41
29
21
13
35
29

Wind at Wind Max Wind
Wind
Start of During
During
Direction
Ice Run Ice Run Ice Run During Run
(km/hr) (km/hr) (km/hr)
(km/hr)
27.3
35
50
195
44
27.1
44
246
24.2
29.7
42.4
234
39.4
26.3
39.4
237
22.7
31
44
222
26.1
19.8
36.8
253
41.9
42.4
56.1
240
11.9
31.9
50.2
219
59.4
21
59.4
238
25.8
17.4
43.6
263
31.1
35.2
51.6
233
16
60
85
160
36
36
NA
240

Table 4 shows that the wind speed during the event of February 4th, 2003 was by far greater than
the average and the maximum wind speed measured in any of the past ice overtopping events.
Based on this, there is strong evidence that if the boom had timber pontoons instead of the steel
ones, on January 24, 1999 and on January 11 and 12, 2003, a “severe” event would have
occurred. The environmental conditions measured during the event of January 11, 2003
including the wind, its duration, the cold air temperature, the rise in water level, are comparable
with the two “severe” events recorded on January 9, 1978 and January 18, 1985 (Table 3).
The events experienced in 1978 and 1985 resulted in significant rise in water level, which led to
the reduction of water for power generation and resulted in important power production losses.
The wind experienced on January 24, 1999 was also quite significant and was above the events
experienced in 1978 and 1985. In summary, the differences in the behavior of the timber and
steel pontoons are:
• The steel pontoons retain ice during early freeze-up much better than the timber pontoons.
• The ice grown around steel pontoons melts faster when exposed to the sun. This allows the
boom to be free from ice and to submerge freely when the ice load starts to increase above
the resistance capacity of the boom. This reduces the risk of overloading the boom during
high ice load events that are typically seen during spring break-up.

• It is possible that the steel boom will resist more than a 9 kN/m line load, particularly during
a Late Freeze-up loading event, such as the February 4th, 2003. This is probably true of both
steel and timber pontoons, although no data is available for the timber pontoons.
To prevent a repeat of the February 4, 2003 event, particularly during cold winters and in the
presence of a large, stable ice cover upstream of the boom, an icebreaker should be used to free
the boom from the ice. This should include the pontoons, the span cables, the junction plates, the
buoys and the anchor cables. This will allow the pontoon to submerge and let the ice run over
the boom when the load exceeds 9 kN/m.
In Open Water
The deployment of the boom without the presence of ice exposes the boom cables to significant
cyclic loads from waves. The length of time for which the boom is exposed to strong waves (the
number of cycles with large amplitudes) varies from year to year. In some years, the ice takes
several weeks to form while on rare occasions the ice does not form at all.
The waves produce a motion cycle that generates significant heave and pitch movement of the
boom components, particularly the pontoons and the buoys. It was reported that the icebreaker
crew observed during a visit to the site on a stormy day that the timbers were seen to pitch
almost 90 degrees (stand vertically) during every large wave cycle. With steel pontoons this
would very likely still be the case.
During a storm, the ends of the span and anchor cables, particularly near the buoys, are subjected
to large cyclic pull forces resulting from combined pitch and heave motions that accelerate
fatigue failure of the cable ends (Figure 22). The average horizontal load on the span cable in
open water is close to 76 kN (0.5 kN/m, measured in 1994, timber pontoons) while the vertical
force depends on the pitch of the pontoon, its mass, the wave height and the wavelength. It also
depends on the buoyancy of the buoys.

Figure 22: The Motion of the Buoys and the Two End Pontoons in a Storm

With the replacement of the timber pontoons with steel ones, the horizontal load on the boom
should be smaller since the steel pontoons are cylindrical (lower drag) and have a draft of only
half of the pontoon diameter (0.76 m diameter), compared to a draft of 70 to 90% of the depth of
the timber pontoons (drafts between 0.4 and 0.5 m for a 0.56 m thick timber).
Despite the reduced resistance to the water currents in waves, the vertical loads on the span
cables must have increased due to the much greater buoyancy of the steel pontoons (three to ten
times larger, depending on the timber density).
In summary, to reduce the impact of the waves on the failure of the boom cables it is important
to reduce the pitch and heave of the pontoons that are close to the ends of the span cable.
Reducing the length of these pontoons will reduce the vertical load and the fatigue of the cable.
For example, by cutting these pontoons in half, they would continue to provide the same

resistance to the ice (by keeping the total buoyancy of a span the same) while reducing the heave
and pitch as shown in Figure 23.

Figure 23: The Suppressed Motion of the Cut Pontoons during a Storm

A prototype tests was carried out during the winter of 2004/05 where a number of pontoons were
cut in half as shown in Figure 24. No wear was observed when the boom was inspected in May
2005.

(a) Long Pontoons (Left) and long pontoons (right)

(b) Long Pontoons

(c) Short pontoons
Figure 24: The Motions of the Long and Short Pontoons in Waves (December 28, 2004)

Another area of improvement would be to redesign the buoys to reduce their buoyancy and their
resistance to water drag (Figure 25). The new design would offer much less resistance to waves,
while meeting the design criteria for ice, thus reducing the vertical loads on the cable during a
storm and eventually reduce the risk of fatigue failure.

Figure 25: The Suppressed Motion of the Cut Pontoons during a Storm

Conclusions
The analysis of the events that occurred post 1997 modifications of the Lake Erie Ice Boom
resulted in the following conclusions:
• The boom performed extremely well and seems to have significantly reduced the
potential of occurrence of early freeze-up event. All the early freeze-up ice overtopping
events that occurred after the 1997 modification were minor and caused no water level
increase or power generation loss.
• The boom failure on February 4th, 2003 was a rare event. The previous timber Lake ErieNiagara River boom “failed” and allowed SEVERE ice runs to occur under much less
severe environmental conditions.
• The new Lake Erie-Niagara River boom “failed structurally. However, an ice blockage
did not occur. The ice had thickened enough to resist its breakup and its drift through the
Upper-Niagara River.
• The failure that caused the February 4th, 2003 event was caused by a combination of
unfavorable events, as follows:
o Cold temperatures that likely resulted in considerable ice growth and caused the
boom pontoons to become frozen in the rubble around them, followed by warm
temperatures that released the ice cover from the shorelines.
o The wind speed was 49 km/hr with the maximum gust speed at 90 km/hr. The
maximum wind speed recorded during the 45 lake ice run events (between 1968 and
1989) was 42 km/hr. The maximum gust recorded was 59 km/hr. That is an increase
of 14% and 34% above the past record.
o The 49 km/hr wind during the event constitutes a 1-in-37-years event while the 90
km/hr gust is approximately a 1-in-100,000-years event.
o The boom anchor cable should not have failed before the span cables. The anchor
cable is designed to resist up to a 27 kN/m line load while the span cable is designed
to resist up to 22 kN/m. Anchor cable fatigue due to wave action could be the source
of this inconsistency.
To minimize the occurrence of major events, such as the February 4th, 2003 event, the following
measures to reduce the risk were implemented:
• Monitor the air temperature and the Freezing Degree-Days and as soon as this value
reaches 200 FDD, break the ice that surrounds the boom using the icebreaker to ensure
that the boom will submerge, even late during the winter, before the ice pressure reaches
the anchor or span cable failure loads. This was implemented successfully during the
winter season of 2004/05. Icebreaking should be repeated on by-weekly basis, if the air
temperature remains cold (below -15oC), a very rare event in Lake Erie.
• Investigate solutions to the problem of fatigue failure of the boom anchor and span
cables. This should include the following:
o Assess the potential of shortening the two end pontoons from 9m to 4.5m for all
spans where the waves are large (center of the lake, spans E to Q). A wave
climate survey of the boom site would greatly assist in this assessment.
o Assess the potential of redesigning the buoys to reduce their buoyancy and their
drag coefficient to reduce the vertical forces due to waves on the span and anchor
cables.

o Evaluate the possibility of deploying the boom as close as possible to the ice
formation start date.
o Continue the rigorous inspection of the anchor and span cable to minimize
premature failure.
There is always the “do nothing” option, which may be attractive in this case. The event of
February 4th, 2003 was a rare event combining a sustained period of cold weather with a sudden
warming and high winds. However, the cost for the above-recommended changes is relatively
inexpensive and should be paid off by the savings in avoiding a similar failure event in the
future.
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Reduced bearing capacity of reservoirs, information to the public via Internet
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The first reservoirs of water for power production in Norway were established nearly 100 years
ago. Changes in ice conditions were soon recognized and claimed to be caused by the regulation
of lakes and reservoirs.
This initiated ice and water-temperature investigations. In the water courts the power owners
were deemed to fulfil compensating measures as roads and bridges or monetary compensations,
permanent or yearly. Satisfactory information to the public of “areas where the bearing strength
of the ice cover has been reduced” has always been compulsory and included in the permission
given for regulation.
Throughout the last century ca 900 reservoirs have been established. They are located from fairly
low to higher altitudes, from close to inhabited areas to remote areas in the mountains. The
ownership of the power developments, and thus the reservoirs, are changing, and thus also the
responsibility for the safety information.
The changes in the ice conditions, and thus the weakened areas, used to be well known by the
local people. Even though more and more winter traffic is routed on land, there are still
advantages and needs in many areas to use the ice as winter roads. The use of the ice for leisure
use has been more and more popular, both by local people and tourists. The local knowledge of
the ice conditions is also getting scarcer.
In some regions there are several power plants with drainage areas and thus reservoirs fairly
close to each other, and it may be necessary to have information from several power plant
owners to cover a limited region.

To make information of areas where the ice is weakened by water power regulation this
information is presented on the Internet.
It is focused on
Changes in water level
Increased flow
Natural inlets and outlets
Artificial inlets and outlets, tunnels
The influence may vary throughout the winter, and from year to year. Increased use of peaking
has also made the influenced the ice conditions even more. The information presented is the
“worst case” as it is impossible to know the actual regulations schemes satisfactory to consider
the actual situation throughout the winter season.
The information is a joint venture of all the power owners and NVE, The Norwegian water
resources and energy directorate. The information is presented through NVE-Atlas which is a
geographical tool for showing various water themes on digital maps. Entrance to the program on
the internet is a zoom able map of Norway. The area of interest can then be zoomed in and out to
the scale that is wanted.
In the not affected areas the ice conditions will be as on comparable natural lakes in the area.
Throughout the winter information of the state of the ice conditions on lakes are given, also
through the internet. The map of weakened ice together with the current information of ice
conditions on lakes should give the public good information of ice conditions in the various areas
of the country.
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Frequency and Severity of Past Ice Jams on the Grass River
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Breakup ice jams can significantly impact the operation of water resources
projects, river ecology, residential property and the infrastructure of local
communities. The complex mechanisms involved and the usual lack of observed
data make it difficult to determine the timing and severity of past ice jams. In
this paper, frequency and severity of past ice jams on the lower Grasse River
were estimated from historical and anecdotal evidence, the results of an
extensive survey of tree scars along the banks, and a hindcasting analysis based
on water discharge and estimated ice thickness at the time of breakup. From
analysis of the historical data, site specific criteria were derived for mechanical
breakup and jamming potential based on ice thickness and stage increase during
the breakup period.

1. Introduction
The Grasse River basin, located in St Lawrence County, New York, drains approximately 54,000
acres of forest preserve lands and easements located in the towns of Clare, Clifton, Colton and
Fine. The Grasse River flows through the village of Massena before emptying into the St.
Lawrence River downstream of the St. Lawrence/FDR Power Dam. Breakup ice jams have
formed in the 7-mile-long reach below the village of Massena, referred to as the lower Grasse
River. These jams occur when thick ice on the upper river breaks up, runs and jams against an
intact ice cover on the lower river.
Because of the complex mechanisms involved, and the usual lack of observed data, it is difficult
to determine the timing and severity of past ice jams (White 2003). Shulyakovskii (1966, 1972)
and Donchenko (1978) proposed the rise of water level above the freeze-up level, defined as the
maximum stage during the winter freezing period, as the key variable for the occurrence of
mechanical break up. Beltaos (2003) suggested that the threshold water level rise for ice breakup
is proportional to the thickness of the pre-breakup ice cover. A site-specific criterion may be
derived from observed historical data. This paper presents a study that estimates the likelihood of
mechanical breakup and ice jam formation in the lower Grasse River. Since long term stage and
ice thickness data do not exist, a method is developed to hindcast the occurrence of breakup ice
jams based on historical weather data and synthesized flow data for the river basin during the
past 81years. Historical ice event data from local newspapers (Mihm 2003) and the results of a
tree scar survey (Tuthill et al 2003) supplement the hydrometeorological data.
2. River Discharge and Ice Cover Thickness
Breakup of a river ice cover can be either thermal or mechanical. During a mechanical breakup, a
relatively competent ice cover fragments under hydraulic forces, associated with a significant
rise in river stage. In the Grasse River case, spring ice jams form against the intact ice cover in
the lower river after the breakup of thick ice cover in the upper river. The ice cover in the lower
river remains intact longer than the upper river ice due to its greater depth, lower slope, and
lower water velocity.
Since historical winter river discharge and ice thickness data are not available, synthesized data
are used to determine the likelihood of occurrence of past breakup ice jams on the lower Grasse
River. Daily flows for the Grasse River at Massena were estimated for the winters of 1922 to
2003, based on stream gage records for the Grasse River at Pyrites, NY (1928-1973) and the
West Branch of the Oswegatchie River at Harrisville, NY (QEA, 2003). The river ice thickness
variations are simulated based on the air temperature data using a unified degree-day method
(Shen and Yapa 1984). The National Climatic Data Center (NCDC) air temperature data at
Massena Airport are used in this simulation for the years between 1948 and 2003. For the 19281948 period, the air temperature data from the Cooperative Extension Temperature Station at
Canton, NY, were used.

3. Likelihood of Ice Jam Formation
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Ice jam formation in the lower
Grasse River results from a rapid
flow increase and stage rise that
breaks up the upper river ice
cover before it has had a chance
to melt and significantly weaken.
The resulting ice run ultimately
jams against the intact ice cover
on the lower river. The likelihood
of ice jam occurrence in the past
winters was determined by
assessing the synthesized river
discharge, the weather data, and
simulated ice cover thickness for
each winter, as shown in Figure 1.
The estimated breakup date is
indicated by the vertical dash
lines. The historical Grasse River
breakup dates reported in
Massena Observer for 1928-1973
and 1977 (Mihm 2003), the
observed breakup dates and
thickness on the St. Regis River,
Hogansburg, NY, for the period
of 1990-2003 (Haehnel and
Gagnon 2003), and the data on ice
jam occurrences from a tree scar
survey (Tuthill et al. 2003) are
used to validate this analysis.
Figure 2 shows the samples of
tree scar survey.
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Figure 1 Hydrometeorological and ice thickness data,
winter of 2002-03.
- Observed breakup
thickness, St. Regis River at Hogansburg (Haehnel
and Gagnon 2003), - Observed thickness, Lower
Grasse River.

Figure 2 a) An ice damaged tree along the Grasse River; b) Cross section of a tree scarred by
multiple ice jam events.
Based on the analysis of the historical data, the likely breakup ice condition for each winter is
categorized into one of the four possible breakup ice scenarios, i.e. no jam, jam not likely, jam
possible, and jam. The possible jam condition is determined based on: 1) The increase of river
discharge over the freeze up discharge, UQ, which is the key variable for the occurrence of
mechanical break up, and 2) The ice cover thickness at the time of breakup, which reflects the
ice discharge from the upper river and the competence of the ice cover in the lower river. The
freeze up discharge is defined as the maximum discharge during the winter freezing period. The
criteria used are:
1. No jam - UQ was small before the melt out of the ice cover or no jam was observed.
2. Jam Not Likely - UQ was small before the melt out of the ice cover or the breakup cover
thickness was small.
3. Jam Possible - Thicker ice cover coincident with the occurrence of a large UQ.
4. Jam - Jam observed or indicated by tree ring record.

The likelihood of ice jam formation for the 81 winters from 1922 to 2003 is summarized in
Figure 3. These results indicate that twelve spring breakup jams and one mid-winter jam
occurred on the lower Grasse River in the last 81 years. Figure 3 also shows that when the
discharge increase, ∆Q, from the freeze up discharge is larger than 3500 cfs a mechanical
breakup can occur, and an ice jam can occur when the ice thickness at the breakup is larger
than 17 in., except for the mid- winter breakup of 1995-96. The dashed lines suggest an
upward trend in the required breakup discharge increase, ∆Q, with increasing ice cover
thickness and strength.
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Figure 3 Jamming potential with discharge change and cover thickness, 1922-2003.
The breakup of winter of 1995-96 occurred during a mid-winter thaw on Jan. 19-20. The
very high discharge increase (8,730 cfs) most likely produced an ice run from upstream, but
the return to cold temperatures immediately afterwards probably kept the cover in the lower
river intact. Also, the greater depth of the lower river may have attenuated the initial flood
wave, delaying the breakup of the lower river ice cover. It is noteworthy that 1950 and 1955
also had mid-winter thaws with similar large discharge increases, but due to much greater ice
cover thickness, breakup probably did not occur.
4. Criteria for Mechanical Breakup and Ice Jam Formation
The results of historical data analysis presented in Figure 3 are used to further explore the
criteria for mechanical breakup in the upper river and ice jam formation in the lower Grasse
River. Since the breakup is governed by the rise in river stage rather than the flow,
Manning’s equation,
2

1

1
Q = AR 3 S 2
n

[1]

is used to introduce the stage effect. In Eq. 1, Q = discharge, A = cross section area, S = water
surface slope, R = hydraulic radius, n = composite Manning’s coefficient. Assuming with an
ice cover, R = D/2, with D = flow depth, Eq. 1 can be written as D = CQ 3 / 5 . The coefficient
C is a coefficient related to channel width, slope, and Manning’s coefficient. Based on this,
the depth change ∆D and stage change ∆H can expressed as

⎡ ∆Q ⎤
∆H = ∆D = 53 C ⎢ 2 / 5 ⎥
⎣Q ⎦

[2]

in which, ∆H = ∆D = change in stage or flow depth, ∆Q is the discharge change from
freeze-up to breakup, and Q is taken as the average discharge during the period between
freeze-up and breakup.
Figure 4 shows the relationship of jam potential using ∆H/hi as the vertical coordinate. The
lower bound of the jam possible cases is a horizontal line, which clearly shows that the stage
rise required for the occurrence of a mechanical breakup is proportional to the ice cover
thickness, and a larger ∆H/hi is required to breakup a mid winter cover of same thickness.
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Figure 4 Breakup and ice jam conditions related to the ratio of stage
change/cover thickness, and cover thickness, 1922-2003.
Conclusions
This study investigated the likelihood of the formation of breakup ice jams in the lower Grasse
River based on a hindcasting analysis using available historical data. In this study a practical
method for determining the threshold of mechanical break up and jam formation in natural rivers
with limited data was developed. The method relies only on the discharge hydrograph, weather
data, and limited historical breakup and jam data. Stage and ice thickness data are not required.
The discharge hydrograph and ice thickness may be obtained from rivers with similar
hydrological and meteorological characteristics using synthetic methods. Empirical criteria were
developed to hindcast past ice jam occurrence. A spring breakup ice jam is considered likely

when the discharge increase, ∆Q, from the maximum flow during the winter freezing period is in
excess of 3500 cfs, and the ice thickness at the time of breakup is greater than 17 in. The study
also shows that the stage rise required for the occurrence of a mechanical breakup is proportional
to the ice cover thickness.
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Ice tree scars provided important physical evidence on the timing and severity of historic ice
jams on the Grasse River in northern New York State. Detailed mapping ice scars along a 11mile section of the Grasse River, indicated the spatial extent and height of moving ice and ice
jams during the past 40 years. The chronology of ice past events was determined from analysis
of annual growth rings of ice-scarred trees. The tree scar evidence agreed with numerical model
simulations of historic ice jams, a scour analysis based on the age and stratigraphy of bed
material, and an ice jam hindcasting analysis based on hydro-meterorological data. Results of
these related investigations are described in the "April 2004 Addendum to the Comprehensive
Characterization of the Lower Grasse River" (Alcoa, 2004a, 2004b) and they also appear as
separate papers in these proceedings.

1. Introduction
Tree scars can be used to estimate the presence of ice jam conditions, the elevation of breakup
ice runs on rivers, and tree ring data can provide information on the years that ice jams occurred
(Gerard, 1981, Uunila, 1997). Ice damage to trees along rivers ranges in severity from mild
abrasion of the outer bark, removal of the bark down to the wood surface, gouging and tearing of
the wood surface, to complete uprooting of the tree. The most severe tree scarring typically
results from moving ice during river breakup, but minor damage is also possible from movement
of sheet ice at lower stages. Maximum tree scar elevations often result from ice jams, either as
the jam moves into place or as it releases, and a single tree can experience multiple ice scarring
events with intervening periods of bark healing. By inspecting ice-scarred trees and counting
annual growth rings, ice events can be dated, and, because the tops of ice scars coincide
approximately with maximum stage reached during an ice event, dated tree scars can be used to
compare the peak stages from past ice events. Tree scar height, and the degree of damage to the
tree, can therefore be used to gage the relative severity of past ice jams.
The lower Grasse River is the site of an EPA Superfund contaminated sediment remediation
project. A 230-m-long pilot test cap, built in 2001, experienced under-ice hydraulic scour during
a large ice jam that occurred on the lower river on March 28, 2003 (McShea, et al, 2005). Based
on field observations and DynaRICE computer simulations (Shen and Liu, 2000), the 2.4-kmlong jam was about 5-m-thick at its toe, 2-m-thick in its mid section and caused a maximum
stage rise of about 3 m. As part of the Grasse River Ice Evaluation that followed (Alcoa, 2004),
tree scars were surveyed during low flow conditions in the summer and fall of 2003. The survey
had three sections: a 7-mile-long flat water "lower river", extending from the mouth up to the old
power canal, a steep 1-mile-long "middle river" through the village of Massena, and a 3.3-milelong relatively flat "upper river" above the village (Fig. 1).

Fig. 1. Map of Study area.

The main objective of the tree scar survey was to estimate maximum ice jam stages and
frequency and, if possible, gauge the relative severity of the 2003 ice jam in the historical
context. A second objective was to use tree scar data to help define the downstream extent of
historic ice jamming on the lower river. On the middle and upper rivers, it was hoped that tree
scars would provide general information on the nature of ice breakup, whether or not ice jams
formed upstream of the Village of Massena, and how frequently they may have occurred.
2. Approach
In the lower river, the location and maximum height of all significant tree scars were mapped.
Tree species and approximate diameters were also noted. Tree scar data were separated into 2003
and older event groups. Scars with light-colored exposed inner wood and ragged margins were
considered to be from the 2003 event, while scars with exposed, weathered gray wood and
healed scar edges were considered to be older. At two lower river locations trees were sawed
down to count annual growth rings and determine the years when the scarring occurred. A
forester’s increment borer was also used to date scarring events, but proved less accurate than
viewing the sawed sections.
On the middle and upper rivers, tree scars were far more abundant than on the lower river
making it impractical to map every ice-scarred tree. The locations and maximum elevations of
representative tree scars were recorded, and approximate event years were estimated from
counting annual growth rings from borings at two locations. Cutting trees along the middle and
upper rivers was not possible since this land is privately owned.
3. Data Collected

Figs. 2 and 3 show maximum tree scar heights from the lower, middle and upper rivers,
respectively. On the lower river, tree scars were observed at 48 locations. In addition, two sawed
samples were obtained, the first from a 30-cm diameter, 40-year-old willow on the left bank just
downstream of the Power Canal Dam, and the second from a 25-cm diameter, 34-year-old aspen,
located about 1.3 miles downstream of the Power Canal Dam. The plots present these data,
grouped by right bank or left bank (facing downstream) and whether they represent the 2003
event or earlier ones. Maximum scar heights are listed and, where possible, the minimum
elevations of the scars are noted. The lower margins of the scarred areas were often obscured by
grass and vegetation.

On the middle and upper rivers, tree scars were noted at 47 and 64 locations respectively. Here,
tree scarring was much more frequent, more severe, and higher up the trees than on the lower
river. Due the high density of scars, not all scars were recorded, so the sampling is representative
rather than comprehensive as it was on the lower river. Two trees were cored on the upper river
in an effort to determine event chronology, the first a 60-cm- diameter green ash located on the
right bank at RM 10.3, and the second, a 30-cm diameter willow, located on the same side of the
river at RM 10.5.

Fig. 2. Maximum tree scar heights on the lower Grasse River

Fig. 3. Maximum tree scar heights on the middle and upper Grasse River.

4. Results
Lower River
Fig. 2 shows maximum tree scar heights from the 2003 event to be 2.7 to 3.0 m above low water,
which compares well with the observed high water levels in the vicinity of Outfall 001 during the
March 28, 2003 ice jam. Recent scarring at this elevation continues for about 1 mile downstream
of Outfall 001, then declines sharply approaching the location of the observed toe of the 2003
jam. Compared to the 2003 scars, the maximum scar heights from previous jams show a similar
but slightly lower profile. Observed tree scars downstream of the toe of the 2003 ice jam were
generally within 0.6 m of the low water level. The tree scar record is limited, however, by the
maximum age of the trees, which is probably no more than 40 to 50 years. Attrition of older trees
and the eventual healing of scars and both limit the length of the tree scar record.
Inspection of annual growth rings of the 30-cm-diameter, 40-year-old willow near the Power
Canal Dam indicates four distinct ice-scarring events in 2003, 1996, 1986 and 1978 (Figure 4).
The 2003 and 1996 event dates are quite certain, while the two earlier dates are slightly less
certain, probably accurate to plus or minus 1 year. The sections were cut from a portion of tree
trunk about 2.4 m above the low water level, indicating that these four ice events caused stage
increases of at least this height. Tree ring analysis of the 25-cm-diameter, 34-year-old aspen, 1.3
miles downstream of the Power Canal Dam shows scarring from the 1996 event up to a height of
2.1 m, and scarring from a 2001 event up to 0.9 m above the low water elevation (Figure 5). The
absence of scarring from the 2003 event may result from the fact the tree was set back about 3 m
from the water’s edge. A 2.7-m-high recent scar, located 80 m upstream of the aspen sample,
indicates that the 2003 ice levels were high in this area.

Fig. 4. Ice scarred willow limb overhanging Grasse River near old power canal (left). Sawn
section from willow showing 4 distinct ice-scarring events (right).

Fig. 5. Aspen 1.3 miles downstream of Old Power Dam, scarred by the 2001 and 1996 events.

As mentioned above, downstream of the toe of the 2003 ice jam nearly all tree scars were
observed to all be within 0.6 m of the low water level. This tree scarring downstream of the 2003
toe could be attributed to the movement of sheet ice, rather than ice jamming. Based on the tree
scar evidence, no major ice jams have formed on the lower river at locations downstream of the
2003 ice jam location.
Middle and Upper Rivers
Tree scars are abundant and severe in the middle and upper rivers. Unlike the lower river
channel, which was dredged to more that twice its original depth to accommodate outflow from
the Power Canal, the middle and upper rivers retain a more natural channel morphology. The
middle river is rock-bedded and steep, with a partially breached 1.5-m-high weir at RM 7.91.
Upstream of the village, the river is flatter, with a sand-bedded, nearly rectangular channel, and a
water depth of about 1.5 m. Adjacent floodplains are about 1.5 to 2.4 m above the low water
level. The maximum tree scar heights are well above the top of bank elevation in this reach, and
decrease more or less linearly from nearly 4.3 m above low water, 3 miles upstream of Massena
village to 2.4 m above low water at the upstream edge of the village. The downstream decrease
in scar height is gradual in the upper river in contrast to the more abrupt drop-off in the scar
profile seen in the lower river near the observed toe location of the 2003 ice jam. In the upper
and middle rivers, the maximum height profiles of the 2003 and older ice scars are roughly
equivalent. In addition to the greater height and density of the scars on the upper river, the
higher degree of damage to the trees suggests that ice runs and ice jams on the upper river have
been extremely dynamic.
A likely ice jamming cause is the combined obstructing effect of the old dam, the piers of the
Main Street Bridge and the bend immediately upstream. A March 15, 1977 photograph 1 of ice
flows covering a park at the upstream edge of the village confirms that ice jams have occurred in
1

Massena, NY Observer, Thursday, March 17, 1977 p. 20.

the upper river. On the other hand, a 1995 video of broken ice sheets passing the old dam (before
it breached) shows that the ice floes can move from the upper to lower river without jamming, or
following the release of a jam.
Tree ring data were obtained at two sites on the upper river using an increment borer. Borings
from a 60-cm-diameter green ash located 900 m upstream of the Route 37 Bridge (Fig. 6) and a
30-cm-diameter willow 300 m farther upstream (Fig. 7), show evidence of two major ice events
about 10 and 20 years ago, in addition to the 2003 event.

Fig. 6. Ash on upper river with scars from multiple ice events, up to 4 m above low water.

Fig. 7. Cores taken from a willow on the upper river.

5. Conclusions
In the lower river, elevated ice jam tree scars extended downriver to about RM 5.5. Based on the
tree scar record, the portion of the lower Grasse River that has experienced serious ice jams lies
between rivermiles 7.3 and 5.5. In the lower river, the 2003 ice jam produced the highest
observed scars suggesting that this event was the most severe in the 40 to 50-year-long period of
record. Tree scars from previous events were slightly lower than the 2003 scars. The profile of
the highest scars suggest a relatively uniform maximum ice jam stage that declines sharply a
short distance downstream of the observed 2003 ice jam toe area.
Within the RM 7.3 to RM 5.5 reach, tree ring data indicate that major ice jams have occurred in
the upper end of the lower river in 2003, 2001, 1996, approximately 1986 and 1978. The 1996
jam extended nearly as far downstream as the 2003 jam, causing slightly lower stages near its
downstream end. The upper river jams likely form as a result of channel obstructions such as the
old weir below Main Street, the Main Street Bridge, and the bend above. Another probable cause
of jams in the upper river is the high energy required for the breakup front to fracture its way
through the thick sheet ice cover.
The upper river has experienced numerous dynamic ice runs and ice jams resulting in stages well
above top of bank. Tree ring data indicate that at least two jams more severe than the 2003 event
have occurred in the upper river in the last 20 years. Based on the tree ring data obtained to date,
the severe upper river events do not correlate with the most severe jams in the lower river. It is
possible that jam formation in the upper river reduces the severity of ice jams in the lower river,
in that the jammed ice in the upper river has time to erode and melt before moving downstream.
Also the delayed arrival of the upper river ice in the lower river may give the lower river ice
more time to deteriorate, lessening the lower river ice jam potential.
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Breakup ice jams have occurred in the lower Grasse River when there was a
significant breakup ice run from the upper river before the melt out of the ice
cover in the lower river. The formation of a severe ice jam in the lower river
could induce significant bed scour. In the spring of 2003 a severe ice jam was
observed in the lower Grasse River, which caused bed scour in Alcoa’s capping
pilot study area. In this paper, a numerical model study using the DynaRICE
model is presented to provide a better understanding on the processes of ice jam
formation and associated flow conditions in the lower Grasse River concerning
the bed stability. The model was calibrated against observations, including tree
scarring and associated water levels and ice thicknesses, of a severe jam that
occurred in 2003. The model was then used to evaluate the potential impact of
future jams on the integrity of the bed sediments.

1. Introduction
The Grasse River is located in northern New York and it flows through the village of Massena
before joining the St. Lawrence River. Upstream of the Village of Massena, the river has a
relatively low slope and the ice cover forms as sheet ice. In Massena, the river passes through a
rapids section and a partially breached old mill dam. In this reach, the river is typically ice-free
during most of the winter. Downstream of Massena (referred to as the “lower Grasse River”), the
river is relatively deep as a result of dredging in the early 1900s to accommodate flows diverted
from the St. Lawrence River through the Power Canal to produce hydroelectric power. That
diversion is no longer used, but the deep channel remains. Sheet ice usually forms in the lower
Grasse River from the Power Canal to the St. Lawrence River. The lower Grasse River, about 11
km long, has a low water surface slope and the backwater from the St. Lawrence River impacts
water levels. Water depth in the lower Grasse River varies from 4 to 9 m. Breakup ice jams have
occurred in the lower Grasse River when there was a significant breakup ice run from the upper
river, upstream of Massena, before melt-out of the ice cover in the lower river. During spring
2003, an ice jam was observed in the lower Grasse River which caused bed scour in the vicinity
of Alcoa’s capping pilot study area. In this report, results of a computer modeling study, which
used the DynaRICE model (Shen et al. 2000), are presented to provide a better understanding of
ice jam formation and associated flow conditions in the lower Grasse River.
2. Spring 2003 Grasse River Ice Jam
During the spring 2003 ice breakup, an ice jam occurred within the lower Grasse River. In late
March, the flow in the Grasse River at Massena increased from about 1,000 cubic feet per second
(cfs) to a high flow of about 6,000 to 8,000 cfs due to spring runoff, as shown in Fig. 1. This
increased flow was coincident with relatively warm air temperatures on March 28 and 29. An ice
run occurred on March 28 and the ice cover upstream of Massena moved downstream, it
fractured first into large sheets and then progressively into smaller pieces as it passed over the
rapids in Massena. As the ice moved into the lower Grasse River, it encountered the intact ice
cover, progressively broke up that ice cover, and accumulated into an ice jam. One location
where the toe of the ice jam, or downstream end of the ice accumulation, was positioned was
approximately 8,000 feet downstream of the Power Canal dam in the vicinity of an area of the
river where a subaqueous capping pilot study had been undertaken in 2001, see Figure 2. The
river stage near Outfall 001 on March 28 was estimated to have increased approximately 9 feet
above the normal river stage due to the ice jam. Photographs taken on March 28 of the ice jam
indicate that the ice freeboard was about 4 feet. The ice accumulation extended upstream nearly
to the Power Canal. The constriction of the flow area, particularly under the toe of the jam
caused elevated velocities under the jam, which contribute to scouring of the sediment bed in the
vicinity of the toe of the ice jam. By the following day, March 29, the ice jam had broken up and
all of the ice had cleared from the lower Grasse River, except for some relic pieces along the
banks. This clearance of ice was mainly due to the combined effects of the melting of the ice
floes and the deterioration and melting of the downstream ice cover caused by warm temperature
and rain.
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Figure 1. River discharge during 2003 spring breakup period.

3/27/03

3/28/03

Open Water
Ice Pieces
Ice Cover
Figure 2. Lower Grasse River Ice Condition, during March 2003 breakup.
3. Model Calibration
DynaRICE simulates the coupled dynamics of ice motion and water flow, including the flow
through and under the ice rubble. The model does not consider thermal effect, such as the
melting of ice mass. Therefore, the simulated ice jam will be more conservative. Another
limitation of DynaRICE is that the model assumes that the sediment bed is non-moveable, which
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means that erosion and
deposition processes under
the ice jam are neglected.
This limitation means that the
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model may also over predict
the areas of ice jam
grounding.

T1

Figure 3. Model domain and finite element mesh

The lower Grasse River
DynaRICE model extends
from the Main Street Bridge
at the upstream boundary to
the downstream end of the
lower Grasse River at
transect 72 (T72), as shown
on Figure 3.

The lower Grasse River model was calibrated using data collected during the 2003 ice jam event.
Initial conditions before ice jam formation are shown on Figure 4. At the upstream boundary,
the time-variable water discharge is specified. The ice supply at the upstream boundary is
specified by a combination of ice floe thickness and concentration. For the 2003 ice jam, an ice
floe thickness of 20 cm was used at the upstream boundary based on the field observation. Ice
floe concentration was initially estimated from field observations and then adjusted during model
calibration. The resulting ice discharge specified at the upstream boundary is shown on Figure 5.
The observed water level in the St. Lawrence at Cornwall was used as the downstream boundary
condition. Manning’s coefficient for the sediment bed was set at 0.02. Manning’s coefficient for
the underside of the ice was adjusted during model calibration to match observed staging caused
by the jam. This coefficient varies linearly with the jam thickness, from a minimum value of 0.03
to a maximum value of 0.13.
The ice jam event that occurred during March 2003 was used to calibrate the model. A 70-hour
simulation was conducted, starting at 6:30 A.M. on March 27 and ending at 4:30 A.M. on March
30. The model was calibrated through comparisons of model predictions to these observations
and data: 1) water surface elevations at Transect T1 and Outfall 001(Figure 6); 2) observed ice
jam length (Figure 2); and 3) tree scar survey data (Tuthill et al. 2005). Table 1 shows the
chronology of the event, as well as the correspondence between the model time and real time.
Since the ice cover strength was highly variable, changing with the weather conditions, and was
not measured, no attempt was made to simulate the recession of the leading edge of the ice
cover, which governs the location of the jam toe. the location of the toe of the ice jam was
specified in the model. The entire ice jamming and release process was simulated in the steps
shown in Table 1 to examine the jam formation and release.
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Table 1 Chronology of 2003 Ice Jam Event
Model Time (hrs)
0
5
10

Real Time
March 27, 6:30AM
March 27, 11:30 AM
March 27, 4:30 PM

26

March 28, 8:30 AM

42
50
70

March 29, 12:30 AM
March 29, 8:30 AM
March 30, 4:30 AM

Remarks
Ice run observed
A small jam observed near T3
Jam observed downstream of
outfall 001, T6.5.
Jam observed to have progressed
to T16
Assumed ice jam release time
Observed no ice in the river
End of simulation

March 27 AM -- ice stoppage at T3
This portion of the simulation was 5-hours long, from 6:30 to 11:30 A.M. on March 27. During
this period, the observed rubble ice accumulation extended from upstream of T1 to about
midway between T3 and T4. A solid ice cover spanned the river downstream of the ice jam,
from T3.5 to T72, with an assigned thickness of 0.2 m. The predicted water level at T1
compared well to the observed stage height of 48.3 m.
March 27 AM -- March 27 PM -- Ice stoppage at T6
The observed ice accumulation progressed to T6 between 11:30 A.M. and 4:30 P.M. on March
27. During this 5-hour period of the simulation, the toe of the ice jam was specified at T6. The
predicted water level at T1 agreed with the observed stage height of 48.3
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Figure 6. Observed river stage (IG1935 datum) during 2003 ice jam event.
March 27 PM – March 28 AM -- Large ice jam at T16
The ice jam was observed to have progressed to T16 by 8:30 A.M. on March 28. During the 16hour period between 4:30 P.M., March 27 and 8:30 A.M., March 28, the model simulated the
accumulation of ice upstream of the specified jam toe location at T16. By 8:30 A.M. on March
28, the model predicted that the ice jam had reached a state of equilibrium and was not
increasing in size. At that time, the predicted stage height was 49.8 m at T1, which agreed with
the observed stage height. The predicted upstream extent of the ice jam also agreed favorably
with the observed extent of the jam.
The longitudinal distributions of predicted water level, ice thickness and current velocity at 8:30
A.M. are shown on Figure 7. The toe of the ice jam is about 4-5 m thick, with typical water
depths under the ice of about 1 m. In the vicinity of the toe, the jam was predicted to be partially
grounded at the toe due to the model assumption that the sediment bed is non-moveable. High
resolution bathymetry data collected following the formation of the jam did not show features
characteristics of ice jam grounding. Current velocities under the toe generally ranged from 1 to
2 m/s. Spatial distributions of ice thickness are presented on Figure 8. The distribution of water
depths and current velocity under the ice in the vicinity of T16 are shown on Figure 10.

Another useful comparison of model predictions to site-specific data involves tree scar data. A
survey of tree scar height was conducted along the lower Grasse River during summer 2003
(Tuthill et al. 2005). Tree scars can be used to estimate the height of the top of the ice jam
during past ice jam events. The spatial distribution of tree scar heights in the lower Grass River
is shown on Figure 10. This figure also displays the predicted height of the top of the ice jam at
8:30 A.M., March 28. Good agreement between predicted ice jam and tree scar heights is
achieved, providing additional confidence in the predictive capability of the model.
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Figure 7. Ice jam model results at 8:30 A.M., March 28.
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March 29 Ice Jam Release
The ice jam at T16 released sometime between 8:30 A.M., March 28 and 8:30 A.M., March 29.
The assumption was made for the calibration simulation that the ice jam released occurred at
12:30 A.M., March 29. The reduction in ice mass due to melting was not considered in the
simulation. Model results at three different times after the jam release are shown on Figures 11 to
13. By 1:00 A.M., peak current velocity had dropped to about 1 m/s as the surge dissipated; the
surge due to the ice jam release reached the downstream boundary, i.e., confluence with the St.
Lawrence River, within 30 minutes. The model predicted that the ice rubble would not be
cleared out of the river by the end of the simulation, i.e., 4:30 A.M., March 30 (Figure 13).
These results are not consistent with the observed behavior on the river, where the ice jam
moved out much faster. This inconsistency is caused by neglecting ice melting in the model.

Effect of Ice Jam Roughness
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Figure 11. Ice jam model results 15 minutes after ice
jam release (12:45 A.M., March 29).
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Figure 12. Ice jam model results 30 minutes after ice
jam release, (1:00 A.M., March 29).
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Figure 13. Ice jam model results at 4:30 A.M., March
30.

The primary parameter used to
calibrate the model was the
Manning’s coefficient of the
underside of the ice jam, which
represents
the
effective
roughness of the ice. For
breakup ice jams in a given river
the ice Manning’s coefficient
should not vary significantly.
However, simulations were
conducted to investigate the
sensitivity of model predictions
to this parameter. Optimum
model calibration was achieved
using a value of 0.13 for the
maximum Manning’s coefficient
for the underside of the ice jam.
Using this parameter value, the
simulated
and
observed
maximum water levels at T1
agreed, i.e., stage height of 49.8
m. Sensitivity simulations were
conducted using maximum ice
Manning’s coefficients of 0.10
and 0.15. Both the jam thickness
and stage increase with an
increase in the ice Manning’s
coefficient. Predicted maximum
stage height at T1 was 49.4 m
using a Manning’s coefficient of
0.10, which is a decrease of 0.4
m compared to the calibration
results.
Predicted
current
velocity under the jam toe is
about the same as that of the
calibration case. For the upper
limit of Manning’s coefficient
value of 0.15, the stage height at
T1 was predicted to be 50.3 m,
an increase of 0.5 m from the
calibration simulation. The
predicted
current
velocity
increased by 0.2 m/s from the
calibration case.

4. Scenario Analysis
The ice jam model was calibrated to match the observed stage height at T1 during the March
2003 event. Associated with the 2003 ice jam simulation were estimates of the flood hydrograph
and breakup ice thickness, which was based on a degree-day simulation through the winter of
2002-2003 (Shen et al. 2005). The locations of the ice jam toe were specified based on field
observations, but uncertainty exists concerning the timing of toe movement between these
locations.
The 2003 ice jam event appears to be an extreme event. However, a variety of combinations of
ice jam toe location, flood hydrograph, ice thickness could possibly occur. Thus, various
simulations were conducted to investigate the impacts of different scenarios for toe location,
flow rate, ice thickness, and downstream water level.
Effect of Location of Toe of Ice Jam
Seven alternative locations that were suspected to be potential areas where ice jams might form
under favorable conditions were selected along the lower Grasse River. These locations are
generally at the shallower locations along a reach or at a river bend, where a jam is more likely to
form. Evidence from tree scar data and sediment stratigraphy analysis in the lower river indicates
that major ice jams (severe enough to cause ice scour) have been limited to the upper 1.8 miles
of the lower river. Model simulations were conducted with the ice jam toe specified at these
alternative locations, but using the flood hydrograph and ice supply associated with the 2003
event. In the shallower locations, it is expected that a jam would be thicker than at deeper
locations. The alternative ice jam toe locations are presented on Figure 14.
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Figure 14. Alternative ice jam toe locations.
The model predicted partial grounding when the jam toe was located at T3 and T13. For the T3
location the ice is constrained to accumulate in a steeper reach of the river and for the T13
location the water depth is shallower than at T16. In both cases, higher water surface slopes and
larger gravity forces resulted in shorter and thicker ice jam formations. The current velocities
underneath the jam toe are comparable to that for the calibrations case when the jam was at T16.

With the toe at T20, the model predicted a similar ice jam as the calibration case but with a jam
toe thickness of about 4.0 m, which is less than that of the calibration case. The predicted
maximum current velocity is around 1.8 m/s beneath the jam and the jam is partially grounded.
The ice jam is predicted to be much thinner with the toe at T30 than when the toe is at T16. The
toe thickness is about 3.0 m. In addition, under-ice current velocities are much lower and the
maximum velocity is about 1.0 m/s.
The jam toe is not predicted to be grounded when the toe is located at T39. The maximum jam
toe thickness is 2.8 m. The model results indicate that maximum current velocity beneath the jam
toe at T39 is 0.8 m/s, which is lower than when the jam toe is located upstream of T39. Model
predictions with the toe at T50 are very similar to the results with the toe at T39. With the toe at
T57, no grounding is predicted, but the jam toe thickness is about 4.0 m and the maximum
current velocity beneath the jam is 1.4 m/s.
In summary, ice jams at downstream locations (T30, T39, T50, T57), if occurs, are much less
severe, while at upstream locations (T3, T13, T20) the jams are partially grounded and velocities
under the toes are around 1.5 to 2.0 m/s, similar to that of the calibration case at T16.
Effects of Upstream Discharge and Ice Supply
The peak breakup discharge and ice cover thickness are independent, making it possible to
perform a combined probability analysis. The results obtained from a frequency and severity of
past ice jams (Shen et al. 2005) were used to determine various combination of discharge and ice
supply that represent an ice jam event with a 100-year return period. This information was used
to construct model simulations using the combinations of upstream flow rate and ice thickness
listed in Table 2. The location of the jam toe was set at T16, i.e., same location as the 2003 event.
The ice supply used in these simulations was specified by first calculating the ratio of the ice
thickness for a particular case to the thickness of the 2003 event. The ice supply for that case
was then calculated by multiplying the 2003-event ice supply by the ratio of ice thicknesses.
Similarly, the discharge for a particular case was proportional to the 2003-event peak discharge.
The downstream water level was set at 47.36 m for all simulations.
In these simulations, the flood hydrograph was specified by proportionally adjusting the 2003
event hydrograph using:
Q(t )100 = Q(t ) 03 ×

100
Qbk
Qbk03

[1]

where: Q (t )100 and Q (t ) 03 are time-dependent discharges at the upstream boundary for the 100100
and Qbk03 are the breakup discharges given in Table
year and 2003 events, respectively; and Qbk
2. Similarly, the ice supply was specified using the breakup ice thickness ratio as follows:

100
Vice
= Vice03 ×

hi100
hi03

[2]

100
where: Vice
and Vice03 are the ice supplies for the 100-year and 2003 events, respectively; and

hi100 and hi03 are the breakup ice thicknesses given in Table 2.

Table 2 100-yr Return Period Simulations.

Case
2003
A-100
B-100
C-100
D-100
E-100
F-100

Breakup
Discharge
Qbk (cfs)
5,630
10,617
9,876
9,072
7,566
5,630
3,035

Cover
Thickness
hi (in)
24
4
10
16
22
25.3
28.7

Resulting stage
at T1 (m)
50.00
50.39
51.42
51.80
51.06
50.17
49.20

Remarks

Partial jam grounding
Partial jam grounding
Partial jam grounding
Partial jam grounding

Model results show that:
-

Discharge is an important factor that controls toe thickness.
Reducing ice supply will not reduce toe thickness. However, jam length and stage height
will be reduced.
Delaying the ice discharge by an ice control structure upstream could reduce the jam
severity, since the flow discharge is recessing with time and ice rubble, as well as the
downstream cover, will melt.

Effects of Extreme Discharge
A simulation was conducted with high discharge to investigate the potential impacts of an
extreme event. An analysis of historical data showed that the probable maximum breakup water
discharge is about 9,000 cfs, compared to the estimated breakup discharge of 5,630 cfs for the
2003 event. Based on this result, a simulation was conducted using a flood hydrograph that was
proportionally increased from the 2003 event hydrograph (see Figure 1.) to a peak discharge of
13,682 cfs. The ice supply of 2003 event was used since the jam thickness has already reached
an equilibrium condition and increasing the ice supply only makes the jam longer and does not
increase thickness of the toe. Model results for this extreme event are shown on Figure 15.
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Figure 15. Ice jam profile and predicted water velocity distribution with a breakup discharge of
9,000 cfs.
Effect of Downstream Water Level
Simulations were conducted to examine the effect of the water surface elevation at the
downstream boundary. Two cases with variations of the downstream water level by +0.5 and –
0.5 m from the baseline case of the 2003 event were simulated. All other conditions were kept
the same. The simulated ice jam profile for the high water level case is shown in Figure 16.
Figure 18 also shows the velocity distribution near the jam toe. These results show that the water
level increase will not cause much change in the simulated ice jam profile. The maximum current
velocity under the jam is about 1.4 m/s and the change is insignificant. The highest water level
at T1 is the same as that in the baseline case. For the case with decreased downstream water
level, the predicted jam profile shows slightly more grounding than the baseline case. The
highest water level at T1 is also the same as the baseline case. The maximum current velocity is
about 1.6 m/s (Figure 17), which is comparable to that of the calibration case.
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Figure 16. Ice jam profile and water velocity distribution under ice jam with a downstream
water level increase of 0.5 m.
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Figure 17. Ice jam profile and water velocity distribution under ice jam with a downstream
water level decrease of 0.5 m.
5. Conclusions
This paper presented a numerical model study of breakup ice jam formation and associated flow
conditions in the lower Grasse River. The study provided information on ice jam evolution that
cannot be determined from field observations. The model was calibrated with observed stage
height and jam area data for the 2003 ice jam event. Additional validation of the model was
accomplished using tree scar data. The ice jam event of 2003 was caused by the high water
discharge at the time of the breakup ice run, together with a large ice supply and intact ice cover
on the lower Grasse River. While the model results show partially grounded of the jam, these
results are uncertain because of the assumption of a rigid bed in the ice jam model. High
resolution bathymetry data collected following the formation of the jam did not show features
characteristics of ice jam grounding. The release of the jam increases the flow velocity over a
short period of time due to the release of water mass stored upstream of the jam toe.
A sensitivity analysis was performed to evaluate changes in model predictions resulting from
changes in several model input parameters. The parameters tested included: river flow rate;
locations of ice jam formation; ice supply volume entering from upstream; downstream water
level; and underside roughness (i.e. Manning’s coefficient) of the ice cover and jam. The
sensitivity analysis was performed by individually varying input parameters over a likely range
of values. The input parameters that had the most impact on ice jam related scour are the ice
supply volume and water discharge. Discharge is the dominating factor on the toe thickness,
while ice supply is the dominating factor on the ice jam length and staging. Large ice supply will
lengthen the jam and increase the staging effect, but will not affect the toe thickness once the ice
volume exceeds that needed for the jam to reach its equilibrium thickness.
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An ice jam event occurred on a portion of the lower Grasse River during March 2003. This
event caused sediment transport impacts in various regions of the river, with the occurrence of
significant bed erosion and aggradation at specific locations. A range of data-based analyses
were used to obtain a qualitative and quantitative understanding of the impacts of the ice jam
event on sediment transport in the river. Evaluation of pre- and post-jam bathymetry data
provided a description of the spatial extent and magnitude of scour and deposition in the portion
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A new concept in breakup ice control is presented. Current state-of-the-art breakup ice control
structures (ICS) consist of piers that retain the breakup ice in the main river channel while
passing relief flow via an adjacent floodplain. The ability to bypass flow around the structure is
critical because it reduces upstream stage rise, the potential for ice blowout at the piers and ice
jam failure. A major drawback with this approach is that many rivers with ice jam problems lack
upstream sites with floodplains suitable for bypass flow. This paper introduces the concept of inchannel relief flow for ice retention at sites without floodplains. An L-shaped pier configuration
is used, with transverse piers to stop the breakup ice run and longitudinal piers to maintain an
ice-free flow relief channel along one side of the jam. The concept was developed as a possible
means of preventing under-ice scour associated with ice jams that form naturally in the lower
Grasse River (McShea et al., 2005). The DynaRICE ice-hydraulic numerical model (Shen et al.,
2000) was used assess the feasibility of the concept and optimize general design parameters.

1. Introduction
Over the last several decades, breakup ice control technology has evolved to pier structures that
retain the breakup ice in the main river channel while passing relief flow via an adjacent
floodplain (Lever, 2000). The ability to bypass flow around the structure is critical as it reduces
upstream stage rise and hydrostatic head, which can lead to ice blowout between piers and
ultimately ice jam failure. Also, conveying the water flow via the floodplain allows the jam to
ground and transfer ice forces to the bed instead of the piers.
The one major drawback with state-of-the-art ICS design is that many rivers with ice jam
problems lack suitable upstream sites for ice retention with adjacent floodplains. One option that
has been tried is to pass the entire breakup discharge beneath the jam that forms behind piers in
the main channel. Recent physical model tests at CRREL revealed limitations of this approach
however. Experimental results indicated that the maximum discharge at which such a structure
will retain ice is about half that of an equivalent structure with floodplain relief flow. Also, to
resist ice blowout due to the large hydrostatic head, the piers must be spaced more closely,
resulting in a less aesthetic and more costly structure that is more likely to catch debris and
interfere with other uses of the river.
This paper presents the concept of in-channel flow relief for breakup ice retention at sites with no
floodplains. An L-shaped pier configuration is proposed, with a transverse row of piers to stop
the breakup ice run in the conventional manner, and a longitudinal row of piers to maintain an
ice-free flow relief channel along one side of the jam (Fig. 1). The concept was developed under
the Grasse River ice control evaluation as a possible means of preventing under-ice scour
associated with ice jams that form naturally in the lower Grasse River.
Flow

Relief
Flow
Channel

Main Channel

Fig. 1. Example of pier ICS with in-channel relief flow.

The DynaRICE two-dimensional unsteady ice hydraulic model was used to evaluate the effect of
various design parameters on the upstream ice jam profile, the under ice flow area and under-ice
water velocity.
2. Grasse River Case Study
The primary purpose of breakup ice control structures built to date has been to prevent ice jams
and ice jam flooding. Typically, an ICS retains the breakup ice run at a location upstream of the
traditional ice jam problem area. More recently, breakup ice control has been considered as a
means of preventing ice jam scour. An example is the lower Grasse River at Massena, NY.
Within this 11-km-long, 120-m-wide, 5-m-deep, relatively quiescent reach, a 230-m-long pilot
test cap was built in 2001 to contain contaminated riverbed sediments. In March 2003, breakup
ice jam that formed in the lower Grasse River caused under-ice scour of some of the cap material
and underlying sediment. Based on field observations and the DynaRICE computer simulations,
the 2.4-km-long jam was about 5-m-thick at its toe, 2-m-thick in its mid section and caused a
maximum stage rise of about 3 m (Fig. 2). Average discharge during the event was about 185
m3/s and the final ice jam volume was about 300,000 m3. Review of historical data, a
hindcasting analysis, a tree scar survey, and geochronology of riverbed stratigraphy all indicate
that the 2003 ice jam was an extremely rare event (Alcoa, 2004). The 2003 ice event was
therefore used as a base line in the evaluation of various ice retention alternatives.
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Fig. 2. Profile of March 28, 2003 ice jam on lower Grasse River by DynaRICE model.

A number of potential ICS sites were evaluated both in the lower river and the section of river
upstream of the Massena rapids know as the upper river. A technically feasible site for a
conventional ICS was identified on the upper river about 8 km upstream of the 2003 ice jam site.
The structure would occupy a relatively uninhabited stretch of river with a large floodplain ideal
for bypass flow. DynaRICE and HEC-RAS (US Army, 2000) simulations indicated that the ice
accumulation behind the piers would be stable and not excessively thick (≤ 2.5 m). Calculated
under-ice water velocities were moderate (≤ 1.2 m/s) and about 70 percent of the flow was
expected to bypass the jam via the floodplain. Analysis of breakup chronology, ice sources and
the numerical simulations indicated that ice retention at the upper river site would sufficiently
reduce the ice volume reaching the lower river to avoid recurrence of a 2003-like ice jam scour
event. In response to community concerns identified with the location of the upper river site, an
evaluation was conducted to assess the feasibility of siting an ICS in the lower river.
Under normal flow conditions, the lower Grasse River, which lies in the backwater of the St.
Lawrence River, has a very low water surface slope with average water velocities on the order of
0.05 m/s. This is due in part to an oversized channel resulting from past dredging to convey
large hydro flows from the old power canal back to the St. Lawrence, before the construction of
the Moses-Saunders Power Dam in the 1950's. Even at breakup discharges, average water
velocity in the lower river is only about 0.5 m/s. Because of these relatively mild hydraulic
conditions, ice retention was considered on the lower river, upstream of the 2003 ice jam site.
Major drawbacks with retaining ice in this section of river are the high banks and the lack of
floodplains for relief flow around the jam, which would form behind the piers. Because all flow
must pass beneath the toe of the jam, high under-ice water velocities, ice blowout between piers
and jam failure are possible.
3. Methods
The DynaRICE model was used to simulate ice retention behind piers at a number of sites on the
lower river. Site selection was constrained by the need to contain the expected ice jam volume
as far upstream as possible without affecting properties in Massena Village. This analysis is
based on a representative site located about 1.2 km below the foot of the Massena Rapids. A
number of cases were examined. Case 1, consists of a transverse row of piers across the river
with no relief flow. Cases 2, 3 and 4 have longitudinal piers in addition to the transverse piers to
simulate in-channel flow relief channels of lengths 60,100, and 200 m respectively. In these
cases, the DynaRICE "ice boom" option is used to model the piers. This option imposes a fixed
barrier to ice passage and the user specifies a maximum ice restraint capacity for this barrier.
DynaRICE also has the capability to calculate ice forces acting on the boom as the simulation
progresses. In these cases, the structure is assumed to be 100% efficient, in other words, no ice is
allowed to get past. The "boom" does not obstruct water flow beneath and, in these simulations,
ice erosion was not allowed. An earlier simulation with the actual pier geometry included in the
model mesh produced an ice jam profile very similar to the profile calculated using the boom
option. Because the boom option is computationally simpler, it was used to model the pier
structure alternatives in this study. The water and ice inflow during the 26-hour simulation
period were the same as those used for the baseline simulation of the March 2003 ice jam. Ice

jam volume increase during the course of the simulations is more or less linear, reaching a
maximum of 300,000 m3.
4. Results
Results are discussed in terms of parameters used to gage performance such as ice jam thickness,
under ice water depth, and under ice water velocity. Other parameters discussed are under ice
flow area and the under ice water discharge split between the jam toe and relief channel.
The presence of in channel flow relief had little effect on the overall ice jam profile once a short
distance upstream of the structure. Fig. 3 shows the no-flow relief ice jam profile to merge with
the 100-m-long relief channel ice jam profile at a point about 200 m upstream of the structure.
Similarly, the 60 and 200 m long relief channels affected only local ice jam thickness and had no
effect on the upstream ice jam profile.
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Fig. 3. Ice jam profiles, no-relief channel case compared to 100-m-long relief channel case.
Figures 4 and 5 shows a general decrease in under-ice water depth in the ice jam toe area as
relief channel length increases. With the decreased flow depth, one might expect a
corresponding increase in water velocity, but Figs. 6 and 7 show a general decrease in under-ice
water velocity in the toe area with increasing relief channel length. This coincidental decrease in
under-ice water depth and flow velocity occurs as the nearly grounded ice jam shifts water flow
into the relief channel.
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An interesting result is that the total under ice flow area remains about 100 m2 for all cases. Fig.
8 shows the under ice flow areas vs. time for the 100-m-long channel case with the relief channel
area staying relatively constant while the ice jam progressively decreases the main channel flow
area. The curves for the other cases are similar with a slight decrease in the final main channel
flow area as relief channel length increases (Table 1).
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Fig. 8. Under ice water flow areas vs. time for 100-m-long relief channel case.
Table 1. Comparison of performance parameters for ICS alternatives
Case

1. No relief channel
2. 60-m-relief channel
3. 100-m-relief channel
4. 200-m-relief channel

Under ice flow area
(m2)
Main
channel
100
50
47
40

Relief
channel
50
50
55

Discharge
(m3/s)
Main
channel
180
90
65
50

Relief
channel
75
110
132

Maximum
velocity
(m/s)
Main
channel
1.6
1.5
1.1
0.8

As expected, the portion of the total under ice flow passing the jam via the relief channel
increases with relief channel length. The 100-m-long relief channel conveys 62 percent of the
under-ice water flow compared to 45 and 73 percent for the 60-m and 200-m-long relief channels
respectively (Fig. 9 and Table 1).
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Fig. 9. Water discharge vs. time for 100-m-long relief channel case.
Under-ice water velocity serves as a predictor of ice erosion and the potential for ice blowout
between the piers. A non-eroding under ice water velocity of on the order of 1.5 m/s is
sometimes assumed for breakup ice jams (White, 1999). The eroding velocity approach has
limitations however since it does not address effects of ice roughness or turbulence. Table 1
shows a decline from 1.6 to 0.8 m/s in main channel under ice water velocity between the norelief channel to 200-m-long relief channel cases. Note that the maximum under-ice water
velocities in the main channel fall below 1.5 m/s for the 100 and 200-m-long cases, indicating
relatively stable ice conditions in the ice jam toe region.
5. Summary and Conclusions
A new concept in breakup ICS design is presented and evaluated using the DynaRICE icehydraulic numerical model. State-of-the art breakup ICS rely on an adjacent floodplain to
bypass flow around an ice jam formed behind piers in the main channel. The in-channel relief
flow concept would allow reliable breakup ice retention at sites without floodplains.
DynaRICE simulations indicate that the addition of the in-channel flow relief significantly
decreases the maximum under-ice water velocities in the ice jam toe area, reducing the potential
for ice blowout between the piers and ice jam failure. Based on these results, the 100-m-long
relief channel was found to be a good compromise between cost and performance.
A parallel series of physical model tests would further improve confidence in the design concept.
The study would investigate in detail the under-ice erosion processes in the vicinity of the piers.
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Freeze-up of the Peace River in northern Alberta can be very dynamic. During
cold weather the ice cover can advance rapidly upstream and then consolidate
back downstream, resulting in surges of ice and water that form freeze-up ice
jams. These produce water levels and ice thicknesses greater than those of the
initial freeze-up accumulation.
On January 30, 2004 after an ice advance at a very high rate of nearly 40 km per
day due to temperatures below –40 oC, a significant consolidation broke up the
ice cover for a distance of 73 km in the vicinity of Dunvegan. Water levels,
channel bathymetry, areas of grounding, and ice thicknesses were measured at
the toe of the consolidation after the event to provide a framework for assessing
the conditions that contributed to the stoppage of the consolidation. Several
gauges in the vicinity of the toe recorded the water levels during and following
the event.
This paper describes the meteorological and hydraulic conditions leading up to
the event, describes the event, summarizes the results of the field study, and
postulates upon the cause of the event. This information is placed into the
context of a conceptual model that describes how ice fractures at the toe of an
ice surge and the subsequent mechanisms that might determine when and how
the surge of ice is stopped.

1. Introduction
BC Hydro and Alberta Environment manage the flows in the Peace River to minimize ice-related
flood risks at salient locations along the river, while maximizing hydropower production at the
G.M. Shrum (W.A.C. Bennett Dam) and Peace Canyon Hydroelectric facilities. Work is ongoing
to improve ice management practices as well as to help predict the ice regime that may result if
additional regulation occurs at Dunvegan. Secondary consolidation – the collapse and stage-up
of the ice cover after it has apparently stabilized at a location – is an important process that
contributes to high ice-related water levels. Improving the understanding of the causes of
secondary consolidations, and especially defining the mechanisms by which the associated
surges of ice are stopped, is crucial in developing defensible criteria upon which to establish flow
controls so that the ice-related flood risks can be reduced at salient locations along the river.
In January 2004, a secondary consolidation event occurred in the vicinity of Dunvegan, Alberta.
This caused the collapse of about 73 km of river ice into a reach of about 40 km and produced a
2.16 m stage increase at Dunvegan, on top of an existing base freeze-up stage increase of 5.76 m.
The toe of the consolidation movement came to rest in a location with access to the river from
the ground, so extensive measurements of the ice thicknesses, water levels, areas of grounded
ice, and river channel bathymetry could be undertaken in a timely manner. This paper describes
the consolidation event and the results of the field survey. This information is placed into the
context of a conceptual model that has been developed to describe both how ice fractures at the
toe of an ice surge and the mechanisms that might determine when and how the surge is stopped.
2. Analytical Model of Consolidation Stoppage
The downstream propagation of an ice surge (and its subsequent stoppage) is essentially a
problem of incipient breakup. As long as conditions at the leading edge of the solid ice cover are
severe enough to cause the ice cover to become unstable, the surge of ice will continue
downstream. If not, the surge will be stopped. The breakup of an ice cover is a complex process
that requires consideration of longitudinal and vertical driving forces on the ice cover from ice
and water, the characteristics (strength and thickness) of the ice cover, and the channel
(hydraulic) characteristics at the point of impending breakup.
Beltaos (1990) has considered the stability of the ice cover from the perspective of the
longitudinal water-related driving forces (increasing discharge, shear stress, etc.) that are
required to break up the ice cover, within the context of increasing water levels and surface
width and deteriorating ice strengths (internal strength and thickness). His approach identifies the
shear stress increase (as related to changing stage and discharge) that would be required to
dislodge a solid ice sheet located within a given geomorphic and hydraulic context. Beltaos and
Andres (2005) demonstrate the applicability of this concept in identifying the conditions
required to cause the mobilization of an ice cover downstream of a consolidation that occurred
on the Peace River in 2001 (Andres, et al., 2003).
Another concept that can describe the breakup of an ice cover (even without its general
mobilization) follows from Parmerter and Coon’s (1972) analysis of the development of
pressure ridges. In this approach, the ice cover breaks by the sequential advance of the breaking

front as surging ice floes arriving at the leading edge of the ice cover are subducted under the
intact ice, the ice cover (treated as a stiff plate on an elastic foundation) is lifted due to the
buoyancy of the subducted ice, and the ice sheet fractures some distance downstream of its
leading edge in response to the upward force and the attendant moment produced in the ice sheet.
The process by which the ice surge moves downstream can be visualized in five steps. Beginning
with (1) an intact ice sheet, (2) the arriving ice floes are subducted under the leading edge and
accumulate for a period of time until the accumulation produces a vertical force great enough to
break the ice cover, (3) the ice cover fractures along the transverse direction more or less across
the ice sheet at some distance downstream of the leading edge of the ice cover, (4) the toe of the
accumulation moves downstream a distance equal to the point where the ice sheet fractures, and
(5) the subduction process begins anew. If insufficient ice is subducted under the leading edge of
the ice sheet to cause it to fracture, the surge of ice will stop. This limitation can be related to a
number of processes. One limiting condition would be when the flow depth under the ice sheet is
too shallow to allow the subducted ice to thicken enough to produce the required upward force to
fracture the ice cover (shallow flow depths and/or thick strong ice). Another limiting condition
would be if the supply of ice to the leading edge was reduced due to adverse ice conveyance
conditions (sharp bends, islands, etc.) and a jam would form upstream of the leading edge of the
intact ice cover before a sufficient amount of ice could be subducted to fracture the ice sheet.
Since the former case represents the most conservative case (requiring the maximum thickness
and strength of the intact ice sheet to effect a stoppage) and the simplest to formulate from an
analytical perspective, only that situation will be formulated herein.
From the most fundamental perspective, the solid ice sheet can be treated as a semi-infinite stiff
plate on an elastic foundation (Hetenyi, 1946). Assuming the origin to be at its leading edge, and
an upward force applied at the leading edge, the moment M(x) along the ice sheet can be
expressed as:
M ( x) =

Fb

λ

exp(−λx) sin(λx)

[1]

where x = the distance downstream of the leading edge; Fb = the buoyancy force (acting upward)
1/ 4
due to the subducted ice; λ = [k 4EI ] where E is the elastic modulus; I is the moment of
inertia equal to h 3 12 , where h is the solid ice thickness; and k is the foundation modulus,
approximately equal to 9,800 N/m3.

The definition of the buoyancy force could be complicated, but a simplifying assumption would
be that the subducted ice is triangular in shape (Figure 1), thus the force per unit width of the ice
sheet would have the form:
Fb =

(1 − e)( ρ w − ρ i ) gLhs
2

[2]

where L = the length of the subducted ice accumulation; hs = thickness of the subducted ice at the
leading edge of the intact ice; ρw = density of water; ρi is density of ice; g = acceleration of
gravity; and e = porosity of the subducted ice. Furthermore, L is given by:
L=

hs
tan α

[3]

where α = the angle the subducted accumulation makes with the solid ice at the downstream end
of the subduction zone. This angle is unknown, but it would likely be something close to the
friction angle of the ice.
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Definition sketch.

If the ice sheet is treated as a beam of unit width, the flexural stress in the ice sheet can be
calculated by:

σf =

6 M ( x)
h2

[4]

and equations [1], [2], [3], and [4] can be combined to produce a relationship between the
flexural stress in the ice sheet and the parameters describing the characteristics of the subducted
ice and the thickness of the solid ice of the intact ice sheet, as:
3 (1 − e) ( ρ w − ρ i ) g exp(−λx) sin(λx) hs2
σf =
h 2 λ tan α

[5]

If σ f anywhere along the intact ice sheet is greater than the flexural strength of the ice sheet, the
ice cover will fracture and the ice surge will continue to move downstream. Figure 2 shows the
longitudinal stress variation along the ice sheet for a typical set of circumstances. In this case, the
maximum stress of 640 kPa occurs about 6 m downstream of the leading edge. If the flexural

strength is greater than 640 kPa the surge would stop. If not, the ice would break at whatever
point the stress exceeded the flexural strength of the ice sheet, the leading edge would move
downstream, and the ice surge would continue. Assuming that the limiting condition for the
thickness of the subducted ice is the depth of flow under the leading edge of the ice sheet, the
location along the river at which a surge of ice would be stopped would depend only on the local
flow depths (water discharge and local bathymetry), and the structural characteristics of the ice
sheet (thickness, strength, and elastic modulus).
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Distribution of bending stress along ice sheet in stream wise direction.

Although the above concept is reasonably straightforward, there are a number of parameters that
are not well defined. The flexural strength of the ice is highly variable; its manifestation is
subjected to scale effects, and it could be defined anywhere within the range of 100 to 3000 kPa.
The elastic modulus is a function of the thickness of the ice sheet, and varies with the quality of
the ice. Van Der Vinne and Andres (2003) reported measured typical values for thick ice
covers of 3 GPa. The porosity is probably between 0.4 and 0.6, similar to the value typically
adopted for ice jams. Thus, application of the model in any given circumstance (say during
consolidation events at freeze-up) would require some degree of calibration to (1) better define
the configuration of the subducted ice (essentially embodied in α and e), (2) examine the two
dimensional effects of the subduction pattern, and (3) confirm scale effects on the adopted ice
strength and elastic modulus. This would require measurement of ice conditions in the region of
the toe of a stalled ice surge. Fortunately, one such event occurred on the Peace River in 2004. In
that year, the ice conditions were being monitored, so the background flows, ice thicknesses, ice
front positions, water levels, and surge characteristics were known reasonably accurately.

3. The Consolidation Event
Freeze-up Process
Freeze-up on the Peace River occurs by a systematic upstream advance of the ice cover. Local
accumulation thicknesses are generally a function of the local hydraulic conditions, and
subsequently the local rate of advance is determined by the rate of ice supply and the thickness
of the stable accumulation. In 2003-04, freeze-up at the Town of Peace River (km 396.8 below
the Bennett Dam) occurred on 10 January 2004, at a flow of 1680 m3/sec (Fonstad, 2005). By
23 January the head of the ice cover had advanced to km 341.2, just downstream of the gauge at
Elk Island Park (Figure 3), indicating an average rate of advance of 4.3 km/day. During a period
of cooling (January 23 to Jan 26 ) and extremely cold weather between 26 and 28 January (mean
daily air temperatures ranged between -32 and -42 oC and the flow was more or less constant at
about 1650 m3/s), the ice cover advanced at an average rate of 15.3 km/day to km 249.5, some
46.4 km upstream of Dunvegan. From the gauge records it was evident that the head of the cover
had arrived at the Peace 2 gauge on 26 January, at the Peace 1 gauge on 27 January, and at the
Dunvegan gauge on 28 January. Water level increases associated with the formation of the ice
cover were between 5 and 6 m at all three locations. Based upon the time of arrival of the ice
front at Dunvegan on 28 January and the observed location on 29 January, the rate of advance
was determined to be 39.5 km/day. Observation of the condition of the ice cover on 29 January
indicated that the ice cover between Dunvegan and the head of the ice cover was mostly semiconsolidated. A subsequent observation showed that the ice front had advanced as far upstream
as km 236.6 prior to its collapse.

Figure 3.

Location plan.

Collapse of the Ice Front at Dunvegan

Some time in the afternoon of 30 January the ice cover upstream of Dunvegan collapsed and
ruptured the newly formed ice cover at Dunvegan (Figure 4). The leading edge of the surge
reached Dunvegan at 18:00 hrs, and caused a 2.16 m stage increase to a peak elevation 348.50 m
at 20:30 hrs. The surge continued on downstream until its toe came to rest about 100 metres
upstream of Peace 1 at km 309.2. The surge of water released by the consolidation event reached
Peace 1, located at km 309.3, at 18:45 hrs, and caused a stage increase of 2.09 m to a peak water
level of 343.9 m sometime shortly after 20:30 hrs. The leading edge of the flood wave reached
Peace 2 at 19:27 hrs on 30 January. The stage there increased about 1.64 m to a peak elevation of
340.15 m at 21:57 hrs. Observations after the event indicated that the upstream end of the ice
cover had consolidated to km 269.2 – thus suggesting that about 73 km of ice had consolidated
into 40 km of ice – equivalent to an average increase in thickness of about 80% in the
consolidated reach.
The reasons for the consolidation are not clear; however it is possible to speculate upon what
could have triggered the event. The flows were constant prior to and during the event except for
small 0.1 m fluctuations at Dunvegan due to limited peaking power generation at Peace Canyon.
The likelihood of these fluctuations triggering the consolidation is small but have yet to be
evaluated. Variations in air temperature were another possible contributing factor that could have
triggered the event. In Figure 4 it is evident that there was notable cold weather from 26-28
January with lows in the range of -46 oC and highs of –33 oC. This caused a rapid ice front
advance in a semi-juxtaposed mode. This high advance rate would have continued for at least
two more days after the end of the cold spell, since the ice that had formed during the cold spell
would have still been arriving at the head of the cover. From 28 to 30 January, the air
temperature increased slowly from about –41 oC to about –21 oC. The warmer temperatures
would have reduced the rate at which the cover was gaining strength through interstitial freezing,
while the amount of ice arriving at the front and creating a downstream force would have still
been formidable. The differential in the rate at which driving and resisting forces were being
generated likely caused the thin thermal ice in the semi-juxtaposed cover to fracture. This
released water from storage, creating a self-sustaining surge of ice and water that fractured the
solid cover downstream until it encountered conditions that were sufficient to stop the ice surge
and limit the extent of the secondary consolidation.
Field Measurements
The objectives of the field measurements were (1) to characterize the event in terms of its timing,
water level changes, and surge parameters; and (2) to measure the salient ice characteristics at
the toe that would help to calibrate/verify the surge stoppage concepts that are being proposed.

Water levels were measured at three gauges – Dunvegan, Peace 1, and Peace 2 (Figure 3).
Dunvegan is a permanent WSC-type of gauge, while Peace 1 and Peace 2 are temporary selfcontained gauges/loggers that were installed in the fall and removed in the early summer. The
raw data from these loggers was combined with local barometric pressure data and corrected for
barometric variations, allowing an accuracy of ± 0.01 m in measured water levels. Water level
surveys prior to, during, and after the ice season were used to correct for possible movement of
the units. The sampling interval for all three gauges was 15 minutes.
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Figure 4.

Air temperatures, water levels, and gauge heights.

Six rounds of field surveys were conducted over the following dates 4 February, 7-11 February,
20 February, 12-14 March, 15-17 March, and 16-17 June.
1. Ground reconnaissance and thermal ice thickness measurements were carried out on
4 February.
2. Profiles A-A and B-B (Figure 5) were measured on 7 to 11 February, including ice
surface and water level profiles, and ice thickness measured with an underwater camera
attached to a long rod. Although the underwater camera works well for “normal” freezeup ice covers (even those up to 5 to 7 metres thick) the large amount of rubble in the toe
region was somewhat problematical. In this case, a chisel (Figure 6) attached to four
3.5 m graduated lengths of 3.8 cm diameter wooden dowels (coupled together with steel
chain-link fence post) was used to cut through the rubble. After some experience, the
difference between coarse gravel, solid pieces of ice, and the ice/water interface could be
confidently distinguished so that the thickness of the accumulation and the bed level
could be defined reasonably well. The flow of water acting on the head of the chisel
could also be felt through vibrations in the doweling and the current was graded
subjectively as strong, medium, slight, or none. GPS coordinates of the cross section
holes were taken. A single Garmin GPS 12 was used and each point was time-averaged
until the RMS dropped below 5.0 m.
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3. GPS coordinates of various landmarks and ice features were obtained and ER Mapper
was used to geocorrect the oblique photographs taken on 10 February (Figure 7), so that
ice features could be plotted on the bathymetric chart (Figure 8).
4. An elevation survey of some of the high piles of ice on the far upstream bank was carried
out on 20 February.
5. Cross sections X3W, X3, X4, X5, X6, X7, X9, and profile C-C (Figures 7 and 9), as well
as miscellaneous ice thickness measurements and ice elevations were taken on 1214 March. The toe region where ice was significantly piled up (Figure 10) was mapped
and areas of ice piles were subjectively delineated on an aerial photograph. The
consolidation stall-line was also identified from ice features on aerial photographs and
refined by inspection in the field.
6. The area at the toe region was observed from shore on a daily basis on 15-17 March to
confirm areas of grounded ice as the thermal breakup eroded through the toe region.
7. An extensive bathymetric survey was conducted of the area on 16-17 June to provide a
hydraulic framework for the ice measurements.
Thermal Ice Thickness
On 4 February, 16 samples of the undisturbed thermal ice downstream of the toe were measured.
The mean thickness was 0.30 m, with a standard deviation of 0.06 m. The depth of snow over the
ice was about 0.08 m. These measurements were made about five days after the event, and with
temperatures between –20 and –30oC it is certain that the measured thickness was greater than
what it had been during the arrest of the consolidation. Fractured thermal ice in the toe that was
piled up high above the water level also was measured. A mean thickness of 0.22 m, with a
standard deviation of 0.03 m, was determined from 11 samples. Since this ice was out of the
water and under freezing temperatures since the event, it would have been representative of the
thermal thickness at the time of the consolidation.
Bathymetry
The reach (Figures 3, 7, and 8) can be described as initially being relatively straight and of
uniform depth with a small secondary channel along the left bank. The main channel abruptly
becomes shallow along the right bank and in mid-channel; the thalweg quickly goes from centre
to very close to the left bank, and deepens considerably before straightening out again as it
passes an island downstream of the toe location. The secondary channel along the left bank ends,
and a secondary channel along the right bank begins in this reach. The secondary channels could
not be surveyed by neither boat or wading due to their shallow and muddy condition. The large
gravel bar is an important feature in the toe area reach.
Ice Characteristics at the Toe
Figures 5 and 9 show the profiles and cross sections that were measured at the locations
displayed in Figure 7. It is important to note that profiles A-A and B-B were measured 8 to 11
days after the secondary consolidation and cross sections X3W, X3, X5, X7, X9 and profile C-C
were measured 42 to 44 days after the event. The water level during the second survey was about
1.2 to 1.6 m lower than on the first survey. Flows in the Peace River as it enters Alberta were
about 1700 m3/s during the first survey and about 1520 m3/s during second survey. The second
survey was done about 2 to 5 days before the thermal break-up in this reach but before warming
water temperatures reached the area.
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A 14 m long chisel used for probing through ice.

The surface features of subduction zones along profiles A-A and B-B that are shown in Figure 5
indicate that the dominant failure mode of the ice was vertical bending. Subduction occurred at
many points along the longitudinal sections. The subduction zones appeared to be in random
orientation in the upstream and downstream directions. It appears that several long ice sheets,
perhaps several hundred metres in size, subducted under each other, leaving only 20 to 100 m
size remnants of ice intact on the surface. The remainder of the ice generated the rubble ice that
was subducted up to 8 to 11 metres below the surveyed water level.
Figure 8 shows the contour heights of the ice mounds plotted on top of the bed bathymetry. Also
plotted are locations where the ice was grounded and the spatial variability of the strength of the
current. It is evident that there is some correlation between ice pile heights, grounded areas, and
“no current” areas. One could conclude that ice that was piled up 2 to 6 metres above the water
level was grounded and that the ice that was piled up 1 to 2 metres above the water level was
likely grounded. Some grounded areas were even found outside of the areas defined by the 1 to 2
m ice pile criterion. On the basis of this general criterion, Figure 8 shows five major areas of
grounding:

1. Along the upstream edge of the gravel bar near the right bank at bed elevations of 335 to
337 m;
2. Along the shear line along the edge of the gravel bar at a bed elevation of 336.5 m;

Figure 7.

Locations of cross sections and profiles surveyed at the toe of consolidation.

Figure 8

The toe region showing bed contours surveyed Jun 16-17, 2004, ice pile heights, delineated in Feb-Mar, 2004, and the
consolidation stall line. Also shown are the conditions at the bottom of holes along the cross sections and profiles, if ice
was grounded and strength of the current.
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Ice mound at section B-B.

3. At the large mound at the upstream end of the gravel bar between bed elevations 334.5
and 335.5 m;
4. Along the shear line along the edge of the gravel bar at a bed elevation of 333 to 335 m;
and
5. At the mound near the left bank (the most downstream portion of the consolidation) at a
bed elevation of 331.5 and 333 m.
It is interesting to note that, generally, the grounding was more extensive close to the toe area
than upstream of the toe. In essence, the grounding was “staggered” in the downstream direction
to provide water discharge relief through the toe region. It is also evident that even though the
toe grounded fairly extensively, there was an opening along the thalweg between areas 4 and 5
that allowed the water from the surge to continue on after the ice was stopped.
4. Analysis
Water Levels and Discharge
Analysis of the water levels measured at the gauges by the Rising-Limb Analysis Method
(RLAM) developed by Beltaos and Burrell (2005) can be used to estimate the unsteady
discharge during the event. Figure 11 shows recorded water levels at three gauge locations Dunvegan, Peace 1 and Peace 2, located 13.6 km upstream, 0.3 km downstream and 9.1 km
downstream of the toe of the consolidation, respectively. Unfortunately, the maximum depth
capability of the Peace 1 gauge was exceeded by about 0.3 m. However, given the 15-minute
interval between water level measurements, the slope of the rising limb can be estimated

reasonably well if the high watermark is added to the gauge data. The rate of water level rise for
the Peace 1 gauge was about 0.0015 m/s. The maximum rates of rise for the Dunvegan and Peace
2 gauges were 0.00079 m/s and 0.00057 m/s respectively. From the analysis of the Peace 1
gauge data, using CL = 3.8 m/s, CP = 3.8 m/s, and m = 7 (see Beltaos and Burrell (2005) for a
definition of these variables), the maximum discharge that resulted from the consolidation was
estimated to be about 5000 m3/s, or about three times the background flow (Figure 12).
Although CL in Figure 11 was estimated to be 3.4 m/s, in contrast to a value of 3.8 m/s used in
the RLAM, there is enough uncertainty in the Peace 1 gauge heights to discount the lower
estimate. The higher estimate gave a better representation of the measured gauge heights on the
rising limb and thus that value was used in the application of the RLAM. Equal values of CL and
CP suggest that the surge was maintaining its shape and not attenuating – a good possibility when
the water and ice surge are so closely coupled in this region of the secondary consolidation.
Reflected stoppage w ave in upstream direction from Peace 1 to
Dunvegan. Ice at Dunvegan slow ing dow n and eventually stopping
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Water levels at three gauges during the consolidation event.

Of interest is that the Dunvegan wave had a double peak (Figure 11), the second of which did
not develop at the Peace 1 or Peace 2 gauges. The second peak at Dunvegan arrived after the ice
stopped at Peace 1 if it is assumed the maximum stage at Peace 1 coincided with ice stoppage
and occurred shortly after the last reconstructed reading. This may be an indication that the
second peak at Dunvegan was the result of a “stoppage front” that was propagating upstream
from Peace 1 to Dunvegan. It is has been documented in other studies (Gerard and Jasek, 1990)
that the stage increases as the ice run decelerates and stops.
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Observed stage and modeled stages and discharges using RLAM at Peace 1 gauge

Sequence of Stoppage of the Ice Surge
A sequence of the ice run arrest can be described on the basis of the distribution of grounded
areas. Given that the reach upstream of the area of the toe is relatively straight and uniform for
more than 5 km, it can be assumed that the ice was moving more or less at a uniform velocity
between the shear lines that outline the main channel. Since the break-up front itself would likely
have exhibited thicker ice, the first location where this thicker ice would have grounded would
have been at the upstream end of gravel bar (location (1) in Figure 8). This blocked the
secondary channel along the right bank and reduced the width of the moving ice from about
340 m to 290 m. The shear line along the gravel bar (2) formed next, but the moving ice only
advanced about 500 m downstream before stopping. Then, the large mound (3) formed,
decreasing the width of the moving ice from 290 m to 200 m. Substantial thickening to about
11 m started to occur at this time and a new shear line formed at (4), in a deeper part of the
channel. This reduced the width of the moving ice from 200 m to about 150 m near the tip of the
island. Although the grounding up to this time had eliminated a portion of the energy of the
moving ice, the remainder of the energy was concentrated into the deepest portion of the river.
This caused an increase in the thickness of the subducted ice to almost 13 m at the most
downstream extent of the toe area, and produced the final grounding just to the left of the deepest
part of the river (5) before the entire ice surge stopped. The water from the surge moved through
the toe area along a portion of the thalweg that remained unblocked between grounded areas (4)
and (5).

With respect to the assessment of the flexural strength of the thermal ice sheet and the
characteristics of the subducted ice, a number of observations can be made.
•

•

•

•

Interpretation of the ice thickness profiles to assess the toe angle α (relative to the water
surface, see Figure 1) is difficult. Of the two profiles surveyed, profile AA goes through
the best-defined subduction zone, but the thickness of the subducted ice was difficult to
measure. Interpretation of the extent of ridging suggests that the angle was between 30
and 45o. Profile BB suggests a toe angle of at most 10o. However, this profile indicates
that there may have been a substantial amount of frazil deposited along the underside of
the ice, thus biasing the measurement of the angle. Again, interpretation of the ridging
pattern along profile BB indicates that the angle was likely about 30o. An angle of 35o is
a reasonable compromise.
The stoppage of the ice surge appears to have occurred in a sequential manner starting
from the channel margins where the under-ice flow depths were lower and extending
from the banks to the thalweg. It is not clear, however, when the ice actually stopped
moving – at or after the peak flow had occurred – so there is some question about the
actual flow depth. Note that the peak water level was about 344 m, or about 2 m greater
than the water levels before and after the event. However, assuming that peak water
levels and grounding occurred simultaneously, Table 1 summarizes (1) the differential
thickness of the subducted ice at the time the that the ice came to rest and (2) the
calculated flexural stress in the thermal ice sheet downstream of the toe.
Grounding was not complete across the entire cross section. Section X3 in Figure 9
shows a surveyed flow area on 12 March of 780 m2. If the floating cover is lifted from
the surveyed water level to the high water mark, it is apparent that about 1400 m2 of flow
area had developed or was maintained to allow for the flow of water through the
subduction zone. Assuming that maximum subduction was coincidental with the peak
flow of about 5000 m3/s, the maximum velocity within the conveyance area was about
3.5 m/s. It is important to note that this would not necessarily be the erosional velocity of
the subducted frazil matrix (including pieces of solid ice imbedded in the matrix) as this
flow condition was of short duration and there may not have been sufficient time for the
flow area to reach its maximum and stabilize at the so-called critical erosional velocity
of the ice accumulation. Never the less, it provides at least an upper estimate of the
erosional velocity of the frazil matrix.
The calculated values of the stresses in the thermal ice cover in areas S1, S2, and S3
(Table 1) are near the top and slightly over the expected range of the flexural strength of
frazil-based solid ice when trying to account for two dimensional effects by averaging
the depth of subducted ice for each area. The higher stress in S3 may be an indication
that 2 dimensional effects are not entirely accounted for by averaging for that section. In
area 5, where the maximum differential thickness of subducted ice of 10.0 m was
measured, a very high stress of 6400 kPa was calculated if two dimensional effects are
discounted. Table 1 suggests that a lower bound of the global strength of the thermal ice
sheet, within the assumed framework of flow and ice conditions at the toe of a secondary
consolidation, would be around 3150 kPa (average of S2 and S3).

Table 1

Summary of stresses in the thermal ice cover for each of the stoppage sequences
for peak water elevation of 344 m, bottom of downstream ice accumulation at
elevation 342 m, thermal ice thickness of 0.22 m and elastic modulus of 3 GPa
(assuming α = 350 and e = 0.5)

Area

Description

Segment S1
Figure 9, X7
Segment S2
Figure 9, X5

Upstream edge of gravel bar on right bank,
bottom of ice at an elevation of 336 m.
Left flank of gravel bar, bottom of ice at an
elevation of 335.5 m.
Thalweg along left bank at downstream end
of toe area, average bottom of ice at elevation
of 334.5 m.
Grounded ice to elevation 332 m (maximum
grounding evident within the toe region).

Segment S3
Figure 9, X3
Area 5
Figure 8

Differential 1
Thickness, hs
(m)

Stress, σf
(kPa)

6.0

2300

6.5

2700

7.5

3600

10.0

6400

1

The differential thickness accounts for the effects of 2 m of frazil slush on the underside of the
thermal ice sheet downstream of the toe.
Model Application

As mentioned earlier, the model provides for an analysis of the most conservative condition
required for stopping an ice surge – when grounding of the subducted ice is the mechanism by
which the ice surge comes to a stop in the main portion of the channel. Assuming that the
preceding analysis has defined the effective structural characteristics of the ice sheet within the
given context, the model can be most conservatively applied by assuming that complete
grounding (a subduction depth equivalent to the mean flow depth under the intact ice cover) has
occurred, in spite of the likelihood of some flow area within the subduction area. By definition
this would be conservative because complete grounding did not occur in the situation analyzed
herein, and yet the ice surge was stopped, likely due to other energy dissipation mechanisms
such as friction, shearing of ice, etc.
Thus, given that the local flow depth will determine the differential depth of the grounded ice,
from the theory it would be reasonable to assume that the surge is most likely to stop at locations
where the channel the shallowest. Both the channel width and the attendant mean depth of the
Peace River varies considerably within the area of interest. Neill et al. (1995) summarized the
hydraulic characteristics of a sample of eight sections from which a relationship between mean
depth and width can be developed (see Figure 13). The relationship suggests that as the channel
width increases, the mean depth under the ice cover decreases. Thus, it is likely that a surge of
ice would stop in relatively wide sections. Applying the model over the range of widths that are
evident, it is apparent that the required thermal ice thickness to stop the ice surge would be
between 0.14 and 0.23 m, and it would decrease with increasing channel width. These values
need to be refined however, since there are more cross sections available than used by Neill et al.
(1995).
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Relationship between mean depth and top width for a sample of Peace River cross

5. Summary and Conclusions.

This paper has proposed a conceptual model that defines the mechanisms by which a surge of ice
is stopped and forms a jam at the leading edge of a solid ice cover. The basic premise of the
model is that the ice surge will stop when the thickness and flexural strength of the solid ice
sheet is sufficient to prevent fracture when the subducted ice at the leading edge of the solid ice
sheet is at incipient grounding – the condition at which the vertical buoyant force of the
subducted ice is a maximum. This concept would be applicable to secondary consolidations at
freeze-up and to assessing the likelihood of an ice run forming into a jam at breakup.
Application of the model requires that the global flexural strength of the ice sheet, and the
porosity and shape of the subducted ice be specified – hence the need for field measurements to
calibrate/verify the model. An event on the Peace River in 2004 provided such an opportunity
and this paper has summarized the results of those field measurements. Overall, the following
were apparent from the field survey and the subsequent analysis for the situation on the Peace
River:
• Grounding is necessary and a likely precursor to the stoppage of ice surges.

•
•
•

•
•
•

The ice surge is stopped sequentially, with ice first grounding along the channel margins
where the flow depth is low and then extending from the bank towards to the thalweg.
Energy is consumed along the shear lines that develop between areas of moving and
grounded or stopped ice.
The hydraulic conditions and ambient water levels at the toe of the ice stoppage are
complicated by the unsteady flow associated with the ice surge. The peak flow in 2004
was estimated to be almost three times that of the background flow. There is a need to
better understand the relative timing of the flow peak and the stoppage of the ice surge.
A maximum velocity of about 3.5 m/s was estimated in the flow area within the
subduction zone. This could be adopted as an estimate of the upper limit of the erosional
velocity of the frazil matrix.
Water level increases of more that 2 m (about the accumulation thickness, but almost ten
times the thickness of the thermal ice within the accumulation) appear to be insufficient
to dislodge and/or break up the ice cover.
Measurements of the toe conditions were difficult, but they suggest that the toe angle of
the subducted ice would be in the range of 30 to 45o. Adopting a porosity of the
subducted ice of 0.5, and from considerations of the grounding depths and thermal ice
thickness, the global flexural strength of the thermal ice for this case would be about
3100 kPa.

From the theory, a couple of generalizations can be made regarding the conditions that might
contribute to the stoppage of an ice surge – low background flows that would produce lower
water levels than high background flows, wide shallow sections rather than narrow and deep
sections, and thick and strong ice rather than thin and weak ice.
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The U.S. Army Corps of Engineers, New York District, in partnership with the
NY State Department of Environmental Conservation, is conducting Section 205
studies on three small tributaries to the Mohawk River near Herkimer, NY. These
three creeks have experienced severe ice jams and flooding over many years.
Initial reconnaissance studies indicated that a strategically placed Ice Control
Structure (ICS) could significantly reduce the damages due to ice jam flooding.
The U.S. Army Cold Regions Research and Engineering Laboratory (CRREL) is
working with the consulting engineering firm DuBois & King, Inc. to model the
open water and ice jammed conditions and to design the ICS for each creek.
Several unique conditions have made the HEC-RAS modeling both interesting
and difficult. The histories of the three creeks have definitely been influenced by
the actions of man. Moyer Creek is confined to one side of a wide valley
floodplain as it enters the Mohawk River. It is evident that the creek was
confined in this manner to provide a water supply for the Erie Canal system, the
remnants of which are crossed about ¼ mile above its mouth. As a result, the
creek is perched above the rest of the valley, resulting in difficulties with
overbank flow modeling. Steele Creek was once a water source for mechanical
power for a large industrial plant. Its very straight alignment and uniform slope
are signs of previous manipulation. Residential and industrial development
occurred during the period when water was removed from the creek. When the
plant changed over to electrical power, the city found its bridges and river channel
barely large enough to carry a 10-year open water flow. The unique modeling
and design issues are presented followed by the model results and construction
plans for ice jam flooding mitigation.

1. Background of the Three Creeks Project
The New York District of the U.S. Army Corps of Engineers is currently conducting three
Section 205 Studies for Ice Jam Flooding Reduction in central New York State. DuBois & King,
Inc. and the U.S. Army Cold Regions Research and Engineering Laboratory (CRREL) are
conducting the open water and ice jam flooding analysis as well as designing the flood
mitigation alternatives. The three small watersheds all flow into the Mohawk River between
Utica and Herkimer, NY. Moyer Creek drains 57 km2 as it flows north to the Mohawk River
through Frankfort, NY, a village with a population of 4500. Steele Creek, also flowing north
into the Mohawk River, lies about 3 km to the east of Moyer Creek and drains 88 km2 as it flows
through Ilion, NY, a small city of 9000 people. Fulmer Creek lies another 3 km east of Steele
Creek and drains 65 km2 as it flows through Mohawk, NY, a small village of 3000 people. Due
to their similarity in size, basin shape, and proximity, several generalizations can be made
concerning the ice jamming in these creeks. Freeze-up and breakup generally occur at the same
time of the year (within a week) in each of the creeks and the thickness of ice generated over a
winter season is similar. What is surprising is that the dates of ice jamming and flooding are not
necessarily correlated between the creeks. Table 1 shows the historic dates of ice jam flooding
for each of the creeks.
Table 1. Dates of historic flooding events in Moyer, Steele, and Fulmer Creeks
Date
March 2004
March 2003
January 2003
January 1997
February 1996
January 1996
March 1995
February 1994
March 1989
February 1983
February 1981
February 1977
February 1971
January 1962
March 1953
February 1952
February 1948
March 1936
Winter 1920’s

Moyer Creek

Steele Creek

Fulmer Creek
X

X
X
X
X
X
X

X
X
X
X

X
X
X
X
X
X
X
X
X
X
X

Ice jams and the resulting water levels for this study were modeled using the U.S. Army Corps of
Engineers’ River Analysis System (HEC-RAS). HEC-RAS performs one-dimensional steady
and unsteady hydraulics calculations (Brunner, 2002). A key element is the use of a common
geometric data representation and hydraulic computation routines. The program also allows

export and import functions to and from graphical information systems (GIS) models of the
watershed through the add-on GeoRAS. A powerful addition to the HEC-RAS program is its
ability to compute ice jam-affected water levels by an iterative procedure of water level
calculations followed by an analysis of ice forces. This procedure balances the downstream
acting forces of water shear on the underside of the ice jam and the downstream-acting
component of the weight of the jam with the resisting shear at the banks and the internal strength
of the ice jam accumulation. In order to properly model an ice jam, however, several variables
must be predetermined. These include the discharges associated with the jamming event, total
volume of ice available to contribute to the jam, and the jamming locations.

2. Hydrology
An extensive GIS was developed of this watershed prior to modeling. The GIS model provided
not only a means to develop a snowmelt hydrology analysis used to determine flows associated
with ice breakup and jamming but also to develop a detailed hydraulic model using GeoRAS and
HEC-RAS. The GIS was invaluable in determining where floodwaters would leave the river
channel and the extents and depths of flooding expected.
Flooding analysis was conducted by simulating water levels produced by flows of various return
interval frequency. The frequencies for open water discharge were developed using regional
regression equations for New York State (Lumia, 1991). As a check of these equations and to
determine the snowmelt season discharges, a hydrologic model (HEC-1) was developed for each
of the three small basins (Zufelt et al., 2001). For open water discharges, various frequencies of
24-hour rainfall events were applied to the model and predicted stream discharges were
calculated after accounting for abstractions of detention storage, infiltration, evapotranspiration,
and antecedent soil moisture conditions. For the ice jam discharges, the total water delivered to
the ground surface from rainfall and snowmelt in a 24-hour period was applied to the model
(similar to a rainfall) to calculate discharge. The daily total water delivered to the ground surface
was calculated by a snow accumulation and ablation model as described by Zufelt et al., 2001.
This model was calibrated using National Weather Service (NWS) First Order Station data for
temperature, precipitation, and snow water equivalent (SWE). The period of record for 16 NWS
coop stations that provided daily maximum and minimum temperatures and precipitation were
then fed into the calibrated snow accumulation and ablation model to produce frequencies for
daily water delivered to the ground surface vs. station elevation.
The hydrologic model produced open water discharges that were very similar to those predicted
by the regression equations for all frequencies. The ice jam or snowmelt discharges were found
to be lower than the open water discharges for more common events (less than 5-year return
interval) but could be significantly higher for the more rare events (above 100-year return
interval). These discharge frequencies were then used with HEC-RAS to develop stage
frequencies for two independent populations; open water conditions and ice jamming conditions
(based on snowmelt discharges). The stage frequencies for these two populations were
combined using:
Pc = Popen + Pice − ( Popen Pice )

[1]

where Pc is the probability that a selected elevation is equaled or exceeded by either an open
water or ice jam stage, Popen and Pice are the probabilities of that elevation being equaled or
exceeded by an open water or ice jam event, respectively (USACE, 2002). The combined stage
frequency was used with damage-elevation curves for the flooded structures to determine the
average annual damages under existing and improved conditions.

3. Freeze-up Flow and Potential Ice Thickness
In a typical year, as air temperatures decrease, discharge in Moyer, Steele, and Fulmer Creeks
also decrease to a low flow level. This low flow value was used to determine the area of open
water that could be expected to freeze, which when multiplied by the thickness of ice generated,
gives the total ice volume available for jamming. From inspection of similarly-sized gaged
watersheds in the region and meteorological data, freeze-up was estimated to occur at an average
flow of 5.7 m3/s for the creeks. In some years, late fall or early winter storm events increase the
discharge considerably above this level. During these higher flow events, however, any ice that
had previously formed in the creek is simply washed downstream. As flows recede following
the storm events, the creeks then re-freeze at a flow level of approximately 5.7 m3/s.
The average ice cover thickness expected on the creeks in a typical winter was determined by
using the Stefan equation (USACE, 2002). This approach assumes that the ice growth rate is
controlled by the heat transfer rate through the ice cover. It assumes a steady-state temperature
profile through the ice with the bottom of the ice at the ice/water interface to be at a temperature
of 0 °C and the surface of the ice to be at the average daily air temperature (as long as the
average daily air temperature is below 0 °C). The ice thickness in centimeters, ηj, on any day j
can be estimated as:

η j = α (U j )

1

2

[2]

where α is an empirical coefficient that expresses the effects of other variables on the heat
transfer rate and typically varies from 1.7 for heavy snow areas to 2.7 for light snow areas. The
effects of other heat inputs (groundwater flow, industrial processes, etc.) can be included in α if
thickness vs. air temperature data exists. Uj is the Accumulated Freezing Degree Days (AFDD)
recorded between the onset of freeze-up (day 1) and day j. The number of freezing degree days
(FDD) for any day is found by subtracting the average daily air temperature from 0 °C.
By inspecting the air temperature and snowfall records for Utica, NY, it was calculated that the
average ice thickness that would grow on a stationary body of water in the vicinity of the Three
Creeks was approximately 0.45 meters. There would, of course, be some reaches of the creek
where the ice thickness would be greater or less due to other factors, such as the accumulation of
frazil ice. In conducting the analysis to determine the breakup discharge, this value of 0.45
meters for ice thickness was used.

4. Breakup Criteria
Breakup occurs in a river when the discharge increases to a point such that the ice cover cannot
resist the forces trying to push it downstream. The cover experiences the downstream-acting

forces of shear on the underside of the cover, due to the water flow beneath it, and the
component of its weight in the downstream direction. The cover resists downstream movement
by its internal strength (which is very high for an ice sheet) and its attachment to the banks. As
discharge and the resulting water surface level increase, attachment to the banks is lost and the
cover floats free. The intact cover experiences some cracking and breakage as it begins to move
downstream, free from the banks. This process of breakup continues as the cover moves
downstream, breaking into smaller-sized ice pieces that may eventually jam. The breakup
discharge is that which generally results in an increased water level and width, such that the
attachment to the banks is lost and the cover begins to move and break up. There are many
“rules of thumb” for determining the discharge level which results in breakup. For this study,
two conditions were deemed necessary for the initiation of breakup of the ice cover; when the
water level increased (above freeze-up levels) by approximately 2 times the ice thickness and
when the water surface width increased (above that at freeze-up) by 10 – 20%. These conditions
resulted in both the loss of attachment of the cover to the banks as well as increased flow
velocities to move the cover downstream.
A HEC-RAS analysis was completed to determine when breakup would occur. The freeze-up
water levels and width were compared to those for increasing levels of discharge for each of the
creeks. A freeze-up discharge of 5.7 m3/s was used as previously stated. Breakup, by the
general rules above, occurred between 17.0 and 22.6 m3/s. In general, the upper reaches of the
creeks would meet the criteria for breakup first. The calculated breakup flow (of 17.0 - 22.6
m3/s) was very close to the 2-yr frequency snowmelt/ice jam discharge of 18.4 m3/s for Moyer
Creek, 25.5 m3/s for Steele Creek, and 21.2 m3/s for Fulmer Creek. It was therefore assumed
that breakup and jamming would occur for the 2-yr frequency and above events analyzed in the
flooding mitigation study (2-yr through 500-yr).
In theory, as discharge continues to increase, an ice jam will continue to thicken. In reality,
however, some discharge is reached such that the jam cannot resist the downstream forces acting
on it and jam failure occurs. Usually this occurs as water levels increase to the point that the jam
no longer has adequate connection (or force transference) to the banks of the river. This can
happen at locations where the top of bank is relatively low and the floodplain is wide.
Fortunately, in these locations the channel carries a small percentage of the total flow in the river
and thus a jam in the channel would have a smaller effect on the water level of the entire cross
section. For this reason, jams were assumed to form and hold for all frequencies analyzed.

5. Ice Transport and Losses
The breakup analysis also provided the maximum ice volume that would be expected to be
formed in a typical winter by combining the average ice cover thickness of 0.45 meters with the
surface area of the river covered at a freeze-up discharge of 5.7 m3/s. Not all the ice that forms
over a winter, however, will contribute to a jam. Several losses occur as the ice moves
downstream; these include ice stranded on the banks or in shear walls, melting due to air and
water temperatures above 0 °C, and incomplete breakup of the cover. Early or mid-winter events
may have a considerably smaller ice cover thickness and thus smaller potential ice supply.
Various estimates of ice loss have been made over the course of many ice jam studies. Some
studies indicate a bulk loss of 30% of the total available ice volume as it travels downstream to

the jam location. Other studies indicate a loss of 5 - 10% ice volume per kilometer of river that
the ice travels.
Figure 1 below shows the effects of shear wall development during an ice run. As the ice moves
downstream, it contacts the shallower areas along the shore and is slowed and packed together.
A vertical shear wall eventually develops with its inside edge (closest to the water flow) equal in
thickness to the thickness of the moving ice. Similar formations occur when a jam fails, leaving
a shear wall along the banks whose height is very close to the jam thickness. For Steele, Fulmer,
and Moyer Creeks, side slopes averaged 1:4 to 1:5 in the natural river channel. If a side slope of
1:4 is used with an average ice run thickness of 0.90 meters (two layers of parent ice cover) and a
shear wall porosity of approximately 0.2, there is about 2.6 m3 of ice stranded on the banks for
each meter of river reach length. If a side slope of 1:5 is used, the loss is 3.2 m3 of ice stranded
on the banks for each meter of river reach length.

Figure 1. Ice jam shear wall development.
A comparison of the three loss techniques was done to determine what ice loss should be used
for Steele Creek. For the modeled reach (6.6 kilometers of river), the total ice volume available
is 36,200 m3 of ice based on a freeze-up discharge of 5.7 m3/s and an ice cover thickness of 0.45
meters. The lower-most ice jam on Steele Creek usually develops at the Route 5S Bridge and
builds upstream so any ice below that bridge does not contribute to jamming. Since the Route 5S
Bridge is located at RK 0.03 (0.03 kilometers above the river mouth), this reduction in total ice
volume is minimal. Table 2 provides a comparison of the ice loss calculation methods and
provides a percent total loss for each method. The same analysis was done for the other two
creeks (Fulmer and Moyer Creeks) and the average loss was found to be a bulk 33%. With the
variations in contributing river length, ice thickness, and porosity of accumulations, it was
decided that the use of a bulk loss of 33% would be representative for all three creeks.
Table 2. Comparison of ice loss estimates for Steele Creek
Method
30% bulk loss
Stranding on 1:4 side slope
Stranding on 1:5 side slope
10% loss per kilometer travel
Average

Total ice volume for jam
25,340 m3
25,830 m3
23,240 m3
24,980 m3
24,850 m3

Percent total loss
30.0%
28.6%
35.8%
30.5%
31.4%

The final abstraction to be considered is that due to melting by the water flow in the creek during
the ice breakup, transport, and jamming. The snowmelt discharges were developed based on a
24-hour event. If we assume a very general runoff discharge hydrograph shape over the 24 hours
of the event, it may look like that depicted in Figure 2 below. If we assume a triangular shape
for the hydrograph, with its peak occurring at 12 hours, the volume of flow that could contribute
to melting prior to the peak would be ½(12hr)(Qpeak - Qbase). If we further consider that the
amount of ice, Vmelt, (at 0°C) that could be melted by 1°C water is approximately 1% of the flow
rate, then we can approximate the volume of ice melted by the water flow as:
Vmelt = ½(12 hr)(1%)(Q peak - Q base )(3600 sec/hr)

[3]

where Qpeak is the design flow rate and Qbase is the flow rate prior to breakup. If the Qbase is taken
to be the freeze-up flow of 5.7 m3/s, then we can easily calculate the volume of ice melted during
the jamming event and the total volume of ice left that can contribute to the ice jam in each
creek. Thus, it can be seen that for rarer (higher flow) events, the total volume of ice
contributing to the jam will actually be less. The thickness of the jam and resultant water levels
will be greater, however, for rarer events. The end result is that the rarer events will be
comprised of shorter, yet much more damaging ice jams and flooding.

Figure 2. Hypothetical 24-hour breakup hydrograph
Finally, the backwater of the Mohawk River has a slight effect on the thickness of the ice jam
near the mouths of the creeks. A higher backwater level results in slower velocity flow (and less
shear on the jam underside) in the backwater area. This equates to the jam volume being reduced
in this area and thus more ice is available to build the jam upstream. The effect of an increase in
backwater elevation is an increase in jam length of a few cross sections in the upstream direction.
The effect is less for the higher creek discharges.

6. Moyer Creek – Perched Channel
Moyer Creek flows through the Village of Frankfort, NY and onto the floodplain of the Mohawk
River. The upper reaches of the creek are highly confined within a narrow canyon. The
floodplain widens just upstream of the Brice Road Bridge at RK 2.88 where some minor
flooding occurs upstream and downstream of the bridge. Below the Brice Road Bridge, the
channel widens and is fairly low on the left overbank, especially upstream of the Route 5S
Bridge (RK 1.82). Downstream of the Route 5S Bridge, the channel is narrow and confined to

the left side of the valley. It is somewhat perched with a wide low floodplain on the right
overbank down to the Main Street Bridge (RK 0.42). It is believed that this reach of the creek
was confined and channelized to be used as a water supply for the original Erie Canal system, the
remnants of which cross the creek at RK 0.53. Confining the creek to the side of the valley wall
resulted in the perched condition above the floodplain in this reach. It also resulted in the creek’s
inability to convey large open water or ice jam flow events within the channel. Downstream of
the Main Street Bridge, the floodplains widen on both banks and water travels generally
unimpeded to either the Mohawk River or through the Marina to the east (an old river channel).
Two timber crib dams just upstream and downstream of the Main Street Bridge cause some
flooding problems. Figure 3 shows a general layout of Moyer Creek as it flows through
Frankfort, NY. Also identified in the figure are the locations of the bridges mentioned above.

Figure 3. General layout of Moyer Creek at Frankfort, NY.
Past ice jam events and local history indicates that ice jams primarily form at the Main Street
Bridge (RK 0.42). In recent times, ice jams have caused flooding in February 1981, February
1994, February 1996, and March 2003. In each of these cases, an ice jam formed in the vicinity

of the Main Street Bridge and built upstream, causing flooding of the downtown area. It was
decided to model the ice jam flooding by allowing a jam to form near an abandoned and
removed railroad bridge (approximately RK 0.14) and extend upstream. This jam would contain
the ice released from the channel for approximately 6.8 kilometers of river.
Several flooding mitigation alternatives were modeled using HEC-RAS to minimize the flooding
damages but also to find a solution with a positive benefit-to-cost ratio. The chosen alternative
was an Ice Control Structure (ICS) located upstream of the Route 5S bridge. This location
provided a suitable undeveloped area for forming an ice jam (with minimal ICS-induced
flooding) but also significantly reduced the volume of ice that would reach the Main Street area
of Frankfort, minimizing damages for the village.
As mentioned above, the reach from the Route 5S bridge to the Main Street Bridge is confined to
the left side of the valley and perched above the right bank floodplain. Figure 4 shows a cross
section as an example of the perched area about halfway along this reach. This plot is for a 2-yr
return interval ice jam and shows that ice fills the channel and water spills into the floodplain.
The figure shows that the channel has been confined to the left side of the valley and that it
historically was most likely in the lower elevation section to the right of the present channel (in
the right floodplain). Since HEC-RAS is a one-dimensional model, it is not able to distinguish
flow along the channel and flow out into the floodplain. As a result, all areas of the cross section
below the calculated water level are filled with water able to contribute to conveyance. Several
options are available to limit conveyance in HEC-RAS such as specifying ineffective flow areas,
blocked areas, and levees.
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A combination of methods was used to determine just how much water would leave the channel
and flow into the floodplain. This was done by blocking the area below the elevation of the
highpoint at the top of the right bank. The water elevation above the top of bank coupled with
the length of bankline that was being overtopped allowed a calculation of weir flow over the
bank and into the floodplain. This flow loss out of the channel was used to reduce the discharge
level as it passed downstream. As a result, a better estimate of the amount of water flowing in
the floodplain was obtained.
The next step was to determine where this water that left the channel would flow. This was done
by using the Moyer Creek GIS with the flowpath option. This option tracks a water particle’s
path as it moves along the ground surface according to the steepest flowpath. Figure 5 shows an
example of the flowpath results. The red lines show that particles “dropped” on the channel side
of the top of the right bank flowed down the channel while those “dropped” on the outside of the
bank moved into the floodplain. This assisted in the determination of the extent of the flooded
areas in the right floodplain. With a discharge (and thus water volume) into the floodplain and
the probable extent of flooding, the GIS was used to map depths of the flooded areas, taking into
account preferential flow routes such as the gutters along streets.

Figure 5. Flow paths used to determine the range of overbank flooding.

Flow into the floodplain was primarily the result of ice jams in the channel below the Route 5S
Bridge with flooding occurring even at the 2-yr ice jam frequency. Open water events caused
flooding only above the 50-yr frequency. The placement of an ICS just upstream of the Route
5S Bridge resulted in a significant reduction in the ice supply, such that jams would only extend
a short distance upstream of the Main Street Bridge. Some minor flooding will still occur in the
reach downstream of the Main Street Bridge but overall flooding damages are reduced
significantly.

7. Steele Creek – Confined Channel and Multiple Jams
Steele Creek causes the most monetary damages (of the three creeks) due to ice jams because of
the high density of housing within Ilion, NY. Figure 6 provides an aerial view of Steele Creek
and several prominent features.

Figure 6. Steele Creek through the City of Ilion, NY.

For most of the lower reach of the creek (from the Route 5S Bridge upstream to the Main Street
Bridge) the top of the channel banks are slightly higher than the overbank areas with trees lining
both banks. From the Main Street Bridge upstream to the Otsego Street Bridge, the channel is
highly confined with trees, concrete walls, and houses extending right up to the channel banks on
both sides. Immediately upstream of the Otsego Street Bridge, the channel takes a right angle
bend with an ogee crest weir just upstream. The channel slope is milder upstream of the weir
and slightly perched above the surrounding floodplain as it passes through three more small
bridges. Upstream of the extent of Figure 6, the creek enters a gorge with a very steep channel,
narrow floodplains, and almost no homes.
Past ice jam events and local history indicates that ice jams form at several locations. Two
primary locations are in the vicinity of the Main Street Bridge at RK 0.71 and at the Otsego
Street Bridge (RK 1.64). The small opening and tight bend immediately upstream of the Otsego
Street Bridge combine to make this location a very effective ice retention structure, although its
location with respect to the homes in the area results in this being a severe ice jam flooding
location. Ice jams have also been known to form downstream of the Main Street Bridge at an
abandoned railroad bridge. It was decided to model the jams by allowing a jam to form near the
abandoned railroad bridge and extend upstream. This jam would contain the ice which existed in
the channel from the Otsego Street Bridge downstream (plus what little ice would make it
through the Otsego Street Bridge). Another jam would almost certainly form at the Otsego
Street Bridge and extend upstream. This second jam would contain the ice from the channel
upstream from the Otsego Street Bridge or approximately 5 km of river ice cover. Figure 7
shows the effects of an ice jam event at approximately RK 2.0 on Steele Creek in February 1957.
In the figure, a police car sits on the bridge over Steele Creek in the background. Water and ice
overflowed the channel due to a jam forming at the Otsego Street Bridge.

Figure 7. Ice jam on Steele Creek, February 1957.
The theory behind an ICS is to relocate an ice jam to an area where ice jam flooding would not
adversely affect people or structures. This is done by designing a structure to catch and hold the

ice moving downstream but allowing passage of the water in the creek. In some designs, a flood
bypass channel is created to allow water to pass around the structure while the ice is held in the
channel (Lever and Gooch, 1999). Other designs use a strategically-placed structure to take
advantage of the natural floodplain, allowing storage of the excess ice in the floodplain (Tuthill,
1995). The effectiveness of an ICS depends on several factors, such as the volume of ice to be
retained, discharge level expected during ice jam events, capture efficiency of the structure, and
its location relative to the area to be protected. An ICS would ideally be placed just upstream of
a damage area to provide the most protection; preventing ice jam flooding in the damage reach
by keeping all the ice upstream of that location. Since there are really two ice jams occurring on
Steele Creek, a strategically placed ICS would provide protection for both damage reaches.
Another consideration when looking for appropriate ICS locations is to take advantage of local
geographic features, such as a wide floodplain or other ice storage area. The problem with Steele
Creek was that past development had occurred right up to the riverbank and for much of the
creek, there was no room to place an ICS. Figure 6 shows the one location that could hold an
ICS along the creek. It was upstream of the Otsego Street Bridge and therefore would prevent
ice jam flooding in that reach. It was a considerable distance upstream of the Main Street reach,
however, and its effect on that reach was uncertain.
HEC-RAS modeling provided water levels with an ICS in place and whether any effects would
be realized at the Main Street reach. It was determined that the ICS prevents a considerable
amount of ice from reaching the Otsego Street Bridge. Approximately one-third of the ice that
reaches the Otsego Street Bridge passes through it and contributes to the Main Street jam. With
the reduction in ice reaching the Otsego Street Bridge, a reduction of ice volume reaching the
Main Street jam was also realized. While not all of the jamming and flooding was relieved, the
Main Street jam was shorter and its damaging effects were less.
Figure 8a shows a profile plot of Steele Creek and the location of the two ice jams under existing
conditions and Figure 8b shows the resulting three jams under conditions with an ICS (an
additional jam is formed upstream of the ICS). In comparison of the two figures, it is apparent
that the ICS does reduce the volume of ice reaching the Main Street area with the jam only
reaching to RK 0.70 with the ICS (rather than RK 1.20). The ICS also reduces the jam at Otsego
Street considerably. There is a larger jam upstream of the ICS at RK 2.9, however.
The design of the ICS itself is based on several factors. It is designed as a concrete base with
several piers which act to catch the ice moving downstream and allowing it to build a jam
upstream of the structure. The piers rise 3 meters above the concrete base, are 3 meters long and
0.6 meters wide. The pier spacing is 3.7 meters (gap width). The top elevation of the piers was
chosen to coincide with the 100-year flooding elevation of the creek. The ICS location was
chosen because the right overbank is approximately 0.6 meters lower than the left overbank and
provides additional protection for structures on the left bank. As ice begins to build behind the
ICS and water levels rise, flooding will occur first on the right bank where there are no
structures. One of the four piers attached to the concrete base is actually in this overbank
floodplain area on the right bank. Additional large boulders placed in right overbank prevent ice
from moving around the structure. Figure 9 shows a schematic cross section of the ICS for
Steele Creek with flow passing right to left in the figure.

160

Le
W
G
I ce
Se

150

Elevation (m)

140

130

120

110
0

1

2

3

4

Main Channel Distance (km)

Figure 8a. Steele Creek profile under existing conditions.
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Figure 8b. Steele Creek profile with ICS in place at RK 2.9.
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Figure 9. Cross section of ICS design for Steele Creek.

8. Fulmer Creek – Calibration Event
Fulmer Creek is generally characterized as a narrow valley stream that opens up onto the
floodplain of the Mohawk River. For most of the lower reach of the creek (in the area of the
town of Mohawk, NY) the left bank is higher than the right bank. Downstream of the Main
Street Bridge, the channel widens and meanders. Figure 10 shows an aerial view of Fulmer
Creek and several features.
Past ice jam events and local history indicates that ice jams typically form near the Route 5S
Bridge (RK 0.27) and progress upstream, usually combining with a jam that may initially form at
the Main Street Bridge (RK 0.63). Jams sometimes form at the Columbia Street Bridge (RK
1.66) and progress upstream, combining with a jam that forms at a small private bridge (RK
2.39) just downstream from a tight bend. While all of these jams may initially form
independently, they soon combine as the discharge increases during breakup. During larger
breakup flows (10 yr frequency and above), the upper jams will fail first, combining with the
downstream jams to form a long continuous jam through the town. The jam will persist until
failure occurs at the downstream end (Route 5S). For this reason, it was decided to model the ice
jamming on Fulmer Creek as one continuous jam with its downstream end at the Route 5S bridge
and filling upstream as far as the available ice volume would allow.
Fulmer Creek did not present as many difficulties in HEC-RAS modeling as Moyer and Steele
Creeks. While there are some low floodplain areas on the right bank downstream of the Main
Street Bridge, the channel was not perched and there was only one ice jam to model. There were
not very many options, however, for the location of an ICS. Two potential locations were
identified; one at RK 2.33 just downstream of the private bridge and the other at RK 2.74
upstream of a trailer park and two houses. The site at RK 2.33 did not have much space for ice
storage or a bypass channel and it would definitely cause flooding of the trailer park upstream of
the private bridge. As a result, the site at RK 2.74 was chosen and this site did have a relic
channel in the left floodplain that could be modified into a bypass channel. The question

remained if an ICS at this location would provide adequate protection to the populated areas near
Main Street which had historically flooded.

Figure 10. Fulmer Creek and the Town of Mohawk, NY.
HEC-RAS modeling showed that an ICS at RK 2.74 could significantly reduce the amount of ice
reaching the Main Street area, with a 5-year ice jam extending from the initiation point at the
Route 5S bridge to approximately the Main Street bridge. While water levels would be increased
in this reach, no overbank flooding would occur near Main Street. For greater recurrence
interval events, the jam would shorten (due to melting and thickening), reducing its backwater

effect upstream but the increased discharge would also be accompanied by increased water
levels. Up to the 50-year recurrence interval, floodwaters would not spill over the banks
upstream of the Main Street Bridge.
Verification of the model results came fortuitously during an ice jam event on Fulmer Creek on
March 3, 2004. In this event, the ice cover broke up and traveled downstream, jamming at the
Route 5S Bridge as seen in Figure 11. This historic site of the jam toe had once again been
verified. Figure 12 shows the view of the jam looking downstream from the Main Street Bridge.
The upstream end of the jam extended slightly beyond the upstream side of the Main Street
Bridge. What was interesting was that upon inspection of the upper reaches of the creek, it was
found that the cover had generally remained in place upstream of the trailer park near RK 2.57.
This gave an indication of the length of expected jams with an ICS at RK 2.74. Comparing the
water levels from the photos to the model results put this ice jam event near the 5-year
recurrence interval.

Figure 11. The toe of the March 3, 2004 ice jam at the Route 5S Bridge.

Figure 12. Looking downstream from the Main Street Bridge near the upstream end of the jam.
9. Conclusions
HEC-RAS can be a valuable tool in analyzing ice jam situations and for designing ice control
measures. In any ice jam study, proper estimates of freeze-up and breakup discharges, volumes
of ice contributing to jamming, and the potential jamming locations must be made. For Moyer
Creek, the problems of a one-dimensional model were overcome by using some of the options
available in HEC-RAS, including ineffective flow areas, blocked flow areas, and levees. There
is an ideal location for an ICS upstream of the Route 5S Bridge that provides adequate flodding
protection for the village. For Steele Creek, the problem of multiple jam locations and their
effects on one another made modeling more difficult. The ICS location at RK 2.9 provided
significant flooding relief for the reach upstream of Otsego Street but also had an effect on the
Main Street reach as well. Fulmer Creek had only one potential site for an ICS which was
thought to be marginal. An ice jam event that occurred during the study provided verification
not only of the jamming location but also that the protection provided by the ICS at RK 2.74
would eliminate flooding in the Main Street reach for all except the greatest return interval
events. The use of a GIS along with HEC-RAS in the studies of these creeks were invaluable in
assessing where water traveled once it entered the floodplain, as well as the depths of water
within the floodplain. The add-on program GeoRAS allowed easy plotting of the HEC-RAS
results onto the GIS for visualization of the flooded areas and extents of the ice jams.
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The stage of an ice-covered river is higher than the stage without an ice cover.
As break-up progresses downstream, the release of the ice cover results in
release of the storage associated with the ice cover. Approximate calculations
suggest this storage release could amplify the arriving hydrograph, but it is
unclear whether this storage release adds to the peak of the hydrograph or
merely lengthens the hydrograph.
This paper describes numerical simulations using the unsteady one-dimensional
river ice model of CRISSP (Comprehensive River Ice Simulation System
Program) to simulate break-up in a rectangular channel. Model runs were
conducted for different pre-break-up (base) discharges, break-up initiating
discharge and channel bed slopes to determine the effects of these parameters
on the features of the discharge wave that propagates downstream. Specifically,
the question whether or not this discharge-wave could amplify and/or selfsustain itself is addressed for various conditions.

1.0 Introduction
BC Hydro owns and operates the W.A.C. Bennett and Peace Canyon dams on the Peace River in
northern British Columbia. The company is continuing investigations into the effects of
regulation and environmental conditions on ice-jam formation so that the river can be managed
more effectively. The water released from channel storage could have significant effect on breakup on the Peace River as well as secondary consolidation events during freeze-up but the effects
are poorly understood.
Channel storage release results when an ice cover starts to move (break-up), its resistance to flow
underneath diminishes and due to the increase in conveyance the stage drops and the extra water
contributes to the discharge in the river. How exactly this extra water is incorporated into the
overall river flow has not been studied in much detail but the mechanism has been suspect in
causing break-up fronts to sustain long advances, Jasek (2003).
2.0 Field Data and Previous Studies
There seems to have been little work on the effect of storage release on break-up hydrographs.
Prowse and Carter (1998) estimated the storage release contribution to the break-up hydrograph
on the Mackenzie River to be as much as 25% during the freshet period but did not detail how
the hydrograph was changed. Ashton (2003) suggested that the storage release effect on the
Peace River could contribute as much as 1650 m3/s to the break-up hydrograph based on a
simple computation of the storage release associated with a front celerity of 170 km/day.
Break-up fronts observed on large northern rivers have been documented to travel at great speeds
over large distances. For example, Gerard et al. (1984) observed on the Yukon River a break-up
front that traveled about 300 kilometres at an average rate of about 5.2 m/s.
Beltaos (2003) presented a theoretical formulation for the onset of mechanical river break-up. Its
basis was the lifting of the ice sheet by a stage increase that allows room for the ice sheets to start
moving around bends and obstacles. A prerequisite to this was some longitudinal and transverse
cracking preceding break-up (which is often observed in the field) that would allow the ice to
move as separate units. Once moving, the large ice sheets would fracture rapidly into smaller
ones. The onset of break-up was formulated as a function of a certain stage rise, the maximum
freeze-up ice elevation, the pre break-up ice thickness and strength, which were a function of
thermal deterioration from the maximum winter ice thickness and strength. Site specific
constants dependent on channel curvature and river width were also involved.
Ferrick and Mulherin (1989) conducted numerical simulations for discharge waves that triggered
break-up of an ice cover based on exceeding a certain stress value at the side hinge cracks. A
one-dimensional unsteady-flow hydraulic model that solved the open channel flow continuity
equations (with an allowance for an ice cover) using the Preissman or four-point implicit finite
difference method (Cunge et al., 1980) was employed. Their findings indicated that if the ice
cover did not break-up, the rates of stage and discharge increase as well as the wave amplitude
would diminish with downstream distance. However, if a break-up front was triggered by the
wave, the numerical simulations indicated that the rate of discharge and stage rise were greater
than for the non-break-up case and that the peak discharge could amplify in the downstream
direction. The wave also traveled faster than in the non-break-up case. The authors suggested

that these results emphasized the importance of the release of water from storage during break-up
that counteracted wave attenuation. The simulations were conducted for the Connecticut River
over a length of about 20 km with river widths typically between 100 and 200 m, and a mean bed
slope of 0.00037. Due to the relative short river reach it could not be concluded from this study if
this mechanism could explain the sustained high break-up front celerities on large northern rivers
over 100s of kilometers.
Once a break-up front is in motion, Jasek (2003) went on to describe two types of break-up
fronts based on field observations, sheet fronts and rubble fronts. The former occurred in rivers
where the ice was more free to move either due to channel geometry or low strength and
thickness while the latter in more confined channels with stronger ice.
3.0 CRISSP 1D
CRISSP1D is a comprehensive state-of-the-art ice simulation model for use by hydroelectric
utilities and others concerned with river ice issues. The technology addresses both the design and
operational issues including the development of procedures for establishing favorable ice
formation conditions in the early ice formation period as well as the establishment of operating
policies compatible with ice conditions and which will contribute to the maximization of the
productivity of generation stations. The model is applicable to a wide range of hydraulic
engineering needs, including ice jam related flood analysis studies, applications to wintertime
navigation and transportation, climate change studies, and ice related environmental and
ecological studies. The model is able to simulate river ice processes and associated flow
conditions. The ice processes include water temperature and ice concentration distributions of
suspended and surface ice, ice cover formation, progression, and consolidation, undercover
transport and accumulation, ice jam evolution, thermal growth and decay of ice cover including
the effect of a snow cover, cover stability, initiation of break-up, breakup ice run and jam.
Specific features of the models include the ability of treating river networks, transitional flows,
and internal hydraulic structures
In CRISSP1D the four-point implicit model for river networks developed by Potok and Quinn
(1979) is used for solving the St.Venant equations for flow hydraulics. Calculation of ice
properties are calculated separately using an Eulerian-Lagrangian technique at a smaller time
step than the hydraulics calculation. The two calculations were coupled at every hydraulics time
step.
CRISSP1D has several empirical mechanisms for handling break-up. The option that was used in
this study was a discharge criterion; if a discharge exceeds a certain critical value, the ice cover
is broken.
Since CRISSP1D does not include the dynamic interactions of ice pieces in the surface ice run, it
allows the user to specify a higher bed roughness as a function of surface ice concentration (for
ice runs) to reflect the extra flow resistance from bumping and grinding of the ice pieces. The
Manning’s n for the bed increases from the open water condition starting at a certain threshold
ice concentration (Cc = 0.6) and increases exponentially to a higher Manning’s n at maximum
ice concentration of Ccmax = 0.9.

4.0 Methodology
Initially, numerical simulations were set up for two rectangular channels one with a bed slope of
0.0003 and the other with a bed slope of 0.00005 with lengths of 500 km and 1000 km,
respectively. Both were 600 m wide. Two additional simulations were conducted for a 100 m
wide channel with a slope of 0.0003 and a length of 500 km. The cross section spacings were 1
km for the 500 km channels and 2 km for the 1000 km channel. The hydraulics time step was
either 10 or 20 minutes depending on the channel bed slope with milder slopes using the latter. .
The ice calculation time step was 1/40 of the hydraulics time step in this study. A 0.7 m thick ice
cover was placed on the lower 400 km portion and lower 800 km portion of the 500 km and 1000
km long channels respectively. The bed roughness and the under ice roughness were given a
Manning’s n value of 0.03. The higher roughness for the latter was to simulate solid ice that had
undergone some thermal deterioration causing rippling of the ice underside. The domains were
initialized to a steady-state discharge of 1600 m3/s.
Rather than considering any one or more of the complex theoretical formulations or whether the
break-up front was of the sheet or rubble variety (as outlined in Section 2) for specifying when
break-up would occur in the CRISSP1D simulations, the simple discharge threshold option was
used. The rational behind this was that since the channel was prismatic and since the initial ice
thickness was the same everywhere, many of the stage and strength based criteria would be
exceeded for the same discharge at any point along the channel. Thus the break-up initiating
discharge (Qbreak) was used in this study. Thermal inputs that would cause time varying ice
thickness were “turned-off” in the simulations.
Discharge waves of various magnitudes and duration were introduced at the upstream boundary
condition and allowed to propagate downstream towards the ice cover and further downstream.
The discharge wave was given as a triangular distribution with the rising limb 3 times steeper
than the falling limb. If a discharge wave was greater than the break-up initiating discharge for
the ice cover then the ice cover would fail and cause a break-up front to continue downstream as
long as the discharge was above the threshold value. The downstream boundary condition
consisted of a solid floating ice cover rating curve consistent with the initial ice cover that was
present in the channel.
5.0 Results
5.1 Typical Results
Figure 1 shows the discharge contours plotted vs. distance and time for a non-break-up case. The
discharge wave slows down as it reaches the ice cover and attenuates in the downstream
direction. Figure 2 shows that same discharge wave at the upstream boundary condition but in
this simulation the break-up discharge of 2400 m3/s is exceeded at the leading edge of the ice
cover by only 30 m3/s. This caused a break-up front to commence from the leading edge and
release water from storage and the discharge wave to amplify for 100 km downstream to a value
of about 3750 m3/s. The value attenuated slightly but approached a self-sustaining value of
about 3640 m3/s for another 300 km. In the first 100 km the break-up front traveled at 5.2 m/s
and in the last 300 km it traveled at 3.8 m/s. This appears to be in the order of that observed by
Gerard et al. (1984) in terms of celerity and distance traveled. This is in contrast with the depth

averaged water velocity (Figure 3) which was 1.5 m/s and 0.8 m/s upstream and downstream of
the break-up front respectively. The shape of the break-up wave (Figure 4) shows that its abrupt
rise from 3.96 m to 4.83 m is maintained at the break-up front for hundreds of kilometres but its
crest is flat and its duration increases. Figures 5 and 6 show the surface ice concentration and
surface ice discharge respectively indicating that ice run is increasing in length with time as
expected. High ice concentration coincides with high stage and high total discharge.
Figure 7 shows the longitudinal water surface and bottom of stationary ice profiles for different
times for the same Run 9. The figure shows that the shape of the front of discharge wave is
maintained at the break-up front, akin to a kinematic wave. However, unlike the kinematic wave
the celerity is much greater than 1.5 times the water velocity (Ponce and Simons, 1977). In this
case the factor is 2.5 (from Figure 3).
5.2 Effect of Base Discharge and Break-up initiating discharge
Figure 8 shows three plots of discharge vs. distance and time for different break-up initiating
discharges and the same base flow (Qbase). In Figure 8a the ratio of Qbreak/Qbase is close to 1,
essentially the entire river is just on the verge of break-up. The resulting break-up front celerity
(Cbr) is very high at 9.1 m/s. In Figure 8b, Qbreak/Qbase is 1.5 and Cbr = 3.8 m/s and in Figure 8c
Qbreak/Qbase is 2.0 and Cbr = 3.3 m/s. Thus it appears that the closer the base flow is to the breakup initiating discharge, the faster a self-sustaining break-up front will travel.
5.3 Effect of Wave Duration
Figure 2 and Figure 8b show two simulations with the same Qbreak and Qbase but with a wave
duration of 18 hours and 4 days respectively. In the first 100 km of the two simulations, Cbr was
equal 5.7 m/s and 7.2 m/s respectively. It appears that the broader wave initiated a faster breakup front initially. However, from 300 to 500 km Cbr had reached a constant value of 3.8 m/s for
both simulations.
5.4 Effect of Bed Slope
Figure 9a and 9b shows a simulation for a smaller bed slope of 0.00005 compared to simulations
presented thus far, which were for a bed slope of 0.0003 (See Figure 8b for comparison). A
surprising result of these smaller slope simulations was that the break-up stalled about 10 km
upstream of the end of the channel. The reason for this has not been investigated fully but it
could be the result of the imperfect downstream boundary condition, which is a steady-state
rating curve for the ice cover. For such a mild channel, the rating curve during discharge wave
events would be expected to be strongly looped. Thus forcing the steady-state rating curve at the
downstream boundary condition may have caused the discharge to become less than Qbreak and
stopped the break-up process. The arriving ice from upstream then accumulated to form a jam
indicated by the high total depths in Figure 9b. This does not invalidate the run in terms of
looking at the break-up front as the jamming occurred later.
Figure 9 (for S = 0.00005) can be compared to Figure 8b (for S =0.0003) which have the same
Qbreak/Qbase ratio of 1.5. The break-up front celerities are slightly less for the milder channel.

Figure 10 shows results for S = 0.00005 and a Qbreak/Qbase ratio of 2.0 which is comparable to
Figure 8c with S = 0.0003. In this case Cbr is significantly smaller for the milder channel, 2.6 m/s
vs. 3.3 m/s.
Figure 11 shows results for S = 0.00005 and a Qbreak/Qbase ratio of 1.01, which is comparable to
Figure 8a with S = 0.0003. In this case Cbr is significantly larger for the milder channel, 11.8 m/s
vs. 9.1 m/s.
5.5 Effect of Increasing Bed Roughness with Ice Concentration in the Ice Run
The results presented thus far specified no increase in the Manning’s n for the bed (Bman2) with
ice concentration. The same is true for Figure 12a where Bman2 = 0.03 = bed roughness and
under-ice roughness. Figure 12b and 12c shows the effect of increasing Bman2 to 0.04 and 0.05
respectively. Values higher than 0.05 (although simulated) would be unreasonable, as they would
produce depths that are higher than the stationary ice cover. The results show that the Cbr slows
down with an increase in Bman2 as expected. With no increase in bed roughness (Bman2 =
0.03), Cbr = 3.8 m/s, for Bman2 = 0.04, Cbr = 3.4 m/s and for Bman2 = 0.05, Cbr = 3.3 m/s.
The use of Bman2 to account for ice dynamics is empirical and there are no studies on what
value should be selected. However, Figure 12c shows that Bman2 = 0.05 is probably too high for
this case since it pushes the high discharge portion of the ice run to the upstream end of it which
does not look reasonable. This is even the case for Bman2 = 0.04 (Figure 12b) although not so
extreme. Figure 13 shows the depths for the Bman2 = 0.04 case and shows a very high and
sharply defined stage peak (5.7 m) at the tail end of the ice run compared to 4.7 m at the
downstream end and middle of the ice run. This is generally not found in the field and indicates
that even Bman2 = 0.04 may be too high.
5.5 Effect of Channel Width
Figure 14 shows a simulation for a narrow channel of 100 m but with the same bed slope and
unit discharge as the 600 m wide channel in Figure 2. The break-up front celerities and discharge
patterns were nearly identical for the two runs indicating that channel width does not have much
of an effect on the break-up front or ice run, at least not in rectangular channels. Cbr in the first
100 km was only 0.1% lower, the self-sustaining Cbr from 200 to 500 km was 1.9% lower and
Qsustained/Qbase was 2.6% lower.
5.6 Summary of Runs
Table 1 summarizes the input parameters (first 10 columns) for runs conducted in this study.
Output features of the runs are noted in the last 6 columns of Table 1. The first of these is the
Discharge at the leading edge, which is the maximum discharge that arrives at the leading edge
of the ice cover that triggers break-up (if break-up is permitted), usually slightly higher than
Qbreak. Qsustained is the self-sustaining discharge just upstream of the breaking front in the region of
Cbr sustained. Cbr 100km is the break-up front celerity in the first 100 km and Cbr sustained is the break-up
front celerity in the latter 3/5th of the channel where it has reached a constant value. The last two
columns are ratios of discharges already described.

Channel
Bed Width
Slope
(m)
0.0003 600
0.0003 600
0.0003 600
0.0003 600
0.0003 600
0.0003 600
0.0003 600
0.0003 600
0.0003 600
0.0003 600
0.0003 600
0.0003 600
0.0003 600
0.0003 600
0.0003 600
0.0003 600

600
600
600
600
600
600
600
600
600

100
100

0.0005
0.0005
0.0005
0.0005
0.0005
0.0005
0.0005
0.0005
0.0005

Run
#
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

b1
b2
b3
b4
b5
b6
b7
b8
b9

c1 0.0003
c2 0.0003

267
267

1600
1600
1600
1600
1600
1600
1600
1600
1600

Qbase
(m3/s)
1600
1600
1600
1600
1600
1600
1600
1600
1600
1600
1600
1600
1600
1600
1600
1600

no break-up
400

no break-up
1620
no break-up
3200
no break-up
2400
2400-4000
no break-up
2400

6 hours
6 hours
4 days
4 days
4 days
4 days
4 days
18 hours
18 hours

0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
500 18 hours 0.03
500 18 hours 0.03

2100
2100
4600
4600
3600
3600
3600
8000
8000

0.03
0.03

0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03

0.03
0.03

0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03

402
402

1629
1629
3230
3230
2673
2673
2673
2498
2498

Table 1. Summary of CRISSP runs and results
Ice
Q at
Qbreak
Qpeak Wave Bman1 Bman2 Manning leading edge
(m3/s)
(m3/s) Duration
(m3/s)
no break-up 1800 3 hours 0.03
0.03 0.03 1631
1620
1800 3 hours 0.03
0.03 0.03 1631
no break-up 3400 4 days
0.03
0.03 0.03 3260
3200
3400 4 days
0.03
0.03 0.03 3260
no break-up 2600 4 days
0.03
0.03 0.03 2430
2400
2600 4 days
0.03
0.03 0.03 2430
2400-4000 2600 4 days
0.03
0.03 0.03 2430
no break-up 3000 18 hours 0.03
0.03 0.03 2430
2400
3000 18 hours 0.03
0.03 0.03 2430
2400
3000 18 hours 0.03
0.06 0.03 2430
2400
3000 18 hours 0.03
0.04 0.03 2430
2400
3000 18 hours 0.03
0.05 0.03 2430
2400
3000 18 hours 0.03
0.07 0.03 2430
2400
3000 18 hours 0.03
0.08 0.03 2430
no break-up 2100 4 days
0.03
0.03 0.03 2055
2000
2100 4 days
0.03
0.03 0.03 2055
5.9
7.2
5.2
3.8
4.4
4.1
3.5
2.7
5.7

4300
3600
3640
2500
3090
2650
2400
2400
3350

4.6

3.8
3.0
3.4
3.3
2.7
2.0

3.8

3.3

9.1

2.28
1.56
1.93
1.66
1.50
1.50
1.25 2.09

1.50
1.50
1.50
1.50
1.50
1.50

1.50 2.25

2.00 2.69

1.01 1.81

4.7

3000

5.2

6.8

3000

593

6.7

3530

3.8

3.8

3.7

2.6

1.50 2.22

1.50 1.88

1.50 1.88

2.00 2.21

2670 11.8 11.8 1.01 1.67

9.1

2900

Cbr Qbreak Qsus
sustained 100km sustained /Qbase /Qbase
(m3/s) (m/s) (m/s)
Cbr

Q

6.0 Conclusions
Simulated break-up fronts using CRISSP 1D have indicated that self-sustaining break-up fronts
are possible for long distances and travel at relatively high speeds consistent with observations
on large northern rivers. In the first 100 km, the break-up front celerity is higher than the selfsustaining break-up front celerity further down the channel. Discharges amplify in the first 100
km, peak, diminish slightly and then reach a self sustaining value, the magnitude of which
generally increases with river slope and the break-up initiating discharge. The self-sustaining
discharge can be several times the base flow.
A sharp rise at the break-up front is maintained with distance traveled and the crest is flat and
lengthens with distance as more ice is broken up. The long crest contains the region of the ice
run.
The closer that a river is to breaking up (the closer Qbreak is to Qbase), the faster the break-up front
was found to travel. The differences can be significant and maximum values for Qbreak / Qbase
close to unity were 9.1 and 11.2 m/s for the 0.0003 and 0.00005 sloped channels respectively. It
was only for values of Qbreak / Qbase close to unity that the break-up front traveled faster for a
milder channel. For higher Qbreak / Qbase a milder channel had a slower break-up front celerity.
Broader waves that initiate break can cause the break-up front to travel faster initially but the
self-sustaining break-up front celerity further down the channel appears to be independent of the
triggering wave shape.
There was a larger difference in break-up front celerities between a higher sloped and lower
sloped channels if the Qbreak / Qbase ratio was higher.
Increasing the Manning’s n coefficient for the bed in the region of the ice run to empirically
model the ice dynamics slows down the break-up front slightly but causes the back end of the ice
run to be higher in stage than the front and middle portion of the ice run.
Channel width did not effect the break-up front celerity and the ability of the storage release to
sustain the break-up front.
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Figure 1. Discharge (m3/s) vs. distance and time for non-break-up case, (Run 8).

Figure 2. Discharge (m3/s) vs. distance and time for break-up case (Run 9) with identical
upstream discharge wave boundary condition as non break-up case Run 8 (Figure 1).

Figure 3. Mean velocity (m/s) vs. distance and time for break-up case (Run 9).

Figure 4. Total Depth (m) vs. distance and time for break-up case (Run 9).

Figure 5. Surface ice concentration vs. distance and time for break-up case (Run 9). Maximum
concentration in CRISSP set to 0.9.

Figure 6. Surface ice discharge (m3/s) vs. distance and time for break-up case (Run 9).
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Figure 7. Simulated break-up (Run 9) showing storage release sustaining the break-up front for hundreds of kilometers. Moving ice in
ice run is not shown but occupies the broad crest of the wave.
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Figure 8a. Discharge (m3/s) vs. distance and time for break-up case (Run 2). Break-up discharge
(1620 m3/s) only slightly higher than the base discharge (1600 m3/s); Qbreak/Qbase = 1.01

Figure 8b. Discharge (m3/s) vs. distance and time for break-up case (Run 6). Break-up discharge
(2400 m3/s) base discharge (1600 m3/s). Qbreak/Qbase = 1.5

Figure 8c. Discharge (m3/s) vs. distance and time for break-up case (Run 4). Break-up discharge
(3200 m3/s) base discharge (1600 m3/s). Qbreak/Qbase = 2.0

Figure 9a. Discharge (m3/s) vs. distance and time for break-up case Run 6b. Qbreak/Qbase =
1.5.

Figure 9b. Total Depth (m) vs. distance and time for break-up case Run 6b. Qbreak/Qbase = 1.5.

Figure 10. Discharge (m3/s) vs. distance and time for break-up case Run 4b. Qbreak/Qbase =
2.0.

Figure 11. Discharge (m3/s) vs. distance and time for break-up case Run 2b. Qbreak/Qbase =
1.01.

Figure 12a. Discharge (m3/s) vs. distance and time for break-up case Run 9, Bman2 = 0.03.

Figure 12b. Discharge (m3/s) vs. distance and time for break-up case Run 11, Bman2 = 0.04.

Figure 12c. Discharge (m3/s) vs. distance and time for break-up case Run 12, Bman2 = 0.05.

Figure 13. Depth (m) vs. distance and time for break-up case Run 11, Bman2 = 0.04.

Figure 14. Discharge (m3/s) vs. distance and time for break-up case Run 2c, for a narrow
channel of 100 m with equivalent unit width discharge to 600 m wide channel in Run 9 Figure 2.
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As with most Canadian Rivers, the Peace River in Northern Alberta becomes ice
covered during the winter months. The presence of an ice cover on the Peace
River, depending on the time period during the ice season, can lead to flooding or
other ice related issues that pose a risk to property as well as human health and
safety. In order to manage this risk it is necessary to continually monitor the
Peace River throughout the ice season to provide near real-time data collection
and information to those affected by the Peace River ice. The collection of data
for numerous types of river ice process for operational purposes provides the
River Engineering Team of Alberta Environment with the ability to respond to
developing river ice related issues in an effective and efficient manner. Data
related to the meteorological, hydrologic, and hydraulic characteristics of the
Peace River has been collected for a number of ice seasons.
The 2004-2005 ice season on the Peace River was no exception. The data
collected along the Peace River during freezeup through breakup allowed the
River Engineering Team to operate effectively as well as document, in cooperation with partners, the ice season including a secondary consolidation at
the Town of Peace River and an instance of low dissolved oxygen in the Peace
River during breakup. The purpose of this paper is to report on provincial and
federal sources of data that are available as well as to highlight some of the
observations that may warrant further study.

1. Introduction
The 2004-2005 ice season on the Peace River, as with previous ice seasons, provided Alberta
Environment’s River Engineering Team with the opportunity to gain additional experience and
develop expertise related to river ice processes on the Peace River. Although the hydraulic,
hydrologic, and meteorological data collected along the Peace River is for operational purposes it
allows for the documentation of events of interest so that they can be studied with more detail at
a later time.
During the 2004-2005 ice season two examples of events that were of particular interest
occurred. A secondary consolidation event was observed at the Town of Peace River during
freezeup and an instance of low dissolved oxygen content in the Peace River was measured
during the initial portion of breakup. This paper will outline the provincial and federal data
available and draw attention to some of the observations from the 2004-2005 ice season on the
Peace River.
2. Background
The Peace River has been regulated since 1968, when the British Columbia Hydro and Power
Authority (BC Hydro) began operation of the W.A.C. Bennett Dam. The tailrace of the dam is
used as the datum for referencing various locations along the Peace River downstream of the
dam. For instance, the Highway 2 Bridge at the Town of Peace River (TPR) is located at Km
396 or 396 km downstream of the dam. The Peace River flows east out of British Columbia into
Alberta. The river turns north at the TPR and continues northwards to Fort Vermillion (Km 829)
where it turns east again, eventually joining with the Riviere des Rochers to form the Slave River
1243 km downstream of the Bennett Dam. Figure 1 shows a map of Alberta with the delineated
Peace River basin (Alberta portion) and the relevant hydrometric and meteorological stations that
are typically used to monitor the Peace River during the ice season.
Downstream of the Bennett Dam, BC Hydro commissioned a second dam in 1980 that acts as reregulating structure, with limited storage capacity. This structure is called the Peace Canyon
Dam (PCN) located at 20.3 kms below the Bennett Dam. All BC Hydro flow releases cited in
this paper are from PCN as it is the furthest downstream of the dams.
Freezeup operations related to the Peace River commence on October 1, 2005 with Alberta
Environment monitoring the water level and discharge data recorded along the Peace River.
Once an ice cover begins to form, aerial reconnaissance is employed to determine the location of
the ice front and to assess its progression. Based on this data the rate of ice front advance is
determined to forecast the arrival of the ice front at the Town of Peace River and when to
implement controlled flow releases from PCN.

Controlled flow begins when the ice cover is three days from advancing passed an arbitrarily
chosen point located approximately 16 km downstream of the TPR. This allows for adjustment
to the flow releases from PCN allowing for the travel time of the flows, so that when the ice
cover reaches this point the target discharge has been established and the newly formed ice cover
will not be subjected to large fluctuations in flow as it advances through the TPR. The flow
releases from PCN are added to the flows from tributaries between PCN and the TPR to estimate
the total flow in the Peace River at the TPR. Since the tributary inflows cannot be controlled, the
PCN flows are managed to achieve a target discharge at the TPR. The target discharge for
freezeup at the TPR for the 2004-2005 ice season was 1700 cubic metres per second (cms), the
same as it was for the 2003-2004 ice season. The target discharge is utilized to set the base
freezeup elevation at the TPR to elevation 315.00 m (Joe and Fonstad, 1994). This level was
chosen as it was determined that if a 1:100 year secondary consolidation event were to occur at
the TPR, the town’s dikes would not be over topped if the initial freezeup elevation was at
315.00 m. Flow releases from PCN are restricted until a competent ice cover at and upstream of
the TPR has been established.
Once BC Hydro resumes regular operations, the flow releases vary, as load demand requires,
provided the releases will not cause adverse ice conditions. The PCN flow releases are not
managed specifically for ice related processes again until breakup begins.
There are basically two breakup operation scenarios: thermal breakup and dynamic breakup. If
thermal ice processes are dominant on the Peace and Smoky rivers, the flow releases from PCN
are increased to accelerate the ice front recession. When the ice front is projected to be two days
from passing through the TPR, the flow releases may be reduced to try and establish a water
surface elevation below 316.00 m at the TPR.
The other operational scenario of dynamic breakup is considered to be of higher risk compared
to the thermal breakup scenario due to the increased probability of an ice jam forming at the
TPR. If the Smoky River breaks up dynamically, the resulting ice run can release out into the
Peace River and trigger the dynamic breakup of the Peace River ice cover at the confluence
which can then release and may form an ice jam at the TPR. If the observations of the Peace and
Smoky Rivers suggest dynamic breakup then the flow releases from PCN may be reduced to try
and establish a water surface elevation below 316.00 m at the TPR.

3. Data Collection
There is a considerable amount of data collected, by various agencies, regarding the Peace River
and its ice processes. Water Survey of Canada (WSC), a division of Meteorological Services
Canada (MSC) maintains a number of hydrometric stations along the Peace River and it’s
tributaries in the Peace River Basin.

The stations that are routinely used to monitor the Peace River during the winter are listed below
by their WSC Station Number and Alberta Environment’s (AENV’s) abbreviated name,
respectively:
•
•
•
•
•
•
•
•
•
•

07EF001 - RPEAHUD
07FD002 - RPEATAY
07FD010 - RPEAALCE
07FD003 - RPEADUN
07FD934 - RPEAELK
07FD901 - RPEASMOK
07HA001 - RPEAPEA
07KC001 - RPEAPOT
07NB001 - RSLAVFIT
07GJ001 - RSMOWATI

Peace River at Hudson’s Hope;
Peace River near Taylor;
Peace River above Alces River;
Peace River at Dunvegan Bridge;
Peace River near Elk Island Park;
Peace River above the Smoky River confluence;
Peace River at the Town of Peace River;
Peace River at Peace Point;
Slave River at Fort Fitzgerald; and
Smoky River at Watino.

Table 1 shows the type of data that is available at each of these stations.
Table 1: Data collected at WSC gauges along the Peace River.
Station
Water Level
Air
Water
Solar
Temperature Temperature
radiation
RPEAHUD
X
RPEATAY
X
RPEAALCE
X
X
X
X
RPEADUN
X
X
RPEAELK
X
RPEASMOK
X
RPEAPEA
X
X
X
X
RPEAPOT
X
RSLAVFIT
X
X
RSMOWATI
X
X

Open Water
Rating Curve
X
X
X
X

X
X
X
X

It should be noted that the water temperature and solar radiation sensors on the WSC gauge at
the TPR did not function properly for the entirety of the 2004-2005 ice season. An ice
movement damaged the water temperature sensor. The solar radiation sensor reported erroneous
data throughout the ice season.
Additional meteorological data for the Peace River basin is available from the MSC. The MSC
stations at Ft. St. John (YXJ), the Town of Peace River (YPE), High Level (YOJ), and
Ft Chipewyan (YPY) collect air temperature data that is used throughout the season for
monitoring purposes.
There are 7 additional stations that are monitored. Typically they are used during breakup to
enhance the understanding of the Smoky River basin, since some of the gauges may not be
operational during freezeup and others may be ice affected before the freezeup of the Peace
River.

These stations are all located on tributaries of the Smoky River except the Clear River near
Bear Canyon gauge and the North Heart River at Nampa gauge, which are located on tributaries
of the Peace River. The 7 stations are:
•
•
•
•
•
•
•
•

07FD009 - RCLEBEAR
07HA003 - RNHENAMP
07GB002 - RKAKGPR
07GH002 - RLSMOGUY
07GC002 - RPINTGPR
07GD004 - RREDWRIO
07GA001 - RSMOHELL
07GE001 - RWAPGPR

Clear River near Bear Canyon;
North Heart River at Nampa;
Kakwa River at Highway 40;
Little Smoky River near Guy;
Pinto Creek near Grande Prairie;
Redwillow River near Rio Grande;
Smoky River above Hells Creek; and
Wapiti River near Grande Prairie.

There are also gauges in the lower basin near the Peace – Athabasca Delta that are used to
monitor the Peace River. They are:
•
•
•
•
•

07KC005 - RPEAQUAT
07NA001 - RROCASLA
07NA008 - RROCWRAP
07NA007 - RROCERAP
07MD001 - RLATHCHI

Peace River above the Chennal des Quatre Fourches;
Riviere des Rochers above the Slave River;
Riviere des Rochers West of Little Rapids;
Riviere des Rochers East of Little Rapids; and
Lake Athabasca at Fort Chipewyan.

In addition to the hydrometric data available from the WSC gauges, other relevant data regarding
the Peace River is also collected. BC Hydro shares operational information and data related to
the flow releases from the dams.
Groundwater well levels measured at three locations in the Lower West Peace River are
manually collected by AENV for operational purposes. The frequency of data collection
depends on the time period of the ice season. As monitoring operations begin, the wells are read
once a week up until break up and then are read daily or every two days until after breakup.
Observation reports regarding aerial reconnaissance flights are issued throughout the ice season
by AENV and BC Hydro. These reports contain the visual observations of the Peace River and
its tributaries including ice front location, condition of the ice cover, location of open leads, etc.
Provincial snow course data is collected throughout the Peace River basin in February and
March. The snow data is collected using manual snow surveys. Runoff forecasts are issued on a
monthly basis by AENV.
In conjunction with other partners, data is also collected manually in the field by AENV. This
data includes ice thicknesses, snow depths, ice pan thicknesses, ice floe concentrations, and cross
sections at areas of interest along the Peace River throughout the ice season. For example, field
data regarding the secondary consolidation at the TPR was collected during the 2004-2005 ice
season.

4. 2004-2005 Ice Season
Controlled flow was implement by BC Hydro on January 1. Based on tributary inflow estimates
done by AENV and the target discharge of 1700 cms at the TPR, the flow releases from PCN
were set at approximately 1560 cms. The ice front on the Peace River advanced passed the TPR
on January 5. The base freezeup elevation at the TPR was 315.38 m. Increasing tributary inflow
to the Peace River, and deposition of frazil ice beneath the newly formed ice cover, caused the
river level to exceed the guideline water level (elevation 315.50 m) above which groundwater
seepage flooding occurs in Lower West Peace River (LWPR). This occurred at 17:30 hrs on
January 5. Since natural ice processes in the Peace River generally cause the initial freezeup
level to decrease over time, due to smoothening of the roughness of the underside of the ice
cover; through redistribution or thermal erosion of the frazil ice at the lower ice-water boundary,
a decision was made to continue to monitor the river level rather than reduce the flow releases
from PCN. It was also noted that the ice front was not sufficiently far upstream of the TPR to
develop the 1:100 water year level if a secondary consolidation event did occur.
Figure 2 is a photo taken on January 6, 2005 that shows the ice cover that formed upstream of the
rail bridge at the TPR and the open water downstream of the bridge after the initial freezeup at
the TPR. The open water downstream of the bridge extended to the most upstream tip of Bewley
Island (approximately 1 km downstream of the TPR bridges) and was the result of a shear tear in
the ice cover. Visible increases in the open water area were noted between the evening of
January 5 and the afternoon of January 6.
On January 7 at approximately 5:00 a.m. a secondary consolidation event occurred on the Peace
River in the vicinity of the TPR. Figure 3 shows a photo taken at the same location as figure 2
but after the secondary consolidation had occurred. The figure shows that the freezeup level has
increased and that the open water section has been filled by the consolidation. Figure 4 shows
the change in water level at the WSC gauge at the TPR during freezeup with respect to both the
initial freezeup and the secondary consolidation. The head of the ice cover had advanced 12.9
km upstream of the TPR prior to the consolidation. The toe of the consolidation movement came
to a stop 6.5 km downstream of the TPR. This event raised the water level at the WSC gauge at
the TPR to a maximum elevation of 316.96 m, and quickly decreased to approximately 316.70
m. A decrease in PCN flow releases on January 7 of 314 cms brought the PCN flow releases to
1248 cms. This flow reduction resulted in a 0.48 m decrease in river levels at the TPR from
January 9 to 10.
Although the water level had decreased to Elevation 315.93 m by January 11, the January 7th
flow reduction did not decrease the water level below the 315.50 guideline level at the TPR. A
second flow reduction of 76 cms from PCN on January 11 resulted in reducing the mean daily
level of at the TPR to elevation 315.58 m by January 15. It was anticipated that, normal ice
processes would be reduce water levels further. However, the water level at the WSC gauge at
the TPR remained above 315.50 m.

On January 21, 2005, the municipality reported that homes in Lower West Peace River (LWPR)
were experiencing basement seepage flooding, as the groundwater table had risen due to the
prolonged instance of the Peace River level remaining above elevation 315.50 m. This problem
was further compounded when unseasonably warm temperatures were experienced from
January 23 – 25 creating local surface runoff. During this time period, the thermal ice thickness
at Dunvegan was measured to be 0.39 m thick allowing normal dam operations to resume on
January 24. However, due to the ongoing groundwater seepage flooding problem in LWPR no
changes were made to the flow releases.
On January 25, 2005, due to the continued groundwater seepage flooding in LWPR, a 214 cms
PCN flow release reduction was implemented bringing the total PCN flows down to 958 cms.
Water levels at the TPR remained above 315.50 m despite this flow reduction.
The flow reductions made to this point had not decreased the water level at the TPR sufficiently,
nor had the expected natural water level decrease typical after freezeup occurred. Drastically
decreasing the PCN flow releases further was not possible, as the flow decrease required to reach
the desired water level to mitigate the groundwater seepage flooding was too great. The flow
decrease required was not possible as the flows in the river would be too low and could have
adverse effects on the ice cover thereby complicating spring breakup. Since another flow
decrease could not achieve the desired water level at the TPR it was suggested that flows be
increased. The intent of the increase was to flush out or erode any large amounts of frazil ice
that may have been deposited on the underside of the ice cover and thereby increase the flow
area (channel conveyance capacity) to decrease the water level. Therefore on February 2 flow
releases from PCN were increased over two days by 331 cms bringing the PCN flow releases up
to 1289 cms. Figure 5 shows the flow releases from PCN and the water level at the WSC gauge
at the TPR. The rising and falling limbs of the water level peak immediately subsequent to the
February 2 flow increase shows that while the PCN flow release did initially cause the water
level at the TPR to increase, the water level did begin to decrease while the flow (from PCN,
tributaries, and local runoff) remained relatively constant. Although a detailed analysis has not
yet been performed, the preliminary data does suggest that the increased flow release
successfully eroded or washed out the deposited frazil ice from the underside of the ice cover. It
should be noted that just prior to the February 2 flow increase another instance of unseasonably
warm weather was experienced in the region, bringing local temperatures in the TPR to above
zero degrees from January 31 to February 2 with overnight freezing.
Local temperatures in the Peace River Basin continued to be unseasonably warm with above zero
temperatures during the day, with overnight freezing, from February 9 to February 13. This
period of above zero temperatures created local runoff, which caused the water level at the TPR
to increase although the PCN releases stayed relatively constant.
On February 9 the ice front on the Peace River was observed at its most upstream point of
advance at Km 168.80 and was subsequently observed to be receding. PCN flow releases were
increased by 295 cms over two days commencing on February 17. This brought the total PCN
discharge up to 1584 cms. The intent of this flow increase was to further smoothen the underside
of the ice cover to increase the channel conveyance capacity provided it did not cause the water
level at the WSC gauge at the TPR to go above elevation 316.00 m.

Similar to the February 2 PCN flow release increase, as shown in Figure 5, the rising and falling
limbs of the water level peak at the TPR immediately after the February 17 flow increase suggest
that the deposited frazil ice on the underside of the ice cover was eroded or washed out and
increased the flow conveyance area.
While the breakup of the Peace River itself was thermal, the breakup ice processes on the
North Heart, Little Smoky, and Smoky Rivers were dynamic. An ice jam formed on the North
Heart River at the TPR on March 9 which flooded a low lying baseball diamond but did not
overtop the Town’s dikes. Figure 6 shows a photograph taken of the flooded baseball diamond
and Figure 7 shows the ice jam within the TPR downstream of the flooded baseball diamond.
On March 10, ice jams formed on both the Little Smoky and Smoky Rivers. Visual observation
of the ice jam on the Little Smoky River by experienced AENV staff during aerial
reconnaissance on March 10 implied that the ice jam had formed on top of the existing
downstream ice cover. The visual observations of the Smoky River ice jam and downstream ice
cover on March 10 showed that the ice jam was relatively small and the downstream ice cover
was relatively competent, and also that the hanging dam on the Smoky River was still in place.
However, on March 11 both of the ice jams released. The Smoky River ice jam, located 64 km
upstream of the confluence with the Peace River released and triggered the dynamic breakup of
nearly all of the ice cover downstream on the Smoky River, including the hanging dam. The
resulting ice run came to a halt, 4 km upstream of the mouth of the Smoky River forming a
14 km long ice jam. The surge of water released by either of the ice jams did not have any
adverse effects on the stability of the Peace River ice cover (i.e. did not trigger the dynamic
breakup of the Peace River.) Figure 8 shows the water level response at the TPR gauge to the
surge of water released by the Smoky River ice jam. This surge of water implies that there was a
significant amount of water stored in the ice jam before it released or that there was a significant
amount of water traveling with the ice run after it released. However, the data from the Smoky
River gauge showed that flows on the Smoky had been relatively low prior to the jam releasing.
During the last half of March 2005, after this period of unseasonably warm temperatures, there
was significant decrease in dissolved oxygen (DO) levels in the Peace River. The low DO
readings taken at the TPR and Peace Point corresponded to the increase in river level
experienced when the local runoff and increased tributary inflow occurred. This suggests that
the oxygen depletion was caused by rapid tributary loading of oxygen-consuming constituents,
such as organic matter, nutrients, and reduced inorganic materials (Charette and Friesenhan,
2005). Table 2 provides a summary of the DO level measurements in the Peace River from
March 15 to April 1, 2005.
Table 2: Summary of DO level measurements in the Peace River (March 15 to April 1)
Date
Location
Time
DO (mg/L)
March 15
March 21
March 22
March 24
March 29
April 1

Fort Vermillion
Upstream of TPR
Fort Vermillion
Tomkin’s Landing
Tomkin’s Landing
Tomkin’s Landing

(adapted from Charette and Friesenhan, 2005)

14:45
13:50
11:45
18:00
18:00
N/A

5.35
13.25
9 to 10
4.5
10.5
N/A – Ice conditions unsafe

Breakup at the TPR occurred on April 3 with the ice cover decaying thermally. The remainder
of the ice at the mouth of the Smoky River released on April 9, but had already melted
substantially and therefore did not pose any risk to downstream areas. The Peace River ice cover
continued to recede in a thermal fashion throughout April. As breakup progressed it was
observed that multiple ice fronts had formed on the Peace River and on April 23 the ice cover
starting at Km 1136 broke up dynamically and went out into the Slave River. This did not create
any ice related issues.
5. Conclusion
The 2004-2005 ice season for the Peace River, as with previous years, provided the River
Engineering Team of Alberta Environment with a myriad of opportunities to learn about the river
ice processes associated with a regulated river. Of particular interest was the secondary
consolidation at the TPR during freezeup and the instance of significantly low DO levels in the
Peace River during the latter half of March.
This paper has outlined the provincial and federal data collected along the Peace River during ice
season and highlighted some of the noteworthy observations from the 2004-2005 ice season. A
more detailed account of the observations from the 2004-2005 ice season on the Peace River is
available from Alberta Environment, as well as, a report detailing the observations along the
Athabasca River for the 2004-2005 ice season.
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Figure 1 Peace River basin and WSC hydrometric monitoring stations.

Figure 2 Town of Peace River Railway Bridge, one day after freezeup.

Figure 3 Town of Peace River Railway Bridge, after secondary consolidation.
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ABSTRACT: Hydrodynamic simulation in rivers with ice-covered conditions provides
opportunities for flow management and environmental concerns to be addressed in more
scientifically defensible ways. Water is needed for oilsand developments in the lower Athabasca
River Basin of northern Alberta, Canada, while at the same time water is a key consideration
from an ecological perspective, particularly in the winter when river flows are at their lowest.
Industry and government efforts are underway to establish appropriate flow management
regimes for the lower Athabasca. Part of these efforts included the revision of the River2D finite
element model, available at www.river2d.ca, to predict hydraulics with a partial or total icecover. Hydrometric surveys from three reaches of the Athabasca River were used to calibrate
and test the model for ice-covered conditions. Calibration and simulation results from the reaches
at Fort McKay below Peter Lougheed Bridge, Bitumount (Study Reach 4), and Northlands
(Study Reach 5) are presented and compared. Computed values for depth, velocity, Froude
number, and roughness profiles along the thalweg for the three reaches are assessed. It was
found that the Froude numbers are fairly low and comparable over most of the areas for the three
river reaches. The depth, velocity values and trends are also comparable for the three reaches.
The distributions of bed, ice and total applied roughness for the three reaches are comparable.
The roughness values, however, differ along the thalweg for the three reaches. For the same
river reach, model calibration was performed using either ice-free and ice-covered surveys or
only ice-covered data. It was observed that calibrating bed roughness from ice-free data,
assuming the same bed roughness for ice-covered conditions and adjusting ice roughness using
winter data, gave slightly better results. The study results confirm the capability of the River2D
model to simulate ice-covered hydraulics reasonably well.

INTRODUCTION
Studies on estimating instream or ecological flow regimes are important in quantifying aquatic
habitats as functions of river flow and assisting with flow management decisions which may
affect river health (Katopodis 2003). Hydrodynamic simulation in rivers with ice-covered
conditions provides opportunities for flow management and environmental concerns to be
addressed in more scientifically defensible ways. Recent rapid expansion of oilsand extraction
projects in the lower Athabasca River of northern Alberta, Canada, have led to habitat simulation
studies for ice-covered conditions. River ice processes affect river ecology, as well as fish and
their winter habitat, and are more complex than ice-free hydrodynamics (Beltaos 1995; Cunjak
1996; Heggenes and Dokk 2001; Power et. al. 1993; Prowse 2001).
Major effects on river hydraulics from the presence of an ice cover include the introduction of a
resisting shear on the flow surface, and a reduction in flow depth (Ohashi and Hamada 1970).
This in turn increases the wetted perimeter, reduces the flow area, and increases the composite
roughness for the river channel. The composite roughness can be defined mainly as a function of
the bed roughness, the ice-cover roughness, as well as other hydraulic factors including channel
shape and discharge. A composite roughness factor like Manning’s combines all these effects,
and it is not a simple measure of the absolute roughness elements along the flow boundaries.
The roughness of a flow boundary can be represented by an effective roughness height with
dimensions of length that represent the actual height of the roughness elements along the
boundary (Andres 1980).
Ice cover roughness could be estimated by two methods. The first method is to estimate the
composite roughness by performing a gradually varied flow analysis over the study reach using
channel geometry, water surface elevations, and ice thicknesses. The second method is to locally
estimate the roughness from vertical velocity profile distributions. Larsen (1969) proposed a
method for determining roughness height based on the Karman-Prandlt velocity distribution.
Similarly, Calkins et al. (1982) proposed a way to determine roughness height from velocity
profiles for shallow ice-covered streams.
For most of the ice-affected period, river ice is assumed to float freely allowing the development
of a near hydrostatic pressure distribution throughout the depth of flow. For most ice-covered
flow analyses, the ice-covered flow may be assumed as two free surface flows with one
attributed to the bed and the other to the ice cover. The two flow layers are interdependent as the
depth of flow is a function of the composite roughness of both layers (Teal et al. 1996). Urroz
and Ettema (1994) applied this two-layer hypothesis in ice-covered curved channels.
In this study surveyed and simulated hydrodynamic results were used to make comparisons
between ice-covered conditions at three of study reaches of the lower Athabasca River. The 2D
depth averaged finite element model “River2D” (www.river2d.ca) was used to predict
hydraulics with an ice-cover. An ice module is incorporated into the model to adjust or adapt the
hydraulics to account for the presence of an ice cover of known thickness and roughness. The
ice cover could be full or partial and could vary in thickness and roughness over the reach of
study. Hydrometric surveys from the three reaches were used to calibrate and test the model for
ice-covered conditions.

ATHABASCA RIVER STUDY SITES AND DATA
For the overall winter instream flow study, the lower Athabasca River was divided into 5
Segments and within each Segment a representative Study Reach was selected, except for
Segment 1 in the Peace-Athabasca Delta area (Fig. 1).

Study Reach 2
Embarass

Study Reach 3
Poplar Point

Study Reach 4
Bitumount

Fort McKay
Test Reach

Study Reach 5
Northlands

Figure 1. Lower Athabasca River Segments and Study Reaches in northern Alberta, Canada.

This paper deals with two of the Study Reaches and a river reach used initially for testing the icecovered capabilities of the “River2D” model. Data were collected through hydrometric surveys
on the Test Reach at Fort McKay below Peter Lougheed Bridge (Fig. 2), Bitumount (Study
Reach 4, Fig. 3), and Northlands (Study Reach 5, Fig. 4) by Trillium Engineering and
Hydrographics Inc. (2002, and 2004a, b and c reports). The Fort McKay and Bitumount Reaches
are both within Segment 4.

Figure 2. The layout and transects of the Athabasca River reach at Fort McKay below Peter
Lougheed Bridge
The river reach at Fort McKay below Peter Lougheed Bridge (Fig. 2) has an average width of
500 m and 870 m in the vicinity of the island, and an average water slope of 0.0002. The bed
materials are mostly sand with little scattered silt, gravel, and cobble (Trillium Engineering and
Hydrographics Inc. 2002).

Figure 3. The layout and transects of the Athabasca River reach at Bitumount (Reach 4)

The river reach at Bitumount (Fig. 3) has an average width of 600 m and an average water slope
of 0.000035. It is located on the Athabasca River between 20 and 27 km north of Fort Mackay
near the Bitumount historical site. The bed materials are mostly sand with little scattered gravel,
cobble and boulders (Trillium Engineering and Hydrographics Inc. 2004a).

Figure 4. The layout and transects of the Athabasca River reach at Northlands (Reach 5)

The river reach at Northlands (Fig. 4) is located on the Athabasca River about 20 km north of
Fort McMurray in the vicinity of the Northlands Sawmill. The reach has an average width of
400 m and an average water slope of 0.0001. The bed materials are mostly sand with little
scattered gravel, and cobble (Trillium Engineering and Hydrographics Inc. 2004b).
The three river reaches are fairly mild but subject to mixed subcritical and supercritical flow
regimes. For each reach twelve cross-sections approximately 500 to 600 m apart were surveyed
to obtain discharge, velocity, water and bed elevations, ice, and substrate data. Fifteen to thirty
holes were drilled through the ice at approximately 20 m intervals across the wetted channel and
ice thickness to measure these data. Flow velocities were measured at three to five different
sections. Additional bed elevation data was collected around the islands and bars. Discharge
measurements were carried out at Section 1, located at the upstream end of the survey reach.
The daily discharges during the survey were determined from preliminary discharges from Water
Survey of Canada (WSC) (Trillium Engineering and Hydrographics Inc. 2002, 2004a, and
2004b).
MODEL CALIBRATION AND BOUNDARY CONDITIONS
For each of the three study reaches, the River2D model was first calibrated with hydrometric
data surveyed for the ice-free condition. Then the model was calibrated by adjusting the total
combined roughness which consists of bed channel roughness and ice roughness until good
agreements of simulated versus surveyed water surface elevations and velocities at the icecovered surveyed discharges were achieved. Roughness heights were assumed from the
corresponding description of the bed material sizes for each study reach. Bed roughness was
attributed to the surveyed substrate composition based on grain size and grain distribution in
each river reach. The effective total combined roughness values were then adopted without
further adjustment. Steady solution runs were performed by the model.

The finite element grid intensities were designed primarily to meet the requirements for
reasonable accuracy and execution time. The computational generated meshes were created in
an unstructured fashion and the primary criterion for refinement was topographic matching.
Typically, a channel was first defined by overlaying the entire surveyed area with a uniform
spacing of nodes. Additional nodes were later placed around specific channel features
considered important to the hydraulics and habitat of the different reaches of the study. Care
was taken to avoid dramatic changes in discretization while changing from one density to
another.
The boundary conditions were specified, for the whole study, as subcritical inflow, subcritical
outflow and no-flow across the side vertical walls. To start with the model was supplied with a
uniformly distributed inflow discharge and a fixed downstream elevation. The no flow limits
were defined at elevations above high water levels associated with the applied discharges.
HYDRAULIC ANALYSIS COMPARISONS FOR THE THREE REACHES
River discharge ranges are different for the three study reaches for the ice-covered (winter)
condition, so for comparison purposes flows of 140m3/s and 87m3/s for the three reaches were
selected. Comparisons were carried out for water depths, velocity magnitudes and Froude
numbers.
Water Depth, Velocity, and Froude Number Comparisons
Fig. 5 to 7 show the simulated water depths, velocity magnitudes, and Froude numbers, produced
by the River2D model, along the thalweg for the three reaches for the winter condition at a flow
of 140m3/s.
It can be noticed from Fig. 6 and 7 that the depth and velocity values and trends are comparable
for most of the areas for the three study reaches except at a few small localities. Fig. 7 shows
that the Froude numbers are fairly low and also comparable over most of the areas for the three
reaches.
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Figure 5. Water depths along the thalweg for ice–covered condition for the three Athabasca
study reaches at a flow of 140m3/s
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Figure 6. Velocity magnitudes along the thalweg for ice–covered condition for the three
Athabasca study reaches at a flow of 140m3/s
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Figure 7. Froude numbers along the thalweg for ice–covered condition for the three Athabasca
study reaches at a flow of 140m3/s
Fig. 8 to 10 compare the simulated water depths, velocity magnitudes, and Froude numbers
along the thalweg for the three reaches for the winter condition at a flow of 87m3/s. As
mentioned before, it can be observed from Fig. 8 to 10 that the depth, velocity, and Froude
number values and trends are still comparable at the lower flow of 87m3/s for the three reaches.
The values of the velocities and Froude numbers are, however, higher (Fig. 6-7 and 9-10)
corresponding to the shallower water depths at the lower flow of 87 m3/s (Fig. 5 and 8).
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Figure 8. Water depths along the thalweg for ice–covered condition for the three Athabsaca
study reaches at a flow of 87m3/s

3

Winter Case (Q=87 m /s)

Velocity (m/s)

2.5
2.0

Thalweg Velocity (Northlands)
Thalweg Velocity (Bitumount)
Thalweg Velocity (Peter Lougheed)

1.5
1.0
0.5
0.0
0

250

500

750

1000

1250

1500

1750

2000

2250

2500

2750

3000

3250

Distance looking downstream (m)

Figure 9. Velocity magnitudes along the thalweg for ice–covered condition for the three
Athabsaca study reaches at a flow of 87m3/s
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Figure 10. Froude numbers along the thalweg for ice–covered condition for the three Athabsaca
study reaches at a flow of 140m3/s
Bed, Ice and, Total Roughness Height Comparisons
Fig. 11 to 13 illustrate the assumed bed, ice, and total roughness heights along the thalweg for
the three Athabasca reaches for the winter condition. Fig. 13 to 15 show the aerial distributions

of the estimated bed roughness heights over the whole area of each of the three Athabasca
reaches for the winter condition.
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Figure 11. Bed roughness heights along the thalweg for ice–covered condition for the three
Athabasca study reaches
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Figure 12. Ice roughness heights along the thalweg for ice–covered condition for the three
Athabasca study reaches
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Figure 13. Total roughness heights along the thalweg for ice–covered condition for the three
Athabasca study reaches
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Figure 14. Aerial distribution of bed roughness heights over the Bitumount reach for ice–
covered condition
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Figure 15. Aerial distribution of bed roughness heights over the Northlands reach for ice–
covered condition
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Figure 16. Aerial distribution of bed roughness heights over the Peter Lougheed reach for ice–
covered condition
Fig. 11 and 13, indicate that bed and total roughness height values along the thalweg profiles for
the Bitumount and Northlnads are comparable for similar substrates. The Northlands reach has
much coarser bed material over most of the thalweg profile (the deepest channel parts) of the
reach, while the Bitumount has similarly coarse material at the downstream end of the reach
(Fig. 11 and 13). The Peter Lougheed reach has the finest bed material or the lowest bed and
total roughness values along the thalweg (Fig. 11 and 13). The aerial distributions of bed and
total applied roughness (Fig. 14-16) for the three reaches indicate similar results. The applied ice
roughness values (Fig. 12) differ between the three reaches, although their much smaller value in
comparison to the bed roughness diminishes their influence on the composite roughness.
COMPARISONS OF THE TWO DIFFERENT APPLIED CALIBRATION METHODS
For the Bitumount reach, model calibration was performed using either ice-free and ice-covered
surveys (Method 1) or only ice-covered data (Method 2). In Method 1, the model was calibrated
first for the ice-free case by adjusting the bed roughness heights from the ice-free or summer
data. On calibrating the ice-covered or winter case, the same ice-free bed roughness heights
were assumed. The calibration was then performed by adjusting the ice roughness only from the
winter data. In Method 2, the calibration was carried out by adjusting the bed and ice roughness
heights from the winter data only.
Fig. 17 to 19 show the longitudinal profiles for the assumed bed, ice and total roughness heights
along the thalweg for the applied two methods of calibration at Bitumount. It can be noticed
from Fig. 17 and 19 that the bed and total roughness heights for Method 1 are larger than those
for Method 2 particularly at the downstream end of the reach. The summer surveys show the
presence of a gravel bar in this area while the winter surveys indicate only traces of this gravel
bar along the outer edge (Trillium Engineering and Hydrographics Inc. 2004c). This reflects the
fact that during the winter season the presence of ice increases the total roughness of the channel

causing more scouring and subsequent erosion of larger bed material sizes. Fig. 18 shows that
the assumed ice roughness heights and trends differ according to the applied method of
calibration, although Fig. 19 indicates that these differences make for small changes to the
composite roughness.
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Figure 17. Bed roughness heights for the applied two calibration methods along the thalweg for
ice–covered condition at Bitumount Reach
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Figure 18. Ice roughness heights for the applied two calibration methods along the thalweg for
ice–covered condition at Bitumount Reach
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Figure 19. Total roughness heights for the applied two calibration methods along the thalweg for
ice–covered condition at Bitumount Reach

The water surface elevations along the thalweg of the Bitumount reach were compared for the
two methods of calibration applied. The simulated water surface profiles, produced by the
River2D model, are shown in Fig. 20. The simulations were performed using a finite element
mesh composed of 20142 linear triangular elements and 10547 nodes.
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Figure 20. Comparison of water surface elevations along the thalweg for ice–covered condition
at Bitumount Reach, for the two calibration methods applied
Fig. 20 demonstrates that either of the two calibration methods used for the River2D model,
match the surveyed data reasonably well, although Method 1 gave slightly better results than
Method 2, in some local areas. This one example hints that model calibration may not be very
sensitive to either method, however further investigation of this matter is needed before any
firmer conclusions could be reached.
CONCLUSIONS
Hydrodynamics of ice-covered conditions for three reaches of the lower Athabasca River in
northern Alberta, Canada, were investigated. Surveyed and simulated hydrodynamic results
were used to make comparisons between ice-covered conditions at Fort McKay below Peter
Lougheed Bridge, Bitumount (Study Reach 4), and Northlands (Study Reach 5) reaches. The 2D
depth averaged finite element model “River2D” was used to predict hydraulics with a partial or
total ice-cover. The model was calibrated by adjusting the total channel roughness (bed and ice
roughness) until good agreements of simulated versus surveyed water surface elevations and
velocity magnitudes were achieved. Steady solution runs were performed by the model.
Comparisons were carried out for water depths, velocity magnitudes and Froude numbers for the
three reaches for two different flow scenarios. The comparisons were assessed along the thalweg
for the three reaches. It was found that the depth and velocity values and trends were
comparable for most of the areas of the three study reaches. The Froude numbers were fairly
low and also comparable over most of the areas for the three reaches.
Comparisons for bed, ice, and total applied roughness along the thalweg and comparisons for
aerial distributions of bed roughness for the three reaches were performed. It was found that the
applied bed and total roughness along the thalweg profiles for Bitumount and Northlands
Reaches were comparable for similar substrate sizes. The Northlands Reach has the coarsest bed
materials over most of the thalweg profile, the Peter Lougheed Reach has the finest ones, and the

Bitumount Reach is in between. The aerial distributions of bed and total applied roughness
provided further evidence that the bed roughness was fairly comparable for similar substrate
sizes. Although the applied ice roughness differed between the three reaches, its low values had
a small effect on the composite roughness.
Two methods of model calibrations were performed for the Bitumount Reach. The model was
calibrated using either ice-free and ice-covered surveys or only ice-covered data. It was shown
that the applied ice and total roughness heights and trends differ according to the applied method
of calibration. Comparison between the simulated water surface profiles for the two methods
was carried out. It was observed that calibrating bed roughness from ice-free data, assuming the
same bed roughness for ice-covered conditions and adjusting ice roughness using winter data,
gave similar results. The Bitumount Reach example indicates that model calibration may not be
very sensitive to either method, however further investigation is recommended to confirm this.
This study provides further evidence on the validity of the River2D model to simulate icecovered hydraulics.
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The sudden release of river ice jams often produces high water velocity and
rapid increases of stage, which can be destructive to life and property. The
highly dynamic flow involving ice interaction makes this one of the most
complex problems in river ice engineering. Here the extent of ice complexity
necessary to successfully model such events is explored. To do this, ice effects
were incorporated into a fully dynamic 1-D hydraulic model, using an
uncoupled conservation of ice mass equation, and empirical approximations of
ice resistance effects in the total flow momentum equation. The model’s
performance is compared to the published results of Liu and Shen for their
highly sophisticated ice hydrodynamic model which incorporates ice effects
more deterministically, applied to a hypothetical ice jam release. This model is
then tested for the case of a major ice jam release measured on the Athabasca
River in northern Alberta, Canada. This approximate formulation is found to
provide good agreement for both the stage and discharge hydrographs, and also
for the propagating ice profile after release.

1. Introduction
Because of the dynamic nature of river ice jam release events, and the significant flood risk they
pose, it is highly desirable to be able to predict the speed and magnitude of the resulting release
waves. This is a highly complex problem involving not only dynamic flow hydrodynamics but
the interaction of the ice and water as well. A number of researchers have attempted to model
the propagation of ice jam release waves, most using one-dimensional hydrodynamic models and
neglecting ice effects on the propagating wave (e.g. Beltaos and Krishnappan 1982, Blackburn
and Hicks 2003). Although reasonable approximations could be achieved, difficulties were
encountered in matching the shapes of measured stage hydrographs, suggesting that ice effects
could not reasonably be neglected. Jasek (2003) conducted field investigations documenting ice
jam release events and found that the release wave celerity was affected by different ice
conditions. Liu and Shen (2004) further explored this issue, by applying a two-dimensional
coupled flow and ice dynamic model (DynaRICE) to investigate the ice resistance effects (both
internal resistance and boundary friction resistance) on ice jam release wave propagation in an
idealized channel. Comparisons between the simulation results obtained with and without
inclusion of ice dynamics showed that the ice effects decrease the peak discharge and slows
down the release processes.
Given the clear implication that ice effects likely need to be incorporated into flood forecasting
models to obtain realistic predictions for these types of events, the question arises as to how
sophisticated the resulting models need be to provide meaningful forecasts. In this investigation,
a simplified one-dimensional flow and ice dynamic model is presented and tested to explore that
question. In this approximate formulation, the ice released from the jam is assumed to move at
the surface water velocity, and equations of total (ice + water) mass and momentum are solved
with ice mass conservation in an uncoupled sequence. Ice momentum effects are considered
empirically in terms of bank resistance to the ice, which is accounted for by introducing a
resistance term into the total flow momentum equation. Longitudinal diffusion of the ice mass is
approximated with an empirical diffusion term in the ice mass continuity equation. The resulting
equations are solved using the characteristic-dissipative-Galerkin (CDG) finite element scheme
(Hicks and Steffler 1992). The numerical results are first compared with Liu and Shen’s (2004)
two-dimensional model results for a hypothetical ice jam release event. The model is then
evaluated with actual data for the 1993 release event on the Saint John River documented by
Beltaos et al. (1994), and for the 2002 ice jam release event on the Athabasca River documented
by Kowalczyk and Hicks (2003).
2. Model Description
The hydraulic model developed in this investigation was built on the public domain software
River1-D which employs the CDG finite element scheme. By assuming the ice and water move
together at the same velocity, the ice and water total equations of mass and momentum for
rectangular channel can be written as:

∂A ∂Q
=0
+
∂t ∂x

[1]

∂Q ∂ (UQ )
∂H
+
+ gA
= − gAS f + gAS0 − 2 Ri gBη S f
∂t
∂x
∂x

[2]

where,
H is the elevation of water surface above a specific datum;
A is total area of the cross-section under the water surface, measured perpendicular to the
flow;
Q is the total discharge, including both the moving ice and water;
U is the ice and water velocity; η = ice thickness; and
Sf is the friction slope, which can be evaluated as

Sf =

UU
gRC*2

[3]

when using Chezy’s equation(with C* representing the non-dimensional Chezy coefficient and R
is the hydraulic radius), or as
Sf =

n 2U U
R

4

[4]
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when using Manning’s equation (with n representing Manning’s resistance coefficient).
The last term in equation [2], accounts empirically for the bank resistance to the ice. Here, Ri is
a resistance coefficient, which is the product of the coefficient of lateral thrust and friction
coefficient between bank and ice. Reasonable value of Ri should be less than one. Larger values
can be employed to approximate additional resistance effects, such as internal resistance within
the ice mass.
The ice mass continuity equation is:
∂η ∂ (Uη )
∂ 2η
+
=D 2
∂t
∂x
∂x

[5]

in which D is an artificial numerical diffusion coefficient which empirically accounts for the
longitudinal diffusion of the releases ice mass.
The total mass and momentum equations and the ice mass continuity equation are all solved
using the CDG finite element scheme in an uncoupled sequence. First the flow hydrodynamics
at a give time step are determined (based on the ice solution at the previous time step), and then
these flow properties are used in the subsequent solution of the ice mass continuity equation
before moving on to the next time step.

To make it convenient to simulate ice jam release events, the River1D model was also modified
to establish initial condition profiles, by incorporating the steady ice jam profile equation. This
is solved in a decoupled iterative solution with the hydrodynamic equations, using a steady
carrier flow. In this manner, the unsteady hydrodynamic solution provides the mechanism for an
iterative solution of an initial ice jam profile.
2. Model Application
2.1 Comparison to Liu and Shen’s (2004) ice jam release model simulations

Liu and Shen (2004) developed a hypothetical test case, adapted from the 1993 release event on
the Saint John River documented by Beltaos et al. (1994). In their test case, Liu and Shen (2004)
approximated the Saint John River as a rectangular channel 100km long and 600m wide, with a
bed slope of 0.0004 for the first 30km, and 0.0001 for the remaining 70km downstream. A
constant value of Manning’s n of 0.03 was used for the river bed, a constant inflow discharge of
2000m3/s was set at the upstream boundary, and an uncontrolled condition was used at the
downstream boundary. The initial water surface and ice jam profiles for their test case are
depicted in Figure 1.
An identical test case was set up for the model presented here, with the exception that the
downstream boundary was eliminated from consideration by extending the modeled reach
further downstream. Based on a series of test runs the optimal values of Ri and D were found to
be 3.5 and 100, respectively. Comparison of the simulated stage and discharge hydrographs at
different location downstream of the jam toe are depicted in Figure 2 and Figure 3, respectively.
Similarly, the ice jam profiles at 4, 10, 20 and 60 minutes after the jam release are shown in
Figure 4. Results published by Liu and Shen (2004) from their the two-dimensional coupled
flow and ice dynamic model (DynaRICE) are shown for comparison purposes. As the figures
illustrate, the approximate model presented here performs well when compared to the much more
sophisticated DynaRICE model. This suggests that reasonable forecast might be achievable with
the simplified model.
To explore and illustrate the ice effects in the present model, River1-D simulations for this same
test case were conducted setting both Ri and D to zero. The simulated stage and discharge
hydrographs at 50 and 75km were compared with the results presented earlier (considering ice
effects). As shown in Figure 5, incorporating ice resistance significantly changes the shape of
both the stage and discharge hydrographs. The ice effectively holds back the release wave,
lowering the resulting peak discharge. In particular, backwater effects are evident on the stage
hydrographs for the simulations incorporating ice resistance, which is significant since the
inability to model this effect was a key limitation of earlier modeling efforts (e.g. Blackburn and
Hicks 2003). Another interesting effect of including ice resistance is seen in the stage and
discharge hydrographs at 75km, in which a second peak occurs at about 9 hours. Because the ice
is moving at the water velocity, which is slower that the release wave velocity, this second peak
occurs as the ice accumulation subsequently passes through station 75km.

2.2 Comparison to Beltaos et al.’s (1994) observations – St. John River

The River1-D model was next used to simulate the 1993 event on the Saint John River using
varying width rectangular channel approximation based on the actual channel geometry (as
developed and tested by Hicks et al., 1997). This event involved a 20km long ice jam poised
with its toe at station 69km. The initial water surface and ice jam profiles were estimated by
performing an ice jam profile calculation using the River1-D model based on the flow condition
right before the release occurred (at 9:00 on April 15, 1993). Figure 6 illustrates the resulting
profile obtained with the model as well as the ice jam profile measured on April 14, 1993, for
comparison. The computed ice jam profile is slightly lower than the measured one, which
accounts for the lower discharge on the day of release, as compared to that on the day the jam
profile was measured.
Unsteady flow simulations were conducted both with ice and without ice resistance effects.
Based on a series of tests, it was found that the optimal values of Ri and D were 0.5 and 100,
respectively. Figure 7a presents the results of the simulations in comparison with the available
verification data at a station approximately 5km downstream of the released point, illustrating the
backwater effect obtained in the recession portion of the stage hydrograph when including ice.
As was expected from earlier investigations (Hicks et al. 1997, Blackburn and Hicks, 2003).
The use of a rectangular channel approximation results in a stage hydrograph approximately 1m
higher than observed. However, lowering the solution obtained with Ri =0.5 and D = 100, by 1.0
m and comparing that to the results obtained by Blackburn and Hicks (2003) obtained using
natural channels geometry (but no ice effects), it appears that the inclusion of ice effects does
improve agreement with the shape of the recession portion of the stage hydrograph. This
suggests that consideration of both ice and natural channel geometry is important to providing
realistic water level forecasts.
2.3 Comparison to Kowalczyk and Hicks’ (2003) observations – Athabasca River
The River1D model was then evaluated using actual data obtained during a large ice jam release
event on the Athabasca River, AB in 2002 (Kowalczyk and Hicks, 2003).

Since the Athabasca River can be characterized as a wide and shallow channel, a variable width
rectangular cross section approximation is adequate. The resistance characteristics along the
study reach are listed in Table 1. Kowalczyk and Hicks (2003) provide a description of the event
which involved an ice jam approximately 10 km in length poised about 1km upstream of
Crooked Rapids (about 35 km upstream of Fort McMurray, AB). The carrier discharge has been
estimated at about 850m3/s. The ice jam profile was not measured, sue the the reamote location
of formation. Therefore, a profile was calculated using the River1D model, determined by trial
and error to obtain a good match with the measured stage hydrograph at station G140 upon
release(Figure 9). Open water in the receiving channel was assumed. The computational results
with ice and without ice are shown in Figure 10 together with the measured stage hydrographs.
As the figures illustrate, for this case, inclusion of ice effects did not seem to improve the
model’s ability to simulate the water level hydrographs correctly. This actually makes sense
when one considered the observations of Jasek (2003) that ice effects on the propagating wave

are most significant only for the first jam length of propagation, approximately. All of the
comparison stations in this case are located much further downstream.

Table 1. Bed roughness characteristics for the Athabasca River study reach.
From
(km)
0*
296.6
300.45
319.45

To
(km)
296.55
300.4
319.4
400

Manning’s n
(dimensionless)
0.030
0.020
0.030
0.035

Roughness height k
(m)
0.24
0.02
0.24
0.61

* Station 0 km is set at the mouth of Lake Athabasca

3. Summary and Conclusions

The River1D model was adapted to consider ice jam resistance effects on propagating ice jam
release waves. In the model, the total (ice plus water) mass and momentum conservation
equations are solved together with a conservation of ice mass equation, in an uncoupled
sequence. Ice resistance effects were approximated through an empirical term in the total flow
momentum equation and an empirical ice diffusion approximation in the ice continuity equation.
The resulting model appears to perform well when compared to the two-dimensional ice
dynamic model DynaRICE for a hypothetical ice jam release event (Liu and Shen 2004).
The model was further tested for two observed ice jam release events: one on the Saint John
River in 1993 (documented by Beltaos et al. 1994 )and one on the Athabasca River (documented
by Kowalczyk and Hicks, 2003). The results for the former case suggests that inclusion of ice
effects improve the shape of the recession portion of the stage hydrograph when compared to
measured data at a station lees than one jam length downstream of the released toe. However, it
seems clear that consideration of natural channel geometry is important in that case as well. For
the Athabasca River event, inclusion of ice effects did not seem to improve results when
compared to measured stage hydrographs more than 1 to 2 jam lengths downstream of the
released toe. Clearly more comprehensive field data is still needed to provide further validation
of models of this type.
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Figure 1. Liu and Shen’s (2004) test case for ice jam release simulation.
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Figure 2. Comparison of River1D with Liu and Shen’s (2004) results for water level.
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Figure 3. Comparison of River1D with Liu and Shen’s (2004) results for discharge.
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Figure 4. Comparison of River1D with Liu and Shen’s (2004) results for ice jam profiles at
different time after the release.
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Figure 5. Ice effects on stage and discharge hydrographs.

19

24

160
Measured profile (Beltaos et al. 1994)

Elevation (m)

155

Computed jam profile (River1D)

150

Computed water surface profile

145

Channel thalweg

140
135
130
125
120
0

20

40

60

80

100

Station (km)

Figure 6. Water surface and ice jam profile computed for the Saint John River for 9:00 on
Apr.15, 1993 and the measured profile on Apr.14, 1993.

137
Measured (Beltaos et al. 1994)

(a)
136

River1D (w ith ice effects)

Water level (m)

River1D (no ice effects)

135
134
133
132
131
8:00

12:00

16:00

20:00

0:00

April 15-16, 1993

137
Measured (Beltaos et al. 1994)

(b)
Water level (m)

River1D (w ith ice effects) - 1m
Blackburn and Hicks (2003)

135

133

131
8:00

12:00

16:00

20:00

0:00

April 15-16, 1993

Figure 7. Comparison of measured and computed water levels at St Leonard (74.26km) for Saint
John River ice jam release event.

340
Jam profile
320

Computed water surface

Elevation (m)

Channel thalweg
300
280
260

360

340
320
Station (km)

300

57

80

104

G130

220
380

G140

240

280

Figure 8. The initial water surface and ice jam profile on the Athabasca River, both computed
using River1D.

268

276
G140
Water level (m)

274
273
272

265
264
263

270

262

2

4
Time (hr)

6

Measured
without ice
with ice

266

271

0

0

8

2

4
Time (hr)

6

8

249

262
Water level (m)

G135
267

Measured
without ice
with ice

104

G130

261

248

Measured
without ice
with ice

260

Water level (m)

Water level (m)

275

259
258

247
246
245

257

244

256

243
0

2

4
Time (hr)

6

8

Measured
without ice
with ice

0

2

4
Time (hr)

6

8

Figure 9. Comparison of measured and computed stage hydrographs at different stations on the
Athabasca River for the 2002 event.

The Effect of Ship Transport on Fast Ice Stability:
Lac St. Pierre, Quebec.
Edward J. Stander1, Donald Carter2, Brian Morse 3
1

State University of New York at Cobleskill, Cobleskill, NY, USA 12043.
Standeej@Cobleskill.Edu
2
Carter Associates, 1281 Rue Bishop, Sainte-Foy, QC, Canada. G1W 3E4.
Carter@Mediom.qc.ca
3
Previously with the Canadian Coast Guard during the time of the field study, now with Dept.
Genie Civil, Université Laval, Sainte-Foy, QC, Canada. G1K 7P4.
Brian.Morse@gci.ulaval.ca

Abstract
Lac St. Pierre is a wide segment of the St. Lawrence River located downriver of Montreal, and
bounded by the towns of Sorel to the west and Trois-Rivières to the east. Ship transport occurs
throughout the winter season, and has, in the past, led to the catastrophic break-up of the ice
sheet close to shore, and the spalling of large ice floes into the navigation channel. These loose
flows are undesirable elements of winter navigation as they can push ships onto shoal areas
outside of the channel and initiate ice jams at the LaViolette Bridge located immediately
downriver of the lake.
This paper describes the results of a field program carried out for the Canadian Coast Guard in
1995 that was designed to pinpoint the causes of ice breakup along the border of the navigation
channel. Stress and ice displacement gages were deployed at several distances from the channel,
and continuous measurement made as a variety of transport ships crossed the study area. Of the
forty vessels studied, only two seriously damaged the ice border, and these turned out to be
unremarkable in size and gross tonnage. Subsequent analysis of the acquired data set showed that
damage was caused by ice flexure during drawdown, and suggests that ship draft, length, and
speed together controlled fracture development at the ice front.
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1. Introduction
The stability of the fast ice sheet in Lac St Pierre is important for a number of reasons. First, the
sheet supports an active ice fishing community which relies on the stability of the ice cover for
its operations. Secondly, ice floes spalling into the navigation channel can severely damage
passing ships and can initiate ice jams particularly at the fixed structures located downstream
(such as the LaViolette bridge at Trois-Rivières).
The presence of the new ice boom at Yamachiche has greatly improved the stability of the fast
ice cover along the north side of the lake. However, degradation of the cover still occurs as a
result of ship transport through the St. Lawrence navigation channel. Waves generated by
passing ships commonly break floes off the leading edge of the ice sheet, and have been known
to produce large open leads in the vicinity of the shoreline.
The present study was undertaken to improve our understanding of the manner in which
transport ships interact with the ice sheet, and to offer guidelines which might assure the
continued stability of the cover without excessively penalizing carriers who use the channel
during the winter months. The findings of this study have been used by the Canadian Coast
Guard to determine and issue recommended maximum commercial vessel speeds in the
St.Lawrence River between Trois-Rivières and Montréal, particularly during the ice formation
period. Since implementation, the cover has proved to be much more stable.

2. The Field Program
The Lac St. Pierre ice cover underwent three stages of development over the winter of 1995.
The first fast ice sheet formed overnight on December 12, and melted shortly after December 20.
The second sheet developed early in January, 1995, but suffered periods of melting and rotation
prior to final stabilization in mid January. This greatly curtailed the length of the field program,
as the ice was not considered safe to walk on prior to the end of January (Carter, Stander and
Hodgson, 1995).
Deployment of equipment began on February 3, following a week of calibration and preparation
at Université Laval in Quebec City. Ice thickness within the main ice sheet at that time varied
from 30 - 40 cm, but decreased in the ice sheet immediately adjacent to the navigation channel. It
was thus decided to place the stress and displacement gages at the boundary between the in situ
ice sheet and the rubble apron, approximately 700 m from the ice edge. The ice sheet located
south of this boundary was not considered competent enough to support human activity.
Fortunately, sub-seasonal temperatures during the week following installation led to the rapid
consolidation of the ice apron, and allowed us to move several of the gages to new sites closer to
the ice edge on February 14. Two of these sites (sites F and G - see figure 1), were located on a
previously unfrozen region, now consisting of 20 cm of perfectly clear S1 ice. The third site (Site
H), was located in the rubble apron, 85 m from the ice edge. This latter site was fully operational
until Feb. 20, when it was evacuated due to the spalling of adjacent ice into the channel.
Removal of the remaining gages took place on Saturday, Feb. 25, immediately prior to the
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arrival of the hydrofoil responsible for removal of the ice cover.

3. Methodology
Two principal gage types were used during this study. In-plane (biaxial) ice stresses were
measured with the aid of four three-wire GEOKON stress transducers fabricated by Geokon of
Lebanon, New Hampshire (Cox and Johnson, 1983). These gages consist of a thick walled
hollow cylinder, 5.7 cm in diameter and 7.5 cm in length, which supports two vibrating wire
strain transducers oriented 90 degrees to the long axis of the cylinder and 90 degrees to one
another (figure 2). Two of these gages were placed next to one another to allow definition of the
stress axes in the plane of the ice sheet. Compressive stresses as small as 10 kPa applied in the
plane of the wires produced a change in the resonant frequency of all wires, and was resolvable
by the data logger.
Gages at three sites were placed so that their centers lay at a nominal depth of 3 cm, while gages
at site C were placed at a nominal depth of 28 cm.
Ice vertical displacement was measured at three sites using ENDECO long wire displacement
transducers (figure 3). ENDECO transducers are essentially RVDTs (rotational variable
differential transformers) attached to a stainless steel wire by way of a spring system. In
operation, the transducer was suspended above a hole in the ice, and attached to the lake bottom
by way of a weighted wire. A decrease in ice level with respect to the lake bottom produced a
concomitant decrease in wire length and output voltage.
The steel wire system worked well at all sites except position H. Here, the passage of large ships
produced a sudden and drastic change in wire length. Instantaneous and repeatable variations of
20-40 cm were commonly measured. These variations disappeared when the thin wire was
replaced by a 3 inch diameter ABS tube hammered into the lake bottom.
Measurements were collected by two Campbell Scientific CR-10 data loggers located on site.
One CR-10 was branched at Site C, while the second was located on the frozen lake at site G.
Measurements were collected at two second intervals: faster measurement times led to
degradation of the vibrating wire signal. Synchronization of data sets was assured by
simultaneously stopping both loggers at the end of each day.
Apart from the above measurements, ice temperature was collected once a day from two
platinum resistance thermometers (RTD) located at site C, while the position of each site was
determined twice during the field season by DGPS. The temperature measurements were
required to correct stress data for thermal effects, while the DGPS data was used to correct the
timing of stress and displacement data for non-perpendicularity with respect to our reference
line.
The line of reference used during this study was oriented perpendicular to the navigation
channel, and passed through site C. All events ( ship passages, stress/displacement events, etc.)
were referenced to this line. This allowed us to define the effect of ship position on ice
deformation in space as well as time during subsequent analyses.
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4. Results
4.1. Macroscopic observations
The main ice sheet (that part of the sheet exclusive of the rubble apron) consisted of flat, pristine
fast ice, 30-40 cm in thickness. Snow cover was minimal (1-10 cm) throughout most of the
season, as most snow was blown off the sheet as soon as it fell.
The absence of snow cover, and the effects of strong sunlight led to the formation of large
tension cracks during the night of February 12. These cracks segmented the rubble apron into
numerous elongate blocks, and were more or less active throughout the day. Maximum ice
thickness in the healed fractures was on the order of 2-3 cm.
Interestingly enough, no measured lateral displacement/refracturing was observed across any of
these fractures during the day, despite the passage of two large container ships (the CANMAR
Valiant and the Chippewa). Complete healing of the fractures occurred overnight.
The second observed macroscopic event occurred on February 18, shortly after the passage of
the CCAL Thorscape. This ship produced audible, high frequency cracking noises in the ice
sheet similar to the firing of a rifle, which could be heard long before the ships' arrival at the
measurement site. Similar sounds were reported from the nearshore environment by one of the
authors (D.C.).
While no evident displacement of the ice cover was noted immediately after the passage of the
Thorscape, spalling of the ice sheet soon followed, with the result that 50 m of the rubble apron
was lost during the day, and 15 m more was lost overnight. Further regression continued during
the following days, culminating with the evacuation of site H on February 20.
Fractures associated with these spalling events were readily observed in the rubble apron, and
were generally parallel to the ice edge. Spacing between cracks was on the order of 8-9 meters
near the edge, and increased shorewards. The cracks themselves widened upwards and were
rarely more than 2-3 mm in width.
Shoreline flooding was also observed at several locations during the following days, and may
have been related to the passage of the Thorscape. No unusual deformational features were noted
in the main ice sheet.

4.2. Ice displacement
Ice displacement and stress measurements were collected from 40 ship events. Thirteen of these
events occurred prior to Feb. 14, and consist of records collected far from the ice edge (> 600 m).
An attempt to collect data nearer the ice edge led to the occupation of sites D and E on Feb. 10
and 11, respectively.
Events subsequent to Feb. 14 were collected from sites F and G (or H). Site G replaced site H
late in the season (Feb. 20) when the latter became untenable.
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The typical ice displacement event was readily divisible into four phases (figure 4). During
phase I, the approaching ship forced the ice sheet to gradually rise 1-3 cm above its equilibrium
level. In the majority of cases, this rise was immediately preceded by a slight depression of ice
level, although this was not seen at relative ship velocities higher than 8 knots.
In phase II, the ice sheet underwent a rapid depression below its equilibrium level. The amount
of depression appears to have depended on two parameters: the ship's velocity (relative to water
velocity), and the displacement of water associated with the ship's passage (ie. its drawdown).
Maximum depression for the present study was obtained from the CANMAR Fortune, a
container ship which displaced the ice sheet 20 cm below its equilibrium level.
Phase III was present in most, but not all, of the displacement events, and was rarely observed at
distances greater than 600 m from the ice edge. This phase was marked by a slight rise and
depression, or rise and leveling off of the displacement curve, at values slightly below
equilibrium. It was usually followed by a slight rise above equilibrium level during phase IV.
Apart from arching the ice sheet slightly above its original level, Phase IV was also
characterized by small, rapid 'chattering' events, in which ice level fluctuated 3-5 mm in the span
of 2-4 seconds. These events were relatively uncommon, as they were only observed in 4-5
records: yet once begun, the small scale oscillations continued long after the phase had
concluded. Their importance will be considered further in section 5 below.

4.3. Stress measurements
Despite major fluctuations in ice level with the passage of a given vessel, changes in ice stress
during a given ship event were generally modest. Stress events at distances greater than 600 m
from the ice front were negligible, while events closer to the channel rarely topped 100 kPa.
The most common stress event was a general lowering of compressive stresses during the
passage of the phase II displacement wave. This lowering of stress state, which in some cases
was greater than 100 kPa, was best observed near the ice edge. There, both maximum and
minimum stress were equally affected, and remained affected for hours after the event. Further
into the ice sheet (> 150 m from the ice edge), the stress event was more deviatoric in character,
with an increase in maximum stress being offset by a decrease in minimum stress.
The magnitude of stress associated with a given ship event was proportional to the depth of ice
depression suffered during the phase II displacement event. Ice displacements smaller than 5 cm
were effectively ignored by the cover near the ice edge and produced only moderate deviatoric
effects further shoreward. An exception to this rule were the 'chattering' events which were
apparently insensitive to ice displacement. These events produced rapid fluctuations in stress on
the order of 100-200 kPa, which, in at least one case, persisted for more than an hour after the
event. Their description, and effect on the ice sheet, will be detailed further in the next section.
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5. Case Histories
In this section, we describe the effects of the four strongest events measured during our
investigation. Event 1 was produced by the CANMAR Europe, the largest, and heaviest ship
encountered during the study period. Event 2 was the product of the CANMAR Fortune, a
container ship whose static draft was only slightly smaller than the Europe, and which exhibited
the greatest ice depression effect measured. Event 3 involved the Sachsen, a heavy container ship
which exhibited the highest relative velocity of any ship measured, while event 4 was produced
by the CCAL Thorscape, the ship which we believe was responsible for much of the damage
suffered by the ice front during our investigation.

5.1. The CANMAR Europe
The CANMAR Europe is a large container ship having a gross tonnage in excess of 30000
tonnes, an overall length of 231 m and a static draft of 10.1 m. When encountered, the Europe
was moving at a relative velocity of 7.7 knots (10.8 knots absolute velocity) downstream.
5.1.1. Ice displacement
Figure 5a shows the effect of the CANMAR Europe on ice displacement. In this diagram, the
spatial position of the Europe with respect to ice displacement is maintained, while the vertical
scale of ice displacement is greatly exaggerated (1:1000) to facilitate observation of their salient
features. Movement of the ship was from left to right .
The displacement waves, measured 95, 180, and 545 m from the ice edge, were essentially
identical. All three waves displayed the four phases of displacement discussed in section 4.2.
above, although the wave measured closest to the shore have been attenuated somewhat by
distance.
The first observation to be had from this diagram is one of scale. The presence of the rapidly
approaching Europe was felt by the ice sheet nearly 1.5 km ahead of the vessel. Closer to the
vessel (< 600 m), the ice began its slow rise above equilibrium, followed by a rapid descent
during phase II. The degree of depression measured during this latter phase was 8 cm near the ice
edge, and 6 cm further shoreward. Phase III followed closely behind phase II, and consisted of a
small rise and descent below equilibrium. This was followed by a muted phase IV, which
produced a rise approximately equal to that of phase I (1.5 cm). Taken together, the four phases
affected more than three linear kilometers of ice front at any given moment.
The velocity of wave propagation into the ice sheet was on the order of 8.4 m/sec, giving a wave
front oriented 56 degrees to the ice edge. If we extrapolate this front into the channel, we find
that the trough of the phase II depression neatly coincides with the bow of the Europe.

5.1.2. Ice stress
Figure 5b provides stress data from the two sites in operation during the passage of the Europe
(sites C and G). Site H was non-operational at the time. As with figure 5a, spatial relationships
were maintained in the preparation of this figure.
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In-ice stresses associated with the passage of the Europe were small and localized, the only
observable evidence of the ship's presence being a 100 kPa rise in stress coinciding with the
passage of the phase II ice depression. If we consider the level of stress occurring between any
two adjacent readings (i.e. the instantaneous stress), evidence for the passage of the vessel
disappears completely. This in turn suggests that the ice sheet accommodated the passing of the
Europe without suffering fracture or permanent plastic deformation.

5.2. The CANMAR Fortune
The CANMAR Fortune is a container ship, similar in profile to the CANMAR Europe, but
slightly smaller (185 m in length compared to 215 m for the Europe). While its gross tonnage
was also smaller than the Europe (20000 tonnes), its static draft was somewhat greater (10.65 m).
When encountered, the Fortune was moving at a relative velocity of 7.7 knots (10.8 knots
absolute velocity) downstream.
5.2.1. Ice displacement
The general form of the ice displacement curve was similar to that of the Europe (compare
figures 5a and 6a). Phase I consisted of a muted rise and trough which culminated in a 3 cm arch
600 m ahead of the vessel. Although the total length of the phase was similar to that of the
Europe (1.5 km), the various components of the phase were generally less obvious.
The ice depression associated with phase II was very well developed, and bottomed out 20 cm
below the equilibrium level of the ice sheet (9 cm at site C). This was the single greatest
depression measured during this study. In contrast, phase III was much shorter, and consisted
mainly of a level plateau, 400 m in length, wherein the ice sheet lay 1-2 cm below its equilibrium
level.
Phase IV was also smaller than observed in the Europe. The rise in ice level associated with
phase IV began approximately 800-1000 m behind the passing ship, and ended 200 m further
upstream. The maximum observed rise was on the order of 2 cm.
The displacement wave front produced by the Fortune lay 50 degrees from the trend of the
navigation channel, and once again could be extrapolated to cross the bow of the passing vessel.

5.2.2. Ice stress
Unlike the Europe, the passage of the CANMAR Fortune produced a major disturbance in the
state of stress near the ice front (fig. 6b). At site H, located 80 m from the ice edge, maximum
and minimum stresses decreased simultaneously and nearly instantaneously by 100 kPa, while
deeper in the ice sheet (site G), maximum stress dropped more than 200 kPa before regaining
half of this loss shortly thereafter. In both cases, the sharp decrease in stress coincided with the
passage of the phase II trough.
While maximum and minimum stress values displayed the effects of ice deflection,
instantaneous stress values were only mildly affected by the displacement wave. Maximum
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variations were on the order of 50 kPa, once again suggesting that short term events, such as
fracture development, were rare.

5.3. The Sachsen
The Sachsen is a container ship, much like the CANMAR Fortune and Europe. Its gross tonnage
is approximately 18000 T, its overall length is 174 m and its static draft was measured at 9.8 m.
When encountered, the Sachsen was moving at a relative velocity of 14.3 knots (11.2 knots
absolute velocity) upstream.
5.3.1: Ice displacement
Figure 7a provides a spatial representation of ice displacement with respect to the passing
vessel. The three plotted curves, collected from sites H, G, and C, respectively, differed in
several significant ways from the displacement curves produced by the Fortune and Europe.
First of all, phase I consisted of a single elongate rise, 1500 m in length, which culminated in a 3
cm high ice arch. The smaller parasitic waves present in the records of the Europe and Fortune
were not observed in this record.
Secondly, phase III was more or less absent from the record. Instead, the phase II depression
opened directly onto phase IV. Phase II was similar to that observed for the CANMARs, with
maximum values of 16.45 cm being measured near the ice edge, and 5.1 cm being measured at
site C. Phase IV was different in that small rapid fluctuations in ice level ('chattering') were
pervasive throughout the entire phase. The frequency of chattering was on the order of the
sampling rate (1/2 Hz) and was quite long lived: in the case of the Sachsen, ice chattering was
observed in the record 30 minutes after the ship had passed.
Typical amplitudes for ice chattering were on the order of 2-4 mm, although discrete chattering
events varied in amplitude over time. This variability, however, may have been the result of the
sampling rate, which was probably not fast enough to avoid aliasing of the data set.
A final difference between the Sachsen and the majority of ship events was the velocity of
propagation of the displacement wave shorewards. The average velocity measured for the
Sachsen was twice that of the two CANMARs (> 16 m/sec), producing a wave front oriented 71
degrees to the navigation channel (figure 7a). Still, given even this extreme propagation velocity,
the extrapolated wave front neatly followed the bow of the passing vessel.
5.3.2. Ice stress
In general, stress effects associated with the passing of the Sachsen were quite small (figure 7b).
The stress drop noted during the Fortune event was present, as was the deviatoric rise in
maximum stress noted during the Europe event: yet the maximum stress difference measured
with the passing of the Sachsen was on the order of 60 kPa.
The most distinctive feature of the Sachsen record was the high frequency component of stress
associated with chattering events. Chattering of the ice sheet produced cyclical stress variations
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on the order of 50 kPa, which were well developed far into the ice sheet. Their contribution to
the total stress picture is most evident in the instantaneous stress record, wherein they can be
seen to effectively disrupt the previously quiescent ice. Their development as a result of flexure
at the bottom of the phase II trough is also evident from this figure.
While no evident cracking was observed following the passage of the Sachsen, the loss of 40 m
of ice edge during the evening following its passage may indicate that fracturing of the ice sheet
did indeed occur.

5.4. The CCAL Thorscape
The Thorscape is a cargo ship having a profile quite different from the three preceding vessels.
Indeed, its sharply pointed bow set it off from all other ships encountered during this study. The
Thorscape was also the first vessel to unquestionably damage the ice edge.
The Thorscape is a small ship when compared to the Sachsen, Fortune, and Europe. Its gross
tonnage is half that of the Sachsen (9732 tonnes) and its static draft was the smallest of the four
(9.3 m), as was its overall length (165 m). When encountered, the Thorscape was moving at a
relative velocity of 12.5 knots (8.7 knots absolute velocity) upstream.
One feature worth noting: the Thorscape, and its sister ship, the Thor #1, passed by the
Yamachiche ice boom three times during the course of this study, yet it was only on the upstream
voyage that the ice sheet suffered extensive damage from its passage.
5.4.1. Ice displacement
The ice displacement record of the Thorscape contained elements of both the Sachsen and the
two CANMARs (figure 8a). Phase I was essentially identical to the Sachsen, and consisted of a
1000 m long ramp culminating in a 4 cm high ice ridge. Phase II was also similar, with the
maximum ice depression attaining a value of 15 cm near the ice edge (site H), and 14 cm at site
F.
Phase III was well developed in the Thorscape record, although its lateral extent was much less
than that of the Fortune or Europe. Both upwarping and downwarping of the ice sheet were
evident, with total throw being on the order of 2 cm.
Behind the phase III warping, a slight rise (<3 cm) marked the start of phase IV which, once
again, was of much smaller lateral extent than the other three ships. Taken together, the total
length of the ice displacement event was on the order of 1800 m, provided that one ignores the
presence of ice chattering.
Ice chattering was prevalent during phases II, III and IV, and was observed, albeit to a lesser
extent, more than an hour later in the records of subsequent ship events. While the frequency of
discrete chattering events was identical to that noted with the Sachsen, the maximum amplitude
of each event was greater, despite the fact that the measurement site was located 40 m further
into the ice sheet during the Thorscape event.
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5.4.2. Ice Stress
The ice stress record of the Thorscape was essentially an exaggerated copy of the Sachsen (fig
7b and 8b; also see figure 9.). The passage of the phase II trough produced a decrease in
maximum and minimum stress, as well as a sharp 100 kPa stress peak immediately beneath the
depression. Instantaneous stress variations were also similar to those measured during the
Sachsen event, with instantaneous stress variations of 100-150 kPa commonly occurring behind
the phase II trough.

6. Discussion
The results presented above support the belief that ships passing through the Lac St Pierre
navigation channel can structurally damage the adjacent fast ice sheet. They also support the
empirical observation that not all ships cause damage, and that the same ship on different
occasions may produce entirely different effects on the ice sheet. In this section, we present a
discussion of the parameters we feel are responsible for ice damage, as well as preliminary
suggestions for assessing the relative impact of future ship events.

6.1. Ice failure
Indications from the records of the CCAL Thorscape and Sachsen suggest that ice failure was
associated with the passage of the phase II displacement event. In particular, it appears that the
trough of the phase II depression acted as the loci for rupture. While it is not certain what
importance the subsequent chattering events had on deformation, it is likely that these further
aggravated the situation by causing the ice sheet to fail through fatigue.
The most important parameter to consider in defining the impact of a passing ice wave on ice
sheet integrity seems to have been its radius of curvature. Ice is relatively weak in flexure, and
typically fails in tension during bending tests. Several studies have shown that the maximum
supportable flexure deformation of a thin ice sheet is approximately 30 % of its thickness (Gold,
1971). Thus, it is relatively safe to argue that the Lac St Pierre ice sheet will only support a
certain limiting flexure before failure occurs.
In the case of the present study, only one (or possibly two) ships were observed to damage the
rubble apron. Significantly enough, these two ships also displayed the smallest radius of trough
curvature of all vessels measured. Figure 10 provides an enlargement of the phase II troughs for
the four ship events discussed above. As can be seen, the Thorscape event displayed the smallest
radius of trough curvature, followed by the Sachsen, the Fortune, and the Europe.
If a limit for ice curvature does indeed exist, it certainly falls between that exhibited by the
Sachsen and the two CANMARs.

6.2. Development of the ice trough
The question must now focus on what parameters define the radius of curvature of the phase II
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trough. The position of the trough with respect to the passing ship leaves little doubt that it marks
the passage of the ships draw-down wave beneath the ice cover. Draw-down occurs when the
waters of the navigation channel are forced to flow about the ships hull. This major obstacle to
flow forces the current velocity on either side of the hull to increase, leading to the lowering of
water level in the immediate vicinity of the ship.
Provided that the phase II trough does indeed mark the position of the ships draw-down wave,
we can hypothesize that the following external parameters will directly influence the radius of
trough curvature:
A) Ship velocity: the magnitude of the drawdown wave is strongly affected by ship velocity. The
greater the velocity, the greater the energy associated with the passage of the vessel, and the
deeper the draw-down waves.
B) Ice thickness: The thicker the ice sheet, the greater the tensional and compressive stresses
developed along its free surfaces.
C) Ice temperature: The warmer the ice sheet, the more pliable it becomes
D) The form of the draw-down and draw-up waves: Any asymmetry present in the two waves
can only aid in producing an asymmetric flexure in the overlying ice sheet. This in turn will
further steepen the ice descent into the phase II trough.
Thus ice conditions, wave characteristics, and velocity will together influence the depth of the
trough, and the radius of curvature apparent at its base.
6.3 Comparison of observed stresses to analytical solutions.
While numerous authors have considered the nature of wave/ice interactions (see, for example,
papers by Daly, Squire, Steffler and Hicks and Xia and Shen), we will limit our discussion here
to the theory proposed by Beltaos (2004). His analysis is based on the specific boundary
conditions of a wave entering an ice sheet modeled as an elastic foundation (with no inertial
terms considered).
According to figure 10 of the Beltaos paper, the half wave length of the drawdown trough
corresponds to a little more than the ship’s length; i.e., L/2 ˜ 250 m. Then the wave number k =
2p/L = 0.013 m-1. Also, let us suppose that the average ice thickness is h = 0.4 m and that
Young’s modulus E = 6GPa. Then the characteristic wave length (l ˜ 15 h0.75) of the ice is l =
7.6 m and kl = 0.10.
According to Beltaos, for kl < 0.34, the dimensionless bending stress is Sp ˜ 0.16kl
corresponding to Sp ˜ 0.016. Since the wave amplitude is wo = 0.19 m, and since Sp corresponds
to l2s/(hwoE), the theoretical maximum stress in the ice is s = 130 kPa. This corresponds very
well to the observed increases in compressive stresses of 80 to 100 kPa recorded near the ice
edge (figures 6 to 9 below), which, extrapolated to top of ice conditions (multiply by 20/17)
gives 90 to 120 kPa.
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According to figure 9 below, prior to the arrival of the Thorscape, the main principal
compressive stress in the ice near the edge was approximately 270 kPa. As the bow wave
reached the gage, it fell by 50 kPa to 220 kPa. Then as the trough wave passed, it jumped up to
360 kPa at which time there was an important failure event in the ice sheet. Subsequently, the
main principal compressive stress stabilized at about 210 kPa. For technical reasons, we were
unable to measure tensile stresses in the ice at this site near the ice edge. However, if the neutral
axis is near the center of the ice sheet, we can assume that principal tensile stresses will be
similar and opposite to principal compressive stresses. Therefore, the maximum principal tensile
stress would be on the order of -360(20/17) = -420kPa. This is close to the accepted value of
maximum tensile strength for failure in bending (-600kPa). The discrepancy may be due to the
fact that the recorded stresses were measured at site “H” (located 85 m from the ice edge)
whereas ice spalling occured at 65 m from the edge (where it is assumed that the maximum
stress occured). If the stress in the ice sheet follows the example for kl = 0.25 (Beltaos, figure
4c), then a -420 kPa stess at 85 m would correspond to about a -630 kPa stess at 65 m.
Beltaos predicts (his figure 6) that, for kl = 0.1, the crack will at e (=x/(2 0.5 l)) =14. Therefore, the
predicted location of spalling will be at x = 120 m. Although the prediction is of the right order
of magnitude, it seems to be off by a factor of two.

6.4 The chattering effect
Figure 9 below indicates that the minor principal compressive stress fell from 50 kPa prior to the
ship arrival to a mean value of about 0 kPa after the ice cracked. This is consistent with a the fact
that the minor principal stress must be near zero when the gage is near a free surface (as is the
case when the ice ruptures).
Figure 9 below also shows that there is a high frequency stress pattern in the ice sheet after the
fracture event. According to figure 8b, the period of the wavelength is about 28 m corresponding
to kl = 1.7. We do not know the source of these waves however there is a good reason to believe
that they are produced by the ship passage: Depending on the Froude number of the ship, it could
generate four Kelvin waves along its body (44 m apart). If the angle that the waves made with
respect to the ship is a reasonable 32 degrees, then their wave length would be 44 tan(32°) = 28
m. In any case, according to Beltaos (his figure 5), wave lengths 0.8 < kl < 2 are the ones that
have the potential to do the most damage. For kl = 1.7, Sp is 0.23 or 0.17 depending respectively
on if the wave is entering the ice or if it has already entered.
Consider a Kelvin wave having a typical amplitude of 0.25 m near the ship that attenuates to wo ˜
0.10 m by the time it reaches the ice. Since Sp corresponds to to l2s/(hwoE), the theoretical
maximum stress caused by the wave entering the ice sheet would be s ˜ -950 kPa. In almost all
cases, this stress would be sufficient to fissure the ice near the edge. As the ice fissures, the wave
is rapidly dampened. And there is therefore a residual pressure wave that enters the ice and
travels through it but is not of sufficient amplitude to cause further failure. This could be the
source of the observed chattering.
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According to our measurements, the chattering has an amplitude of about wo = 0.015 m. This
corresponds to a stress fluctuation of 140 kPa perpendicular to the ice sheet and 100 kPa parallel
to the ice sheet for Sp 0.23 or 0.17 respectively. These estimates agree fairly well with the
observed values of 70(20/17)=80 kPa and 50(20/17)=60 kPa (figure 9 below) respectively.
When these short Kelvin waves cause failure, Beltaos predicts (his figure 6) that the crack will
form at e (=x/(2 0.5 l)) =1.6 corresponding to x = 17 m.

6.5. Guidelines for ship transport within the navigation channel in winter
Several factors must be considered in defining a maximum speed for ship transport in winter.
First and foremost is the state of the ice sheet adjoining the navigation channel. Ice thickness,
temperature, and structure will all control the limiting radius of curvature in the phase II trough.
Indeed the balance may turn out to be quite delicate. For example, thin ice is more pliable than
thick ice and may therefore be expected to sustain tighter radii of curvature without fracture. Yet,
on the other hand, thicker ice sheets will develop greater surface stresses at a given radius of
curvature than thin ice, and will therefore require less bending to rupture. In general, however,
the thicker the ice sheet, the more readily the ice will rupture at a given velocity.
Ship velocity relative to current velocity is also important, and is a more accurate measure of the
energy of ship generated waves than absolute ship velocity. Thus, all things being equal, vessels
travelling upstream should have a lower absolute velocity limit than vessels moving downstream.
In our study, vessels moving downstream greatly outnumbered those moving upstream, yet it
was only the latter group that inflicted any sustained damage to the ice sheet.
Finally, ship design should be considered in projecting safe velocity limits. Some ships, such as
the CANMARs are generally innocuous when passing through the navigation channel, while
other ship designs, such as that used for the Thorscape, require lower velocity limits as their
waves appear to be of much higher energy than the container ships.

7. Conclusions
Ever since Daly predicted the passage of acoustic waves through ice sheets in 1993, we have
tried to observe their effects (e.g., Beltaos and Rowsell, 2001). This study on ship traffic beside a
fast ice sheet would seem to provide an example how the ice sheet reacts to two specific cases of
short amplitude waves. The first has a wave length of about 500 m and amplitude of 0.19 m.
According to observations, the maximum induced stresses are in the order of 120 kPa and agrees
within 20% with the theory proposed by Beltaos (2004) although the predicted location of the
maximum stress (120 m from the edge) seems to overestimate the observed penetration (65 m)
by a factor of two.
The second type of observed waves appear to originate from the Kelvin waves formed about the
vessel. They are typically 28m in length and have an initial amplitude of 0.1 m. According to
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Beltaos, these wave lengths are prime candidates to cause damage. At the ice edge the increase in
stress about 950 kPa and could cause spalling in the order of 17 m. Although we did not observe
this effect during this study, we have observed the phenomenon elsewhere. What we did observe
was chattering consisting of wave lengths of approximately 28 m having amplitudes of 0.015m
resonating through the sheet for many minutes once the ship had passed. The theoretical increase
in stress resulting from these waves would lie between 100 and 140 kPa (depending on their
orientation with respect to the ice edge). These values roughly agree with our extrapolated
observed stresses of 80 and 60 kPa. We believe that the Kelvin wave amplitudes that travel
through the ice sheet are limited to those values that will not fracture the ice because the initial
higher amplitudes do fracture the ice near the edge and only the residual wave is allowed to
penetrate into the ice.
In this analysis, we assumed that there was no superposition of the Kelvin waves on top of the
drawdown wave because we believe that the drawdown arrives before the Kelvin waves.
However, if the waves in phase III represent a reflection of the drawdown waves from the lake
boundaries, there may be superposing of the two wave types during that time that may
potentially lead to further ice fissuring.

7. Recommendations for further work
This study has defined some of the possible parameters responsible for ice failure, and has laid a
foundation for a theoretical study on ice sheet flexure in a kinematic environment. Our first
recommendation, then, is a theoretical study to support or refute the hypotheses presented in the
above discussion. This model may then be applied to the problem of ice flexure in the phase II
trough. What are the flexural limits of an ice sheet deformed in such an environment, and what
wave energy is required to produce a stable trough geometry having this limiting curvature?
Secondly, we suggest that measureme nts of wave energy associated with specific ship designs
be collected from instrumented buoys placed in Lac St Pierre during the summer operating
season. This data would then be used to calibrate the aforementioned theoretical model.
Thirdly, we recommend that further field measurements of ice deflection, deformation, and
water movement be conducted, with the goal of testing the above theoretical model under real
conditions. This time, data collection at a much higher frequency (perhaps 10 Hz) and the bottom
of the ice sheet would be instrumented to pick up tensile stresses.
Together, such a model would go far in instituting realistic guidelines for ship velocities in ice
bounded navigation channels.
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Figure 1: A general map of the study area
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Figure 2: The Geokon stress gages ready for emplacement. Each gage contains two wires 90
degrees apart and the gages are orientated 45 degrees from one another.

Figure 3: the Endeco wire gage used to measure ice displacement. This gage was placed later in
the season and employed a PVC tube to avoid the effect of pressure waves beneath the ice sheet.
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Figure 4: A typical displacement event: in this case the KAPITANAS Gudin, a bulk carrier
which was encountered on February 18, 1995.
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CANMAR EUROPE - 2/25/1995
VERTICAL DISPLACEMENT OF THE ICE SHEET
PLOTTED AS A FUNCTION OF DISTANCE FROM THE PASSING BOAT
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CANMAR EUROPE - 2/25/1995
MAXIMUM STRESS PLOTTED AS A FUNCTION OF
DISTANCE FROM THE PASSING BOAT
1000
900

700
600
500
400
ICE EDGE

300
200
8.4 M/SEC

Distance (m) : Maximum stress (relative kPa)

800

100
0

CENTER OF CHANNEL

5.6 M/SEC

-100
-2000

-1500

-1000

-500

0
Distance (m)

500

1000

1500

2000

Figure 5a and 5b: A spatial map of ice displacement and maximum stress for the CANMAR
Europe. The position of the Europe during the event is given by the black ellipse. The two
arrows enclosed in the inset box give the measured ship velocity, and wave propagation velocity,
respectively. Note that the measured wave front (the inclined black line) neatly crosses the bow
of the passing Europe. Movement of the Europe was from left to right (downstream).

Stander et al. CRIPE 2005 Workshop “Effect of ship transport on fast ice stability” page 19 of 23

CANMAR FORTUNE - 2/15/1995
VERTICAL DISPLACEMENT OF THE ICE SHEET
PLOTTED AS A FUNCTION OF DISTANCE FROM THE PASSING BOAT
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CANMAR FORTUNE - 2/15/1995
MAXIMUM STRESS PLOTTED AS A FUNCTION OF
DISTANCE
FROM THE PASSING BOAT
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Figure 6a and 6b: A spatial map of ice displacement and maximum stress for the CANMAR
Fortune. The position of the Fortune during the event is given by the black ellipse. The two
arrows enclosed in the inset box give the measured ship velocity, and wave propagation velocity,
respectively. Movement of the Fortune was from left to right (downstream).
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SACHSEN - 2/19/1995
VERTICAL DISPLACEMENT OF THE ICE SHEET
PLOTTED AS A FUNCTION OF DISTANCE FROM THE PASSING BOAT
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SACHSEN - 2/19/1995
MAXIMUM STRESS PLOTTED AS A FUNCTION OF DISTANCE
FROM THE PASSING BOAT
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Figure 7a and 7b: A spatial map of ice displacement and maximum stress for the Sachen. The
position of the Sachen during the event is given by the black ellipse. The two arrows enclosed in
the inset box give the measured ship velocity, and wave propagation velocity, respectively.
Movement of the Sachen was from right to left (upstream).
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CCAL THORSCAPE - 2/18/1995
VERTICAL DISPLACEMENT OF THE ICE SHEET
PLOTTED AS A FUNCTION OF DISTANCE FROM THE PASSING BOAT
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CCAL THORSCAPE - 2/18/1995
MAXIMUM STRESS PLOTTED AS A FUNCTION OF DISTANCE
FROM THE PASSING BOAT
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Figure 8a and 8b: A spatial map of ice displacement and maximum stress for the Thorscape. The
position of the Thorscape during the event is given by the black ellipse. Movement of the
Thorscape was from right to left (upstream).
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Thorscape
STRESS MAGNITUDE AND DRAWDOWN - 80 M FROM THE ICE EDGE (POSITION H)
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Figure 9: The relationship between drawdown and deformation in the ice sheet.
Break-up of the ice front probably occurred at the moment of flexure (as minimum stress
dropped to zero).
RADIUS OF ICE CURVATURE FOR THE FOUR SELECTED SHIPS
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Figure 10: A comparison of the radius of ice curvature measured during the drawdown event of
the Europe, Fortune, Sachen, and Thorscape. All measurements were collected within 80 meters
of the ice edge.
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