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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 river-
ice 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 break-
up 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 “ice-
affected 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 Years 
El Niño 1952, 1954, 1958, 1959, 1966, 1970, 1973, 1977, 1983, 1987, 1992, 1995, 

1998 
La Niña 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 non-
El 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 break-
up, 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 break-
up, 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 large-
scale 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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