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In cold regions, frozen stormwater ponds in residential area are often used for
recreational purposes such as skating, hockey and broomball. However, spatial
and temporal variations of ice thickness over these ponds have raised significant
public safety concerns. For example, in the City of Edmonton, Alberta, Canada,
pond ice covers as thick as 30 cm have been observed to melt in less than 24
hours. This results in dangerous condition for recreational users. Therefore,
municipal governments are reluctant to allow recreational activities on
stormwater ponds in winter.
The numerical model, ELCOM-Ice (Estuary and Lake Coastal Ocean Model
with an ice module, Oveisy et al., 2012), was used to study the ice processes on
one of the Edmonton’s stormwater ponds: Terwillegar Towne 2 (TT2).
ELCOM-Ice models ice cover growth and decay by solving the onedimensional governing equation of heat conduction in the three layers of snow,
white ice and blue ice, considering the heat flux through air and water. The
snow and ice parameters are process based with particular emphasis on
simulation of mid-latitude water bodies where rapid weather changes are
expected. As part of this study the ELCOM-Ice algorithm was modified to
simulate several processes found to be specific and important for stormwater
ponds. These include runoff over the ice cover and formation of white ice due to
flooding of snow cover by thawing and rainfall events. The model results were
compared against observed ice and snow thicknesses in TT2 during winters
2013-2014 and 2014-2015.

1. Introduction
Recreational activities on ice-covered water bodies such as lakes, rivers and ponds including
stormwater ponds are popular for people living in cold regions. Development of urban area
increases the volumes and rates of surface runoff and stormwater ponds are built to temporarily
store the excess water and release it at a slower rate. In newly developed communities,
stormwater ponds are the common way to control runoff and are presented as an attractive
landscaping component for local residents. During ice-covered periods, significant inflow and
outflow may occur as a response to thawing events. As these ponds are normally shallow and
small, they have limited heat capacity, thus warm runoff during thaw events in the winter can
cause significant temporal and spatial variations in ice cover properties. This poses potential
risks to recreational users and raise significant concerns for municipalities.
Unlike ice cover studies on lakes, very few studies have been conducted on ice processes and
spatial and temporal variability of ice thickness on stormwater ponds. There have been several
studies focused on the winter performance of stormwater ponds that assessed the effects of ice
cover on water quality and the rate of flow release (e.g. Wittgren and Mæhlum, 1997; Smith et
al., 2005; and Semadeni‐Davies , 2006). Marsalek et al. (2003) conducted a detailed field study
of ice thickness, current, and water quality on a 0.5 ha stormwater pond in Kingston, Ontario,
during winter 1995-1996. Ice thicknesses were measured before (mean 0.31 m) and after (mean
0.23 m) a thaw event and significant thickness loss was reported. Thinner ice was observed
primarily near the inlet and along the flow pathways. In some instances, the inflow raised the
water level, cracked the ice cover, and flooded the snow cover. Kemp et al. (2015) used Ground
Penetrating Radar coupled with an RTK GPS for detailed mapping of the ice thickness on four
stormwater ponds in Edmonton during two winters. Significant spatial variability of ice thickness
was noted in each pond and appeared to be dependent on the design and shape of the ponds.
It is therefore important that adequate measurements of ice thickness in stormwater ponds be
gathered in order to identify the causes of ice variability. However, ice thickness data is often
scarce and infrequently sampled due to the costs and hazards associated with field observation in
harsh winter conditions. Therefore, numerical models may be a viable alternative for
investigating stormwater pond’s ice processes. Winter dynamics and ice processes in lakes have
been studied using numerical models during the past few decades, and hydrodynamic models
with the capability of modelling ice processes have been improved significantly (e.g. Rogers et
al. (1995), Yao et al. (2000), Wang et al. (2010)). However, no similar modelling studies have
been conducted of ice processes in stormwater ponds and the objective of this study was to apply
the ELCOM-Ice (Oveisy et al., 2012) model to an Edmonton stormwater pond. ELCOM-Ice is a
widely-used three-dimensional hydrodynamic and biogeochemical Estuary and Lake Coastal
Ocean Model. It was modified for this study to include important physical processes in
stormwater ponds, such as flooding of the snow cover and formation of white ice due to runoff,
rainfall, and/or melting of snow. Model results were compared with extensive observations
(Kemp at al., 2015) of the spatial and temporal variability of blue ice, white ice, and snow
thickness for one stormwater pond located in Edmonton.

2. Methodology
1.1. ELCOM-Ice
ELCOM solves the hydrostatic Reynolds-averaged Navier-Stokes equations on a Cartesian
Arakawa C-grid and uses the scalar transport equations to model mass, temperature and salinity
distributions in space and time (Hodges and Dallimore, 2006). A turbulent kinetic-energy-based
mixed-layer model is used for vertical turbulent closure. The model uses a fixed, Z-coordinate
finite difference mesh with Euler-Lagrangian approach for momentum advection. The freesurface evolution is calculated using vertical integration of the continuity equation in the water
column. Details of ELCOM can be found in Hodges et al. (2000) and Hodges and Dallimore
(2006). Oveisy et al. (2012) added an ice algorithm to ELCOM to extend its capability for winter
simulation. The ice algorithm solves the one-dimensional steady-state equation of heat transfer
through three contiguous layers of blue ice, white ice, and snow, between the atmosphere and the
water column, for each grid point at the surface of a lake. The rate of accretion or ablation of the
ice cover depends on the magnitude and direction of the heat transfer that occurs between the
atmosphere and the ice or snow surface and at the ice-water interface. Figure 1 schematically
shows the three layers (subscripts i = blue ice, e = white ice and s = snow) with the relevant heat
fluxes, where Q0 is the incident solar radiation, Qlw is the net long wave radiation, Qs is the
sensible heat flux, Qe is the latent heat flux, and Qr is the heat flux due to rainfall. At the icewater interface, Qp is the penetrative solar radiation, Qf is the flux from ice to water, and Qw is
the flux from water to the ice. Ice growth and melting is the result of the imbalance between Qf
and Qw:
(1)
dhi /=
dt ( Q f − Qw ) / ρi Lw
where, hi is the ice thickness; t is time; ρi is the density of ice; and Lw is the latent heat of fusion
of water. Snow accumulates on the ice surface; if the weight of snow exceeds the buoyancy of
the ice, white ice forms due to flooding of the snow covered ice. The model also includes other
processes such as snowmelt due to rain, sediment heat transfer, and variability of snow density
and albedo. The three-dimensional hydrodynamic model coupled with the ice algorithm provides
the temporal and spatial variability needed to simulate complex water bodies in cold regions
(Oveisy et al. 2012, 2015).
1.2. Modification to ELCOM-Ice
ELCOM-Ice was developed for simulating winter dynamics in lakes. However, stormwater
ponds are much smaller and shallower than typical lakes. These ponds have significant inflow
and outflow compared to their volume. The water from runoff can flow onto the surface of the
ice cover and may result in snow/ice melting and the excess water can penetrate the snow cover
and generate white ice. A similar process can occur when water originating from rainfall
saturates the snow and/or during partial melting of the snow cover. Therefore, ELCOM-Ice was
modified to include flooding of snow and formation of white ice from runoff. In this
modification, when there is a sudden change in water level, part of the inflow to the pond is
assumed to reach to the top of the ice. In addition, it is possible to specify a surface runoff from
adjacent lands directly to the ice surface. In shallow water bodies, the thickness of the ice may
be significant compared to the depth of the water and can cause partial of complete blockage of
the flow. To account for this the effect of ice on hydrodynamics was also added to ELCOM-Ice.

3. Model Application
Figure 2 shows the bathymetry of the stormwater pond TT2. It has a surface area of 2.27 ha and
an average depth of 1.89 m, with two inlets at the Northeast and Southeast corners and one outlet
at the Northwest corner. TT2 was modelled in ELCOM-Ice with 58×48, 4×4 m cells in
horizontal and 42 0.1 m vertical layers. The model was run for the winters of 2013-2014 and
2014-2015 with a time step of 25s. Temperature profiles sampled at four locations in the pond
were used as initial conditions. The meteorological forcing data (wind speed and direction, air
temperature, and relative humidity) was measured using an onsite meteorological station and the
snowfall from the Edmonton International Airport located 15 km away. Model parameters such
as sediment heat release, inflow temperature, and snowfall were calibrated. Sediment heat
release was varied between 0 to 6 W/m2 (Ashton, 1986) and the results indicated that the higher
values resulted in much lower ice thickness thus a constant value of 2.5 W/m2 was selected. The
inflow water temperature was obtained from temperature loggers located near the bed and in
close proximity to the inlets and as result there was some uncertainty as to the accuracy of this
input data. To assess this, the inflow temperature was varied by ±1.5 °C but no significant
improvement in the result was observed and therefore no adjustments were made to this input
parameter. The snow cover plays a very significant role in ice formation processes, primarily by
acting as an insulating layer between the ice cover and the atmosphere. The depth snowfall is
often not an accurate estimate of the depth of accumulated snow due to drifting and use of offsite
snowfall measurements. As a result, a correction factor is often applied to the snowfall depth to
adjust for this effect and improve model predictions (Oveisy et al. 2012, 2014 and 2014; Rogers
1995). In this study the snowfall depths measured 15 km away at the Edmonton Airport needed
to be reduced by approximately 50% (i.e. a correction factor of ~ 0.5).
4. Results and Discussion
In Figures 3a-c and 4a-c the modelled thicknesses of blue ice, white ice, and snow cover are
compared with manual measurements during the 2013-2014 and 2014-2015 winters. To
represent the spatial variability over the pond, the thicknesses plotted were the time series of the
median (dash line) of the modelled values. Rain and snowfall data (Figures 3d and 4d) as well as
total inflow and air temperature (Figures 3e and 4e) are also plotted.
It can be seen that for winter 2013-2014, a solid ice cover formed on the pond in early November
(Figure 3a). Following full ice coverage, the snowfall accumulated over the blue ice layer
(Figure 3c) and insulated it from the atmosphere. The insulation resulted in slower growth of
blue ice from 10 December 2013 to 23 January 2014. During this period because of the excess
weight of snow, the white ice grew rapidly (Figure 3b). In late January 2014 a thaw event (note
the high air temperatures and inflow in Figure 3e) caused flooding and melting of the snow cover
removal of the insulating snow layer on the blue ice. Consequently, the thickness of blue ice
increased rapidly (29 January to 7 March 2014) and reached ~0.5 m. The blue and white ice
thicknesses decreased due to the warm weather between 7-21 March 2014, but then the blue ice
thickness increased and the snow ice thickness remained constant during a cold spell between 21
March and 5 April 2014. After 5 April 2014 both warm air temperatures and several rain events
quickly melted the blue and white ice. The model results agree reasonably well with the manual
measurements of blue ice, white ice and snow thickness. The predicted end of the ice covered
time period agrees closely with the observed date in late April. Therefore, most of the physical
processes involved in ice formation and decay have been properly captured by the model.

Similar results were observed for winter 2014-2015 (Figure 4). The ice thickness grew rapidly
starting mid-November (Figure 4a), however the rate of growth decreased as the thickness of the
snow cover increased. The maximum ice thickness was observed to reach 0.5 m in mid-March,
while the model predicted a median thickness of ~0.5 m. White ice started to form in early
December because of several heavy snowfall events (Figure 4d) which resulted in saturation of
the snow cover. A second rapid increase in white ice thickness occurred in early February 2015
which was due to inflow caused by a thaw event flooding the snow (Figure 4d). Another thaw
event in mid-March caused heavy runoff (Figure 4e), which flooded the snow cover and melted
the snow as well as part of the white ice. Finally, with the warmer air temperature and increase in
runoff in early April the ice cover quickly melted. The modelled time of “ice on” in early
November 2014 and the time of “ice off” in mid-April 2015 agreed closely with observations.
The modelled and measured spatial distribution of ice thickness are compared in Figure 5a and
5b on 7th and 26th of March 2014, respectively. The plot in Fig. 5a shows on 7 March 2014 that
both the predicted and measured ice covers were fairly uniform, although the measured ice
thicknesses are slightly (<10 cm) thicker in the south part of the pond. However, the
measurements on 26 March 2014 (Figure 5b) indicate much greater spatial variability than the
model predicted. The measured ice thickness was significantly higher than modelled values in
the south part of the pond. There was only one measurement of ice thickness map during winter
2014-2015 (Figure 6). The modelled spatial variation of ice thickness on 12 January 2015 is
fairly uniform. Similar uniformity can be seen in the measured ice thickness but these values
were ~10 cm thinner than modelled values.
In general, the modified ELCOM-Ice, was able to simulate several processes important to ice
formation on stormwater ponds and predict the ice thicknesses reasonably well. Some
discrepancies existed between model and measurements. One possible reason for the
discrepancies is the uncertainty in the input data. The snowfall data was taken from an offsite
location 15 km away. The outflow was calculated from the measured water levels in the outlet
structure and inflow was estimated a mass balance approach referred to as level pool routing
(Zoppou 1990). The temperature of inflows was taken from a probe near but not at the inflow
location, installed on the bed, which might not accurately represent the actual inflow
temperature.
Another possible reason for the discrepancies is that some specific physical processes in the
model are by necessity modelled simplistically. Figure 5a shows that on 7 March 2014 predicted
and observed ice thicknesses were uniform and similar in magnitude. However, several rain
events and warmer air temperatures that occurred 15-20 March 2014 caused significant inflow to
the pond, which flooded the snow and removed the insulating snow cover from the ice. Although
ELCOM-Ice was modified to consider this process, the flooding of the snow covered ice was
assumed to be spatially uniform. However, time lapse photographs of the ice cover show that the
flooding was often spatially non-uniform. This can be seen in Figure 7 where two images of the
TT2 pond taken on March 12, 2014 show that the southeast and northeast corners of the pond
flooded while the remainder was not. Therefore, the ice became significantly thicker on 26
March 2014 in the south part (Figure 4b).

5.

Conclusion

In this study variability of ice cover over Terwillegar Towne 2 (TT2), a stormwater pond in
Edmonton AB, was modeled for the winters of 2013-2014 and 2014-2015 using ELCOM-Ice.
The original version of ELCOM-Ice was designed to model ice cover formation on lakes, the
model was modified to include physical processes specific to stormwater ponds. The
modifications allowed the formation of white ice from flooding of snow due to runoff, rain and
melting of the snow. In addition, the amount of inflow and outflow are high compared to the
volume of these ponds, which is not common in lakes. Excess runoff can result in cracks on the
ice cover and subsequent flooding of the snow. The flooding of snow due to sudden increase of
water level was incorporated into the model. The effect of stagnant thick ice in very shallow
water was also added to the hydrodynamic model. This study shows that the modified ELCOMIce model is able to simulate the dominant ice processes, and provide reasonable predictions of
ice formation in stormwater ponds. The model could benefit from further calibration and more
accurate input data. This paper was primary focused on temporal and special distribution of the
ice cover, the three-dimensional hydrodynamic features such as flow and temperature
distribution in the pond will be discussed in separate paper.
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Figure 1. Heat fluxes and vertical layers considered in ELCOM-Ice (after Oveisy et al., 2012).

Figure 2. Bathymetry of the study pond TT2 (Kemp et al., 2015).

Figure 3. Comparison of model and
observation in winter 2013-2014: (a) blue
ice thickness, (b) white ice thickness, (c)
snow thickness, (d) rain and snowfall
height, (e) inflow and air temperature.

Figure 4. Comparison of model and
observation in winter 2014-2015: (a) blue
ice thickness, (b) white ice thickness, (c)
snow thickness, (d) rain and snowfall
height, (e) inflow and air temperature.

Figure 5. Comparison of modelled and measured ice thicknesses in winter 2013-2014: (a) 7
March 2014; (b) 26 March 2014.

Figure 6. Comparison of modelled and measured ice thickness on 12 January 2015.

(a)
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Figure 7: Digital images of the ice cover on the TT2 pond March 12, 2014 (a) south end, and (b)
north end.

