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Abstract 
 
 
Urban winter hydrology has garnered very little attention due to the general notion that 

high intensity rainfalls are the major flood-generating events in urban areas. As a result, 

few efforts have been made to research urban snow and its melt characteristics. This 

study investigated the characteristics of urban snow that differentiates it from rural snow, 

and the impact of incorporating these characteristics in an urban snowmelt model. A field 

study was conducted from fall of 2001 to spring of 2002 at the University of Calgary 

campus. Data collected includes snow depth and density, soil moisture, soil temperature, 

snow albedo, net radiation, snow evaporation, and surface temperature. Snow cover was 

classified into several types; snow piles, snow on road shoulders, snow on sidewalk 

edges, and snow in open areas. This resulted in the development of four separate 

functions for the changing snow albedo values. Shortwave radiation was found to be the 

main source of energy for urban snow, and as a consequence, the albedo of urban snow is 

a very important factor in urban snowmelt modelling. In addition, urban elements such as 

vehicle traffic and buildings can influence the energy balance of the snowpack. A study 

of the frozen ground conditions reveals that antecedent soil moisture conditions had very 

little impact on frozen ground, and thus frozen ground acts as a near impervious area. In 

the modelling component of this study, urban snowmelt was modeled using the energy 

balance method with hourly time steps and the incorporation of snow redistribution, and 

hence the simulation of snow piles. Three simulated tests of varying conditions revealed 

that peak volume, time to peak and runoff period differs for areas with snow piles versus 

a uniform urban snow cover. Simulation of rain-on-snow events revealed a sharp increase 

in runoff peak volume. Hence, under the adverse condition of intense snowmelt, frozen 

ground, and rainfall, flooding in urban areas can easily occur. Improved flood forecasting 

for urban catchments in cold regions can only be achieved with accurate modelling of 

urban winter runoff that involves the energy balance method, incorporating snow 

redistribution and urban snow cover characteristics, and using small time steps.  
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CHAPTER ONE 
 

 

INTRODUCTION 

 

 

1.1 Introduction and Research Background 

 

Studies of urban hydrology have concentrated mainly on the response of urban 

catchments to rainfall events. Generally, high intensity rainfalls are assumed to be the 

major flood-generating events in urban areas (Buttle and Xu, 1988). However, in the 

northern hemisphere, flooding is observed every year during snowmelt in urban 

environments in Scandinavia, Canada and northern USA (Bengtsson & Westerström, 

1992). Semádeni-Davies and Bengtsson (1998) reported that northern Sweden 

experiences its most severe urban flooding during spring melt. Similarly, Thorolfsson and 

Brandt (1996) reported that snowmelt and rain on saturated or frozen ground represents 

the most adverse runoff conditions in many urban areas in Norway.  

 

Melt intensities of snow are much lower than rainfall intensities but it has been assumed 

that the processes and factors governing both urban and rural snow hydrology are the 

same. Thus, snow receives little interest in urban hydrological research. However, there 

are differences between the factors that control snowmelt and runoff generation in the 

two environments (Bengtsson & Westerström, 1992).   

 

In urban flood analysis, the contribution of snowmelt and frozen ground to the generation 

of floods is not well understood. Frozen ground can lead to reduced soil infiltration and 

thus increases runoff contribution areas and extends concentration time. Floods can result 

from adverse combinations of precipitation and basin conditions such as antecedent 
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wetness, water stored in the snow cover, and frozen ground during the winter. In partially 

developed urban areas with a low degree of imperviousness, basin conditions are 

significant as the annual flood may result from a combined snowmelt-rainfall event or 

runoff from frozen ground, even though precipitation may not be particularly intense. A 

flooding situation can be further aggravated by high levels of receiving waters or reduced 

outfall drainage capacity. In these cases, it may be necessary to consider seasonal design 

events in the urban flood analysis.  

 

In a case study of the Town of Milton in southern Ontario, it was found that the annual 

peak flow based on both existing land use and the simulated peak flow based on 

controlled future land use is typically the result of spring freshet (Farrell, et. al, 2001). 

This indicates that snow accumulation and melt is critical in the consideration of 

designing stormwater management systems or facilities.  

 

In northern Scandinavia and other cold regions, waste and stormwater systems have been 

constructed according to standards set for rainfall dominated climates. This results in 

urban drainage systems that are often unable to cope with the high volumes of melt water, 

which can be sustained for several weeks (Matheussen and Thorolfsson, 1999; Semádeni-

Davies, 2000). Thus, the study of snowmelt runoff in urban areas is essential for accurate 

modelling to design reliable drainage systems. It is also the first step in improving flood 

forecasting for urbanized catchments that experience significant snowmelt runoff. It may 

also assist efforts to study winter pollutant transport (Buttle and Xu, 1988). 

 

 

1.2 Thesis Objectives 

 

The general objectives of this thesis are to: 
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a) Conduct a comprehensive literature review in order to summarize and compare 

current models for urban snowmelt. 

b) Develop a field study to investigate urban snowmelt and accumulation. 

c) Develop a model for urban snowmelt 

 

 

1.3 Thesis Layout 

 

This thesis consists of seven chapters, and the general contents of each chapter are 

outlined here. Chapter two will fulfill objective (a). It presents the processes governing 

urban snow hydrology, and details several snowmelt models currently in use. Chapter 

three will detail the thesis objectives, discusses any gaps in knowledge found through the 

literature review, and present the methodology of this study. Chapter four will fulfill 

objective (b), detailing the various data collection methods found in literature and the 

methods used in this study. Chapter five will present the results and analysis of the field 

study. Chapter six will fulfill objective (c), developing an urban snowmelt model. 

Chapter seven ends this thesis with conclusions and recommendations towards the 

improvement of the modelling of urban snow.  
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CHAPTER TWO 

 

 

LITERATURE REVIEW 

 

 

2.1 Processes Governing Urban Snow 

 

 

2.1.1 Snowmelt Processes 

 

Snowmelt rate is determined by the net energy flux to the snowpack. Under most 

conditions, and especially during melt periods, most of the energy exchange occurs at the 

snow surface (Anderson, 1973).  

 

 

Snow Cover Energy Balance Equation (Anderson, 1996): 
  

The components of the energy balance for a snowpack are illustrated in Figure 2.1. The 

energy balance equation is expressed as follows: 

 

∆Q = Qn + Qe + Qh + Qg + Qm              (1)  

 

where ∆Q is the change in the heat storage of the snow cover, which is comprised of the 

energy used to melt the ice portion of the snow cover, freeze liquid water in the snow, 

and change the temperature of the snow; Qn is the net radiation transfer; Qe is the latent 

heat transfer (related to water vapor); Qh is the sensible heat transfer (related to heat 

content of air); Qg is the heat transfer across the snow-soil interface; and Qm is the heat 
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transfer by mass changes (advected heat). Note that the unit expressing energy transfer 

terms is mme (a mm of energy per unit area defined as the energy required to melt 1 mm 

of ice, at 0oC) 

 

 

 
 

Figure 2.1: Components of the energy budget for a snowpack 

 

 
(a) Net Radiation Transfer 
 

The net radiation transfer can be expressed by the following: 

 

( ) ( )tain EtQA1QQ ∗∆−+−∗=              (2) 
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where Qn is the net radiation transfer for a snow cover; Qi is the incoming shortwave 

radiation (mme); A is the snow albedo; Qa is the incoming longwave radiation (mme); ∆t 

is the computational time interval; and Et is the total emitted longwave radiation energy 

given by Stefan’s Law (mme sec-1). 

 

Stefan’s Law: 

 
4

t TE ∗σ∗ε=                            (3) 

 

where Et is the total energy emitted (mme sec-1); ε is the emissivity in the longwave 

portion of the energy spectrum; σ is the Stefan-Boltzman constant (1.7 x 10-13 mme oK-4 

sec-1); and T is the surface temperature (oK). 

 

Snow has been found to be a nearly perfect blackbody with respect to the longwave 

radiation, thus emissivity, ε = 1.0. Substituting Equation 3 into Equation 2 gives the 

expression for net radiation transfer: 

 

( ) ( )4
oain 273T0.1tQA1QQ +∗σ∗∗∆−+−∗=                  (4)  

   

where To is the snow surface temperature (oC). 

 

 

(b) Latent and Sensible Heat Transfer 

 

Both latent and sensible heat transfer are turbulent transfer processes. Latent heat transfer 

involves the transfer of water vapor between the air and the snow surface. Latent heat is 
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either energy lost from the snowpack due to evaporation and sublimation or energy 

gained from condensation. 

 

Latent heat transfer can be expressed as: 

 

VLQ se ∗=                 (5) 

 

where Qe is the latent heat transfer; Ls is the latent heat of vaporization (Ls = 677 cal gm-1 

or 8.5 mme mm-1); and V is the water vapor transfer (mm). For every unit of water vapor 

condensed, the release of the latent heat of vaporization (677 cal gm-1) from the 

condensate will melt 7.5 times the amount of snow. Thus, to represent the condensate and 

its accompanying melt, Ls has the value of 8.5 that is, (1+7.5) mme mm-1. 

 

The rate at which water vapor is transferred depends on turbulence of air, which is related 

to windspeed. Thus, water vapor transfer can be expressed in an equation attributed to 

Dalton: 

 

( ) ( )oaa eeufV −∗=                (6) 

       

where V is the water vapor transfer (mm); f(ua) is the function of the wind speed, ua (km 

hr-1), at a height, za (m), above the snow surface (mm mb-1); ea is the vapor pressure of 

the air at za (mb); and eo is the vapor pressure at the snow surface (mb), assumed equal to 

the saturation vapor pressure at the snow surface temperature. 

 

Substituting Equation 6 into Equation 5 gives the expression for latent heat transfer: 

 

( ) ( )oaae eeuf5.8Q −∗∗=                (7) 
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Sensible heat transfer is related to the heat content of the air. Similar to water vapor 

transfer, the rate of sensible heat transfer depends on the turbulence of the air. Since the 

mechanisms of transport are analogous, it is assumed that the turbulence transfer 

coefficients for heat and water vapor are equal. Thus, the sensible heat transfer is 

calculated using the Bowen’s ratio, expressed as: 

 

oa

oa

e

h

ee
TT

Q
Q

−
−

∗γ=                      (8) 

 

where Qh is the sensible heat transfer (mme); γ is the psychometric constant (mb °C-1) (γ 

= 0.00057 Pa, where Pa (mb) is the atmospheric pressure ); To is the snow surface 

temperature (oC); and Ta is the temperature of the air  za (oC). 

 

Substituting Equation 7 into Equation 8, the resulting expression for sensible heat transfer 

is: 

 

( ) ( )oaah TTuf5.8Q −∗∗γ∗=                          (9) 

 

 

(c) Heat Transfer by Mass Changes 
 

The mass balance of a snow cover can be expressed as: 

 

∆WEt = Px – Os + V - Vg            (10) 

 

where ∆WEt is the change in total water equivalent of the snow cover (mm); Px is the 

water equivalent of precipitation (mm); Os is the liquid-water outflow from the bottom of 
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the snow cover (mm); V is the vapor transfer between snow and air; and Vg is the vapor 

transfer between snow and soil (mm).  

 

If the temperature of the snow cover is assumed to be 0 oC, and the heat content of the 

transferred vapor is assumed to be negligible, then only the heat transferred by 

precipitation need to be considered. The wet-bulb temperature is a good approximation of 

temperature of precipitation because of the analogy between falling precipitation and a 

ventilated wet-bulb thermometer. Thus, the advected heat transfer due to mass changes is: 

 

wxm TP
80
cQ ∗∗=              (11) 

 

where Tw is the wet bulb temperature (oC); and c is the specific heat (cal gm-1 oC-1) (for 

snowfall, c equals the specific heat of ice, 0.5; for rainfall, c equals the specific heat of 

water, 1.0). Equation 11 is based on the relation between heat required to melt ice (80 

calories per gram of ice) and the amount of heat given up by a gram of water when its 

temperature is decreased by one degree.   

 

Substituting Equations 4, 7, 9, and 11 into Equation 1, the energy balance equation of a 

snow cover can be written as: 

 

( ) ( ) ++∗σ∗∗∆−+−∗=∆ 4
oai 273T0.1tQA1QQ  

( ) ( ) ( )[ ]+−γ+−∗∗ oaoaa TTeeuf5.8  

gwx QTP
80
c

+∗∗             (12) 

 

In the case of a melting snowpack (To = 0 oC), the heat transfer across the snow-soil 

interface, Qg is negligible compared to energy exchange at the snow surface. 
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2.1.2 Snow Metamorphosis 

 

Freshly fallen snow exists in crystalline state, with relatively low density (snow specific 

gravity). As time passes, metamorphosis of the snow occurs, where individual snow 

crystals become bound together and into larger, coarser ice crystals, and density of the 

snow increases. This process is commonly known as “ripening” of the snowpack. In the 

early stages of the metamorphosis process, snow temperature may vary throughout the 

depth of the snowpack. However, as the snowpack ripens, a more isothermal pattern 

develops and when the snowpack is ripe, it is completely isothermal and near 0 oC. A 

snowpack ripe for melt also contains a small amount of free water. Thus, a snowpack is 

primed for runoff when it becomes isothermal at 0 oC and has reached its liquid water 

holding capacity (USACE, 1998).  

 

Following several snowfall events, as each new layer of snow is deposited, the upper 

surface of the snowpack is weathered by radiation and wind. This causes the snowpack to 

become stratified, with distinct layers of ice layers or planes that separate individual 

snowfall deposits (USACE, 1998). Meltwater from snowpack mostly percolates 

vertically downward to the bottom of the pack. 

 

 

2.1.3 Component of Energy Exchange Dominating Melt 

 

In urban areas, melt seems to be dominated by net radiation fluxes (Westerström, 1981 

and Sundin et. al, 1999). Bengtsson and Westerström (1992) showed sensible heat flux to 

be minor when snowmelt took place and a higher daily melt in the city occurred 

compared to the rural environment, which was largely due to increased absorbed 

radiative energy in the snow. In a study plot in Lulea, Sweden, Semadeni-Davies and 

Bengtsson (1998) found that the contribution of turbulent exchange, Qe and Qh to the 
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total amount of energy available for melt was low in comparison to the net radiation. The 

temperature gradient at the snow-soil interface is usually small, so the heat exchange at 

the snow-soil interface, Qg is negligible compared to the other terms (Marks and Dozier, 

1992). 

 

 

2.1.4 Factors Influencing Melt in Urban Areas 

 

Snowpack energy fluxes are greatly influenced by the urban environment. Spatial 

variations in energy fluxes exist over the snowpack due to factors such as longwave 

radiation from buildings, full-sun/shadowed effect, and snow albedo variability 

(Bengtsson and Westerström, 1992; Semádeni-Davies, 1999). 

 

 

(a) Radiation Balance 

 

In urban areas, solar radiation may be reduced compared to the rural areas due to higher 

concentrations of water vapor, carbon dioxide and impurities (Thorolfsson and Sand, 

1991).  

 

In the absence of solar radiation, longwave exchanges dominate the radiation balance of 

snowpacks in open areas. For snow near buildings, the exchange is complicated by 

longwave radiation emitted from the building walls (Buttle and Xu, 1988). Factors such 

as cloud cover, snow albedo, wall temperature and wall to site distance influence the 

radiation balance of the snowpack (Semádeni-Davies and Bengtsson, 1998).   

 

Bengtsson and Westerström (1992) found that two-storey houses influence the net 

longwave radiation of the snowpack up to 10 m from the buildings. Under clear sky 
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conditions, longwave radiation input to the snowpack 2 m from a building could increase 

by 100 Wm-2 (Bengtsson and Westerström, 1992). For snow surface near buildings, the 

influence of air temperature and atmospheric emissivity on the increased input of 

longwave radiation was minor (Bengtsson and Westerström, 1992). 

 

 

(b) Albedo 

 

Albedo is the reflectivity of a body to shortwave radiation. Snow surface albedo depends 

on grain size, porosity, and impurities. Snow albedo is a very important factor in the 

snowmelt process. Snow albedo determines the amount of shortwave radiation adsorbed 

by the snowpack, which can lead to melting of the snowpack. Melting of the snowpack 

lowers the snow albedo, which in turn results in higher adsorption of shortwave radiation. 

This process is known as the snow albedo feedback mechanism. This mechanism can 

easily increase melt of a snowpack exponentially.  

 

Snow albedo is lower in the city than in the rural areas due to pollution and the fact that 

much of the snow-covered areas are not left undisturbed. Thus, snow reflects less of the 

incoming shortwave radiation. The urban snow albedo ranges from values similar to 

undisturbed rural snow (0.8-0.4) to values less than 0.2 in the inner city (Bengtsson and 

Westerström, 1992). Snow plowed in piles near roads can be near black with albedo <0.3 

(Semádeni-Davies, 2000). Conway et. al (1996) found that a 30% decrease in albedo 

caused by soot particles resulted in a 50% increase in ablation from alpine snow cover, 

which carries significant implications for urban snowmelt processes. 

 

Albedo of the urban environment as a whole is lower than the rural environment due to 

its canyon configurations, and thus causing increased solar energy absorption, air 

temperature, advection and longwave emittance by buildings (Semádeni-Davies, 2000). 
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2.1.5 Infiltration Capacity of Frozen Soil 

 

Infiltration into frozen soils at the beginning of the melt season is largely a function of the 

air-filled soil porosity and is inversely related to the ice-moisture content of the shallow 

0-30 cm soil layer (Granger et. al, 1984). Granger et. al. (1984) also showed that the 

depth of infiltrating meltwater into uncracked soils averaged about 30 cm. The ice-

moisture content depends on the moisture content of the soil at the beginning of winter 

soil freezing. For initial low soil moisture content, frozen soils retain a significant 

infiltration capacity. However, for high initial soil moisture content, frozen soils exhibit 

greatly reduced infiltration capacity (Granger et. al, 1984).   

 

Several structurally and hydrologically different types of frost may form when the soil 

freezes. The type of frost that formed depends primarily on the moisture content of the 

soil at the onset of freezing. In literature, four types of frost have generally been 

recognised. They are “concrete frost,” essentially saturated ground that is completely 

frozen, “granular frost,” with small ice crystals intermixed with soil particles, 

“honeycomb frost,” which is similar to granular but with a higher degree of connectivity 

among the ice crystals and a lower porosity, and “stalactite frost” which describe small 

needle-like ice crystals aligned vertically and extending downward into the soil from a 

heaved surface (Dingman, 1975). 

  

In his extensive review on frozen ground, Dingman (1975) found that American 

researchers generally observed that concrete frost is impermeable, while other types of 

frost, especially granular frost permits infiltration or had little effect on infiltration 

capacities.  

 

At a study site in Ontario, Canada, Buttle (1989) found infiltration capacities were in 

excess of 300 mmh-1 even though ground surface at the study sites were frozen to a depth 
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of approximately 10 cm. He suggested the presence of honeycomb soil frost, which does 

not reduce infiltration capacity, unlike concrete frost.  

 

Compared to rural areas, urban soils suffer heavy compaction due to activities such as 

construction, traffic and modification to the original soil stratification (Buttle and Xu, 

1988). The overall effect is a reduction in the soil’s infiltration capacity. Bengtsson and 

Westerström (1992) noted that no surface runoff occurred from a grassed surface plot 

during early melt, but in the late phase of the melt period, the runoff from the grassed plot 

almost equalled that from the asphalted plot. Westerström (1990) studied two snowmelt 

periods in Porsöberget residential area, Sweden and found that infiltration at the 

beginning of the melt period is great, but decreased substantially towards the end of the 

melt period. This suggests that infiltration capacity can be greatly reduced over an 

extended melt period, and that surface which contributes to runoff increases towards the 

end of the melt period. 

 

 

2.1.6 Surfaces Contributing to Overland Flow During Snowmelt 

 

Urban areas consist of both permeable and impermeable surfaces. During spring thaw, 

impermeable surfaces that contribute to quick overland flow during rainfall events are 

largely snow-free. Snow from streets, parking lots and pathways are usually plowed and 

piled along the edges of these areas or are removed to a dumpsite. Thus, roads, 

driveways, walkways and roofs are incorporated into the runoff contributing area only 

during rain-on-snow events (Buttle and Xu, 1988). This means that for snowmelt, it is the 

permeable areas that largely contribute to runoff. In addition, concrete ground frost can 

develop in permeable urban surfaces, which occurs when wet compacted soils undergo 

rapid freezing, hence, the soil can be rendered impervious (Semádeni-Davies, 2000). For 
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rain-on-snow events, this means that the area contributing to runoff increases 

considerably, and can be greater than for summer storms. 

 

 

2.1.7  Redistribution of Snow in Urban Areas 

   

A major difference between snow in urban and rural areas is the snow removal practices 

in urban areas. Snow in urban areas is usually removed from impervious surfaces such as 

parking lots, roads, and driveways. Most of the snow is piled onto adjacent grassed 

banks. In highly impervious urban areas, the snow can be trucked to a dumpsite. 

Undisturbed, fairly uniform snow cover similar to rural snow can usually be found only 

in city parks and open grassed areas.  

 

 

2.2 Snowmelt Models 

 

 

2.2.1 Mathematical Method 

 

The only way to correctly compute the amount of snowmelt is through an energy budget 

(Anderson, 1968). However, the energy balance equation for computing snowmelt 

requires good measurements of incoming solar radiation, albedo, incoming longwave 

radiation, wind speed, vapor pressure of the air, air temperature as well as precipitation. 

In most watersheds, these data are simply not available. Thus, practical operational 

procedures for snowmelt predictions generally rely on air temperature as the index of the 

energy available for melt (Gray and Male, 1981; Watt et. al., 1989; Westerström, 1990). 

It is a conceptual model whereby the temperature index or degree-day method replaces 

the full energy balance. It is physically sound in the absence of shortwave radiation when 
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much of the energy supplied to the snowpack is atmospheric longwave radiation, such as 

for heavily forested areas (Semádeni-Davies, 2000).  

 

In its simplest form, the relationship between snowmelt and air temperature can be 

expressed by: 

   

( )bif TTMM −=              (13) 

 

where M is the snowmelt generated (mm day-1); Mf is the melt factor (mm oC-1 day-1); Ti 

is the index air temperature, commonly maximum or mean temperature (oC); and Tb is 

the base temperature, commonly 0oC. 

 

Snowmelt runoff simulated with the degree-day method assumes both a homogeneous 

snowpack and a heterogeneous snow coverage. Bengtsson (1984) showed that snowmelt 

from the heterogeneous urban environment cannot be adequately determined from 

temperature indices. Urban snow tends to be plowed into piles having a wide range of 

characteristics depending on location and landuse. Thus, the presence of snow piles can 

both reduce the maximum volume of melt and extend the melt period if determined using 

the degree-day method (Semádeni-Davies, 2000). Without modifications, this method is 

not theoretically suitable for urban snow runoff simulations (Semádeni-Davies, 2000). 

 

 

2.2.2 Computer Models 

 

Computer-based models for snow accumulation and melt range from simple temperature 

index models to complex models based on energy balances requiring extensive data. 

These models are generally presented as components of more comprehensive runoff 

models. All snowmelt routines have two basic components: (1) the method of snowmelt 



 

 

17

generation and (2) the method of handling snow cover accumulation and depletion (Watt, 

et. al, 1989). 

 

 

2.2.2.1 NWSRFS SNOW-17 

 

The National Weather Service River Forecasting System, NWSRFS is a collection of 

models that can perform a wide variety of hydrologic and hydraulic functions (NWSHL, 

1996). One of the operations available in the NWSRFS is SNOW-17, a snow 

accumulation and ablation model. It is a conceptual model representing the physical 

processes of snow accumulation and snowmelt (Anderson, 1996). Air temperature is used 

as an indicator of the energy exchanges governing the snow-air interface. The model 

differentiates snowmelt during rain-on-snow periods from melt during non-rain periods to 

account for differences in magnitudes of the energy exchanges and the seasonal variation 

in melt rates. 

 

Melt during rain is computed from an energy balance equation that calculates the net 

radiative, latent, sensible and rainwater heat transfer to calculate the amount of melt. It is 

assumed that during rain-on-snow periods, melt occurs at the snow surface. Qg is 

negligible compared to energy exchange at the snow surface. Thus, the dominant energy 

transfers are known if a few reasonable assumptions are made.  The assumptions are: 

 

a. Incoming solar radiation (shortwave) is negligible due to overcast skies 

b. Incoming longwave radiation is equal to blackbody radiation at the 

ambient air temperature 

c. Relative humidity is very high (assumed 90%) 

d. Snow cover is isothermal and melting; To = 0oC 
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In this case, the wet-bulb temperature is essentially the same as the air temperature, Tw = 

Ta. The vapor pressure is then assumed to be 90% of the saturation vapor pressure at the 

air temperature, esat. The saturation vapor pressure can be estimated using the following 

expression: 

 









+
−

∗∗=
8.242T

6.4278exp10749.2e
a

8
sat            (14) 

   

where esat is the saturation vapor pressure computed from air temperature (mb). 

 

The atmospheric pressure, Pa is computed from the elevation data using the ‘standard-

atmosphere’ altitude-pressure relationship, which can be approximated using the 

following expression: 

 
4.2

a E00745.0E34.114.1012P ll ∗+∗−=           (15) 

 

where Pa is the atmospheric pressure (mb); and El is the elevation (hundreds of meters). 

The energy balance equation is reformulated to result in a melt equation for rain-on-snow 

periods (Anderson, 1996). Equation 12 can be rewritten to express snowmelt during a 6-

hr rain-on-snow period as: 

 

( ) +−+∗∗= − 4.20273T1067.3M 4
a

9
s   

( ) ( )[ ]+∗∗+−∗∗∗ aasata TP00057.011.6e9.0uf5.8  

ax TP0125.0 ∗∗             (16) 

 

where Ms is the amount of snowmelt (mm). 
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Equation 16 is used when the amount of rain exceeds 2.5mm during a 6-hr period.   

 

During non-rain periods, the melt is estimated using a temperature index method: 

 

( )bmms TTFM −∗=                        (17) 

 

where Ms is the amount of snowmelt (mm); Fm is the melt factor (mm oC-1); Tm is the 

mean air temperature (oC); and Tb is the base temperature (oC). 

 

As the snow season progresses, due to an increase in the amount of solar radiation 

absorbed per degree of the temperature difference, Tm-Tb, the melt factor results in a 

seasonal variation. The seasonal variation of the melt factor can be expressed as: 

 

2
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2nsin
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−

∗
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
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 π∗

+
+

=                (18) 

 

where Fm is the melt factor (mm oC-1); Fmax is the maximum melt factor, assumed to 

occur on June 21 (mm oC-1); Fmin is the minimum melt factor assumed to occur on 

December 21 (mm oC-1); and n is the day number beginning with March 21. Figure 2.2 

shows a plot of the seasonal variation of the melt factor from October to April. 

 

The areal extent of the snow cover is determined by the areal depletion curve, which 

should be reasonably unique for different areas. The areal depletion curve used in the 

model is a plot of the areal extent of the snow cover versus a ratio indicating how much 

of the original snow cover remains. After a new snowfall, the area reverts to 100 percent 

cover until 25 percent of the new snow ablates. Then, the area returns to the point where 

it was before the snowfall by a straight line.  
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Figure 2.2: Seasonal variation of the melt factor (modified from Anderson, 1996) 

 

In either rain-on-snow or non-rain periods, once the heat deficit of the snowpack has been 

satisfied, the available melt water is lagged and attenuated to simulate the transmission of 

water through snow. 

 

 

2.2.2.2 EPA SWMM 

 

The U.S. Environmental Protection Agency (EPA) Storm Water Management Model, 

SWMM is a water quantity and quality simulation model developed primarily for urban 

areas. The model has the capability to be used for purposes that include routine drainage 

design, screening and planning for future drainage issues, water quality problems, 

complex hydraulic and flow routing issues, and many other engineering tasks. (Huber, 

1995) 

 

Snowmelt is optionally simulated using a degree-day type method during dry weather and 

energy balance method based on Anderson’s U.S. National Weather Service procedures 
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(1973) during rainfall periods. Different degree-day melt factors can be used on different 

urban surfaces (pervious and impervious), and a sinusoidal maximum and minimum melt 

factors is fitted to simulate a seasonal day-to-day temporal variability.  

 

SWMM simulates rain-induced melt based on the energy budget equation, assuming zero 

solar radiation, incoming longwave radiation equals blackbody radiation at the ambient 

air temperature, the snow surface temperature is 0 oC, and the dewpoint and rain water 

temperatures equal the ambient air temperature. Appropriate terms for each heat budget 

component are combined into one equation to produce the melt rate as detailed in 

Anderson (1973). 

 

Urban snow removal and the linkage to quality of buildup to the presence of snow may 

also be simulated by subjecting snow cover to a user-defined areal depletion curve that 

simulates the diminishing snow covered area (Semádeni-Davies, 2000). However, snow 

piles are not simulated explicitly; instead, the fitted depletion curve is said to compensate 

for low melt rates. 

 

 

2.2.2.3 MOUSE RDII  

 

MOUSE is a software tool developed by the Danish Hydraulic Institute (DHI), which 

simulate hydrology, hydraulics, water quality and sediment transport in urban drainage 

and sewer systems (DHI, 2000). One of the module available in MOUSE is the MOUSE 

Rainfall Dependent Inflow and Infiltration Module (RDII). MOUSE RDII is a 

hydrological model for continuous simulation of the land phase of the hydrologic cycle. It 

is a deterministic, conceptual, lumped drainage model, which calculates the precipitation 

dependent flow component.    
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MOUSE RDII consists of models to describe two types of components of flow 

hydrographs, the fast response component (FRC) and the slow response component 

(SRC). The FRC comprises of the rain induced inflow and fast infiltration, while the SRC 

comprises only the slow infiltration component. The FRC comes from impervious 

surfaces whereas the SRC originates from pervious areas and is highly dependent on 

antecedent conditions.  

 

Snowmelt is applied in the surface runoff computations and is determined using the 

temperature index method. When temperature is above 0 oC, a degree-day coefficient is 

used to determine the velocity of emptying the contents in the snow storage to the surface 

storage. The coefficient can be estimated from analysis of the relation between 

temperature, water content in the snow storage and measured discharge.     

 

The snowmelt routine was tested against drainage from a small (13ha) suburb in Lulea 

for three snowmelt seasons by Semádeni-Davies (2000). Many peaks were not captured, 

especially towards the end of the thaw period. Stormwater peaks were underestimated, 

and baseflow was overestimated (Semádeni-Davies, 2000).  

 

 

2.2.2.4 HSPF 

 

The Hydrologic Simulation Program – Fortran, HSPF is a mathematical model to 

simulate hydrologic and water quality processes in natural and man-made water systems. 

It has 3 application modules: PERLND, which simulates runoff and water quality 

constituents from pervious land areas in the watershed; IMPLND, which simulates 

impervious land area runoff and water quality; and RCHRES, which simulates movement 

of runoff water and its associated water quality constituents in stream channels and mixed 

reservoirs (Donigian et.al, 1995). 
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PERLND features a SNOW component to simulate snow accumulation and melt. 

Snowmelt is computed using a detailed energy budget method. Air temperature is used to 

determine whether precipitation is rain or snow. Energy exchanges that influence melt of 

a snowpack, net radiation transfer, convective heat transfer, latent heat of condensation, 

heat transfer from rain, and ground-induced melt are simulated. A combination of 

physical and empirical formulations are used to model processes such as fluxes and 

variables of snowfall accumulation, snowpack albedo, snowpack compaction, pack 

evaporation, atmospheric heat exchanges, snow, ice and water occurrence in the pack and 

melt from ground heat (Donigian et.al, 1995). 

 

The equations used to simulate the energy exchanges that influence snowmelt are based 

on work by the U.S. Army Corps of Engineers (1956), Anderson and Crawford (1964) 

and Anderson (1968). The following details the expressions to compute heat transfer 

processes that influence snowmelt (Bicknell et. Al, 1997): 

 

 

(a) Net radiation heat 

 

Heat supplied by radiation is determined by: 

 

( )
2.203
HHH lwsw

r
+

=              (19) 

 

where Hr is the net radiation heat flux to the snowpack (inches of water 

equivalent/interval); Hsw is the net solar or shortwave radiation (langleys/interval); Hlw is 

the net terrestrial or longwave radiation (langleys/interval); and the constant 203.2 is the 

number of langleys required to produce one inch of melt from snow at 32 oF.  
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Solar radiation is modified by the albedo and the effect of shading.  The albedo or 

reflectivity of the snowpack is a function of the dullness of the snowpack and of the 

season. The equation for calculating albedo for the 6 summer months is: 

 

( ) 5.00.24/D10.080.0A ∗−=             (20) 

 

where A is the albedo; and D is the index to the dullness of the snowpack. 

 

The corresponding equation for the winter months is: 

 

( ) 5.00.24/D07.085.0A ∗−=             (21)  

 

A is allowed a minimum value of 0.45 for summer and 0.60 for winter. Once the albedo 

of the pack is found then the net solar radiation (Hsw) is modified according to the 

equation: 

 

( ) ( )lsswsw F1A1IH −∗−=             (22) 

 

where Isw is the incoming solar radiation (langleys/interval); and Fls is the parameter 

indicating the fraction of the land segment which is shaded.  

  

Unlike shortwave radiation, which is more commonly measured, incoming longwave 

radiation is estimated from theoretical consideration of the emitting properties of the 

snowpack and its environment.  The following equations are based on Stefan’s law of 

black body radiation. They vary only by the constants, which depend on air temperature.  

For air temperatures above freezing: 
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( ) ( )[ ]6.6T2.0F1T26.0FI plsplslw −∗∗−+∗∗=          (23) 

 

And for air temperatures at freezing and below:  

  

( ) ( )[ ]6.6T17.0F1T2.0FI plsplslw −∗∗−+∗∗=          (24) 

           

where Ilw is the incoming longwave radiation (langleys/interval); Tp is the air temperature 

minus 32 (oF); and 6.6 is the average back radiation lost from the snowpack in open areas 

(langleys/hr) 

 

Since the constants in these equations were originally based on hourly time steps, both 

calculated values are multiplied by ∆T60, the number of hours per interval, so that they 

correspond to the simulation interval.  In addition, Ilw is multiplied by the fraction of clear 

sky (Fcs) when it is negative, to account for back radiation from clouds. 

 

 

(b) Latent heat transfer by condensation  

 

The heat produced by condensation of moist air moving over the snowpack is calculated 

by an empirical relationship:  

 

( ) v00026.0C11.6e59.8H mae ∗∗∗−∗=           (25) 

 

where He is the condensation heat flux to the snowpack (inches of water 

equivalent/interval); ea is the vapor pressure of the air at the current air temperature (mb); 

6.11 is the saturation vapor pressure at 32 oF, assumed to be the vapor pressure of the 
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snow surface; Cm is the parameter used to correct melt values to field conditions; and v is 

the wind speed (miles/interval). Latent heat from evaporation are considered less 

significant and thus, not simulated. 

 

 

(c) Sensible heat transfer 

 

Heat supplied by turbulent exchange with the atmosphere can occur only when air 

temperatures are greater than freezing.  This convection of heat is calculated by the 

empirical expression: 

 

( ) v00026.0C
10000

E3.00.132TH m
x

airs ∗∗∗





 ∗−∗−=         (26) 

 

where Hs is the convective heat flux to the snowpack (inches of water 

equivalent/interval); Tair is the air temperature (oF); and Ex is the mean elevation of the 

land segment above sea level (ft). 

 

In the simulation, Hs can only be positive or zero, that is, only incoming. 

 

 

(d) Heat from rain  

 

Heat transfer from rain water to the snowpack is calculated using a physically based 

equation: 

 

( )
144

32TPH airr
p

−
=              (27) 
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where Hp is the heat transfer from rain (inches of water equivalent/interval); Pr is the 

rainfall (in.); 144 is the factor to convert to equivalent depth of melt; and 32 is  the 

freezing point (oF). 

 

 

(e) Heat from the underlying ground  

 

The potential rate of ground melt is calculated hourly as a function of snowpack 

temperature (Tsp) and a lumped parameter (Mgm).  Mgm is the maximum rate of melt in 

water equivalent caused by heat from the ground at a snowpack temperature of 32 oF.  

Mgm would depend upon the thermal conductivity of the soil and the normal depth of soil 

freezing.  The potential ground melt is reduced below Mgm by 3 percent for each degree 

that Tsp is below 32 oF to a minimum of 19 percent of Mgm at 5 oF or lower. As long as a 

snowpack is present, ground melt occurs at this potential rate. 

 

The areal extent of the snow cover is determined by a snow cover depletion curve that 

relates snow covered fraction of the area to ratio of water equivalents.  

 

 

2.2.2.5 SSARR 

 

The Streamflow Synthesis and Reservoir Regulation Model (SSARR) was initially 

developed by the U.S. Corps of Engineers to enable simulation of a river system from 

rain/snowmelt runoff to regulation of runoff through a reservoir system (Speers, 1995). 

Modelling of the runoff process is constructed in the watershed module of the SSARR 

program. SSARR offers two basic methods of computing snowmelt, the temperature 

index method and the energy budget method.  
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The temperature index method relies upon a melt rate factor. The expression for 

calculating snowmelt runoff using the temperature index method is as follows: 

 

( )
24

PMTTM rbamp
∆

∗∗−=             (28) 

 

where M is the snowmelt (mm); Tmp is the period temperature at the median elevation of 

the melting snowpack (oF); Tba is the base temperature (oF); Mr is the melt rate, specified 

by the user or given as a function of accumulated runoff (in. of water per degree day); 

and ∆P is the period length (hours). 

 

The energy budget method uses a generalized equation for snowmelt applicable only for 

a partly forested area based on the Cooperative Snow Investigations research conducted 

by the Corps of Engineers. 

 

( )( )( )A1I004.0F1kM ird −−=  

( )( ) ( )ada50w T029.0FT78.0T22.0v0084.0k ′+′+′+               (29) 

 

where Md is the daily snowmelt (in/day); T′a is the difference between the air temperature 

measured at 10 feet and the snow surface temperature (oF); T′d is the difference between 

the dewpoint temperature measured at 10 feet and the snow surface temperature (oF); v50 

is the wind velocity at 50 feet above the snow (miles/hr); Ii is the observed solar radiation 

on horizontal surface (langleys); A is the average snow surface albedo; kr is the basin 

shortwave radiation melt factor; kw is the convection-condensation melt factor; and F is 

the average forest canopy cover. 
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Areal extent of the snow cover is computed by a standard snow cover depletion curve or 

by elevation bands. An example of the generalized depletion curve as used in the SSARR 

model is shown in Figure 2.3.  

 

 

 
 

Figure 2.3: Example of snow cover depletion curve (taken from USACE, 1991) 

 

The depletion curve simulates the catchments as an entity and depletes the snow-covered 

area as a function of seasonal accumulated runoff. A proportionally adjusted curve is 

used when the observed snow cover and runoff yields a point not on the theoretical curve, 

as shown in Figure 2.3. The elevation band option keeps an inventory of snow water 
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equivalent and soil moisture parameters on each elevation band (USACE, 1991). In the 

elevation bands option, each elevation band is treated as a separate watershed with its 

own characteristics and initial snow water equivalent. Each band must be either snow free 

or 100 percent snow covered.   

 

 

2.2.3 Discussion on the Snowmelt Algorithms 

 

NWSRFS SNOW-17, SWMM, MOUSE RDII and SSARR have a temperature index to 

simulate melt. This method has been proven to be valuable in rural and alpine areas 

(WMO, 1986), but transferring the model to urban environment is questionable. The melt 

factor is fitted daily to observed air temperatures and reflects the average energy and 

snow conditions. Given the small catchment size and extreme spatial variability of 

snowpack location, albedo, depth, density, and energy availability, the representativity of 

the melt rate factor in urban areas is questionable (Semádeni-Davies, 2000).    

 

Snow piles are a unique case in point, whose presence depends on the political and 

economic climate of the town. They are normally located near roads and pavements and 

are compacted and icy with low albedo. These factors will influence local melt 

conditions. Bengtsson (1984, 1986) noted that because degree-day melt routines make 

melt calculations only once daily, it masks the dynamics of runoff generation over 

impervious urban surfaces, thus it is unsuitable for urban areas.  

 

Furthermore, the time scales of SWMM and MOUSE RDII have capabilities of minutes, 

thus daily time steps seem inadequate for snowmelt generation. In their investigation of 

simulation errors due to insufficient temporal resolution in urban snowmelt models, 

Matheussen and Thorolfsson (1999) determined that snowmelt induced runoff in urban 

areas should be measured and modeled with a one-hour time resolution or less.  
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Similarly, soil routines for continuous equations are not compatible with daily melt 

values. As overflow conditions in cold regions are associated with snowmelt (spring 

runoff), an improved temporal resolution could be warranted. 

 

None of the models simulates ground frost. Thorolfsson and Brandt (1996), and 

Westerström (1984) showed that urban soils can become seasonally impervious, which 

suggests that a soil frost/thaw routine could be important. 
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CHAPTER THREE 

 

 

THESIS OBJECTIVES 

 

 

3.1 Gaps in Knowledge 

 

One of the general objectives of this study was to conduct a comprehensive literature 

review to summarize and compare current urban snowmelt models. That literature review 

identified several gaps in knowledge and modelling of urban snowmelt. They are 

discussed below: 

 

 

(a) Contribution of frozen ground to urban snowmelt modelling 

 

The role of frozen ground in the generation of floods in urban areas has largely been 

ignored. In high-density urban areas due to the high degree of imperviousness, the 

generation of flood is generally controlled by the amount of the precipitation. High 

intensity precipitation typically occurs in the summer, so winter runoff and factors such 

as frozen ground have received minimal attention. However, in low-density urban areas, 

annual floods may result from runoff from frozen ground. The contributing areas to 

snowmelt runoff will increase substantially when considering frozen ground. In addition, 

snow from impervious areas is usually plowed and piled onto pervious areas. However, 

little guidance is available for considering the effects of frozen ground on snowmelt 

runoff computations in current urban runoff models.  
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(b) Densities of urban snow 

 

In urban areas, snow removal practices alter the natural state of snow. Human activities, 

vehicle traffic, and snow plowing practices increase the amount of dirt and sand in snow. 

This results in an increase in the densities of snow in urban areas compared to snow in 

rural areas. However, few efforts have been made to investigate the densities of an urban 

snow cover. Gray and Male (1981) showed that initial density of a natural snow cover is 

usually 100 – 500 kg/m3. Sundin et. al. (1999) indicated that urban snow piles can have 

densities up to 700 kg/m3.  

 

 

(c) Rate of change of snow properties 

 

The rate of change of snow properties such as snow albedo and snow density over time is 

important for continuous modelling. However, a detailed study of the rate of change of 

snow properties in urban areas cannot be found in the literature.    

 

 

(d) Urban snowmelt models time-steps 

 

The optimum time resolution to use in an urban snowmelt runoff model is important for 

accurate modelling. However, the temporal scale appropriate for urban snowmelt models 

has not been discussed extensively in the literature. The study by Matheussen and 

Thorolfsson (1999) showed that the traditional temperature index model used in urban 

snowmelt models using daily time steps results in large errors. Their study indicated that 

urban runoff models applied to snowmelt situations should use a time step of 1-hour or 

less.   

 



 

 

34

(e) Snow energy-balance models for different snow cover types 

 

Various types of snow cover can be found in urban areas. The most dominant types are 

snow piles and the natural snow cover on pervious areas. Others include snow on road 

shoulders, snow on rooftops, and snow near building walls. Energy balance models for 

each type of snow cover in the urban areas is different due to characteristics of the snow 

such as initial density values, the initial snow albedo values and the rate of change of the 

snow properties. In addition, urban elements such as buildings influence the radiation 

budget of the snowpack. There has been no attempt to apply separate energy models to 

the different snow cover types to achieve accurate modelling of snowmelt in urban areas.   

 

 

3.2 Detailed Thesis Objectives 

 

 

(1) To investigate the spatial distribution of urban snow 

 

The spatial distribution of snow in the urban environment varies greatly compared to 

snow cover in rural area. Depending on the location of the snow cover, snow in urban 

areas is subjected to disturbances such as foot traffic, vehicle traffic, and redistribution 

(plowing). Snow is commonly plowed from streets, sidewalks and parking lots into 

windrows or piles. The snow is either left on road-shoulders, parking lot edges or 

removed to designated dumpsites. On the other hand, urban parks or playing fields may 

well have an undisturbed snow cover. The different snow cover types may have different 

SWE as well as different snow albedo values. In addition, snow cover near buildings is 

subject to different radiation intensity due to longwave radiation from building walls 

compared to undisturbed snow cover in an open area. As a result, melt characteristics of 

urban snow are markedly different from location to location due to the heterogeneity of 
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the snowpacks. Snow cover in urban areas cannot be assumed to be distributed evenly as 

is common in the rural areas. Hence, this thesis will investigate the spatial heterogeneity 

of urban snowpacks.    

 

 

(2) To investigate the temporal distribution of urban snow in terms of SWE, 

radiation balances, and snow albedo 

 

The properties of urban snow such as snow density and snow albedo change over time. 

As a consequence, the radiation balances for urban snow also changes with time. 

Documenting these changes is important in the modelling of urban snowmelt at a high 

temporal resolution. 

 

 

(3) To investigate frozen ground conditions and the significance of antecedent 

soil moisture levels 

 

Frozen ground is a common characteristic of an urban basin in a cold region. The effects 

of frozen ground on infiltration and hence, runoff is not well understood. Depending on 

meteorological factors, location, and soil moisture levels, impervious frozen ground may 

develop by the end of the winter period or the snow cover may act as an insulating layer 

preventing formation of frost. This is further complicated by the effects of Chinook winds 

due to the location of the study area. The Chinook is a warm, dry and gusty wind that 

comes from over the Rocky Mountains that is located to the west of the City of Calgary 

and can cause rapid temperature changes (Yackel, 1995). Winter Chinook winds are 

associated with rising temperatures that can reach above 0 oC. The study area is located in 

the City of Calgary, in southern Alberta and averages 45 winter Chinook days per year 
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(Yackel, 1995). Thus, mid-winter melt is quite frequent and can affect soil moisture 

levels and thaw frozen ground.  

 

 

(4) To develop an urban snow model 

 

Redistribution of snow cover in urban areas form a major difference between urban and 

rural snow hydrology. Redistribution of urban snow results in snow properties that are 

different than rural snow and as a result melt intensities for rural snow can be 

significantly different for urban snowpacks. Therefore, an urban snow model will be 

developed to generate runoff from snowmelt in an urban area using the energy balance 

method to compute snowmelt at an hourly time step. The aim of the model would be to 

demonstrate how different snow cover types that can be found in urban areas would result 

in different winter runoff patterns.    

 

 

3.3 Research Outline  

 

To achieve the objectives beyond the literature review involves developing (a) a field 

study; (b) using information from the field study to gain insights into urban snow 

hydrology, and improve urban snowmelt models; and (c) developing and programming 

an urban snow model. The field study is conducted around the University of Calgary 

campus (which is representative of a low residential environment) in the period of 

October 2001 to April 2002 and involves the collection of a number of parameters to 

resolve issues mentioned above at a high spatial and temporal resolution.  
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CHAPTER FOUR 

 

 

METHODOLOGY 

 

 

4.1 Field Location 

 

The study area is located at the campus of the University of Calgary, Alberta (51°04′N, 

114°08′W). Surficial deposit over the area of the campus consists of lacustrine sediments, 

which are predominantly silts but also include clay and fine sand (Osborn and Rejewicz, 

1998). From the surficial geology map of Calgary by Moran (1986, fig.5), sandy 

lacustrine sediments occur at the surface under the University of Calgary campus.  

 

 

4.2 Common Data Gathering Methods (From Literature) 

 

Field investigations of snow conditions remain an important task in collecting 

measurements of snow cover information. In a field study, snow surveys are conducted at 

regular intervals at designated stations throughout the winter to determine snow depth 

and vertically-integrated density so that the snow water equivalent (SWE) can be 

calculated for use in predicting spring runoff volumes. A snow course is a permanently 

marked traverse where snow surveys are conducted. Ground level observations offer the 

conventional and most direct measurement of snow conditions at single points within 

limited areas (Woo, 1997).  
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4.2.1 Snowfall Data 

 

Winter precipitation can be measured by several methods. The simplest method is by 

using snowboards to capture the amount of snow falling within a specified time period. 

The thickness of the snow on the board is measured by a graduated ruler. The board is 

reset on a new surface of the snow before the next snowfall. The depth of snow measured 

on the board is multiplied by an assumed density of 100 kg/m3 to obtain the SWE (Woo, 

1997).   

 

Other methods of measuring snow are by using precipitation gauges. Snow gauges 

measure SWE directly. In Canada, the MSC Nipher shielded snow gauge was designated 

as the official Canadian instrument for measuring SWE (Gray and Male, 1981). 

However, Woo (1997) identified several problems regarding snowfall measurements 

using snow gauges. This raises concerns regarding economic feasibility of setting up 

snow gauges in a small, easily accessible area compared to a large, remote location.  

 

 

4.2.2 Snow Surveys Measurements 

 

 

(1) Depth measurements 

 

For sampling shallow snow, a metal ruler is plunged vertically into the snow and the 

depth read directly on the ruler. For deep, hard packed snow, a snow rod can be used. It is 

recommended that the rod consist of a rounded, solid steel tip, attached to a hollow rod 

that is extensible. For very steep cornices, an alternative is to select a transect and survey 

the snow profile by levelling (Woo, 1997).  
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(2) Density measurements 

 

The standard method of determining snow density is by gravimetric measurement using a 

snow sampler to obtain a snow core. The snow sampler consists of a graduated tube with 

a cutter fixed to its lower end to permit easy penetration of the snow. Snow depth is read 

off from the sampler. The snow weight can be read directly from a special scale or the 

snow core can be retrieved to be weighed in the lab (Male and Gray, 1981). 

 

α
=ρ

d
w               (30) 

 

where ρ is the snow density; w is the weight of snow core; d is the snow depth; and α is 

the cross sectional area of the core. 

 

Several types of snow samplers are used in Canada. These includes the Canadian MSC, 

the Standard Federal, and the Eastern Snow Conference or ESC-30. Generally, the larger 

the diameter of the cutter, the greater the snow core volume and hence, the more precise 

the density measurements (Woo, 1997). 

 

 

(3) Frequency of measurements 

 

Separation of the sampling of depth and density can speed field surveys and still provide 

statistically varied areal water equivalents in shallow snowpack area, such as the Prairies, 

since there is less temporal and spatial sample variability in density than in depth (Male 

and Gray, 1981). However, this is not necessarily the case in towns (Semadeni-Davies, 

1999). Dickinson and Whitley (1972) showed that the standard error of SWE was 

smallest when equal number of depth and density samples were taken. For a transect of 
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100 m length, there should be 20-40 depth measurements (Woo, 1997). Since snowpacks 

in urban areas are heterogeneous, it is recommended to take an equal number of density 

samples. 

 

 

4.3 Temporal, Spatial Data Collected 

 

In the field study carried out at the campus of the University of Calgary, various 

quantitative and qualitative data were collected. These include soil moisture, soil 

temperature, snow albedo, net all-wave and shortwave radiation of snowpacks, 

snowpacks depth and density, evaporation rate, and sky conditions. The locations of the 

sites where these measurements were taken are shown in Figure 4.1.   

 

 
 

Figure 4.1: Map showing the study area and measurement sites 
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There are 19 measurement sites in total, and they are labeled alphabetically in Figure 4.1. 

Not all types of measurements are carried out at every site. The list of the measurement 

sites, a short description of each sites including its slope’s aspect, and the type of 

measurements taken at each site are shown in Table 4.1. 

 

Table 4.1: Measurement sites description 

 

Site Name Site Description Aspect Types of Measurements 

A Near edge of parking lot 

 

West a. Soil Moisture 

b. Soil Temperature 

c. Snow Depth and Density 

d. Snow Albedo 

e. Radiation Flux 

B Near edge of parking lot 

 

South a. Soil Moisture 

b. Soil Temperature 

c. Snow Depth and Density 

d. Snow Albedo 

e. Radiation Flux 

C Near edge of parking lot South a. Soil Moisture 

b. Snow Depth and Density 

c. Snow Albedo 

d. Radiation Flux 

D Near edge of parking lot East a. Soil Moisture 

b. Soil Temperature 

c. Snow Depth and Density 

d. Snow Albedo 

e. Radiation Flux 
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Table 4.1: Measurement sites description (continued) 

 

Site Name Site Description Aspect Types of Measurements 

E Open, undisturbed area South East a. Soil Moisture 

b. Soil Temperature 

c. Snow Depth and Density 

d. Snow Albedo 

e. Radiation Flux 

F Open area South West a. Soil Moisture 

b. Snow Depth and Density 

c. Snow Albedo 

d. Radiation Flux 

G Sidewalk edge North a. Soil Moisture 

b. Soil Temperature 

c. Snow Depth and Density 

d. Snow Albedo 

e. Radiation Flux 

H Sidewalk edge North a. Soil Moisture 

b. Snow Depth and Density 

c. Snow Albedo 

d. Radiation Flux 

I Road shoulder South West a. Soil Moisture 

b. Snow Depth and Density 

c. Snow Albedo 

d. Radiation Flux 
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Table 4.1: Measurement sites description (continued) 

 

Site Name Site Description Aspect Types of Measurements 

J Road shoulder South East a. Soil Moisture 

b. Snow Depth and Density 

c. Snow Albedo 

d. Radiation Flux 

K Sidewalk edge South West a. Snow Albedo 

b. Radiation Flux 

L Road shoulder South West a. Snow Albedo 

b. Radiation Flux 

M Playing field North West a. Snow Albedo 

b. Radiation Flux 

N Road shoulder East a. Snow Albedo 

b. Radiation Flux 

P Near North facing 

building wall 

North a. Snow Albedo 

b. Radiation Flux 

Q Near South facing 

building wall 

South a. Snow Albedo 

b. Radiation Flux 

R Playing field North East a. Snow Albedo 

b. Radiation Flux 

S Sidewalk edge East a. Snow Albedo 

b. Radiation Flux 

T Near edge of parking lot South a. Evaporation 
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4.3.1 Soil Moisture 

 

Soil moisture data is collected during periods prior to the onset of winter as well as 

during the snowmelt season. The soil moisture data determines the antecedent wetness of 

the soil at the beginning of winter soil freezing, which helps determine the type of frost 

that might develop and indicates the infiltration capacity of the soil during the melt 

season. Since during the snowmelt season, it is the permeable areas in particular, that 

contribute to runoff, soil moisture and infiltration conditions determine the runoff to a 

large extent, as noted in section 2.1.4.  

 

Soil moisture measurements are carried out using a Delta-T Profile Probe type PR1. It 

consists of a sealed composite rod, approximately 25 mm diameter, with electronic 

sensors in the form of pairs of stainless steel rings. The sensors are placed at fixed 

intervals along the length of the rod. The Profile Probe is used in a special access tube, 

also supplied by Delta-T. The soil moisture measurements, in % volume are recorded and 

stored using a Delta-T Moisture Meter type HH2, and later downloaded to a computer.  

 

The access tubes are installed flushed to the soil surface at ten sites around the campus 

grounds. The Profile Probe measures soil moisture at 6 depths on each site; 10, 20, 30, 

40, 60, and 100 cm. The Profile Probe is inserted through a spacer tube before inserting it 

into the access tube so that the sensors are placed at the correct depths. Refer to Figure 

4.2.  

 

Sampling at each site is carried out three times a day, around 9 a.m., 12 p.m., and 3 p.m.. 

To maximize the sampling at each location, three readings are taken, with the Profile 

Probe rotated through 120o each time, guided by three small screw heads on the cap of 

the Profile Probe. This procedure is necessary because there is a gap in the stainless steel 

rings, which means that the soil moisture detection is not the same all the way around the 
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probe. An average of the three readings is taken as the sampling value. When not all three 

of the readings taken at a particular depth registers on the moisture meter, then the 

sampling value is taken to be the average of two readings or is represented by a single 

reading alone. When all three readings do not register on the moisture meter, a sampling 

value of zero is assumed. When a precipitation event coincides with the approximated 

time of readings, then readings are delayed until the end of the rain or snow period. 

 

 

 
 

Figure 4.2: Profile of the soil moisture Profile Probe in the ground 
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During winter, the effects of Chinook winds may well melt snowpacks from previous 

snowfalls partially or completely. Thus, soil moisture measurements taken in the fall 

cannot always be accepted as a good indicator of soil moisture level at the time of active 

snowmelt. Exchanges of moisture at the soil and snow interface may result in moisture 

level changes in the soil. Therefore, at any time over the winter period, when soil 

temperature is above 0 oC, soil moisture measurements are also taken.     

 

 

4.3.2 Soil Temperature 

 

Soil temperature data is collected throughout the study period to aid investigation of the 

frozen ground condition as well as map ground temperature fluxes. The ground 

temperatures were measured using Onset TMCx-HA temperature sensors. The sensors 

have steel tips, which are 0.2" in diameter and have a measurement range between -40oC 

to +100oC. Readings from the temperature sensors are recorded continuously using a 

HOBO H8 Outdoor/Industrial Logger. The logger is housed in a custom-made steel 

housing case to protect the logger. The housing case is attached to a steel spike embedded 

into the ground to prevent acts of vandalism. Figure 4.3 shows how the temperature 

sensors are buried in the ground and also the steel housing for the data logger. A HOBO 

Shuttle is used to offload and transfer the recorded data to a computer.  

 

Soil temperatures are measured at four depths; 0, 5, 10, and 50 cm in five different sites 

around the campus ground. They are sites A, B, D, E, and G, as shown in Figure 4.1. The 

depths into which the sensors are placed are based on depths recorded by the University 

of Calgary’s weather station and by Environment Canada. The University of Calgary 

records soil temperature at depths of 0, 5, 10, 50, 100, and 300 cm while Environment 

Canada uses depths of 5, 10, 20, 50, 150, and 300 cm. The depths chosen in this study 

also considers the effects of Chinook winds. Frozen ground may thaw in mid winter, 
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especially closer to the surface of the ground. Therefore, three sensors are placed within 

the first 10 cm layer of soil.   

 

The sites where soil temperature measurements are recorded coincide with the sites 

where soil moisture measurements are also taken. In all the sites, the location of the 

temperature sensors is within 1 m radius from the soil moisture access tube. A hand auger 

is used to drill a hole so that the temperature sensors can be buried at the four different 

depths. 

 

 

 
 

 

Figure 4.3: Profile of the temperature sensors in the ground 

 

 



 

 

48

4.3.3 Snow Albedo 

 

Snow albedo data is important in the investigation of urban snowpack heterogeneity. The 

albedo of snow is taken directly as the inverse ratio between observed incoming and 

outgoing solar radiation. An upward facing Kipp & Zonen pyranometer measures the 

incoming solar radiation into the snowpack and a downward facing pyranometer 

measures the outgoing solar radiation. The Kipp & Zonen pyranometer has a spectral 

range of 0.4 – 1.1 µm. Therefore, the snow albedo measured in this study is based on 

measured shortwave radiation with wavelengths of 0.4 – 1.1 µm.     

 

The output of the Kipp & Zonen pyranometer, in Volts, is recorded by two digital 

multimeters, which have resolutions of 0.1 mV. The pyranometer has a sensitivity of 0.1 

mV/Wm-2. Thus, the radiation intensity, in W/m2 is calculated by dividing the output of 

the multimeter by the sensitivity of the pyranometer.  

 

The snow albedo is measured at specific locations such as road shoulders, the sidewalk 

edges, in open areas, and of snow piles.  

 

 

4.3.4 Net Longwave Radiation 

 

The net longwave radiation of the snowpack is monitored to investigate the influence of 

factors such as building walls on the radiation balance of the snowpack. A Kipp & Zonen 

net radiometer measures the net all-wave radiation of the snowpack. The Kipp & Zonen 

net radiometer has a spectral range of 0.2 – 100 µm. Two Kipp & Zonen pyranometer 

measure the net shortwave radiation of the snowpack. The net longwave radiation of the 

snowpack is then obtained by simply subtracting the net shortwave radiation from the net 

all-wave radiation measurements. 
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The output of the Kipp & Zonen net radiometer, in Volts, is recorded by a Wavetek® 

Meterman digital multimeter. The digital multimeter has a resolution of 0.01mV. The 

radiometer has a sensitivity of 0.01 mV/Wm-2. Thus, the radiation intensity, in W/m2 is 

calculated by dividing the output by the sensitivity of the radiometer. 

 

The radiation measurements are taken at locations such as near a North and a South 

facing building wall, in open areas, and of snow piles.   

 

For this study area, longwave radiation into the snowpack can be complicated by 

Chinook events. Chinook conditions are usually accompanied by dense cloud cover, 

which can increase atmospheric reflectivity, and thus, influence the net longwave 

radiation into the snowpack.  

 

 

4.3.5 Snow Depth and Density 

 

Snow depth and density measurements are collected to calculate the SWE of the 

snowpacks throughout the study area. A SEAR 500 cm3 Sampling Tube is used to collect 

snow samples and it’s weighed using a 500 g Dial Spring Scale. The depths of the 

snowpacks are measured using a SEAR 2 m fiberglass folding ruler. Only the 

accumulated depth of the snow piles is measured. An equal number of depth and density 

samples are taken since different snow piles may have different depth and density values.  

The snow depth and density measurements are also collected to demonstrate the spatial 

variability of point SWE in urban areas. For natural snow cover, the initial density of 

snow ranges from 100 to 500 kg/m3 (Gray and Male, 1981). For urban snow cleared from 
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streets and piled up by an excavator, the initial density can reach up to 700 kg/m3 (Sundin 

et. al, 1999).  

To study the heterogeneity of the SWE of the urban snow cover, the snow depth and 

density measurements are taken at every location where the soil moisture or the soil 

temperature measurements are taken.   

 

 

4.3.6 Evaporation of Snowpack 

 

Evaporation of the snow is measured to study latent heat loss from the snowpack. The 

study area is affected by Chinook conditions that bring warm, windy air during mid 

winter. Thus, ablation of the snow is accelerated by such conditions. The evaporation of 

the snowpack is measured using a weight system. Three light rectangular aluminium foil 

pans are used as evaporation pans. The pans have measurements of 20.3 cm x 12.7 cm x 

2.5 cm. One of the pans is filled with icy, large-grained snow from snow piles and placed 

on top of a snow pile. The other two pans are filled with dry, small-grained, new snow 

and slightly larger-grained, older snow respectively and placed on ground level. A GBX-

230 Gram Precision Balance from Osprey Scientific Inc. is used to measure the weight of 

the initial contents of the pans early in the morning and the final contents of the pans at 

the end of the day. The scale is sensitive to its surroundings and is affected by wind 

turbulence. As the weighing process takes place in the outdoors, the scale is placed in a 

card box and covered with another box that has a sealed plastic viewing window when 

the pans are being weighed.    
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4.3.7 Surface Temperatures 

 

The surface temperatures of the road, parking lot, north and south facing building walls 

under different conditions are taken to monitor temperature changes that might contribute 

to snowmelt. Traffic vehicles supply heat energy to road surfaces, thus contributing to 

snowmelt on road surfaces (Ishikawa et. al, 1999). Parking lots might have a different 

surface temperature compared to roads, or sidewalks. The variability of the temperature 

of different surfaces is investigated using quickTEMP, a non-contact thermometer by 

Linear Laboratories. The thermometer uses infrared technology to obtain instantaneous 

reading of a surface temperature.   

 

 

4.3.8 Precipitation Events (to be noted) 

 

Precipitation events over the course of the study period are observed and recorded. The 

purpose of such observations is to note substantial snowfall events, so that snow 

measurements can be carried out. The notation also serves to record whether a rain on 

snow event occurred over the study period, as snowmelt under such conditions are 

calculated differently than non-rain periods. 

 

  

4.3.9 University Weather Station 

 

The Department of Geography at the University of Calgary maintains a weather station 

located at the Northwest corner of the university campus. Data collected from the 

University weather station will also be used in this study, to verify the field data collected 

as well as providing meteorological data for snowmelt computations. 
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CHAPTER FIVE 

 

 

FIELD STUDY RESULTS AND ANALYSIS 

 

 

5.1 Qualitative Analysis 

 

Over the study period of October 2001 to April 2002, six significant snowfall events 

occurred in the study area. The dates for these events are: October 24th; October 29th; 

November 26th; December 10th; January 28th; February 25th; and April 6th. Most of the 

snowfall events were followed by Chinook conditions that resulted in snowmelt.   

 

 

5.1.1 Visual Survey of Northwest Calgary  

 

A drive around the Northwest communities in Calgary revealed that there is no marked 

difference in the spatial distribution of snow cover between a high-density residential 

area and a medium or low-density residential area. The visual survey was conducted on 

Feb 5th, 2002. In general, snow from the sidewalks and driveways are shoveled onto 

grassed medians and boulevards. This results in a snowpack with higher depth and 

density as compared to a natural snow cover. This is similar to snow on sidewalk edges 

around the campus after the snow on the concrete sidewalks has been brushed off. Snow 

from parking lots of commercial centers is plowed and piled onto grassed areas around 

the perimeter of the parking lots, which is typical and resembles the conditions of the 

parking lots around the campus grounds.  
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The snow piles consisted of a mixture of compacted snow, sand and gravel. Snow on 

road shoulders and road medians are dirty due to a high content of sand and gravel. The 

dirty snow extends to about half a meter away from the road edges. The visual survey of 

the snow cover around the Northwest area of the city showed that there are no significant 

differences between plowing practices around the city and the university campus. 

Therefore, the campus ground can be considered to be representative of a low-density 

urban area. 

 

 

5.1.2 Classification of Urban Snow Cover 

 

The snow removal practices in the study area resulted in different snow covers that have 

distinct characteristics relative to each other. In this study, the common snow cover that 

can be found in urban areas is classified into four types; snow piles, snow on road 

shoulders, snow on sidewalk edges, and snow in open areas. Figure 5.1 shows the 

different snow cover types classified. 

 

Snow piles are formed from removal of snow from large impervious areas such as 

parking lots and roads, and can usually be found along the pervious areas surrounding the 

parking lots. Snow piles are highly compacted and contain a high degree of dirt and 

gravel. Snow on road shoulders results from build-up of snow rolled to the sides by road-

sanding machines. Snow on sidewalk edges accumulates from snow brushed from the 

sidewalk pavements. Snow in open areas such as recreational fields or parks are natural, 

and quite undisturbed except for the occasional foot traffic. The measurement sites 

selected covered all four types of the snow cover classified.  
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Figure 5.1: Snow cover types classified 

 

 

5.1.3 Snow Plowing Practices 

 

On the campus ground, for the first substantial snowfall, the snow is plowed onto 

medians along the road and onto islands in the parking lot. Snow from pedestrian 

sidewalks is brushed off the pavements. Snow from subsequent snowfalls is plowed into 

windrows along the parking lot edges and grassed clearings.  
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5.1.4 Precipitation Events 

 

Observations and weather station data revealed that no rain on snow events occurred over 

the study period. This eliminates the necessity to consider rain induced melt in the 

computations of snowmelt. 

 

 

5.2 Quantitative Analysis 

 

 

5.2.1 Snow Water Equivalent 

 

Snow water equivalent (SWE) is the most important parameter in the study of snow 

hydrology. The SWE determines the amount of water stored in the snowpack, and hence 

the amount available for runoff in the winter. In urban areas, snow cover is often subject 

to redistribution due to the snow removal practices. This results in a heterogeneous 

spatial distribution of the SWE of the snow cover. 

 

Table 5.1 shows the instantaneous snow depth and density values for the different snow 

cover types, measured after a snowfall on January 25th, 2002 and the corresponding snow 

water equivalent. The University weather station’s Nipher gauge recorded this snowfall 

event as having a SWE of 1.6 cm. This is comparable to the SWE of 1.4 cm measured in 

the open area, and thus verifies the field measurements.  
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Table 5.1: Instantaneous snow measurements 

 

Types of snow cover Snow Depth 

(cm) 

Snow Density 

(kg/m3) 

SWE 

(cm) 

Pile 130 380 49.4 

Road Shoulder 20 190 3.8 

Sidewalk Edge 22 160 3.5 

Open Area 13 110 1.4 

 

 

The snow depth and density measurements in Table 5.1 show that the SWE of the urban 

snow cover is spatially heterogeneous and is location dependent. Snow piles are usually 

compact, and have the highest depth and density values compared to the other snow 

cover types. Snow on road shoulders usually have a similar SWE as snow on sidewalk 

edges, and snow in open areas has the lowest SWE compared to the other types of snow 

cover.  

 

An intense two-day snow depth and density survey was conducted on the 8th and 9th of 

January, 2002 to obtain snow water equivalent data of existing snow piles on the 

University of Calgary campus. A total of 90 samples were taken and varying depth and 

density values were obtained. Figure 5.2 shows the map of the University of Calgary 

campus and the locations where the snow sampling were carried out. It can be seen from 

the map that the snow sampling are concentrated along the perimeter of impervious areas 

such as parking lots and roadways. This shows that the snow on parking lots and 

roadways are plowed and deposited on the surrounding grassed banks. Natural snow 

cover on pervious areas had completely ablated at the time the snow survey was carried 

out.    
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Table 5.2 shows the summary of the results of the two day snow survey. The snow water 

equivalent of the samples vary between 14 – 92 cm, which is very high compared to the 

SWE of 2.4 cm measured at an open area after the snowfall event. Snow density of the 

piles ranges between 310 – 600 kg/m3. However, the snow piles surveyed contained a 

significant amount of gravel, which will overestimate the snow density values slightly. 

The snow density averages 470 kg/m3 with a standard deviation of 50 kg/m3, which 

indicates that the average is a good representation of the density of snow piles. This 

shows that density values of snow piles are much higher than the snow densities of a 

natural snow cover.   

 

The snow survey illustrates the common practice in urban areas to plow snow from large 

impervious areas and to pile them on surrounding grassed banks. This results in the 

redistribution of a uniform snow cover with low SWE into concentrated piles with high 

SWE. Table 5.2 shows that the snow piles are highly heterogeneous in terms of its depth 

and density, which results in a random distribution of the SWE. The snow survey also 

shows that snow piles, a dominant snow cover in urban areas have a longer melt period 

compared to other types of snow cover.  
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Figure 5.2: Locations of snow pile measurement sites on the University of Calgary 



 

 

59

Table 5.2: Summary of campus snow survey 

 

Number of sample 90 

Range of snow pile depth 30 cm – 200 cm 

Range of snow pile density 310 kg/m3 – 600 kg/m3 

Range of snow water equivalent (SWE) 14 cm – 92 cm 

Average snow density 470 kg/m3 

Standard deviation of snow density 50 kg/m3 

 

 

 

Over the study period, snow depth and density of different snow cover types were 

measured after every significant snowfall event, and periodically between each snowfall. 

Table 5.3 shows the range of the snow density values measured for the different snow 

cover types, as well as the averaged snow densities and the averaged SWE. Average 

snow density for snow piles is about 500 kg/m3, whereas average snow density for snow 

in open areas is only about 200 kg/m3. Average snow densities for snow on road 

shoulders and snow on sidewalk edges are slightly higher than snow in open areas. 

Similarly, the average SWE for snow piles is much higher than snow in open areas, and 

average SWE for snow on road shoulders and snow on sidewalk edges is only slightly 

higher than snow in open areas. Snow samples measured over the study period show that 

although snow depth and density values varies for the different types of snow cover, 

average SWE for snow on road shoulders, on sidewalk edges, and in open areas are quite 

similar. Snow piles, on the other hand, have a distinctly higher SWE average. In addition, 

snow piles are a dominant snow cover in urban areas. Therefore, in modelling the spatial 

heterogeneity of SWE in urban areas, modelling snow piles is very important.  
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Table 5.3: Summary of snow density values 

 

Types of snow 

cover 

Number 

of 

samples 

Range of 

Snow 

Density 

(kg/m3) 

Average 

Snow 

Density 

(kg/m3) 

Average 

Snow  

Depth 

(cm) 

Average 

SWE  

(cm) 

Piles 44 300 – 600 490 73 35.0 

Road Shoulders 8 180 – 340 220 16 3.5 

Sidewalk Edges 22 160 – 320 240 15 3.4 

Open Areas 26 110 – 340 210 13 2.5 

 

 

 

5.2.2 Soil Moisture 

 

Soil moisture measurements were taken prior to ground freeze-up and during spring 

thaw. The measurements prior to ground freeze-up will give an indication of the moisture 

level at the start of infiltration in spring. Figure 5.3 shows the averaged soil moisture 

content in volumetric % for the 0-30 cm depth for different measurement sites. The 

measurements were taken on November 23rd, 2001, prior to the ground freeze-up. The 

averaged soil moisture content varies from one location to another, and ranges between 5-

35 %. The measured soil moisture level is very low, reflective of the dry conditions 

experienced in the study area.    
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Figure 5.3: Averaged soil moisture level in the 0-30 cm depth for the different 

measurement sites 

 

 

 

Figure 5.4 shows the vertical soil moisture profile for one of the measurement sites. The 

soil moisture content increases with depth for this site, but the patterns of the vertical soil 

moisture profile diverge substantially from one location to another. The soil moisture 

measurements reveal high spatial variability of the soil moisture content, which shows 

that the spatial scale of urban snow hydrology is very small (likely smaller than rural 

snow hydrology). Therefore, a very high density of point measurements is required for a 

good representation of the hydrological properties of the urban watershed.  
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Figure 5.4: Soil moisture variation with depth at Site C 

 

 

5.2.3 Soil Temperature 

 

Hourly soil temperature measurements are used to aid the investigation of frozen ground 

as well as to map soil temperature fluxes. In this study, frozen ground is defined as when 

the soil temperature remained below 0 oC. Figure 5.5 shows 24-hour soil temperature 

averages for four depths at five measurement sites as well as for the air temperature, from 

October 1st, 2001 to April 30th, 2002. Air temperature reveals several periods of Chinook 

conditions that raised the air temperature above 0 oC during mid-winter. However, soil 

temperature data measured indicated that the ground remained frozen throughout the 

winter. Soil temperature data at all depths decreases to below 0 oC as the air temperature 

drops below freezing, and the soil temperature remained below 0 oC until the beginning 

of April.                    
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The 24-hour temperature average plots show that soil temperature fluctuates with 

changes in the air temperature for all the measurement sites. Comparison of the soil 

temperature fluxes for the different sites reveals that with the exception of site E, all the 

other sites have similar soil temperature fluctuations prior to April. In addition, the 

magnitude of the temperature fluctuations for site E is not as high as for all the other 

sites. Site E is an open area with a natural snow cover throughout the winter, and sites A, 

B, D, and G usually have snow piles on the ground surface.     

 

Figure 5.6 shows hourly temperature fluxes for measurement sites E, B, D, and G as well 

as the hourly air temperature. Figure 5.6 reveals how snow cover affects the soil 

temperature. Prior to January 25th, 2002, the snow cover for all measurement sites has 

started to deplete due to Chinook conditions. By January 21st, 2002, the snow cover had 

completely ablated. The temperature fluxes for all the measurement sites showed that the 

soil temperature at depths 0, 5, and 10 cm dropped sharply and showed a more 

pronounced fluctuation after January 21st. Heavy snowfall started on January 25th, 2002, 

and an accumulation of 15 cm was recorded by the University weather station. The effect 

of the thick layer of snow on the soil temperature can be seen by the significant change in 

the soil temperature fluctuations. Soil temperature fluctuations became less pronounced, 

and reacted less with the changes in the air temperature.     

 

Figure 5.6 also shows that sites B, D, and G had a clear underlying trend of increase in 

temperature, similar to the air temperature. Soil temperatures at site E, however, 

remained at an average value. This could be the result of the type of snow cover 

overlying the ground surface at each measurement sites. As previously mentioned, site E 

is covered by a near-uniform natural snow cover, whereas sites B, D, and G are covered 

with snow piles. Factors such as ground slope and tree canopy at sites B, D, and G result 

in an uneven snow cover depth. Thus, even though a snow pile may cover the ground 

surface directly above the temperature sensors, thin snow cover at the surrounding area 
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can easily affect the soil temperatures. Site E, on the other hand, is well insulated due to 

the layer of snow covering a large area in the vicinity of the temperature sensors. This 

also explains the less pronounced temperature fluctuations exhibited at site E compared 

to all the other sites in Figure 5.5. Note that the ground is mostly snow covered between 

November 26th, 2001 and April 10th, 2002.     

 

Figure 5.7 shows hourly temperature fluxes for five measurement sites and the air 

temperature for the month of April 2002. The dashed line in each soil temperature plot 

indicates the date when complete ablation of the snow cover at each measurement site is 

observed. Due to instrument malfunction, the start of ground thaw can only be reasonably 

assessed from sites E, B, and G. For these three sites, it can be clearly seen that the start 

of ground thaw coincides with the end of the snow cover depletion. Soil temperature 

increases to above 0 oC only after complete ablation of the overlying snow cover. Figure 

5.7 also shows that the soil temperature measurements at the ground surface for all the 

measurements sites were higher than the air temperature on numerous days after the 

complete ablation of the snow cover. This is due to the fact that the temperature sensor at 

the ground surface is exposed to solar radiation, thus heating up to a temperature greater 

than the air. 

 

The soil temperature plots showed that the snow cover acts as an insulating layer to a 

certain degree with the result of dampening the fluctuations in the soil temperature in 

reaction to the changes in air temperature. However, this effect is more pronounced when 

the snow cover is uniformly covering a larger extent of area. Other investigators have 

also shown similar result for near surface soil temperatures, which reaches an equilibrium 

temperature near 0 oC once a snowcover is established (Marks, et. al, 2000). The 

temperature plots also revealed the lack of spatial heterogeneity for the soil temperature 

fluxes from one measurement site to another measurement site.      
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Figure 5.5: 24-hr temperature averages from October 1, 2001 to April 30, 2002 
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Figure 5.6: Hourly temperature fluxes from January 14, 2002 to March 4, 2002 
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Figure 5.7: Hourly temperature fluxes for April, 2002 (Dashed line indicates date when 

complete ablation of snow cover is observed) 
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Figure 5.8 shows the vertical soil temperature profile measured at the University weather 

station on March 21st, 2002. Assuming a straight-line interpolation between measurement 

points, the depth of ground frost is estimated to be 160 cm.      
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Figure 5.8: Soil temperature variation with depth 
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5.2.4 Infiltration into Frozen Ground 

 

Infiltration into frozen ground is a function of the soil moisture at the shallow depth of 0-

30 cm, prior to ground freeze-up and also a function of the snow water equivalent of the 

snowpack overlying the ground (Granger et. al, 1984). The amount of infiltration is 

inversely related to the soil moisture prior to ground freeze-up and directly related to the 

snow water equivalent of the snowpack (Granger et. al, 1984). Averaged soil moisture 

content measured at the study area revealed a dry condition, which indicates that 

substantial amount of infiltration should occur over the winter. Figure 5.9 shows the 

relationship between the total infiltration recorded over the winter and the SWE of the 

snowpack. In general, the infiltration amount increases as the SWE value increases. 

However, with the exception of one measurement site, the infiltration amount recorded 

was 5 mm or less. This shows that even with dry initial soil condition, the infiltration 

amount was relatively low compared to the available SWE. This suggests that the frozen 

ground acts as a near impervious area regardless of whether the initial soil moisture 

condition was dry or near saturation.   
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Figure 5.9: Infiltration amount vs. SWE 
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The soil temperature data showed that the ground remained frozen as long as the 

overlying snowpack had not completely ablated. This carries implications in the 

modelling of urban snowmelt runoff. Since infiltration is found to be minimal, runoff 

from snowpack on pervious areas essentially will flow to the nearest impervious areas, or 

to any nearby catchbasins.  

 

 

5.2.5 Albedo of Snow 

 

Snow albedo measures the reflectance of the incident solar radiation by the snowpack. 

The albedo of snow is taken directly as the inverse ratio between observed incoming and 

outgoing solar radiation. Snow albedo measurements are used in the energy budget 

calculations of snowmelt, and the rate of change of snow albedo values is important in 

the continuous modelling of runoff from snowmelt. In this study, the shortwave radiation 

measurements commenced after a snowfall event that occurred from the 25th to the 27th of 

February. Snow albedo was measured for the four different types of snow cover classified 

earlier, and measurements were only taken on days with no significant cloud cover. 

 

Figure 5.10 shows the snow albedo values measured over time for snowpacks in four 

different open areas. The albedo of snowpacks in open areas ranges between 0.9 – 1.0 for 

new snow and as ablation takes place, albedo of the snow decreases linearly to between 

0.6 – 0.7, before the snow ablates completely. The final snow albedo value before 

complete ablation of the snowpack is relatively high because snowpacks in open areas are 

relatively undisturbed. Thus, the decrease of the snow albedo value is largely due to the 

melting of the snowpack.  
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Figure 5.10: Snow albedo measurements at four open area sites 

 

Albedo values measured for snow piles around the perimeter of parking Lot 10 are shown 

in Figure 5.11. Initial albedo values of snow piles are dependent on the snow/gravel 

content of the snow. Some snow piles are built from snow that has a much higher content 

of sand and gravel compared to other snow piles. These piles then will have a much 

lower snow albedo, due to its high dirt content. The albedo values for snow piles shown 

in Figure 5.11 decreases exponentially to 0.1 – 0.2. The low albedo values at the end of 

the melt period is due to both sand and gravel content of the snowpack as well as melting 

of the snowpack.  
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Figure 5.11: Snow albedo measurements for four sites with snow piles 

 

Figure 5.12 shows the albedo of snowpacks on road shoulders. Newly plowed snow have 

albedo values of 0.7 – 0.8. Albedo of the snow decreases exponentially to 0.3 – 0.4 for 

sites I and L. Sites I and L are South facing sites, thus they receive maximum sun 

exposure. Snow albedo at site N decreases exponentially at a slower rate, but also reaches 

a very low value of 0.2. Site N is east facing and is shadowed by trees in the morning and 

in the late afternoon. Thus, snowpack at site N ablates at a slower rate compared to sites I 

and L.   
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Figure 5.12: Albedo measurements for snow on road shoulders 

 

Snow on sidewalk edges are accumulated from snow brushed off from the sidewalk. 

Snow brushed off the sidewalk usually has a very low content of sand because sidewalks 

are usually only slightly sanded. Figure 5.13 shows the albedo values for snow on 
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sidewalk edges. The snow albedo values decreases linearly to 0.5 - 0.6 at the end of the 

melt period.  Snow at site K ablates faster than site H because site K is south facing while 

site H is north facing. Thus, site H is shaded in the morning and late afternoon, 

prolonging the ablation process. Similar to snow in open areas, the linear decrease of the 

albedo values for snow on road shoulders is largely due to melting of the snowpack. 

 

 

 
 

Figure 5.13: Albedo of snow on sidewalk edges 

 

Comparison of the albedo values for the snow cover at different location shows that snow 

albedo varies for the different snow covers. Rate of the albedo changes also differs for the 

different sites. Snow in open areas and snow on sidewalk edges decreases linearly, 

whereas snow piles and snow on road shoulders decreases at an exponential rate. This 

demonstrates the spatial heterogeneity of the snow cover characteristics in urban areas in 

terms of its albedo values. Generally, snow albedo at various open areas remains quite 

high, up until complete ablation or melt takes place. On the other hand, snow on road 

shoulders and snow piles have a much lower albedo values. The albedo of snow on road 

shoulders can start out quite high, but quickly progresses to dirty, low albedo snow. Snow 

on sidewalk edges has similar albedo values as snow in open areas, but decreases to a 



 

 

75

slightly lower albedo at the end of the melt period. Table 5.4 shows the summary of the 

initial and final snow albedo values for the four snow cover types classified. 

 

Table 5.4: Snow albedo summary 

 

Types of snow cover Initial snow albedo Final snow albedo 

Piles 0.6 – 0.9 0.1 – 0.2 

Road Shoulders 0.7 – 0.8 0.2 – 0.4 

Sidewalk Edges 0.9 0.5 – 0.6 

Open Areas 0.9 0.6 – 0.7 

 

 

Measurements of the snow albedo on a cloudless, warm day revealed that higher albedos 

are recorded in the morning and in the evening compared to the albedo during the noon 

hour. This variation is due to the angle of the incident solar beam and the change in the 

structure of the snow. A higher angle of incidence results in higher albedos. In addition, a 

crust occurs on the snow surface in the morning and in the evening. However, during 

midday, the angle of the incident solar beam is smaller and as active melt is occurring, 

there is a higher concentration of liquid water in the top layers of the snowpack, which 

decreases the albedo. Table 5.5 shows albedo measurements taken at sites A, C, and D. 

Albedo values for sites A in the morning are not available because the aspect of its slope 

is west facing, and thus the snow cover is shaded in the morning. Similarly, site D is 

shaded in the late afternoon. The snow albedo values measured for the snow cover at sites 

A, C, and D reveals that the higher snow albedos are recorded in the morning and in the 

late afternoon compared to the noon hour. This shows that snow albedo values not only 

changes with time, it also exhibits a daily diurnal pattern on sunny, cloudless days.     
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Table 5.5: Albedo values for snow cover at sites A, C, and D 

 

Date Time Albedo values 

for snow cover 

at Site A 

Albedo values 

for snow cover 

at Site C 

Albedo values 

for snow cover 

at Site D 

9:30  0.74 0.51 

12:30 0.31 0.48 0.40 

07-Feb-02 

15:30 0.44 0.61  

9:30  0.70 0.53 

12:30 0.30 0.43 0.41 

11-Feb-02 

15:30 0.48 0.46  

9:30  0.49 0.43 

12:30 0.23 0.23 0.29 

14-Feb-02 

15:30 0.33 0.29  

 

 

5.2.6 Net Longwave Radiation 

 

In urban areas, the radiation exchanges of a snowpack is further complicated by the 

presence of building walls, which emits longwave radiation. The net longwave radiation 

of snowpacks near a North-facing wall and a South-facing wall as well as an open area is 

presented in Table 5.6. The net longwave radiation is calculated using radiation 

measurements taken on sunny and cloudless days. Table 5.6 shows that net longwave 

radiation of snowpacks near building walls can be significantly higher than net longwave 

radiation of snowpacks in an open area. The measurements of net longwave radiation on 

snowpacks at site P (near North-facing wall) and site E (open area) differs by as much as 

91 W/m2. This shows that the influence of building walls on the snowpacks’ net radiation 

is significant.  



 

 

77

Comparison of site P (near North-facing wall) and Q (near South-facing wall) reveals that 

a sun-facing building wall can increase the net longwave radiation into the snowpacks 

between 68-84 W/m2. Solar radiation is adsorbed by the building wall, which increases 

the longwave radiation emitted. The net longwave measurements showed that building 

walls have a significant effect on the radiation balance of a snowpack. This factor is 

important in the modelling of snowmelt runoff in a high-density urban area.  

 

Table 5.6: Net longwave radiation measurements at sites E, P, and Q on cloudless days 

 

Date Site E 

(Open area), 

 

W/m2 

Site P 

(North-facing 

building wall), 

W/m2 

Site Q 

(South-facing 

building wall), 

W/m2 

31-Jan-02 -38 12 83 

01-Feb-02 -84 7 91 

02-Feb-02 -43 15 83 

04-Feb-02 -68 8 83 

 

 

5.2.7 Net Radiation Fluxes 

 

Radiation heat flux drives melt in many environments. It usually dominates the 

snowpack’s energy balance. Therefore, the net all-wave radiation of the snowpack is a 

strong indicator of snowmelt. Heat fluxes incident on the snowpack are considered 

positive values, and those away from the pack, negative values. Hence, positive values of 

net shortwave radiation would be the total adsorbed solar radiation by the snowpack. This 

applies to net longwave radiation and net all-wave radiation as well. The radiation 

measurements commenced after a snowfall event that occurred from the 25th to 27th 
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February. Measurements continued until the next significant snowfall event or when the 

snowpack has completely ablated. 

 

The net radiation fluxes measured for snow piles are shown in Figure 5.14 and a 

progressively increasing trend for the net radiation fluxes can be observed over time. The 

net all-wave radiation values range between -50W/m2 to 500 W/m2. Shortwave radiation 

dominates the all-wave radiation exchanges and measurements indicate that adsorbed 

shortwave radiation was high, which can be attributed to the low albedo for snow piles.  

 

 
 

Figure 5.14: Net radiation fluxes measured for snow piles 
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Figure 5.15 shows the net radiation fluxes for snow in open areas, measured at four 

different sites. Net all-wave radiation values for snow in open areas ranges between -100 

W/m2 to 150 W/m2, which is considerably lower than values measured for snow piles. 

Shortwave radiation also dominates the all-wave radiation exchanges, but had lower 

values compared to the shortwave radiation measured for snow piles. Snow in open areas 

has albedo values that remain above 0.5 during spring, resulting in higher shortwave 

radiation reflectance compared to snow piles.  

 

 
 

Figure 5.15: Net radiation fluxes measured for snow in open areas 
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The net radiation fluxes for snow on road shoulders are shown in Figure 5.16. The net all-

wave radiation fluxes range between 50 W/m2 – 250 W/m2. Initial albedo values for snow 

on road shoulders are typically 0.7 – 0.8, which results in higher adsorption of shortwave 

radiation. This leads to positive net all-wave radiation flux, and indicates active melt of 

the snowpack. Thus, even though the snow water equivalent of snow on road shoulders is 

higher than the snow water equivalent of snow in an open area, the snow on road 

shoulder experiences accelerated melt and a shorter melt period. Site N has a longer melt 

period compared to sites I and L, due to shadings in the morning and late afternoon.   

 

Net radiation fluxes of snow near building walls are shown in Figure 5.17 and reveal the 

influence of building walls on the radiation exchanges of the snowpack. Site P shows 

radiation fluxes measured for snow near a North facing building wall (shaded), and site Q 

shows radiation fluxes measured for snow near a South (sun) facing building wall. In 

both cases, it can be observed that the net longwave radiation flux was positive 

throughout the measurement period. This is due to longwave radiation emitted by 

building walls. Site Q has a higher net longwave radiation compared to site P as it also 

emits adsorbed shortwave radiation as longwave radiation. 
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Figure 5.16: Net radiation fluxes measured for snow on road shoulders 
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Figure 5.17: Net radiation fluxes measured for snow near building walls 

 

 

5.2.8 Evaporation from the Snowpack 

 

Evaporation from the snowpack is represented by latent energy lost from the snowpack in 

the energy budget for snowmelt. Evaporation was measured simultaneously for three 

different snow texture types: dry, fine-grained snow; crusty, larger-grained snow, and 

disturbed, piled snow. Table 5.7 shows the total evaporation measured in grams, and also 

in depths of mm for a dry, fine-grained snow. Similarly, Table 5.8 shows the total 

evaporation measured for a crusty, larger-grained snow. Table 5.9 shows evaporation 

measured for a disturbed, piled snow.  

 

For the same-day measurements, comparison of the three tables revealed that the depths 

of evaporation loss in mm is consistently highest for fresh, dry, snow compared to the 

other snow texture types, and evaporation depth is consistently lowest for disturbed, piled 

snow. This is probably attributed to the texture of the snow. Disturbed, piled snow is 
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usually very icy and large-grained. Thus, it requires higher energy to evaporate than 

fresh, dry snow. 

   

Table 5.7: Evaporation loss measurements for dry, fine-grained snow 

 

Date Evaporation loss for Evaporation loss for 

 dry, fine-grained snow dry, fine-grained snow 

 (gram) (mm) 

09-Feb-02 5.18 1.9 

11-Feb-02 17.21 6.3 

12-Feb-02 10.48 3.8 

13-Feb-02 11.17 4.1 

25-Feb-02 7.30 2.7 

12-Mar-02 6.78 2.5 

21-Mar-02 9.63 3.5 

 

 

Table 5.8: Evaporation loss measurements for crusty, larger-grained snow 

 

Date Evaporation loss for Evaporation loss for 

  crusty, larger-grained snow crusty, larger-grained snow

  (gram) (mm) 

9-Feb-02 4.82 1.4 

11-Feb-02 17.88 5.1 

13-Feb-02 12.44 3.6 

14-Feb-02 7.31 2.1 

15-Feb-02 7.85 2.2 



 

 

84

Table 5.8: Evaporation loss measurements for crusty, larger-grained snow (continued) 

 

Date Evaporation loss for Evaporation loss for 

  crusty, larger-grained snow crusty, larger-grained snow

  (gram) (mm) 

16-Feb-02 6.57 1.9 

14-Mar-02 7.48 2.1 

23-Mar-02 22.41 6.4 

 

 

Table 5.9: Evaporation loss measurements for disturbed, piled snow 

 

Date Evaporation loss for Evaporation loss for 

  disturbed, piled snow disturbed, piled snow 

  (gram) (mm) 

9-Feb-02 7.52 0.6 

11-Feb-02 23.14 1.9 

13-Feb-02 17.58 1.3 

14-Feb-02 10.08 0.7 

16-Feb-02 7.91 0.6 

20-Feb-02 14.21 1.1 

21-Feb-02 9.39 0.7 

25-Feb-02 7.58 1.6 

11-Mar-02 10.45 1.2 

12-Mar-02 14.96 1.2 

14-Mar-02 11.36 0.9 

21-Mar-02 20.49 1.6 
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Table 5.9: Evaporation loss measurements for disturbed, piled snow (continued) 

 

Date Evaporation loss for Evaporation loss for 

  disturbed, piled snow disturbed, piled snow 

  (gram) (mm) 

23-Mar-02 23.05 1.7 

25-Mar-02 10.72 0.8 

26-Mar-02 21.05 1.4 

2-Apr-02 17.77 1.2 

3-Apr-02 21.60 1.4 

11-Apr-02 42.96 2.9 

 

 

5.2.9 Net Energy Flux 

 

Snowmelt rate is determined by the net energy flux to the snowpack. In this study, rain 

induced melt did not occur over the study period. Thus, the components of the energy 

budget that contribute to snowmelt are the net radiation, sensible heat transfer, and latent 

heat transfer. Figure 5.18 shows values of the respective fluxes for a melting snowpack in 

the study area over a 24-hour period on April 11th, 2002. Active melt was taking place, 

and Figure 5.18 shows that the energy balance is dominated by net radiation. The 

contribution of the turbulent exchanges to the total amount of energy available for melt is 

low compared to the net radiation. Net energy is negative at night, thus refreezing the 

liquid water held in the snowpack.    
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Figure 5.18: Energy fluxes for a melting snowpack 

 

 

5.2.10 Surface Temperature 

 

Temperatures of different surfaces were measured in the spring to monitor how different 

surfaces in the urban areas can contribute to snowmelt. Temperatures of the road surface 

were taken near a stationary car and bus, but with the engine running. Surface 

temperature measurements revealed that the temperature of the road pavement at the 

vicinity of a car exhaust can increase by 1 oC, and the temperature of the road pavement 

at the vicinity of a bus exhaust can increase by 4 oC. For a parked car, radiation from the 

body of the car also increases the pavement temperature substantially.  
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Vehicle traffic is a common element of an urban area. Vehicle traffic can increase the 

temperature of the road surface, and even parked vehicles can substantially increase the 

surface temperature of a parking lot. In a densely urbanized area, with heavy traffic flow, 

this can result in melting of snow on road surfaces in winter.  

 

Temperatures of road pavements, sidewalk pavements, parking lot pavements and 

grassed area surfaces were measured randomly on April 10th and April 11th, 2002. Table 

5.10 shows the averaged temperature measured for each surface type. The average 

temperature over the measurement period is 13 oC and 14 oC respectively for April 10th 

and April 11th. Even though average air temperature only differs by 1 oC for the two days, 

average surface temperatures for April 11th is higher than the average surface 

temperatures for April 10th by 3 – 5 oC. This difference can be accounted for by weather 

conditions prior to April 10th. Snowfall activities occurred on April 9th with an overcast 

sky. The weather condition on April 10th was mainly cloudy with intense melt of the 

snowcover occurring. Weather condition on April 11th was mainly sunny and this 

increases the exposure of the surfaces to solar radiation, which results in an increase of 

the surface temperature.   

 

Comparison of the different surface types showed that grassed areas had the highest 

average temperature followed by the sidewalk pavements, with the road and parking lot 

pavements having the lowest temperatures. This could be the result of the different 

specific heat capacity for the different surface types. Table 5.11 shows the specific heat 

values for the different surface materials. Dry mineral soil has a very low heat capacity. 

The concrete sidewalk pavement has a slightly higher specific heat compared to the 

grassed surface and asphalt surfaces such as the road and the parking lot pavements have 

the highest specific heat capacities. This means that with the same energy input, soil 

temperature will increase more compared to concrete or asphalt surfaces. Similarly, 

temperature of concrete surfaces will increase more compared to asphalt surfaces.   
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The reason air measured above asphalt or concrete will have higher temperature than air 

measured above grassed area is because of the thermal conductivity properties of the 

material. Soil has a very low thermal conductivity value compared to concrete and 

asphalt. Thus, the transfer of heat from soil to air is much less compared to transfer of 

heat from asphalt or concrete to air. This also explains why concrete or asphalt is hotter 

when touched compared to grassed areas. 

 

 

Table 5.10: Average surface temperature measurements 

 

Surface type                     Average temperature (oC) 

  Dry Surface Wet or Water-ponded Surface 

10-Apr-02     

Parking lot pavement 15 12 

Sidewalk pavement 17 11 

Road 15 12 

Grassed area 18 11 

    

11-Apr-02    

Parking lot pavement 20 15 

Sidewalk pavement 21 16 

Road 20 - 

Grassed area 23 15 
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Table 5.11 Specific heat values  

 

Substance Specific Heat 

(kJ/kg K) 

Asphalt 1.67 

Concrete 0.962 

Dry mineral soil 0.84 

Source: Bolz and Tuve (eds.), 1973; Hanks and Ashcroft, 1980 
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CHAPTER SIX 

 

 

URBAN SNOW MODELLING 

 

 

6.1 Introduction 

 

An urban snowmelt model, named Urban Snow Model (USM), is created and 

programmed in Matlab to simulate generation of snowmelt runoff from an urban 

catchment. Although flow rates for urban winter runoff is typically low, it can be 

sustained over several days. In addition, a significant fraction of winter pollutants may be 

removed by snowmelt. Thus, snowmelt routines are important in simulation of winter 

water and pollutant storage for cold climate regions. The basic melt computations in this 

urban snow model are based on routines developed by the U.S. National Weather Service 

(Anderson, 1973). Therefore, some of the equations will be repeated here from chapter 

two for clarity. The program uses hourly times steps, allows redistribution of snow from 

impervious areas to pervious areas, and applies different snow albedo values for the 

different snow cover types found in urban areas. The following sections describe the 

methodology programmed in the urban snow model. It explains the various input 

parameters required, computations performed and output produced. All snow depths 

throughout the model are treated as depths of water equivalent.  

 

The purpose of this model is to carry out a sensitivity analysis to show the impact of 

simulation with and without snow redistribution, and to determine the effect of rain-on-

snow events on snowmelt runoff. Therefore, the catchment, and the precipitation events 

simulated are only hypothetical. Even though the study area in this research has a fairly 

low snowfall amount, cities such as Quebec and Winnipeg in Canada have high annual 
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winter precipitation. Thus, the model serves to demonstrate the impact of incorporating 

snow redistribution and urban snow characteristics on snowmelt generation, which is 

important for urban areas that receive high snowfall amount.  

 

 

6.2 USM Time Steps 

 

The program uses hourly time steps for calculations of snowmelt and runoff.  

 

 

6.3 Subcatchment Schematization 

 

Land Surface – Snow Cover Combination 

 

Due to the snow removal activities that occur in urban areas, different combinations of 

snow cover and ground surface types can result after redistribution occurs. Seven such 

combinations are provided in USM, as described in Table 6.1. The combinations allow 

flexibility in the simulation of snowmelt from the different snow covered subcatchment 

types that can be found in an urban area. Snow cover on type 1 impervious subcatchment 

is usually plowed into big piles onto adjacent pervious area. Snow cover on type 2 and 

type 3 impervious subcatchments are treated identically; they are rolled or shoveled into 

small piles onto adjacent pervious areas. Type 4 impervious subcatchment and type 7 

pervious subcatchment have natural snow covers that are not subject to redistribution. 

Types 1, 2, and 3 subcatchments are considered ‘normally bare’ due to probable snow 

removal, but are subject to snow cover as well.   
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Table 6.1: Subcatchment surface classification 

 

Subcatchment 

Type 

Perviousness Snow cover 

and Extent 

Examples of Land 

Surface 

Simulation Treatment 

1 Impervious Normally 

bare 

Parking lots Snow cover 

redistributed 

2 Impervious Normally 

bare 

All level roads Snow cover 

redistributed 

3 Impervious Normally 

bare 

Driveways and 

sidewalks 

Snow cover 

redistributed 

4 Impervious Uniform 

snow cover 

Miscellaneous 

unplowed 

impervious areas  

Snow cover subject to 

areal depletion curve 

5 Pervious Covered 

with large 

snow piles 

Perimeter area of 

parking lots 

Snow cover subject to 

areal depletion curve 

6 Pervious Covered 

with small 

snow piles 

Road shoulders, 

driveways/ 

sidewalk edges  

Snow cover subject to 

areal depletion curve 

7 Pervious Uniform 

snow cover 

Rooftops, parks, 

lawns, open areas 

Snow cover subject to 

areal depletion curve 

 

 

 

Redistribution and Simulation of Snow Removal 

 

Snow removal practices in urban areas result in snow cover characteristics that are 

different from snow in rural areas. Much of the snow cover on impervious surfaces in 

urban areas is plowed into piles on adjacent pervious areas. This results in melt 
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characteristics that are significantly different from a uniform snow cover. In USM, it is 

assumed that all snow subject to redistribution resides on types 1, 2 and 3 subcatchments. 

For each of the subcatchment, a depth of snow, BaseDepth is an input for the 

subcatchment. All snow in excess of this depth is redistributed according to three options: 

 

(a) Plowed onto adjacent pervious area (into large piles) 

(b) Plowed onto adjacent pervious area (into small piles) 

(c) Removed altogether from simulated catchment 

 

The fraction of the excess snow redistributed according to each option is an input 

parameter. The sum of the fractions for each subcatchment where redistribution occurs 

should equal to 1.0, and the transfers of snow from the impervious areas to pervious areas 

are area-weighted. The depth of snow, BaseDepth, remaining on the normally bare area is 

subject to a melting identical to a uniform snow cover. Default values for BaseDepth are 

provided in the model.    

 

 

6.4 Calculating Snow Melt Using the Energy Balance Method 

 

The energy balance equation for a snowpack is expressed as follows: 

 

mghelwsw QQQQQQQ +++++=∆            (31) 

 

where ∆Q is the change in heat storage in the snowpack; Qsw is the net shortwave 

radiation entering the snowpack; Qlw is the net longwave radiation entering the 

snowpack; Qe is the latent heat transfer; Qh is the sensible heat transfer; Qm is the 

advection of heat into the snowpack by rain; and Qg is the conduction of heat into the 

snowpack from the underlying ground. Units for each energy balance term are W/m2-hr. 
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It will be assumed that condition is for melt, and all heat added into the snowpack will 

produce liquid melt. For a melting snowpack, heat conduction from ground, Qg is 

negligible compared to energy exchange at the snow surface. Thus, the term is neglected 

here.  

 

It requires about 80 cal to melt one gram of water (the latent heat of fusion) or 93 W/m2-

hr per 1 mm of melt. The melt rate is thus calculated as follows: 

 

93
QMsr

∆
=                    (32) 

 

where Msr is the melt rate (mm/hr); and ∆Q is the change in heat storage of the snowpack 

(W/m2-hr). 

 

 

Net Shortwave Radiation 

 

The net shortwave radiation is calculated as follows: 

 

( )A1QQ isw −∗=              (33) 

 

where Qsw is the net shortwave radiation (W/m2-hr); Qi is the incoming shortwave 

radiation (W/m2-hr); and A is the snow albedo.  

 

Measured hourly values of incoming shortwave radiation are obtained from 

meteorological stations. Snow albedo values are available for three different urban snow 

cover types; large snow piles, small snow piles, and a uniform snow cover. Large snow 

piles are the result of plowing from large impervious surfaces such as commercial 
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parking lots, and small snow piles are the results of shoveling from driveways, sidewalks, 

and snow rolled from sanding trucks on roads. Uniform snow covers are fairly 

undisturbed natural snow cover from unused parks, and open areas. 

 

Figure 6.1 shows the snow albedo data documented for all large snow piles from the field 

study and the exponential relation between the snow albedo values and the days of melt. 

The exponential relationship is used to determine snow albedo values for large snow piles 

in USM. 
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Figure 6.1: Snow albedo values for large snow piles 

 

 

Figure 6.2 shows the snow albedo data documented for small snow piles from the field 

study and the exponential relation between snow albedo values and the days of melt. The 

data are compiled from both snow on sidewalk edges and snow on road shoulders. The 

exponential relationship is used to determine snow albedo values for small snow piles in 

USM. 
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Figure 6.2: Snow albedo values for small snow piles 

 

 

Figure 6.3 shows the snow albedo data documented for a natural snow cover from the 

field study and the linear relation between snow albedo values and the days of melt. The 

linear relation is used to determine snow albedo values for uniform snow covers in USM. 
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Figure 6.3: Snow albedo values for natural snow cover 

 

 

Net Longwave Radiation 

 

The net longwave radiation is calculated as follows: 

 

talw EQQ −=                           (34) 

 

where Qlw is the net longwave radiation (W/m2-hr); Qa is the incoming longwave 

radiation (W/m2-hr); and Et is the total emitted longwave radiation (W/m2-hr). Measured 

hourly values of longwave radiation are obtained from meteorological stations.  

 

The total emitted longwave radiation is given by Stefan-Boltzman law: 

 
4

t TE ∗σ∗ε=                         (35) 
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where Et is the total emitted longwave radiation (W/m2); ε is the emissivity in the 

longwave portion of the energy spectrum; σ is the Stefan-Boltzman constant (5.67 x 10-13 

W m-2 oK-4); and T is the snow surface temperature (oK).  

 

Assuming that the emissivity, ε is 0.97; and the snow surface temperature is 0 oC, so T = 

273 oK. Substituting into equation 34, it is thus assumed that melting snow constantly 

emits longwave radiation at Et = 305 W/m2.  

 

 

Latent and Sensible Heat Transfer 

 

Latent and sensible heat transfers are turbulent transfer processes. Latent heat is either 

energy lost from the snowpack due to evaporation and sublimation or energy gained from 

condensation. Sensible heat is attributed to the heat content of the air. A common 

equation for the latent heat transfer is (Eagleson, 1970): 

 

( ) ( )sab6
1

btee eeUzzk5.89.2359Q −∗∗∗∗∗∗= −            (36) 

 

where zt is the height above surface of air temperature measurements (ft); zb is the height 

above surface of wind speed measurements (ft); Ub is the wind speed (mi/hr); ea is the 

vapor pressure of atmosphere at temperature and relative humidity at height zt (mb); es is 

the saturation vapor pressure at snow surface temperature (mb) 

 

The factor 2359.9 converts inches to W/m2-hr, and the factor 8.5 accounts for the fact that 

when the snowpack is ripe, the latent heat of condensation will supply latent heat of 

fusion to melt the snow. Due to the ratio of these latent heats (600/80 = 7.5), each inch of 
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condensate will result in 8.5 (that is, 7.5 + 1) inches of melt. This applies to the 

evaporation process as well. The coefficient ke has been measured in the Sierra Nevada 

mountain as: 

 

ke = 0.000265 in/hr ft1/3 mi/hr mb-1           (37) 

 

In USM, the coefficient ke is obtained through calibration. Values of za, zb, Ub, ea, and es 

were obtained from the University weather station, and used in the calculation of the 

latent heat transfer. The resultant values were compared to snow evaporation loss 

measured in the field study. Hence, the resultant ke coefficient is:    

 

ke = 0.000035 in/hr ft1/3 mi/hr mb-1           (38) 

 

During snowmelt periods, heat is usually transferred from the air to the snowpack, 

because of the snowpack’s colder temperature compared to the air (sensible heat transfer 

term positive). Similar to latent heat transfer, sensible heat transfer depends on the 

turbulence of the air. Assuming turbulent transfer coefficients for heat and vapor are 

equal, sensible heat transfer can be obtained using the Bowen’s ratio (Anderson, 1973), 

expressed as: 

 

oa
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h

ee
TT

Q
Q

−
−

∗γ=                    (39) 

 

where Qh is the sensible heat transfer (W/m2-hr); Qe is the latent heat transfer (W/m2-hr); 

γ is the psychometric constant (mb °C-1) (γ = 0.00057 Pa, where Pa (mb) is the 

atmospheric pressure); To is the snow surface temperature (oC); Ta is the temperature of 

the air at za (oC); ea is the vapor pressure of the air at zt (mb); and eo is the vapor pressure 



 

 

100

at the snow surface (mb) (assumed equal to the saturation vapor pressure at the snow 

surface temperature). 

 

Thus, resulting expression for sensible heat transfer is: 

 

oa

oa
eh

ee
TTQQ

−
−

∗γ∗=                    (40) 

 

 

Heat advection by Rain 

 

The temperature of rain falling upon the snowpack is usually higher than the temperature 

of the snowpack. Thus, heat transfer occurs from the raindrops into the snowpack. The 

quantity of heat transferred to the snowpack is dependent on the amount and temperature 

of the rain.  

 

( )srrm TTP
144

9.2359Q −∗∗=             (41) 

 

where Qm is the heat advected by rain (W/m2-hr); Pr is the rainfall intensity (in/hr); Tr is 

the air temperature (oF); and Ts is the snow surface temperature (oF). 

 

Equation 40 is based on the relationship between heat required to melt ice (144 Btu/lb of 

ice) and the amount of heat released by a pound of water when its temperature is 

decreased by one degree.  
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6.5 Areal Depletion Curve 

 

Areal depletion curve is used to determine the areal extent of the snow cover at any given 

time. The areal extent of snow cover on a catchment is determined by the fraction of area 

covered by snow, ASC, on the areal depletion curve. It is assumed that for all the 

subcatchments, there is a depth, SnowD, above which there is always 100% cover. In 

USM, the value of SnowD is fixed at 10 mm. The snow water equivalent depth present 

on the subcatchments at any time is indicated by the parameter Swe. This depth is 

nondimensionalized by SnowD to calculate ASC. Thus patches of bare ground will only 

appear after snowmelt reduces Swe to less than 10 mm. The fraction ASC is used to 

adjust the volume of melt that occurs, since heat transfer occurs only over the snow 

covered areas. Snow depth at time step 2 is then reduced from time step1 according to: 

 

( )ASCMSweSwe sr12 ∗−=                          (42)  

 

Figure 6.4 shows the areal depletion curve used in this urban snow model to determine 

ASC. This curve is developed using data obtained from the University weather station. 

The University weather station carries out manual observations of depths of snow and the 

approximate percentages of snow covered area at the observation compound. There is 

insufficient documentation from the field study to develop different areal depletion 

curves for different snow cover types. 
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Figure 6.4: Areal Depletion Curve 

 

 
 
6.6 Liquid Water Routing in Snowpack 

 

Snowpack is a porous medium that has a certain “free water holding capacity” at any 

given time. Thus, not all melt immediately results in runoff. Following the computer 

model SWMM (Huber, 1988), the free water holding capacity is assumed to be a constant 

fraction, Fr, of the variable snow depth, Swe at each time step. The value of Fr is 

normally less than 0.10 and usually between 0.02-0.05 for deep snow packs (Huber, 

1988). The free water holding capacity for each subcatchment is computed as follows 

(Huber, 1988):   

 

SweFFWC r ∗=              (43) 



 

 

103

 

where FWC is the free water holding capacity (mm); Fr is a fraction of snow depth; and 

Swe is the snow depth at any time step in water equivalent (mm). In USM, Fr is assumed 

to be 0.08 for natural snow cover, and 0.03 for snow piles.  

 

The volume of the snowpack’s free water holding capacity must be satisfied before 

runoff can be produced. By including the free water holding capacity of the snowpack in 

the simulation, runoff can be delayed and attenuated.  

 

 

6.7 Infiltration into Frozen Ground 

 

Analysis from the field study revealed that frozen ground acts as a near impervious 

surface regardless of the condition of the initial soil moisture content. Thus, infiltration of 

snowmelt into frozen ground is minimal and assumed negligible in USM. 

 

 

6.8 Net Runoff 

 

Runoff from snowmelt is produced after the free water holding capacity from snowpack 

is fulfilled. Net runoff is a combination of areal weighted snowmelt runoff from snow 

covered areas, and rainfall falling on bare grounds.  

 

N ( ) xmmsr PASC0.1MASCRunoff ∗−+∗=           (44)  

 
where NRunoff is the net runoff (mm/hr); and Pxmm is the rainfall intensity (mm/hr).  
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6.9 Input Variables 

 

Input variables in this program are divided into user-defined values and recorded values 

from a weather station. Table 6.2 shows the input variables that need user-defined values 

to simulate catchment schematization. All the values are hypothetical. 

 

Table 6.2: User-defined input variables used to simulate catchment schematization 

 

Input Variables Description 

Tc Total catchment area (m2) 

Perv Total pervious area (m2) 

Imperv Total impervious area (m2) 

t1 Total Type 1 subcatchment area (m2) 

t2 Total Type 2 subcatchment area (m2) 

t3 Total Type 3 subcatchment area (m2) 

t5 Estimated Type 5 subcatchment area (m2) 

t6 Estimated Type 6 subcatchment area (m2) 

 

 

Table 6.3 shows the user-defined input variables needed to simulate snow redistribution, 

and Table 6.4 shows the meteorological data needed by the program to calculate snow 

melt rate. 
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Table 6.3: User-defined input variables used to simulate snow redistribution 

 

Input 

Variables 

Description 

Iswe Initial SWE depth over the catchment area (mm) 

BaseDeptht1 SWE depth for Type 1 subcatchment, above which redistribution occurs (mm) 

BaseDeptht2 SWE depth for Type 2 subcatchment, above which redistribution occurs (mm) 

BaseDeptht3 SWE depth for Type 3 subcatchment, above which redistribution occurs (mm) 

Ft1a Fraction of excess SWE in Type 1 subcatchment redistributed by plowing into big 

snow piles onto adjacent pervious area 

Ft1b Fraction of excess SWE in Type 1 subcatchment redistributed by plowing into 

small snow piles onto adjacent pervious area 

Ft1c Fraction of excess SWE in Type 1 subcatchment redistributed by trucking onto 

pervious area of another catchment 

Ft2a Fraction of excess SWE in Type 2 subcatchment redistributed by plowing into big 

snow piles onto adjacent pervious area 

Ft2b Fraction of excess SWE in Type 2 subcatchment redistributed by plowing into 

small snow piles onto adjacent pervious area 

Ft2c Fraction of excess SWE in Type 2 subcatchment redistributed by trucking onto 

pervious area of another catchment 

Ft3a Fraction of excess SWE in Type 3 subcatchment redistributed by plowing into big 

snow piles onto adjacent pervious area 

Ft3b Fraction of excess SWE in Type 3 subcatchment redistributed by plowing into 

small snow piles onto adjacent pervious area 

Ft3c Fraction of excess SWE in Type 3 subcatchment redistributed by trucking onto 

pervious area of another catchment 
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Table 6.3: User-defined input variables used to simulate snow redistribution (continued) 

 

Input Variables Description 

t8 Total area of pervious area of another catchment where redistributed snow is 

destined (m2) (only when option (c) is selected) 

 

 

Table 6.4: Input variables needed to calculate snow melt rate 

 

Input Variables Description 

Qi Incoming shortwave radiation (W/m2-hr) 

Qa Incoming longwave radiation (W/m2-hr) 

Ub Wind speed (mi/hr) 

ea Atmospheric vapor pressure (mb) 

Pa Surface atmospheric pressure (mb) 

Ta Air temperature (oC) 

Tr Air temperature (oF) 

Pr Rainfall intensity (in/hr) 

Pxmm Rainfall intensity (mm/hr) 

 

 

 

6.10 Output Files 

 

The program produces an output file that summarizes the simulation of the subcatchment 

schematization and also snow removal and redistribution. The simulation also produces 

22 figures as listed in Table 6.5:   
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Table 6.5: Resultant graphs from simulation 

 

Figures Titles 

1 (a) Hourly Incoming Shortwave Radiation 

(b) Hourly Net Shortwave Radiation for Large Snow Piles 

2 (a) Hourly Net Shortwave Radiation for Small Snow Piles 

(b) Hourly Net Shortwave Radiation for Uniform Snow Cover 

3 (a) Hourly Incoming Longwave Radiation 

(b) Hourly Net Longwave Radiation 

4 (a) Hourly Latent Heat Transfer 

(b) Hourly Sensible Heat Transfer 

5 Hourly Advected Heat Transfer from Rain 

6 (a) Melt Rate for Large Snow Piles 

(b) Melt Rate for Small Snow Piles 

(c) Melt Rate for Uniform Snow Cover 

7 Net Runoff Rate for Type 1 subcatchment 

8 Net Runoff Rate for Type 2 subcatchment 

9 Net Runoff Rate for Type 3 subcatchment 

10 Net Runoff Rate for Type 4 subcatchment 

11 Net Runoff Rate for Type 5 subcatchment 

12 Net Runoff Rate for Type 6 subcatchment 

13 Net Runoff Rate for Type 7 subcatchment 

14 Net Runoff Volume for Type 1 subcatchment 

15 Net Runoff Volume for Type 2 subcatchment 

16 Net Runoff Volume for Type 3 subcatchment 

17 Net Runoff Volume for Type 4 subcatchment 
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Table 6.5: Resultant graphs from simulation (continued) 

 

Figures Titles 

18 Net Runoff Volume for Type 5 subcatchment 

19 Net Runoff Volume for Type 6 subcatchment 

20 Net Runoff Volume for Type 7 subcatchment 

21 Total Net Runoff Volume for the Whole Catchment 

 

 

 

6.11 Simulations of Urban Snowmelt 

 

Urban snowmelt is simulated for three different scenarios. The three different scenarios 

determine the effects of simulation of snow redistribution on runoff, and the effects of 

rain-on-snow event on the runoff. Table 6.6 describes the three simulation scenarios. 

 

 

Table 6.6: Simulation scenarios description 

 

 
Simulation Description 

A Single event snowfall with no rain-on-snow event, and snow is redistributed 

B Single event snowfall with rain-on-snow event, and snow is redistributed 

C Single event snowfall with no rain-on-snow event, and snow is not 

redistributed. Snow on impervious area uses snow albedo values for small 

piles 
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Objectives of Simulation A 

 

Simulation A is carried out to discern any similarities or differences between different 

urban snow cover types. It also determines the contribution of each snow cover types to 

the total runoff volume. Results from simulation A will also be used as a basis of 

comparison for results from simulation B and simulation C.   

 

 

Objectives of Simulation B 

 

Simulation B is carried out to determine the effects of rain during snowmelt period on the 

runoff.  

 

 

Objectives of Simulation C 

 

Simulation C is carried out to determine the effects of simulation of a snow cover without 

redistribution on the runoff.  

 

 

6.12 Results and Analysis of Simulations 

 

This section describes the results and analysis of each simulation. Only pertinent resultant 

graphs will be presented here.  
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6.12.1 Results and Analysis of Simulation A 

 

User-defined input values 

 

Simulation A is a single event simulation with no rain-on-snow event. The input values 

for the user-defined variables for simulation A are shown in Table 6.7.   

 

 

Table 6.7: Values for the user-defined input variables for simulation A 

 

Input Variables Values 

Tc 2,000,000 m2 

Perv 700,000 m2 

Imperv 1,300,000 m2 

t1 500,000 m2 

t2 645,000 m2 

t3 150, 000 m2 

t5 15, 000 m2 

t6 100,000 m2 

Iswe 15 mm 

BaseDeptht1 5 mm 

BaseDeptht2 8 mm 

BaseDeptht3 2 mm 

Ft1a 1.0 

Ft1b 0 

Ft1c 0 
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Table 6.7: Values for the user-defined input variables for simulation A (continued) 

 

Input Variables Values 

Ft2a 0.3 

Ft2b 0.7 

Ft2c 0 

Ft3a 0 

Ft3b 1.0 

Ft3c 0 

t8 0 

 

 

 

Meteorological data 

 

Recorded hourly meteorological data used in this simulation was obtained from the 

University weather station. Wind speed and air temperature are measured at heights of 2 

meters. The atmospheric vapor pressure is calculated using air temperature and relative 

humidity. 

 

 

Snow redistribution 

 

Snow is redistributed from the impervious areas onto adjacent pervious areas. This result 

in three different snow cover types: large snow piles, small snow piles and a uniform 

snow cover. The redistribution also results in the seven snow cover-land surface 

combinations discussed earlier in Section 6.2. Large snow piles results from snow plowed 
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from parking lots and roadways. Small snow piles comprised of snow on road shoulders, 

snow on sidewalk edges, and snow shoveled from driveways. Uniform snow cover is 

natural snow cover on unused parks, undisturbed lawns and snow on rooftops. The snow 

on impervious areas that is not redistributed, BaseDepth, is melted the same way as a 

uniform snow cover.  

 

 

Snow water equivalent available after redistribution 

 

After redistribution, the available snow depth for melt for each snow cover-land surface 

subcatchment combination will be different. The snow water equivalent available for 

each subcatchment type for simulation1 is shown in Table 6.8. 

 

 

Table 6.8: Snow depth available for melt for each subcatchment type 

 

Subcatchment 

type 

Snow Depth (mm) 

1 5.00 

2 8.00 

3 2.00 

4 15.00 

5 438.63 

6 66.10 

7 15.00 
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Change in heat storage of the snowpack 

 

The change in heat storage of the snowpack is the sum of all the energy transfer to or 

from the snowpack. Figure 6.5 shows the energy flux for large snow piles. The energy 

balance is dominated by radiation, and the main source of energy to melt the snowpack 

comes from the shortwave radiation. Thus, snow albedo is an important factor as it 

influences the amount of shortwave radiation adsorbed by the snowpack.     

 

 

 
Figure 6.5: Energy flux for large snow piles 
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Melt rates 

  

Three different melt rates are produced for the three different snow cover types due to the 

influence of the different snow albedo values and the rates of decrease of the snow 

albedo. Figure 6.6 shows the resultant melt rates for simulation A. Large snow piles 

produces the highest melt rate, and melt also starts several days earlier than a uniform 

snow cover. Melt rates for small snow piles are similar to the large snow piles, only the 

intensity of melt is lower. The uniform snow cover has the lowest melt rate due to its high 

snow albedo values and slow rate of decrease for snow albedo compared to the other two 

snow cover types. For all three snow cover types, melt rates increases with time largely 

due to the decreasing snow albedo values.   

 

 

Runoff rates and runoff period 

 

Runoff rates for each of the subcatchment type is influenced by their available snow 

depth (in water equivalent), and melt rates. Figure 6.7 shows the runoff rates for type 5 

subcatchment, Figure 6.8 shows the runoff rates for type 6 subcatchment, and Figure 6.9 

shows the runoff rates for type 7 subcatchment. Runoff rates for subcatchment types 1, 2, 

3, and 4 are not of real interest as they have low snow depths and the snow are melted the 

same way as a uniform snow cover.  

 

A comparison of the runoff rates for subcatchment types 5, 6, and 7 revealed significant 

differences. For subcatchment type 5, which is covered with snow piles, the runoff rates 

are significantly higher than subcatchment type 6 (covered with small snow piles), and 

subcatchment type 7 (uniformly snow covered). This is the result of the high melt rates 

for large snow piles. A distinct difference between runoffs for the three subcatchment 

types is the runoff period. Uniform snow cover has the shortest runoff period followed by 
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small snow piles. Runoff for large snow piles can be extended for several weeks 

compared to the uniform snow cover. However, regardless of the intensity of the runoff, 

all types of snow cover produces runoff that is sustained over a period of days to weeks.   

 

Runoff rates for uniformly snow covered subcatchments shows a sharp increase, which is 

then sustained over several days. This is attributed to the low snow depth over the 

subcatchment. As free water holding capacity of the snowpack is filled, liquid melt is 

released from the snowpack, causing a sudden peak in runoff rates. The runoff rate is 

sustained at similar intensity probably due to the slow decrease in snow albedo values 

that prevents higher adsorption of shortwave radiation, and thus higher melt release.     

 

Runoff rates for small snow piles show a general trend of increase at a high rate. It is due 

to the exponential decrease in snow albedo, thus resulting in higher adsorption of 

shortwave radiation. Similarly, runoff rates for large snow piles also show a high rate of 

increase in runoff intensity over time.   

 

 

Runoff volume  

 

To investigate the effects of the characteristics of each of the snow cover types on runoff, 

it is important to compare their runoff volumes. The runoff volume for subcatchment 

types 5, 6, and 7 is shown in Figure 6.10, 6.11, and 6.12 respectively. A comparison of 

these three figures show that uniformly snow covered subcatchments produces the 

highest runoff volume, followed by subcatchments covered by small snow piles, and 

subcatchments covered by large snow piles produces the lowest runoff volume. This is 

due to the fact that total subcatchment area covered by a uniform snow cover is much 

larger than total subcatchment area covered by large snow piles.  
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The three figures also show significant difference in the flow of the runoff. For uniformly 

snow covered subcatchments, flow peaks sharply for several days and then drops quite 

sharply too. For subcatchments covered with small snow piles, runoff flow increases 

gradually but then drops sharply. For subcatchments covered with large snow piles, 

runoff flow remains quite low but increases in volume with time, and runoff is sustained 

over a long period. The distinct flow pattern for each subcatchment type is the result of 

the combination of its available snow depth, runoff rates, and area size.  

 

 

Total runoff over the whole catchment 

 

Figure 6.13 shows the total runoff volume for the whole catchment simulated. Runoff at 

the onset of the melt period consists mainly of melt from small snow piles. The peak 

runoff volume is contributed mainly by both small snow piles and uniform snow cover. 

Runoff at the end of the melt period is contributed mainly by large snow piles. This 

simulation demonstrates that the various urban snow cover each contributes significantly 

to the net runoff volume.      
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Figure 6.6: (a) Melt rate for large snow piles; (b) Melt rate for small snow piles; and (c) 

Melt rate for uniform snow cover 
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Figure 6.7: Runoff rates for subcatchment type 5 (large snow piles) 

 

 

 

 

 



 

 

119

 

 

 

 

 

 
 

Figure 6.8: Runoff rates for subcatchment type 6 (small snow piles) 
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Figure 6.9: Runoff rates for subcatchment type 7 (uniform snow cover) 
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Figure 6.10: Runoff volume for subcatchment type 5 (large snow piles) 
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Figure 6.11: Runoff volume for subcatchment type 6 (small snow piles) 
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Figure 6.12: Runoff volume for subcatchment type 7 (uniform snow cover) 
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Figure 6.13: Total runoff volume for the whole catchment 
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6.12.2 Results and Analysis of Simulation B 

 

Simulation B is a repetition of simulation A, but with an added component to the heat 

transfer of the snowpack. Rainfall of 2 – 2.5 mm per hour is simulated over a nine hour 

period on day 14 into the snowmelt period.   

 

 

Change in heat storage of the snowpack and melt rates 

 

Change in heat storage of the snowpack for this simulation only differs from simulation 

A on day 14 where there is an added heat into the snowpack from the rain. Figure 6.14 

shows the advected heat from rain into the snowpack. For the rain intensity simulated, the 

contribution of advected heat from rain is still small compared to energy adsorbed from 

shortwave radiation. Therefore, there is only a slight increase in the melt rate of the 

snowpack.   

 

 

 
 

Figure 6.14: Advected heat rain from rain into the snowpack 
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Runoff rates 
 
Runoff rates for large impervious areas with very thin snow cover such as parking lots 

experience an instantaneous spike due to the fact that by day 14 of the melt period, a 

large portion of the subcatchment is bare, thus facilitating immediate runoff. Figure 6.15 

shows the runoff rates for subcatchment type 1 (parking lots). Similarly, impervious 

subcatchment types 2 and 3 experience similar spikes in their runoff rates. 

 

 

   
 

Figure 6.15: Runoff rates for impervious subcatchment type 1 (parking lots) 
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Runoff rates for subcatchments covered with snow piles, large or small shows a very 

slight increase in the runoff rates on the day when the rain was simulated. Since snow 

depth for these two subcatchments are very high, the whole area is still 100% snow 

covered when the rain was simulated. Thus, any increase in runoff rate is due to increase 

in snowmelt from additional heat advected from rain. For uniform snow cover in pervious 

areas, at the time of the simulation of the rainfall, the subcatchment is also 100% snow 

covered. Thus, the increase in runoff rates for subcatchment type 7 is also small. 

  

 

Runoff volume 

 

Runoff volume for subcatchment types 1, 5 and 7 is shown in Figure 6.16, Figure 6.17, 

and Figure 6.18 respectively. Runoff volume for impervious areas shows a dramatic 

increase in runoff volume on the day the rain was simulated due to the high runoff rate 

and the large area size that is no longer snow covered. Runoff volume for areas covered 

with large snow piles shows no discernible change in the runoff volume, while runoff 

volume for pervious areas with uniform snow cover experiences an increase of about 200 

m3/hr. Area size for snow piles is very small compared to the uniform snow cover, so this 

is reflected in the runoff volume difference between the two cover types, although both 

have similar increase in runoff rates.  

    

 

Total runoff over the whole catchment 

 

Total runoff over the whole catchment for simulation B is shown in Figure 6.19. The total 

runoff demonstrates the effects of rain-on-snow. Runoff volume peak increases about 

1600 m3/hr and the time to peak changed from day 15 of the melt period to day 14, when 

the rainfall was simulated. This simulation shows that rain-on-snow can easily increase 
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the volume of winter runoff and causes flood conditions. In addition, frozen ground 

results in minimal infiltration, and thus flood can easily occur during spring melt when 

pervious areas are also largely bare.  

 

 

 

 
 

Figure 6.16: Runoff volume for subcatchment type 1 (parking lots) 
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Figure 6.17: Runoff volume for subcatchment type 5 (large snow piles) 
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Figure 6.18: Runoff volume for subcatchment type 7 (uniform snow cover) 
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Figure 6.19: Total runoff volume for the whole catchment 
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6.12.3 Results and Analysis of Simulation C 

 

Simulation C is also a repetition of simulation A, but without simulating snow 

redistribution. Therefore, all snow cover in simulation C is uniform, and subcatchment 

types 5 and 6 are not simulated. All the snow on impervious areas adopts snow albedo 

values from small snow piles. This is done to reflect the typically low albedo values of 

snow on impervious surfaces in urban areas. 

 

 

Change in heat storage of the snowpack and melt rates 

 

Since albedo of snow on impervious areas are simulated following small snow piles, melt 

rate of snow on impervious areas then mirrors melt rates for small snow piles in 

simulation A. Melt rates for snow on pervious areas remains the same as that of a 

uniform snow cover.  

 

 

Runoff rates 

 

Runoff rates for snow on all impervious areas increases at a high rate and peaks within a 

few days after free water holding capacity of the snowpack is filled. This is due to the 

exponential decrease of snow albedo, which allows higher adsorption of shortwave 

radiation, the main source of melt energy. Runoff is sustained for a period of ten days. 

Figure 6.20 shows the runoff rates for snow on impervious subcatchment type 1. As for 

snow on pervious areas, runoff rates remains unchanged from those observed on 

simulation A. 
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Runoff volume 

 

Runoff volumes for impervious areas are much higher in this simulation compared to 

simulation A. As expected, runoff volume pattern is the same for all impervious area 

types. Figure 6.21 shows the runoff volume for subcatchment type 1. Compared to runoff 

from simulation A, intense runoff from impervious areas in this simulation begins on day 

7, whereas in simulation A, it only begins on day 11.    

 

 

Total runoff over the whole catchment 

 

Total runoff for the whole catchment for simulation C is shown in Figure 6.22. The total 

runoff for this simulation shows a marked difference from total runoff for simulation A. 

Peak runoff for this simulation increases about 200 m3/hr compared to peak runoff from 

simulation A. Time to peak also changed from day 15 on simulation A to day 11 in this 

simulation. The earlier onset of peak is probably a combination of thin snow depth 

throughout the whole catchment and the high rate of melt increase for the impervious 

areas. Runoff period is also shortened by 12 days in this simulation. Runoff for this 

simulation demonstrates that assuming a uniform cover for snow in urban areas can be 

very misleading. Simulation of the redistribution of snow changes runoff flow, runoff 

period, and the time to peak.     
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Figure 6.20: Runoff rates for impervious subcatchment type 1 (parking lots) 
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Figure 6.21: Runoff volume for subcatchment type 1 (parking lots) 
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Figure 6.22: Total runoff volume for the whole catchment 
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CHAPTER SEVEN 

 

 

CONCLUSION AND RECOMMENDATIONS 

 

This research investigated the different aspects of urban snow hydrology. Focus was 

placed on the study of the spatial and temporal distribution of the characteristics of urban 

snow, and the impact of incorporating the different characteristics of urban snow in a 

snowmelt model. 

 

 

7.1 Major Results of Field Study 

 

In the field study conducted over the winter of 2002, the urban snow cover was classified 

into four types; snow piles, snow on road shoulders, snow on sidewalk edges, and snow 

in open areas. The field study revealed that urban snow is highly heterogeneous in terms 

of the spatial distribution of snow water equivalent, and the temporal distribution of snow 

albedo. Four separate functions for the snow albedo change over time were developed. 

Albedo for snow piles decreased exponentially to 0.1-0.2. For snow on road shoulders, 

albedo also decreased exponentially to 0.2-0.4. Snow on sidewalk edges had albedo 

values that decreased linearly to 0.5-0.6, and for snow in open areas, albedo values 

decreased linearly to 0.6-0.7. Average snow density was found to be 490 kg/m3 for snow 

piles, 220 kg/m3 for snow on road shoulders, 240 kg/m3 for snow on sidewalk edges, and 

210 kg/m3 for snow in open areas. Energy balance of the urban snowpack was dominated 

by net radiation, and the main source of energy for melt was the shortwave radiation. 

Therefore, the albedo rate of change for urban snow cover is a very important factor in 

urban snowmelt generation. Snow cover has also been found to act as an insulating layer 

for the ground to a certain degree with the result of dampening the fluctuations in the soil 
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temperature in reaction to the changes in air temperature. However, this effect is more 

pronounced when the snow cover is uniformly covering a larger extent of area. The 

characteristics of the urban cover coupled with the factors dominating melt for urban 

snow cover makes the suitability of applying the temperature index method in calculating 

urban snowmelt highly questionable.   

 

The field study conducted also revealed that frozen ground acts as a near impervious area 

regardless of whether the initial soil moisture condition was dry or near saturation. The 

start of ground thaw in spring coincides with the end of the snow cover depletion. This 

carries a large impact for the modelling of rain-on-snow events in the spring during 

periods when snow cover is largely depleted but ground thaw has not progressed 

sufficiently. The adverse combination of frozen ground, spring melt and rainfall can 

easily cause spring flooding.  

 

 

7.2 Major Results of Modelling 

 

The urban snowmelt model simulated in this study demonstrates that simulation of snow 

redistribution and the incorporation of urban snow characteristics can significantly impact 

urban runoff. Three simulations were tested to demonstrate the differences in simulations 

with and without snow piles, and to demonstrate the impact of rain-on-snow events on 

runoff. The simulation of snow piles resulted in extended period of melt, and decreased 

peak volume as less areas of thin snow cover with shorter periods of intense melt rate 

were simulated. The simulation of rain-on-snow increased the peak runoff volume and 

changed the time to peak. All three simulations were carried out using hourly time steps. 

If the meteorological data was averaged over a day, the resultant runoff would have a 

decreased peak volume, since the main source of melt energy is shortwave radiation. In 

urban areas, snow piles, large or small is a common occurrence. Neglecting this aspect of 
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the urban snow cover in urban snowmelt models or applying rural snowmelt 

computations in simulations of urban winter runoff can easily render the simulation 

results inaccurate.  

    

 

7.3 Recommendation for Future Field Study 

 

In the urban snowmelt model developed in this study, the areal depletion curve for a 

uniform snow cover is applied to all snow cover types. For a more accurate result, it is 

recommended that an areal depletion curve for snow piles should be developed. Snow 

piles have higher densities that can change or influence the areal depletion curve.   
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