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Lay Summary 

The South Saskatchewan River Basin (SSRB), spanning parts of Alberta, 

Saskatchewan, Manitoba and the northern USA, is amongst the largest watersheds in 

Canada. The western parts of the SSRB experience strong, dry and warm chinook 

winds during winter which cause mid-winter snowmelt, blowing snow and potential 

loss of important surface water storage via evaporation. These chinook winds occur 

during approximately 40% of winter days. It is not known how much water 

evaporates, infiltrates the surface or runs off to rivers as a result of chinook events. 

The aim of my research was to characterise and quantify the effects of chinooks on 

the water budget of the SSRB. I addressed this using detailed field observations and 

computer modelling. 

Instruments to measure evaporation, soil water content and other aspect of the 

surface energy balance were installed at three open sites. I found that, during winter, 

evaporation was considerable and caused entirely by chinook winds. Despite 

snowmelt also occurring as a result of chinooks, the melted water did not infiltrate 

the surface but largely evaporated. 

Since detailed field observations were possible only over a year and at three 

locations, I relied on computer modelling for additional results. I used a highly 

detailed computer model, The Canadian Land Surface Scheme linked to the Prairie 

Blowing Snow Model (CLASS-PBSM), to characterise the effects of chinooks over 

the entire SSRB over a decade. I tested alternative ways of calculating snowmelt, 

evaporation and infiltration within CLASS-PBSM to develop an ideal model version 

for my purpose. The model evaluation highlighted difficulties and uncertainty 

modelling winter evaporation and infiltration into frozen soils. 

I then applied this single ideal version of CLASS-PBSM over the entire SSRB over 

2002-2013. The model results showed that the SSRB generally does not experience 

infiltration until March, confirming field observations. The Prairie region of the 

SSRB is that which is most strongly affected by chinooks. The Mountainous Region 

is affected differently by chinooks; blowing snow increases during winter and runoff 

increases during spring. The Lower South Saskatchewan is the subbasin most 

affected by chinooks, and the Red Deer is the subbasin least affected by chinooks. 
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Abstract 

The South Saskatchewan River Basin (SSRB) is amongst the largest watersheds in 

Canada. It is an ecologically diverse region, containing Montane Cordillera, Boreal 

Plains and Prairie ecozones. The SSRB is subject to chinooks, which bring strong 

winds, high temperatures and humidity deficits that alter the storage of water during 

winter. Approximately 40% of winter days experience chinooks. Ablation during 

chinooks has not been quantified; it is not known how much water evaporates, 

infiltrates or runs off. The aim of this thesis is to characterise the spatial variability of 

surface water fluxes as affected by chinooks over SSRB subbasins and ecozones. The 

objectives are addressed using detailed field observations and physically based land 

surface modelling. Eddy covariance was deployed at three prairie sites. During 

winter chinooks, energy for large evaporative fluxes were provided by downward 

sensible heat fluxes. There was no evidence of infiltration until March. The Canadian 

Land Surface Scheme (CLASS) coupled to the Prairie Blowing Snow Model 

(PBSM) was used as the modelling platform. A multi-physics version of CLASS-

PBSM was developed, consisting of two parameterisation options each for sixteen 

processes. Field observations were used to evaluate each of the configurations. Three 

parameterisations provide both best snow and best soil water simulations: iterative 

energy balance solution, air temperature and wind speed based fresh snow density 

and de Vries’ soil thermal conductivity. The model evaluation highlighted difficulties 

simulating evaporation and uncertainty in simulating infiltration into frozen soils at 

large scales. A single model configuration is selected for modelling the SSRB. 

Modelling showed that the SSRB generally experiences no net soil water storage 

change until March, confirming field observations. Chinooks generally reduce net 

terrestrial water storage, largely due to snowmelt and subsequent evaporation and 

runoff. The Prairie ecozone is that which is most strongly affected by chinooks. The 

Montane Cordillera ecozone is affected differently by chinooks; blowing snow 

transport increases during winter and runoff increases during spring. The Lower 

South Saskatchewan is the subbasin most affected by chinooks. The Red Deer is the 

subbasin least affected by chinooks.  
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u*n Friction velocity applied to nonerodible roughness elements [m s-1] 

u*t Friction velocity applied for snow erosion [m s-1] 

vis Subscript indicating visible band for snow albedo [] 

WsP Water storage potential of upper soil layer [mm] 

Yi ith constituent in PBIAS calculation 

z Instrument height [m] 

z0,H Surface roughness length for scalar transfer [m] 

z0,M Surface roughness length for momentum transfer [m] 

z0,M/z0,H Ratio of roughness length for momentum to that for scalar transfer [] 

Zf Infiltration depth [m] 

zi depth of soil layer I [m] 

zp Depth of permeable surface layer for infiltration frozen soils [mm] 

Zp Ponding depth [m] 

zsurf Surface layer thickness (soil or snow) [m] 
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Greek alphabet 

αg,dry Dry soil albedo [] 

αg,wet Wet soil albedo [] 

αg,NIR Soil albedo in near-infrared band [] 

αg,VIS Soil albedo in visible band [] 

αg,T Soil albedo (all bands) [] 

αS Snow albedo [] 

αS,old Background old snow albedo [] 

αvis,0, αvis,0 Fresh snow albedo for specific bands [] 

aµ Constant for snow albedo calculation [] 

bµ Constant for snow albedo calculation [] 

β Water availability factor [] 

γw,max snowpack maximum liquid water content [kg kg-1] � von Kármán constant [0.41] 

λE Latent heat flux [W m-2] 

λa thermal conductivity of air in soil [W m-1 K-1] 

λS thermal conductivity of snowpack [W m-1 K-1] 

λsurf thermal conductivity of surface soil layer [W m-1 K-1] 

λdry Soil thermal conductivity of dry soil [W m-1 K-1] 

λsat Soil thermal conductivity at saturation [W m-1 K-1] 

λsoil Soil thermal conductivity [W m-1 K-1] 

λsol thermal conductivity of soil solids [W m-1 K-1] 

λW thermal conductivity of water in soil [W m-1 K-1] 

µsim,obs Mean of simulated or observed values 

µ solar zenith cosine 

∆S Change in total terrestrial water storage [kg m-2] 

δ Denotes incremental value in algebraic energy balance solution 

η Snowpack viscosity [kg m-1 s-1] ����� Maximum volumetric liquid water content [m3 m-3] 

θfc,1 field capacity of the first soil layer [m3 m-3] 

θw,1 volumetric liquid water content of first soil layer [m3 m-3] 

θc,1 Critical point of first soil layer [m3 m-3] 

θl,1 Wilting point of first soil layer [m3 m-3] 

θ0 soil porosity [m3 m-3] 

ρ Air density [kg m-3] 

ΡW Density of liquid water [kg m-3] 

ρS,F Fresh snow density [kg m-3] 

ρS Snowpack density [kg m-3] 

ρS,max Maximum snowpack density [kg m-3] 

ρr Constant for snow liquid water content [200 kg m-3] 

σs Stefan-Boltzmann constant [5.67×10-8 2 m-2 K-4) 

σsim,obs Standard deviation of simulated or observed values 

τS non-dimensional snow age 

ɸm Universal function for momentum exchange 

ɸh Universal function for scalar exchange 
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ϰ Empirical coefficient for soil thermal conductivity calculations [] 

ψm Stability function for momentum exchange 

ψh Stability function for scalar exchange 

ψw soil water potential at the wetting front [m] 

Ѱs Saturation water suction [Pa] 
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Chapter 1 Introduction 

 1.1 Context 

The South Saskatchewan River Basin (SSRB), which spans the southern parts of the 

Canadian provinces of Alberta and Saskatchewan, holds important resource 

developments (agriculture, forestry, mining, hydroelectric, oil and gas). It is an 

ecologically diverse region, bounded by the Rocky Mountains to the west, boreal 

forest to the north and east, and is covered by expansive prairie of agricultural land 

and grassland in the central, eastern and southern areas. The prairie region is 

characterised by gentle topography and a relatively dry climate. Potential evaporation 

is high during summer months and droughts are frequent (McGinn, 2010). Much of 

the prairie region is subject to internal drainage as opposed to contributing to South 

Saskatchewan River (SSR) streamflow (Martin, 2001). The montane region is 

characterised by high-elevation, variable topographic relief and by heavy 

precipitation. As such, the mountains provide most runoff for SSR flow (Alberta 

Environment, 2006). 

Chinooks are the North American variety of foehn: strong, warm and dry westerly 

winds that descend lee mountain slopes as a result of synoptically driven flow (AMS, 

2000). They are known elsewhere as Bergwinds in South Africa, Nor’westers in New 

Zealand and Zonda in Argentina. Chinooks are initiated by strong synoptic pressure 

gradients directed towards the northeast from over the eastern Pacific. Chinooks 

create notable meteorological contrast to the cold, high pressure Arctic air mass that 

often covers the prairies of southern Alberta and the western region of southern 

Saskatchewan. Chinooks result in strong winds, unseasonably high temperatures and 

humidity deficits that can significantly alter the storage and transfer of water during 

winter. They occur throughout the year but their impacts are most noticeable during 

winter (Nkemdirim, 1996). 

According to common mythology, chinook is a First Nations term for “snow eater.” 

Though this definition is inaccurate, it does have credence. Steed (1982) estimated 

that seasonal snow mass in southern Alberta is depleted by upwards of 50% by 

chinooks; however, this ablation has not been quantified. It is not known how much 
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water evaporates to the atmosphere, infiltrates and contributes to subsurface storage, 

or becomes runoff that contributes to streamflow. The hydrology of the semi-arid 

prairies of the SSRB can potentially be highly sensitive to the frequency and severity 

of chinooks as runoff generation largely depends on spring snowmelt rates exceeding 

infiltration rates into frozen soils (Steed, 1982; Gray et al., 1988; Nkemdirim, 1991). 

Low winter precipitation and high ablation rates contribute to growing season 

drought and low summer rainfall (Szeto, 2011). Water loss puts stress on irrigation 

systems; irrigation accounts for 84% of water allocation in the SSRB (AMEC, 2009). 

Natural streamflows in the SSRB are expected to decrease due to climate change, 

though water use could increase by over 50% (AMEC, 2009). Furthermore, three of 

the four major subbasins of the SSRB (Bow, Oldman and South Saskatchewan) 

reached their limit water allocations and the other (Red Deer) is expected to reach its 

limit in three decades (Alberta Environment, 2006).  

 

 1.2 South Saskatchewan River Basin 

1.2.1 Introduction 

The SSRB is amongst the largest watersheds in Canada and is part of the larger 

Saskatchewan River Basin, a GEWEX Regional Hydroclimate Project. Its flows are 

important for crop irrigation, municipal and commercial purposes. The Canadian 

metropolitan areas of Calgary, Alberta (population: 1,095,404) and Saskatoon, 

Saskatchewan (population: 222,189) are located within its bounds (Statistics Canada, 

2012). The Prairie Provinces Master Agreement on Apportionment allows Alberta to 

take up to 50% of the natural water flows originating from within its boundaries and 

up to 50% of the flow entering its boundaries and the remainder flows to 

Saskatchewan and eventually Manitoba (Prairie Provinces Water Board, 2003). 

 

1.2.2 Hydrology 

The SSRB experiences variable streamflow and differing runoff conditions in the 

mountain and the prairie regions. The semi-arid climate and low relief of the prairie 

region result in limited runoff generation. Ubiquitous pothole depressions (wetlands, 
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slough and small lakes) in the prairie landscape are often the terminus of this limited 

runoff, resulting in numerous internally-closed basins. Prairie streamflow generation 

depends on the inter-connectivity of these pothole depressions and their connections 

to river networks. As such, connectivity and prairie streamflow can vary 

considerably year to year depending on the antecedent surface water storage 

(Stichling and Blackwell, 1957; Shook and Pomeroy, 2011) and interannually 

variable precipitation; the greatest variation in annual precipitation in Canada has 

been shown to occur in the central prairies (Longley, 1953). Connectivity increases 

with greater runoff which is controlled by over-winter processes of snow 

accumulation, redistribution and depletion, and soil water thaw and evaporation 

(Labaugh et al., 1998; Hayashi et al., 2003; van der Kamp et al., 2003; Fang and 

Pomeroy, 2009). According to the Prairie Farm Rehabilitation Administration, 40% 

to 50% of the SSRB does not generate runoff that contributes to the river system with 

a return period of two years (PFRA, 1983). Annual peak discharge in the SSR occurs 

during snowmelt from March to June and baseflow conditions occur from July to 

August (Hauer et al., 1997). The major subbasins are the Bow, Red Deer, Oldman 

and Lower South Saskatchewan River subbasins, which contribute 43.6%, 17.9%, 

38.0% and 0.4% of SSR discharge, respectively, at the confluence with the Red Deer 

River (Alberta Environment, 2002).  The SSRB is susceptible to recurring drought, 

occasional floods and the effects of climate change. Mean annual and peak discharge 

has generally decreased in the southern prairies Canadian since the mid-20th century 

(St. Jacques et al., 2004; Burn et al., 2008).The 1999-2004 drought cost $4-$5 billion 

in agricultural losses to the Canadian economy (Garnett, 2002; Wheaton et al., 2005). 

Hydrological modelling of the SSRB with six IPCC climate scenarios predicts a 

mean decrease in basin-wide discharge from the 1961-1990 normal period to 2039-

2070, but the estimates range from decreases to increases (Pietroniro et al., 2006; 

Martz et al., 2007). 

A number of field studies have characterised Canadian Prairie winter hydrological 

processes relevant within the SSRB, but most were located in Saskatchewan which is 

east of the area most heavily affected by chinooks. Prairie snowmelt in Saskatchewan 

occurs in March or April and is primarily driven by solar radiation and sustains 

relatively small sublimation losses (Granger and Male, 1978). The sensible heat flux 
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contribution to snowmelt can also be larger when snow cover is patchy and local 

advection occurs (Shook and Gray, 1997). More recent observations have shown that 

there remain difficulties in closing energy balances of snowpacks even during ideal 

conditions and that internal snowpack energetics are still not fully understood 

(Helgason and Pomeroy, 2012a). Furthermore, in valley bottoms, there is additional 

advected turbulence associated with mountain topography and other land surface 

discontinuities (Helgason, and Pomeroy, 2012b). Blowing snow erosion and 

transport are significant ablation processes in the prairies, particularly east of the 

chinook region where snowpacks remain cold throughout winter (Pomeroy et al., 

1993; Fang and Pomeroy, 2009). Pomeroy and Essery (1999) observed upward latent 

heat fluxes of 40-60 W m-2 during mid-winter blowing snow events; these are of 

magnitude twice that observed over melting prairie snowpacks during periods of high 

net radiation. Infiltration of meltwater into frozen soils during winter depends on soil 

ice content during snowmelt; infiltration can be completely restricted when surficial 

soil moisture is saturated and frozen (Gray et al. 1985a). Shallow soil moisture 

content usually decreases over winter, and both liquid and vapour soil moisture 

transport mechanisms can be important (Gray et al., 1985b).  

The prairie winter hydrological processes contrast starkly those in the montane 

region, which is characterised by sharp topographic gradients and by heavy 

precipitation. Snow in alpine areas is subject to redistribution and sublimation by 

wind (MacDonald et al., 2010), and spatially variable snowmelt and meltwater runoff 

rates (DeBeer and Pomeroy, 2010). Forest canopies intercept rainfall and snowfall 

and this intercepted snow, in particular, is prone to high sublimation rates (Ellis et 

al., 2010). Subsurface storage plays a significant role in modulating streamflow 

generation in alpine headwater catchments (Hood et al. 2006; McClymont et al., 

2010). Glacier melt and wastage contribute to SSRB streamflow, particularly during 

late summer (Comeau et al., 2009). 
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 1.3 Chinooks 

1.3.1 Climatology and Meteorology 

During winter the cold and high pressure Arctic air mass frequently covers the 

prairies of southern Alberta and Saskatchewan. The Rocky Mountains, to the west, 

largely confine the Arctic air mass to east of the continental divide. Over the northern 

Pacific Ocean, a warm and moist maritime system is driven to the coast of British 

Columbia by prevailing maritime westerlies. Chinooks are initiated by strong 

synoptic pressure gradients directed towards the northeast from the Pacific coast. The 

warm and moist maritime air is driven eastward by two systems: a counterclockwise-

circulating low pressure system off the coast near the Canada-USA border, and a 

clockwise-circulating high pressure system over the continental northwest USA 

(Nkemdirim, 1996; Figure 2). As such, the chinook-affected region of North 

America extends from Central Alberta southward to northeastern New Mexico. 

 

Figure 1-1. 500 hPa surface contour map typical of chinook formation (from 
Nkemdirim, 1996). Arrow and black area indicate chinook-affected region of 
southern Alberta. 
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The classical depiction of foehn formation is as follows: the air mass ascends the 

western slopes of the Rocky Mountains and cools at the dry adiabatic lapse 

(approximately 9.8ºC/km) until it becomes saturated and then cools at the lower wet 

adiabatic lapse rate (approximately 5ºC/km). Often this cooling results in heavy 

precipitation over the higher altitudes of the western slopes. It was commonly 

believed that windward-side precipitation formation was necessary for foehn 

formation until Scorer (1978) showed that flow can be blocked by mountains on the 

windward side and warm air can flow over blocked air without rising sharply on the 

windward side. The air then descends the lee slopes and displaces the Arctic air 

mass. 

There are a number different theories describing how warm air descends lee slopes; 

these are summarised by Steinacker (2006). The vertical aspiration theory (Streiff-

Becker, 1931) suggests that cold air near the surface is removed by turbulent erosion 

as the warmer upper air expands downwards. The horizontal aspiration theory (von 

Ficker, 1931) suggests that cold air is drawn towards an approaching low pressure 

depression. The lee wave theory (Lyra, 1940; Queny, 1948) describes descending 

flow as a result of forced displacement from an equilibrium state by an obstruction. 

The waterfall theory (Rossmann, 1950) suggests that upper air is denser than lower 

lee side air, and downslope gravitational acceleration occurs. The solenoid theory 

(Frey, 1944) suggests isobaric fields result in accelerated circulating flow. The 

hydraulic foehn theory (Schweizer, 1953) suggests the occurrence of hydraulic jumps 

on the lee side. 

Glenn (1961) describes four factors that contribute to the warmth of chinooks. 

Precipitation formation over the western slopes results in latent heat added to the air 

which is realised as warming as the air descends the eastern slopes. Compression 

warming occurs at the dry adiabatic lapse rate as the air descends lee slopes. 

Nocturnal chinooks reduce radiative surface cooling via the advection of warm air 

and turbulent mixing near the surface. Waves at the interface of shallow cold Arctic 

air and warm air aloft result in drastic temperature changes. 

Nkemdirim described aspects of chinook climatology Alberta. The following criteria 

were used to identify a chinook event from surface station observations in Calgary 
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(Nkemdirim, 1991, 1997): (i) sustained westerly winds between the SSW and WNW 

directions, (ii) wind speed exceeding 4.5 m/s, (iii) sharp increase in temperature with 

the daily mean exceeding the historical normal, (iv) decrease in relative humidity, 

and (v) the increase in temperature and decrease in relative humidity correlate 

perfectly with the shift to westerly winds. On average there are 50 days from 

November through February in Calgary with chinook events (standard deviation of 

16 days). December has the greatest number of days with chinooks (14.5), and 

February has the least (11). Durations of chinook events range from 1 to 17 days, 

though single day chinooks are most common (Nkemdirim, 1997). Incoming 

shortwave and longwave radiation are on average 12 W m-2 and 27 W m-2 greater 

during chinook than non-chinook conditions (Nkemdirim, 1990, 1995). Increased 

warming during chinooks generally occurs from north to south and from west to east, 

and at lower elevations (Nkemdirim, 1996). 

 

1.3.2 Land Surface Effects 

Chinooks can significantly alter the water balance via snowmelt, sublimation, 

blowing snow transport, ground thaw and evaporation. Studies have provided 

estimates of high sublimation rates during chinook conditions in alpine regions in the 

western USA: over 2 mm/day (Cline, 1997), 0.5 mm/day (Hood et al., 1999), 3-4 

mm/day (Leydecker and Melack, 1999). Golding (1978) estimated potential 

sublimation during chinooks over a number of alpine and subalpine sites along the 

eastern slopes of the Rocky Mountains in Alberta and found average values of 1.2 - 

2.0 mm/day, which exceeded snowmelt rates; these estimates could have included 

sublimation of blowing snow. Nkemdirim (1991) studied evaporation during 

chinooks in Calgary and found evaporation near the potential rate when snowmelt 

results in standing water and when shallow soil moisture is saturated and unfrozen. 

Hayashi et al. (2005) observed sublimation rates up to 2.2 mm/day associated with 

foehn-type winds during the snowmelt period over an agricultural field in northern 

Japan. 
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 1.4 Land Surface and Hydrological Modelling 

1.4.1 Overview 

Land surface and hydrological models provide mathematical descriptions of a 

landscape’s hydrological transport and storage processes given precipitation and 

energy inputs. These models vary widely in their governing assumptions, data input 

requirements, the complexity of their mathematical descriptions, spatial 

discretisation and in the hydrological variables simulated. Hydrological models can 

be classified based on three model characteristics according to Grayson and Blöschl 

(2000): 1) the type of algorithms (empirical, conceptual or physically based), 2) the 

input and parameter method (deterministic or stochastic), and 3) the spatial 

representation (distributed or lumped). 

Empirical models are mathematically simple input-output relationships that do not 

explicitly describe hydrological processes (e.g. streamflow calculated simply as a 

function of precipitation and some calibrated coefficient). Conceptual models are 

composed of a suite of mathematical representations of the most basic and important 

hydrological processes, but the individual processes are described by calibrated 

input-output relationships (e.g. the Stanford Watershed Model [Crawford and 

Linsley, 1966]; UBC model [Quick and Pipes, 1977]). Physically based models use a 

suite of physics-based equations to describe the vast majority of hydrological 

processes. Physically based models are the most mathematically complex and 

computationally expensive; land surface schemes are included in this group (e.g. 

CLASS [Verseghy (1991), Verseghy et al. (1993)]; JULES [Best et al. (2011)]). The 

rationale behind physically based modelling is the belief that most reliable 

hydrological predictions can be achieved when simulating all hydrological processes. 

In reality, most physically based hydrological models contain some conceptual 

components (e.g. streamflow routing). The vast majority of models use the simplest 

deterministic approach to parameter specification and input, whereby a single set of 

parameters and input data are used to generate a single set of outputs. This contrasts 

with the stochastic approach whereby statistical distributions of input data and 

parameters are used to generate multiple sets of outputs calculated using 

combinations of the input data and parameters (e.g. Entekhabi and Eagleson, 1989; 
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Avissar, 1992). One of the perceived advantages to using physically based models as 

opposed to more rudimentary ones is that certain parameters can be estimated from 

field measurements and remote sensing, thereby reducing the need for calibration; 

however, in practice, some physically based parameters are difficult to measure or 

are rarely measured in the field (e.g. certain stomatal resistance parameters). This 

difficulty is exacerbated if the model domain is large or highly heterogeneous. An 

approach to this problem is the use of effective parameter values that represent the 

behaviour of a finite model area.  

Model spatial representation refers to the division of the modelled landscape into its 

computational elements. A lumped spatial representation is one in which the 

modelled landscape is represented as a single computational element (e.g. the 

STANFORD watershed model [Crawford and Linsley, 1966]; the original version of 

SLURP [Kite, 1975]). This differs from the distributed representation where the 

modelled landscape is divided into a number of spatially explicit computational 

elements. Spatially explicit distributed model elements take one of four most 

common forms: gridded, contour based, Triangulated Irregular Networks (TINs) or 

conceptual elements. The gridded representation is the most commonly used and in it 

the model elements are spatially explicit rectangles, most often equally spaced 

squares (e.g. SHE – Système Hydrologique Européen [Abbott et al., 1986]). Contour 

based models` computational elements are divided by topographic contour lines (e.g. 

TOPOG [Vertessy et al., 1993]; UBC watershed model [Quick and Pipes, 1977]). 

The computational elements of TINs are irregularly shaped triangular facets (e.g. 

Palacios-Vélez et al., 1998; Vivoni et al., 2004). Conceptual elements are subjective 

computational elements selected with the goals of reducing the number of 

computational elements compared to the other spatially explicit representations while 

also reducing sub-element variability of flow path and slope (e.g. KINEROS [Smith 

et al., 1995]; finite element polygon schematisation of Kuchment et al., 2000). There 

are also non-spatially explicit distributed spatial representations, known as 

distribution-based spatial representations. These model elements are not spatially 

contiguous, but rather have conceptual locations, and are selected based on common 

biophysical (e.g. soil and vegetation) and topographic properties (e.g. the wetness 

index used in TOPMODEL [Beven and Kirkby, 1979]). Yet another approach uses 
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spatially aggregated elements that share common biophysical properties (e.g. soil, 

topography, vegetation) and are presumed to have the same hydrological responses. 

These landscape elements are referred to by a variety of terms including hydrological 

response units (HRUs), land classes and landscape units. HRUs can have, but do not 

require an explicit spatial representation but do often have a hydrological sequence. 

HRU-based models include PRMS (Leavesley and Stannard, 1995) and CRHM 

(Pomeroy et al., 2007). The WATFLOOD model (Kouwen, 1988) uses grouped 

response units (GRUs), which are grouped HRUs that do not have a hydrological 

sequence. 

 

1.4.2 Land Surface Schemes and Intercomparison Studies 

Land surface schemes (LSS) provide the lower boundary for atmospheric models and 

calculate land-atmosphere exchanges of energy, mass and momentum. Most LSSs 

are physically based though they do range in complexity from the bucket model 

(Manabe, 1969), to having more physically detailed descriptions of soil-vegetation-

atmosphere interactions (e.g. Verseghy, 1991; Verseghy et al., 1993; Viterbo and 

Beljaars (1995); Cox et al. (1999)), to having even more detailed biophysical 

descriptions of photosynthesis, respiration and decay (e.g. Zhang et al., 2001). LSSs 

generally have gridded spatial representations to match their atmospheric model, 

though some account for sub-grid variability in the landscape using a stochastic 

approach to parameter input (Avissar, 1992), or non-spatially explicit land class-

based spatial representations within grid squares (e.g. Verseghy, 1991; Verseghy et 

al., 1993; Best et al., 2011). 

There have been intercomparisons of existing snow models in LSS and hydrological 

models: PILPS2d (grassland site in Russia; Schlosser et al., 2000; Slater et al., 2001), 

PILPS2e (northern Scandinavia; Bowling et al., 2003; Nijssen et al., 2003), Rhône-

AGG (Boone et al., 2004), SnowMIP (four open sites; Essery and Etchevers, 2004; 

Etchevers et al., 2004) and SnowMIP2 (five paired open and forest sites; Essery et 

al., 2009; Rutter et al., 2009). A shared conclusion amongst these intercomparison 

projects is that models tend to diverge most during spring snowmelt, and at warmer 

sites or during warmer years during which mid-winter melt occurs, and that the best 
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combinations of snow process parameterisations could not be determined. In 

particular, the results of SnowMIP showed greater errors in simulating net shortwave 

radiation rather than net longwave radiation, and this not related to model 

complexity. The result of PILPS2e found that difference in predicted annual runoff 

were largely related to estimated sublimation and there was a strong dependence on 

the formulations for aerodynamic resistances and stability corrections. Model 

treatments of liquid water retention exerted a strong role on the timing of runoff but 

not on its overall magnitude. Essery et al. (2013) took snow model intercomparison 

to an unprecedented level by combining three parameterisations each for seven snow 

parameterisations in every possible configurations. The observations were evaluated 

against observations from Col de Porte, a subalpine site in France. A best model was 

not found, however there was a group of configurations that performed consistently 

well and a group that performed consistently poorly. The most consistently good 

configurations included prognostic representations of snow albedo and density, and 

allowed liquid water retention in the snowpack. 

There have also been soil model intercomparisons: PILPS2d (grassland site in 

Russia; Luo et al., 2003), Zhang et al., (2008, 2010; over permafrost soils), the 

Global Soil Wetness Project (global simulations using BASE; Pitman et al., 1999). 

The PILPS2d and Global Soil Wetness studies showed the importance of including 

the thermal effects of soil ice melting and freezing in land surface schemes. Pitman et 

al. (1999) tested four separated representations of soil ice in BASE: explicit 

representation of both thermal and hydrological effects, two simple implicit methods 

representing only the hydrological effects, and no model representation of soil ice. 

They found large differences in total runoff, evaporation, soil temperature, and in the 

partitioning of runoff between drainage and surface runoff between the four 

representations of soil ice. It was also found that suppressing infiltration under frozen 

conditions can have mixed results on model skill and suggest that, though frozen 

soils effectively restrict infiltration at small scales, their parameterisation is not 

always appropriate at larger scales due heterogeneous soil properties and flow 

through macropores (also Slater et al., [1998]). Luo et al. (2003) found that explicit 

soil water freezing calculations improve soil temperature simulations, and that 

modifications to soil heat capacity have a greater impact on model skill than thermal 
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conductivity. The frozen soil scheme had little effect on soil moisture simulations; 

however, this may have been due to the climate at the Russian site. Conversely, 

Slater et al. (1998) found that a frozen soil parameterisation improved simulations of 

the seasonal cycle of soil moisture at four Russian sites. Zhang et al. (2008 and 2010) 

found that, for primarily organic permafrost soils, the selection of soil unfrozen water 

content parameterisation resulted in little difference in ground thawing and freezing 

simulations and that different infiltration schemes only produced differences when 

soils were frozen or during the initial fast thawing phase. 

 

 1.5 Objectives and Structure 

The aim of this research is to characterise the land surface hydrometeorological 

effects of chinooks over the SSRB. The objectives (and associated research 

questions) are to: 

1) Develop a land surface model suitable for the South Saskatchewan River 

Basin. 

a. Which process parameterisations are most suitable? 

2) Describe and quantify the spatial variability of surface water fluxes as 

affected by chinooks. 

a. Which areas have the smallest and largest fluxes? 

b. Is evaporation, infiltration or runoff predominant? 

3) Characterise net winter water budgets for the SSRB, its subbasins and 

ecozones. 

a. Which areas are most and least affected by chinooks? 

b. What are the net terrestrial water storage changes? 

These objectives are addressed using detailed field observations and physically based 

land surface modelling. Chapter 2 describes the SSRB study area including details of 

experimental field sites and auxiliary data used for model validation and calibration. 

Chapter 3 presents direct measurements of water and energy balances from three 

sites, which are used to characterise the spatial variability of surface fluxes during 

chinooks and winter season changes in surface and shallow sub-surface water 

storage. Chapter 4 describes the modelling methodology: the modelling domain and 
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land classification, the existing model used (CLASS-PBSM) and the process 

parameterisations evaluated. Chapter 5 presents the evaluation of various 

parameterisation options and the selection of the most suitable land surface model for 

the SSRB. Chapter 6 presents simulations of winter net water budgets for SSRB 

subbasins and ecozones while highlighting the impacts of chinooks, with estimates of 

snow transport by wind, snowmelt, runoff, soil water storage, evaporation and 

sublimation.   
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Chapter 2 Study Area and Experimental Sites 

 2.1 Introduction 

This research focuses on the SSRB for two reasons: 1) it is currently a major region 

of research focus in water security, socio-hydrology and science-policy, and 2) it 

encompasses the parts of Canada that are affected by chinooks (Nkemdirim, 1996). 

The SSRB’s physical extent is used as the model domain with focus on its four 

subbasins (Bow River, Oldman, Red Deer and Lower South Saskatchewan 

subbasins) and three ecozones (Montane Cordillera, Boreal Plains and Prairie). The 

physiography, ecology and climate of the SSRB are described. Field data from seven 

field sites within, or just outside the SSRB, were used. Eddy covariance and other 

micrometeorological instrumentation were deployed at Bow Valley, Nier and 

Lethbridge locations. Data from these three sites are presented in Chapter 3. 

Historical data from four additional field sites (Marmot Creek Research Basin, 

Kenaston, Innisfail East and Kneehill Valley, and Cypress Hills) were used for 

model development and validation (Chapter 5). There were difficulties closing 

observed water balances at the aforementioned flux sites and there were notable 

discrepancies in precipitation quantities over each of the sites. Precipitation data 

from different gauges as well as reanalyses were considered (see Chapter 3); these 

are described in this Chapter. This chapter also include a description of the 

GEM/CaPA reanalysis-model output, which was used as forcing for modelling the 

SSRB (Chapters 5-7). 

 

 2.2 South Saskatchewan River Basin 

The SSRB is a 121,095 km2 watershed that spans the provinces of Alberta and 

Saskatchewan in western Canada (Alberta Environment, 2014; Figure 2-1). A small 

portion of the SSRB extends into the United States. The headwaters originate within 

the eastern slopes of the Canadian Rocky Mountains along the continental divide. 

Flow is generally eastward through the prairie pothole region, an extensive area of 

flat topography interspersed with ponds, wetland and small lakes. The major 

subbasins of the SSRB are the Oldman River, Bow River, Oldman River, and Lower 
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South Saskatchewan River subbasins which make up 41%, 21%, 22% and 16% of 

the SSRB area (Alberta Environment, 2014). The SSR forms at the confluence of the 

Bow and Oldman Rivers approximately 70 km east of Medicine Alberta, Alberta, 

and Red Deer River joins the SSR just east of the Alberta-Saskatchewan border. The 

SSR joins with the North Saskatchewan River just east of Prince Albert, 

Saskatchewan, and eventually empties into the Hudson Bay via the Nelson River.  

 

Figure 2-1. South Saskatchewan River Basin ecozones, subbasins and field site 
locations. Asterisks indicate flux station locations. Inset shows SSRB location in 
Canada. 

The landcover and hydroclimate of the SSRB can be characterised by three distinct 

ecozones: Montane Cordillera, Boreal Plains and Prairie. The following descriptions 

of ecozones are sourced from the Canadian Council on Ecological Areas (2004) 

unless otherwise stated, and climate normals are for the 1961-1990 period. The 

headwater region of the SSRB is located in the Montane Cordillera ecozone, which 

makes up approximately 10% of the SSRB area. Mean annual precipitation varies 
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from approximately 1200 mm in the upper elevations to below 600 m, decreasing 

with elevation from west to east. Average daily mean, minimum and maximum 

temperatures are 4.7°C, -5.2°C and 15.2°C, respectively. The mean annual 

temperature for major valleys is approximately 2.5°C, decreasing from north to 

south. Mean valley summer and winter temperatures are approximately 12°C and -

7.5°C, respectively. Winter temperatures in the southern region are moderated by 

frequent chinook winds.  Ecozone-wide total annual precipitation is 649 mm with 

32% as snow. Alpine and subalpine summers are considered as being cool and 

experience high rainfall, whereas valley summers are considered dry and warm. 

Alpine and subalpine winters are cold and experience high snowfall, whereas valley 

winters are less cold but also experience high snowfall. Glaciers are sparse in the 

alpine area and almost completely in the Bow River Basin (approximately 89 km2; 

Demuth et al, 2008). Isolated patches of permafrost are also present in the alpine 

area. Vegetation is stratified by elevation. The highest regions, between 1600 and 

2100 m ASL, are characterised by sharp topographic gradients (slope >70%), 

exposed outcrops of grey carbonate strata, exposed soils, low-growing heather and 

sedges, and open stands of alpine fir. This gives way to incline slopes (2-20%) of 

mixed forests (Engelmann spruce, alpine fir and lodgepole pine) in the subalpine and 

lower elevations (1200-1600 m ASL), and also some western hemlock and western 

red cedar in the south. Forest fires occur in the southern part of this ecozone. 

Surficial geology predominantly consists of rock with minor Quaternary deposits, 

glaciofluvial sand and gravel and organic deposits (peat and swamp areas).  Soil 

types are predominantly sandy loam and loam, with sand and clay loam (Regosolic 

and Eutric Brunisolic, and Humo-Ferric Podzols and Dystric Brunisols [Soil 

Classification Working Group, 1998]). 

The Boreal Plains ecozone is east of and at lower elevations than the Montane 

Cordillera. The ecozone makes up only 8% of the SSRB and is located mostly west 

and north of Calgary, Alberta. There is also a small portion located at the terminus of 

the SSRB in central Saskatchewan. Ecozone-wide total annual precipitation is 462 

mm, generally varying from 450 to 600 mm, with 28% as snow. Average daily mean, 

minimum and maximum temperatures are 0.6°C, -8.7°C and 9.6°C, respectively. The 

mean summer temperatures are 12.5°C and 14°C in the Alberta and Saskatchewan 



 

 

18 

 

portions, respectively, and the mean winter temperatures are -8.5°C and -13.5°C in in 

the Alberta and Saskatchewan portions, respectively. The topography consists of 

rolling and undulating terrain (slope >5%) and broad valleys with summits in the 

range 700-1500 m ASL. The landcover is mostly coniferous and mixed forest 

(lodgepole pine, trembling aspen, white spruce and balsam poplar) but also includes 

agricultural land, rangeland, pasture, and small lakes and ponds. Forest fires occur in 

this ecozone. Surficial geology is predominantly thick and continuous till, with rock 

outcrops and organic deposits in places. Soil material is largely organic material and 

clay loam with loam and clay (black and dark grey chernozems, gray and gleyed 

luvisols, brunisolic and gleysolic soils [Soil Classification Working Group, 1998]). 

The Prairie ecozone spans 80% of the SSRB. It occupies the lower elevations of 

basin and is characterised by little topographic relief and a subhumid to semiarid 

climate. Sloughs and ponds are ubiquitous. Ecozone-wide total annual precipitation 

is 404 mm, generally varying from 250 to 500 mm, with 27% as snow. Higher 

precipitation rates occur in more northern and western regions. Average daily mean, 

minimum and maximum temperatures are 2.9°C, -5.2°C and 12.0°C, respectively. 

Mean annual temperature varies from 1.5°C in the most northeast region to 5.0°C in 

southeastern Alberta. Mean summer temperatures range from 14°C to 16°C, and 

mean winter temperatures range from -12.5°C to -8°C. Landcover is predominantly 

level or undulating rangeland and pasture. Natural vegetation cover consists mostly 

of spear grass, blue grama grass and wheat grass with a variety of species of shrubs 

and herbs. There are patches of coniferous forest, aspen, willow, cottonwood and box 

elder in more northern areas. Approximately half of the area of this ecozone is 

agricultural; wheat and cereal fields follow a grain-fallow rotation. Surficial geology 

predominantly consists of fine and coarse-grained glaciolacustrine deposits with 

colluvial rubble. Soil material is predominantly loam and clay loam, with clay, sand 

loam and sand (mostly Brown Chernozemic with areas of Solonetzic, and 

Chernozemic Black soils in more northern and western areas [Soil Classification 

Working Group, 1998]).  
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 2.3 Experimental Sites 

The field experiment of this research focused on eddy covariance instrumentation 

deployed at three sites in southern Alberta, east of the Rocky Mountains (Bow 

Valley [BV], Nier and Lethbridge; Fig. 2-1; results presented in Chapter 3). These 

three locations were selected in order to span the areas most affected by chinooks as 

characterised by Nkemdirim (1996). The sites range 215 km north-south and 175 km 

east-west. Instruments deployed at each site are listed in Table 2-1. Snow and soil 

moisture observations from four additional sites were used only for model validation 

(Marmot Creek Research Basin [MCRB], Kenaston, Innisfail East and Kneehill 

Valley [IEKV], and Cypress Hills; Fig. 2-1 and Table 2-2). Appendix A lists field 

work performed by the doctoral candidate and sources of other field data. Soil 

structural information is shown in Table 2-3. Table 2-4 shows 1981-2010 climate 

normal data for November through March for the long term stations nearest the 

experimental sites.  
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Table 2-1. Instruments used for experimental flux sites: (a) Bow Valley (winter 
2011/2012), (b) Nier and (c) Lethbridge 

(a)  

Variable  Instrument Height(s) or depths(s) 

Air temperature/humidity 

Campbell Scientific 
HMP45C capacitance  
hygrometer and 
thermistor (2) 

0.40, 1.28, 2.04 m 

Wind speed 
Met One 014A 3-cup 
anemometer (2) 

0.46, 5.3 m 

Wind fluctuations 

Campbell Scientific 
CSAT3 ultrasonic 
anemometer 

2.03 m 

Vapour fluctuations 
Campbell Scientific 
KH2O hygrometer 

2.03 m 

Radiation 

(incoming/outgoing 

shortwave & longwave) 

Kipp & Zonen CNR4 
pyrgeometer and 
pyranometer 

1.88 m 

Snow depth 

Campbell Scientific 
SR50A ultrasonic snow 
depth gauge 

1.68 m 

Soil moisture 

Campbell Scientific 
CS616 water content 
reflectometer (3) 

0.02-0.025, 0.055-
0.085, 0.185-0.215 m 

Soil temperature 
Type-T thermocouple 
wire (3) 

0.023, 0.07, 0.20 m 

Ground heat flux 
Hukseflux HFT1 heat flux 
plate (2) 

0.01 m 
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(b) 

Variable Model Height(s) or depths(s) 

Air temperature/humidity 

Campbell Scientific 
HMP45C capacitance  
hygrometer and 
thermistor (2) 

0.95, 1.87 m 

Wind speed* 

Met One 014A 3-cup 
anemometer 
RM Young 05103 wind 
monitor 

2.0 m 
 
10.0 m 

Wind fluctuations 

Campbell Scientific 
CSAT3 ultrasonic 
anemometer 

1.89 m 

Vapour fluctuations 
Campbell Scientific 
KH2O hygrometer 

1.89 m 

Radiation 

(incoming/outgoing 

shortwave & longwave) 

Kipp & Zonen CNR1 
pyrgeometer and 
pyranometer 

1.84 m 

Snow depth* 

Campbell Scientific SR50 
ultrasonic snow depth 
gauge 

1.68 m 

Soil moisture* 

Campbell Scientific 
CS615 water content 
reflectometer (2) 

0.05, 0.20 m 

Soil temperature* 
Type-T thermocouple 
wire (2) 

0.05, 0.20 m 

Ground heat flux 
Hukseflux HFT1 heat flux 
plate 

0.01 m 

* indicates instruments operated by Alberta Agriculture and Rural Development 
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(c) 

Variable  Model Height(s) or depths(s) 

Air temperature/humidity 

Campbell Scientific 
HMP45 capacitance  
hygrometer and 
thermistor 

1.0 m 

Wind speed/direction* 
RM Young ultrasonic 
anemometer 

6.0 m 

Wind fluctuations* 
Solent 1012R3 ultrasonic 
anemometer 

6.0 m 

Gas analysis* 
LiCor LI-6262 CO2/H2O 
analyzer 

6.0 m 

Net radiation*  
REBS Q*7.1 net 
radiometer 

3.0 m 

Surface temperature 

(outgoing longwave 

radiation) 

Type-K thermocouple 
wire 

1.3 m 

Soil moisture* 

Campbell Scientific 
CS615 water content 
reflectometer  (1x4,2x2) 

0.00-0.15 (4), 0.15 (2), 
0.30 (2) m 

Soil temperature* thermocouple wire (5x2) 
0.02 (2), 0.04 (2), 0.08 
(2), 0.16 (2), 0.32 (2) m 

Ground heat flux* 
REBS HFT-3.1 heat flux 
plate (4) 

0.02 m 

Atmospheric pressure* 
Vaisala PTB01 analogue 
barometer 

- 

* indicates instruments operated by L.B. Flanagan, University of Lethbridge 
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Table 2-2. Observations from additional sites used for model validation: (a) Marmot 
Creek Research Basin, (b) Kenaston, (c) Innisfail East and Kneehill Valley and (d) 
Cypress Hills 

(a)  

Variable  Instrument 
Depths(s) or number 

of locations x points 

Soil moisture 

Campbell Scientific 
CS616 water content 
reflectometer (4×3) 

0.05, 0.25, 0.40 m 

Snow water equivalent ESC-30 snow tube 4 × 20-30 

 

(b)  

Variable  Instrument 
Depths(s) or number 

of locations x points 

Soil moisture 
Stevens Hydra Probe II 
(11×3) 

0.05, 0.20, 0.50 m 

Snow water equivalent Sealable bag samples 3 × 26-30 

 

(c)  

Variable  Instrument 
Number of locations × 

points 

Snow water equivalent Sealable bag samples 2 × 10 

 

(d)  

Variable  Instrument 
Number of locations × 

points 

Snow water equivalent Sealable bag samples 6 × 10 
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Table 2-3. Soil information from Soil Landscapes of Canada Working Group (2011) 
for (a) experimental flux sites and (b) historical field sites 

(a)  

 
Bow Valley 
(cm depth) 

Nier 
(cm depth) 

Lethbridge 
(cm depth) 

 
0- 
10 

20- 
35 

51- 
70 

0- 
20 

0- 
35 

0- 
100 

15- 
20 

0- 
100 

58- 
100 

Sand (%) 40 31 32 40 43 40 43 40 25 
Silt (%) 40 44 33 40 39 30 29 30 40 
Clay (%) 20 25 35 20 18 30 28 30 35 
Organic (%) 3.9 2.1 0.0 5.0 5.2 1.0 1.3 1.0 0.0 
Bulk density 

(g cm-3) 
1.15 1.40 1.45 1.20 1.15 1.15 1.15 1.15 1.15 

 

(b) 

 
Marmot Creek 

(cm depth) 

Kenaston 

(cm depth) 

Innis./Kneehill 

(cm depth) 

Cypress Hills 

(cm depth) 

 
2-

12 

40-

100 

85-

120 

0-

14 

14-

21 

36-

100 

0-

20 

15-

100 

56-

112 

0-

12 

12-

35 

33-

85 

Sand (%) 21 86 40 42 50 36 40 40 53 33 34 43 

Silt (%) 71 13 41 32 28 37 40 30 24 43 44 31 

Clay (%) 8 1 19 26 22 27 20 30 23 24 22 26 

Organic (%) 1.7 0.2 0.0 2.6 0.8 0.3 5 0.5 0.5 3.2 1.2 0.5 

Bulk density 

(g cm-3) 
1.40 1.55 1.50 1.30 1.50 1.50 1.15 1.45 1.50 1.20 1.40 1.50 
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Table 2-4. Climate normals for experimental sites  

Experimental site 

Climate normal site and 

distance from 

experimental site 

Mean 

November-

March 

temperature 

(°C) 

November-

March 

Precipitation 

(mm) 

Bow Valley and 

Marmot Creek 

 

Kananaskis, 4.7 km S; 
1391 m ASL 

-4.7 159.1 

Nier 
Calgary Airport, 28.9 km 

S; 1084 m ASL 
-5.5 62.3 

Lethbridge 
Lethbridge Airport, 19.5 

km NW; 929 m ASL 
-4.0 86.8 

Kenaston 
Elbow 2 NE, 27.0 km S; 

605 m ASL 
-8.9 61.7 

Innisfail East and 

Kneehill Valley 

Dakota West, 25.0 km NE; 
865 m ASL 

-6.8 97.0 

Cypress Hills 
Altawan, 54.7 km SE; 945 

m ASL 
-8.9 66.8 

 

 

2.3.1 Bow Valley 

The BV instrumentation was located in a large clearing within a coniferous forest, 

along the eastern periphery of the Rocky Mountains in the Montane Cordillera 

ecozone (51º04’10” N, 115º02’49” W; 1326 m ASL). Instruments were mounted on 

a 5 m triangular tower and the sonic anemometer was oriented SSW to capture 

chinook events. The tower was first installed in January 2011 with an upwind fetch 

of approximately 140 m to the forest edge. The tower was moved in October 2011 to 

have an improved upwind fetch of 230 m. Manual snow surveys of 36 depth 

measurements at 5m intervals and five density measurements using a Perla-type RIP 

volumetric snow cutter were conducted thirteen times from January through March 

2011, and twenty times from December 2011 through March 2012. The observation 

periods were mid-January through early-March 2011 and October through early-

April 2012. Vegetation cover was mostly grass 1-10 cm in height, with a mean 

height of approximately 5 cm. The field had sparsely spaced shrubs, approximately 

8.5 shrubs per 100 m linear distance. These shrubs ranged in height from 15-40 cm, 

with a mean height of 28 cm. The mean shrub width was approximately 17 cm, being 
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widest at mid-height. The vegetation was dormant during the study period. 

Atmospheric pressure data from a nearby Environment Canada station were used for 

flux data processing (2.0 km to the north-northwest of BV; 1293 m ASL).  

 

Figure 2-2. Bow Valley Instrumentation looking west. Photograph on left shows 
ultrasonic anemometer and krypton hygrometer. Photograph on right shows 
radiometers and ultrasonic snow depth gauge. 

 

2.3.2 Nier 

The Nier site is an Alberta Ministry of Agriculture and Rural Development (AARD) 

meteorological station located in a cultivated prairie field in central Alberta in the 

Prairie ecozone (51º22’09” N, 114º05’58” W; 1145 m ASL), and is the northernmost 

of the sites. The upwind fetch was approximately 500 m to sparse trees and a narrow, 

heavily-incised creek. A 2 m triangular tower was set-up within the existing 

instrumentation compound, and additional instruments were installed. The sonic 

anemometer was oriented SSW to capture chinook events.  Manual snow surveys 

were performed. The Nier snow survey consisted of 40 depth measurements at 5m 

intervals, and five density measurements using a Perla-type RIP volumetric snow 

cutter. Twelve snow surveys were conducted from December through March. The 

observation period was November 2011 through early-April 2012. The field was 

covered by tall grass, much of which was lying horizontally along the ground 
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surface. The height of bent-over grass was 2-25 cm, with a mean height of 7 cm. The 

height of the erect grass was 7-48 cm, with a mean height of 27 cm. The overall 

mean grass height was 12 cm. Pressure data from the Calgary International Airport 

(29 km to the south) was used for flux data processing.  

 

Figure 2-3. Nier Instrumentation looking east in left photography and looking north 
on right photograph. Photograph on left shows 10m anemometer tower, ultrasonic 
snow depth gauge and precipitation gauge. Photograph on right shows eddy 
covariance instrumentation. 

 

2.3.3 Lethbridge 

The Lethbridge site is an AmeriFlux site operated by Dr. Larry Flanagan, University 

of Lethbridge Department of Biological Sciences. It is located over grassland in 

southern Alberta in the Prairie ecozone (49º25’48” N, 112º33’36” W; 951 m ASL). 

The sonic anemometer is oriented to the west, with an upwind fetch greater than 600 

m. The observation periods were October through April 2010-2011 and 2011-2012. 

The area has not been grazed in over 30 years. The mean grass height was 18.5 ± 3.5 

cm standard deviation. More detailed information can be found in Flanagan et al. 
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(2002) and, Flanagan and Adkinson (2011). A time-lapse digital webcam was 

operated at the Lethbridge site from 7 December 2011 and was used in this study to 

qualitatively describe snowcover. This camera was installed as part of the Phenocam 

network (Richardson et al., 2007). Snow surveys were not performed at this site.  

 

Figure 2-4. Lethbridge Instrumentation looking west in left photography and looking 
north on right photograph. Photograph on left shows closed-path eddy covariance 
instrumentation. Photograph on right shows ultrasonic snow depth gauge and 
pyrgeometer. 

 

2.3.4 Marmot Creek Research Basin 

MCRB (50°57’ N 115°11’ W; 1566-2729 m ASL) is a 9.4 km2 research basin 

located in the Rocky Mountain Front Ranges in Alberta in the Montane Cordillera 

ecozone. The basin is primarily montane with subalpine forest and alpine tundra 

ridgetops. Landcover consists of dense lodgepole pine, mature spruce and subalpine 

fir forest at lower elevations, larch, shrubs and grasses at and just below the treeline, 

and talus and bare rocks in the high alpine. The climate within this small basin is 

variable: observed air temperature was on average 4.9 °C cooler at the highest 

elevation station than at the lowest elevation station and observed annual 

precipitation over the alpine zone was twice that over the lowest elevations. 

Snow survey data from 15 dates from February 2008 to June 2011 were used. These 

surveys were performed by Dr. John’s Pomeroy research group (Centre for 

Hydrology, University of Saskatchewan). On each of these days, manual surveys 

were performed at four separate forest locations. The data from the four surveys were 

averaged to create a single representative snow water equivalent (SWE) for each day 

to allow for some accounting for the spatial variability of SWE. Each survey 
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consisted of 20 to 30 depth samples at 2 m intervals and density measurements with 

an ESC-30 snow tube every fifth depth sample. Soil moisture data from the same 

four forest locations were also used. Observations using Campbell Scientific CS616 

reflectometers at 5, 25 and 40 cm depth from October 2009, and July through August 

2010 were used to generate aggregated soil water mass data to 1.10 m depth to match 

the depth of the upper three soil levels in CLASS. This was done by assuming that 

the volumetric measurement at 5 cm was representative of 0-10 cm, that the 

measurement at 25 cm was representative of 10-35 cm and that the measurement at 

40 cm was representative of 35 cm to 1.10 m. Observations were logged every four 

hours and only data from unfrozen soils were used because the reflectometers do not 

measure frozen water content. As a result there were 219 data points used for model 

evaluation. Further details on the instrumentation at MCRB can be found in Ellis et 

al. (2010). 

 

2.3.5 Kenaston 

Kenaston (51°24’ N 106°28’ W; 570-600 m ASL) is a 10 km × 10 km research site 

located in an agricultural area approximately 100 km south-southwest of Saskatoon, 

Saskatchewan in the Prairie ecozone. The topography is typical of many agricultural 

regions with elevation fairly constant, increasing gently from the northwest to 

southwest. Soils at Kenaston are predominantly loam with clay loam in the northwest 

and dispersed patches of clay. Landcover at Kenaston is demarcated by quarter 

sections (800 m × 800 m plots). Roads are present every two or four quarter-sections 

in both the east-west and north-south directions. The landcover is primarily cropland 

with pasture (grassland) covering a few quarter-sections in the southwest. The crops 

consist of cereal, oil seed and pulse crops that vary between quarter-sections and 

from year-to-year.  

Snow survey data from 25 dates from December 2006 to March 2013 were used. 

These surveys were performed by members of Environment Canada and the 

University of Saskatchewan Global Institute for Water Security. On each of these 

days manual surveys were performed in three agricultural fields of cereal or oil seed 

stubble. The data from the three sites were averaged to create a single representative 
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SWE for each day. Each survey consisted of 26 to 30 depth samples at 5 m intervals 

and density measurements every fifth depth sample. For density samples, snow cores 

were collected in a sealable bag and weighed on digital scales in a vehicle. Soil 

moisture observations from May 2007 to June 2009 were also used, though there was 

a gap in data from 13 June – 3 September 2008. Eleven continuously logging soil 

moisture measurement stations were deployed at Kenaston over cropland. 

Volumetric water content was measured using Stevens Hydra Probe II sensors at 5 

cm, 20 cm and 50 cm depth. Aggregated soil water mass data to 1.10 m depth was 

created by averaging data from each of the sites and assuming that the volumetric 

measurement at 5 cm was representative of 0-10 cm, that the measurement at 20 cm 

was representative of 10-35 cm and that the measurement at 50 cm was 

representative of 35 cm to 1.10 m. Observations were logged every 30 minutes and 

only data from unfrozen soils were used because the sensors do not measure frozen 

water content. As a result there were 3,713 data points used for model evaluation. 

 

2.3.6 Innisfail East and Kneehill Valley 

Innisfail East (51°59’48” N, 113°34’31” W; 910 m ASL) and Kneehill Valley (53° 

05’09” N, 114°07’54” W; 910 m ASL) are separate snow courses performed by 

Alberta Environment. These sites are located in the Prairie ecozone. The sites were 

selected and lumped together because, along with the Cypress Hills, are the only 

Alberta Environment courses that are located within a single grid cell of the model 

domain (see Chapter 4) and thus there is some accounting for the spatial variability 

of SWE. Both courses are located in agricultural fields with less than 2 m elevation 

difference, and consist of ten sample points at 30 m intervals. There are data from 18 

dates conducted around 1 March and 1 April 2003-2013.  

 

2.3.7 Cypress Hills 

Cypress Hills (49°38’0” - 49°40’20” N, 110°14’15” - 110°21’5” W; 1216 to 1460 m 

ASL) consist of six snow courses performed by Alberta Environment. These snow 

courses are located in the Prairie ecozone. The sites are located within a single grid 

cell of the model domain (see Chapter 4). All courses are located in coniferous 
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forest, and consist of ten sample points at approximately 30 m intervals. There are 

data from 7 dates conducted around 1 February, 1 March and 1 April 2011-2013.  

 

 2.4 Flux Data Processing 

For BV and Nier, high frequency eddy covariance data were collected at 20 Hz and 

processed using the EdiRe software package developed at the University of 

Edinburgh. The high frequency BV data was, unfortunately, subject to a regular AC 

power electrical interference. As a result approximately 15% of data was removed. 

Raw high frequency data were checked for quality before performing corrections and 

time-averaging. Procedures outlined by Vickers and Mahrt (1997) were undertaken. 

Raw data (three wind components, sonic temperature and water vapour 

concentration) were despiked over 5-minute windows: data exceeding 3.5 standard 

deviations from the window mean were considered to be spikes and were replaced 

with the window mean value. Three passes were performed. Windows in which more 

than 1% of data were considered spikes were flagged for inspection. 5-minute 

average values of all three wind components, sonic temperature and water vapour 

concentrations were checked for anomalously large or small values of skewness and 

kurtosis. 5-minute windows with high numbers of spikes, skewness, or kurtosis, were 

most often associated with precipitation or flow distortion resulting from the wind 

direction. These periods were omitted from flux processing. 

Coordinate rotation was performed differently for BV and Nier. For BV, planar fit 

coordinate rotation (Wilczak et al., 2001) was performed. Rotation coefficients were 

obtained using 5-minute average values of all three wind velocity components from 

throughout the study period. For Nier, coordinate rotation was undertaken using the 

standard technique of adjusting the mean vertical wind components to zero. Planar fit 

rotation was not performed for the Nier data because much of northerly and easterly 

flow was distorted by other instruments and masts, preventing the calculation of a 

plane surface. Frequency response corrections (time response, sensor separation and 

path-volume averaging) as per Moore (1986) were made to fluxes using the co-

spectral models of Kaimal et al. (1972, 1976).  The air density correction to latent 

heat fluxes (Webb et al., 1980) was performed. The ogives procedure was used to 
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determine that an appropriate block averaging period for Nier fluxes was 30 minutes. 

The flux stationarity test outlined by Foken and Wichura (1996) was performed on 

the Nier fluxes. Fluxes calculated for 30-minute periods were compared to 5-minute 

fluxes aggregated over 30 minutes. 30-minute periods with differences greater than 

75% were rejected. Periods with differences greater than 30% were flagged for 

inspection. Most of these periods were associated with precipitation or very stable 

conditions. Fluxes from these periods were excluded from the results presented 

herein. The ogives procedure and flux stationarity test were not performed for BV 

data due to all the missing raw data. 30-minute block averaging periods were also 

used for BV. Similar flux averaging and corrections were performed for the 

Lethbridge data, as detailed in Flanagan et al. (2002) and, Flanagan and Adkinson 

(2011). 30-minute block averaging periods were used for Lethbridge. 

Table 2-5 shows details of the energy balance closure at all three sites during the 

study period (mid-November 2011 to early-April 2012). The energy balance closure 

analyses were restricted to cold periods when snowcover was complete and when no 

snow was present in order to reduce error and uncertainty associated with estimating 

phase change and local advection over patchy snowcover. Snowpack heat storage 

was neglected because of the difficulty in obtaining temperature measurements 

within shallow snowpacks and to avoid assuming snow density. The convention of 

non-radiative fluxes (sensible heat flux [H], latent heat flux [λE] and ground heat 

flux [G]) being positive away from the surface is used. Linear regression of H + λE 

against Q* - G - ∆QS is shown, where Q* is net radiation and ∆QS is the sum of 

below-sensor air-space sensible and latent heat storage (e.g. Leuning et al., 2012; 

Chen et al., 2011). ∆QS values were very low, on the order of 100 W m-2 and near 1 

W m-2 at most times. The soil heat storage was neglected because the heat flux plate 

was placed as near as possible to the surface. The perfect linear regression of energy 

balance closure has a slope, or energy balance ratio, of one and an intercept of zero. 

In practice the turbulent fluxes are normally underestimated by eddy covariance and 

energy imbalances are expected (Kelliher et al., 1997; Constantin et al., 1998; Ohta 

et al., 2001).  A FLUXNET study encompassing many sites and years of data 

(Wilson et al., 2002) resulted in energy balance ratios of 0.53 to 0.99, with a mean 

slope of 0.79. The slopes at the BV and Nier sites are at the low end of the range 
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presented in the aforementioned FLUXNET study. It was not expected that the 

energy balance closure quality of the FLUXNET sites would be matched at these 

sites. The energy balance ratio at Lethbridge over the study period was slightly better 

than at BV and Nier. Energy balance closure at all sites would likely be improved if 

all storage and phase change terms were included.  

Table 2-5. Linear regression of energy balance closure for experimental flux sites  

Site  n slope 
Intercept 

(W m-2) 
R2 

Mean 

residual 

(W m-2) 

Bow Valley 4186 0.59 0.11 0.77 23.1 

Nier 1585 0.65 2.20 0.88 36.5 

Lethbridge 1867 0.72 -2.37 0.89 18.9 

 

 2.5 Precipitation Data 

Precipitation from both gauges and reanalyses were considered in assessing the water 

balances of the experimental flux sites (BV, Nier and Lethbridge) in Chapter 3.  

 

2.5.1 Gauge Observations 

Table 2-6 shows the precipitation gauges assessed for BV, Nier and Lethbridge. 

Snowfall observations from Geonor gauges were corrected for undercatch due to 

wind using the equation of Smith (2009). 
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Table 2-6. Precipitation gauge data used for experimental sites 

Experimental 

site 

Precipitation 

site 
Operator 

Distance and 

direction from 

experimental 

site 

Gauge type 

Bow Valley 
51º04’10” N, 
115º02’49” W; 
1326 m ASL 

Bow Valley 
Environment 

Canada 
2.0 km (NW) 

Alter-shielded 
Geonor 

Nier 
51º22’09” N, 
114º05’58” W; 
1145 m ASL 

Nier 

Alberta 
Agriculture & 

Rural 
Development 

- 
Alter-shielded 

Geonor 

Lethbridge 
49º25’48” N, 
112º33’36” W; 
951 m ASL 

Demo Farm 

Alberta 
Agriculture & 

Rural 
Development 

14.9 km (NW) 
Alter-shielded 

Geonor 

 

2.5.2 Reanalyses 

Precipitation from two reanalysis datasets was used to check observed water balance 

at experimental sites: the Canadian Precipitation Analysis (CaPA) and the European 

Centre for Medium Range Weather Forecasts (ECMWF) Re-analysis (ERA-interim).  

CaPA is the Canadian Meteorological Centre’s optimal interpolation algorithm 

(Mahfouf et al., 2007). The Global Environmental Multiscale (GEM) model provides 

the background field. Gauge precipitation is assimilated with the background field 

atmospheric model via an optimal interpolation algorithm that minimizes the mean 

square error of the difference between the interpolated and observed accumulated 

precipitation. The precipitation observation network includes synoptic manned and 

automatic stations. CaPA at a 15 km horizontal spatial resolution and 6 hour 

temporal resolution was used. 

ERA-interim (Dee et al., 2011) is produced by the ECMWF. Gauge precipitation is 

not assimilated in ERA-interim; however, total column water vapour retrievals from 

passive microwave data are assimilated with the background field atmospheric model 

output via 4-D variational assimilation. ERA-interim at 0.75° horizontal spatial 

resolution and 6 hour temporal resolution was used.  
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2.5.3 Forcing Data: GEM/CaPA 

Output form the GEM/CaPA system was used for model atmospheric forcing. GEM 

is an integrated numerical weather prediction (NWP) and data assimilation system 

developed by the Canadian Meteorological Centre. It is used for operational weather 

forecasting in Canada. The NWP model (Côté et al., 1998) is formulated based on 

the hydrostatic primitive equations with terrain-following hydrostatic-pressure hybrid 

vertical coordinates. The time discretisation scheme is semi-implicit semi-

Lagrangian. GEM analyses consist of the NWP with four-dimensional variational 

data assimilation (4DVAR; Gauthier et al., 2007) of pressure, temperature, humidity 

and wind. GEM forcing data for this study was created by combining twice-daily 12 

hour forecasts. Precipitation forcing was obtained from Environment Canada’s 

optimal interpolation algorithm CaPA (Mahfouf et al., 2007) which assimilates 

observed and forecasted precipitation, as described above. GEM/CaPA output at a 15 

km horizontal spatial resolution was used. 

 

 2.6 Summary 

This chapter describes the SSRB, the geographic focus of this study, and the 

experimental and modelling data used in subsequent chapters. Archival field data 

from four sites are subsequently used for model validation. Eddy covariance 

instrumentation was deployed at three sites in southern Alberta. The following 

chapter presents direct measurements of water and energy balance components from 

these three sites over winter 2011-2012. 
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Chapter 3 Observations of energy and water balances 

 3.1 Introduction 

This chapter presents direct measurements of water and energy balance components 

from three sites located in southern Alberta over winter 2011-2012. The sites and 

data are described in Chapter 2. The objectives of this chapter are to characterise the 

spatial variability of 1) surface energy and water fluxes during chinooks, and 2) 

winter season changes in surface and shallow sub-surface water storage. Time series 

of selected chinooks events are analysed in detail. Winter season water balance 

components at each site are assessed using different sources of precipitation data 

(described in Chapter 2). 

 

 3.2 Observations 

Chinook identification criteria similar to Nkemdirim (1991, 1997) were used: 

concurrent sustained westerly winds increasing in speed, increasing air temperature 

and vapour pressure deficit (VPD). Nkemdirim’s minimum wind speed criterion of 

4.5 m s-1 was not used; rather, any increase in wind speed was accepted. The end-of-

chinook criteria were opposite to chinook identification criteria: concurrent sustained 

northerly to easterly winds decreasing in speed, decreasing air temperature and VPD. 

It is difficult to specify the exact time of the beginning of a chinook; the occurrences 

of aforementioned criteria were rarely all coincident and occasionally occurred hours 

apart. 

Three chinook events are highlighted: 4-6 December 2011, 21-26 January 2012 and 

6-15 March 2012. These three periods were selected for completeness of flux 

observations and to highlight different periods during the winter. The 4-6 December 

event was a relatively brief chinook. The 6-15 March 2012 event is considered an 

early spring event when downwelling shortwave radiation was much larger than 

during winter.  

Fig. 3-1 shows air temperature, VPD, and wind speed and direction for Nier during 

the entire study period (November 2011 to April 2012). Only the Nier data are shown 

in this figure because the surface meteorology time series are similar at all sites. 
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Figure 3-1. Surface meteorology at Nier during the study period showing (a) 
temperature and vapour pressure deficit (VPD), and (b) wind speed and direction. 
Chinook periods selected for analyses are highlighted in yellow. Temperature, VPD 
and wind speed are plotted as 24-hour moving averages and direction every 6 hours 
is plotted. 

Snow depths from ultrasonic measurements will be presented. Only daily average 

snow depth was available for Nier. Snow depth observations from Lethbridge were 

not used. Snow cover was very shallow at this site and readings were severely 

degraded by the presence of tall grass. 

Soils at the sites were partially frozen throughout the study period. As soil 

temperatures fall below freezing, water nearest soil particles remain in liquid form 
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due to absorptive and capillary forces. Time-domain reflectometry does not measure 

frozen water content, making it difficult to determine whether observed increases in 

soil liquid water content (LWC) were due to infiltration or were strictly due to soil 

thaw. Soil freezing curves were calculated to ascertain whether changes in LWC in 

partially frozen soils were due to phase change. The equation relating water suction 

to soil temperature when ice is present (Miller, 1965; Black and Tice, 1988) is 

combined with the Clapp and Hornberger (1978) equation for suction as a function of 

LWC to give the upper limit of liquid water content for subfreezing temperatures. 

Θ���� = Θ
 �− ������ �⁄
          [3-1] 

where Θ���� is the maximum volumetric liquid water content at temperature T, Θ
 is 

the saturation volumetric soil water content, κ = 114.3 m K-1 is a constant, Ѱs is the 

saturation water suction, and b is a soil texture specific constant. Values for Θ
, Ѱs 

and b were derived for each site using the empirical relationships presented by Cosby 

et al. (1984) and site soil texture data. Equation [3-1] has been used in several studies 

(e.g. Fuchs et al., 1978; Flerchinger and Saxon, 1989; Zhao and Gray, 1997). 

Soil water mass to 35 cm depth was calculated at each site from reflectometer 

observations only when all soil water was unfrozen. For BV, soil water was 

calculated assuming that the volumetric measurement at 2 cm was representative of 

0-4 cm, that the volumetric measurement at 7 cm was representative of 4-11 cm, and 

that the volumetric measurement at 20 cm was representative of 11-35 cm. For Nier, 

soil water was calculated assuming that the volumetric measurement at 5 cm was 

representative of 0-10 cm, and the volumetric measurement at 20 cm was 

representative of 10-35 cm. For Lethbridge, soil water was calculated assuming that 

the volumetric measurement from 0-15 cm was representative of 0-15 cm, the mean 

of volumetric measurements at 15 cm and 30 cm were representative of 15-35 cm, 

and the mean of volumetric measurements at 30 cm and 35 cm were representative of 

30-35 cm. It is unlikely that a single set of water content measurements is 

representative of the mean soil moisture of the field or footprint of the eddy 

covariance system. Equations from Famiglietti et al. (2008) in terms of mean soil 

moisture content for the standard deviation of soil moisture at the 100 m scale were 

used to quantify uncertainty in soil water mass. These relationships were developed 
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using observations from four intensive observation campaigns (the Southern Great 

Plains Hydrology Experiments 1997 and 1999, and the Soil Moisture Experiments 

2002 and 2003). It is assumed that the true field mean soil moisture is within the 

observed value ±1 standard deviation. 

 

3.2.1 4-6 December 2011 

Fig. 3-2 shows friction velocity (u*), air temperature and VPD at each site during a 

two day period from 4-6 December 2011. The chinook onset was at approximately 

the same time at BV and Lethbridge but later at Nier. Air temperature and u* 

increased at BV and Lethbridge from approximately 22:00 on 4 December, whereas 

at Nier these variables did not increase until three to four hours later. There was a 

similar timing of increasing VPD at all sites, but this was sharpest at BV. Fig. 3-3 

shows energy fluxes for this event. Snow depths are also shown on these plots. 

Snowcover was present initially at both BV and Nier, with the initial snowpack 

deeper at BV. Most of the snow at both BV and Nier was eroded by blowing snow 

until the early morning of 6 December. Up until this time air temperatures were 

below or just above freezing and wind speeds were high (Fig. 3-2b), conditions 

suitable for blowing snow. 5 cm of snow depth (1.4 mm SWE from snow surveys) 

may have been eroded by wind at BV. It is more difficult to make a quantitative 

assessment at Nier because only daily snow depth data were available. The 

magnitudes of turbulent fluxes during this initial cold period with blowing snow 

were similar at BV and Nier. From 6 December, air temperatures were well above 

freezing at BV and Nier, and surface temperatures were near freezing (not shown) 

which indicates that snowmelt was likely occurring. The presence of liquid water 

results in greater cohesion within the snowpack, which restricts the occurrence of 

blowing snow (e.g. Li and Pomeroy, 1997). The magnitudes of turbulent fluxes 

during this period of wet snowpacks were greater at Nier than at BV and, at both 

sites, were greater than during the initial colder period with blowing snow. 

Precipitation observations indicate that a trace amount of snow was present initially 

at Lethbridge. Turbulent fluxes were smaller in magnitude at Lethbridge than at BV 

or Nier. 
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Figure 3-2. Surface meteorology at all sites for 4-6 December 2011: (a) friction 
velocity (u*), (b) air temperature, and (c) vapour pressure deficit. 
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Figure 3-3. Energy fluxes and snow depth for 4-6 December 2011 at (a) Bow Valley, 
(b) Nier, and (c) Lethbridge. Snow depth is not shown for Lethbridge because the 
initial depth was only 1 cm and measurements were degraded by vegetation.  
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Q* remained negative at BV and Nier until snowcover became heterogeneous, 

resulting in a lower albedo. Daytime Q* at Lethbridge was much greater as there was 

little snowcover. H and λE were downward and upward, respectively, throughout this 

chinook at BV and Nier. Conversely, H was upward at Lethbridge during periods 

with positive Q*. It is evident that downward H was driving upward λE at BV and 

Nier, whereas the peak λE at Lethbridge occurred during high Q*. The turbulent 

fluxes were the largest components of the energy balance at BV and Nier, whereas 

Q* was usually largest at Lethbridge. The increasing magnitude of turbulent fluxes, 

particularly at Nier, corresponded with increased air temperature and VPD (Fig. 3-2). 

Average daily evaporation + sublimation during this chinook was 1.30 mm/day at 

BV, 1.41 mm/day at Nier, and 0.32 mm/day at Lethbridge. G was low at all sites. 

Downward G at BV and Nier were associated with positive Q* during daytime. 

Fig. 3-4 shows soil temperature and observed liquid water content (LWC) during this 

chinook. For clarity, only the near-surface observations are shown: 2 cm and 7 cm 

below ground surface at BV; 5 cm at Nier; 0-15 cm (mean) at Lethbridge. Soil 

temperatures were above freezing at Lethbridge, whereas they remained below 

freezing at both BV and Nier. Correspondently, the initial LWC at all depths was 

considerably greater at Lethbridge than at either Nier or BV. Changes in measured 

LWC were due to phase change, and there was no evidence of infiltration. This is 

demonstrated by the soil freezing curves shown in Fig. 3-4. These figures show 

observed LWC and theoretical maximum possible liquid water content (max LWC) 

in frozen soils calculated based on soil texture using Eq. [3-1]. A range of freezing 

curves are shown: bounded by calculations using mean parameter values for Θ
, Ѱs 

and b ± one standard deviation (Cosby et al., 1984). Calculated changes in max LWC 

are only due to freezing and thawing resulting from changes in temperature. For 

instance, at BV, increases and decreases in LWC follow the temperature profile and 

correlate well with calculated changes in max LWC (Fig. 3-4a). Had infiltration 

occurred, the observed LWC would have increased more sharply than the theoretical 

max LWC. Soil temperature at 2 cm follows a diurnal pattern, increasing with 

positive Q* (e.g. Fig. 3-3a). Similarly, increasing LWC at 5 cm at Nier was due to 

increasing soil temperature (Fig. 3-4b). Soil temperatures at Lethbridge were above 

freezing, until the end of this chinook, thus all soil moisture was in liquid form.  
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Figure 3-4. Soil temperature, observed liquid water content (LWC) and calculated 
maximum LWC for 4-6 December 2011 at (a) Bow Valley, (b) Nier, and (c) 
Lethbridge. The range in calculated maximum in LWC is calculated using mean 
hydraulic parameter values ±1 standard deviation. 
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3.2.2 21-26 January 2012 

Fig. 3-5 shows u*, air temperature and VPD at each site from 21-26 January 2012. 

This chinook occurred 10-11 hours sooner at both BV and Lethbridge than at Nier, 

and was associated with sharp increases in temperature and VPD. Fig. 3-6 shows 

energy fluxes during this event.  

 

Figure 3-5. Surface meteorology at all sites for 21-26 January 2012: (a) friction 
velocity (u*), (b) air temperature, and (c) vapour pressure deficit. 
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Figure 3-6. Energy fluxes and snow depth for 21-26 January 2012 at (a) Bow Valley, 
(b) Nier, and (c) Lethbridge. Snow depth is not shown for Lethbridge because only a 
trace amount was initially present and measurements were degraded by vegetation. 
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Initial snowcover was complete at both BV and Nier, with BV having the deeper 

snowpack. Blowing snow likely occurred at BV through 24 January, as the 

temperature was greater than 0°C and wind speeds were high. Saltation was observed 

during a site visit to BV on 23 January, but on 25 January the snowpack was 

observed to be damp and static. Up to 6 cm of snow depth (approximately 5 mm 

SWE from snow surveys) was eroded by wind at BV. Snow erosion by wind likely 

occurred at Nier through 22 January, but thereafter the snowcover was shallow, wet 

and patchy. From the daily snow depth data, 1.8 cm of snow depth was eroded at 

Nier. Q* was mostly negative at BV, and did not become positive until the snowpack 

warmed and more ground became exposed. Q* was greater, and more often positive, 

at Nier. As before, downward H closely matched upward λE at both BV and Nier; 

the magnitude of turbulent fluxes were greater at BV. Snowcover remained complete 

at BV during this chinook but became damp from early 25 January, whereas the 

snowcover became patchy and damp at Nier by 23 January. The magnitudes of 

turbulent fluxes at BV were very similar during the initial cold period with blowing 

snow as they were during the period with a damp and static snowpack, whereas the 

fluxes were larger at Nier when the snowpack was wet and patchy. The largest 

turbulent fluxes at both BV and Nier corresponded with higher u*, air temperature 

and VPD. G remained low at both sites, but reached maximum downward values of 

approximately 50 W m-2 during positive Q* at Nier. Average daily evaporation + 

sublimation during this chinook was 1.54 mm/day at BV and 0.93 mm/day at Nier, 

Time-lapse photographs show that initially there was only a trace amount of 

snowcover at Lethbridge. The area was snow-free by the morning of 22 January but 

remained damp. The surface was dry by 23 January. λE fluxes were much smaller at 

Lethbridge than at BV or Nier. Mean λE was 8.5 W m-2 and 3.5 W m-2 during the 

damp and dry periods, respectively, and maximum λE was 29.7 W m-2 and 15.9 W 

m-2 during the damp and dry periods, respectively. H fluxes were of similar mean 

value as at BV and Nier, though there were both large positive and negatives fluxes 

(maximum of 90.5 W m-2 and minimum of -128 W m-2). At Lethbridge, upward H 

was again associated with periods of positive Q* during daytime. Peaks in positive 

λE at Lethbridge occurred with positive Q*. G remained low (±20 W m-2) at 



 

 

48 

 

Lethbridge. Average daily evaporation + sublimation during this chinook was 0.14 

mm/day at Lethbridge. 

Fig. 3-7 shows soil temperature and LWC for the 21-26 January 2012 chinook. The 

most notable difference from the 4-6 December chinook was that soil temperatures 

were now below freezing at Lethbridge. LWC was greatest at Lethbridge and lowest 

at BV. Soil temperature varied diurnally according to positive Q*, and generally 

increased throughout the chinook. Changes in LWC again appear entirely due to 

phase change as LWC time series do not change more sharply than the theoretical 

max LWC curves.  
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Figure 3-7. Soil temperature, observed unfrozen water content and calculated 
maximum unfrozen water content for 21-26 January 2012 at (a) Bow Valley, (b) 
Nier, and (c) Lethbridge. The range in calculated maximum in LWC is calculated 
using mean hydraulic parameter values ±1 standard deviation. 
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3.2.3 6-15 March 2012 

Fig. 3-8 shows u*, air temperature and VPD from 6-15 March 2012. Again there was 

a spatial progression resulting in a temporal lag in chinook occurrence amongst sites, 

with increasing u*, air temperature and VPD occurring approximately 7 hours later 

and less rapidly at Nier than at BV and Lethbridge. Fig. 3-9 shows energy fluxes 

during this events. 

 

Figure 3-8. Surface meteorology at all sites for 6-15 March 2012: (a) friction velocity 
(u*), (b) air temperature, and (c) vapour pressure deficit. 
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Figure 3-9. Energy fluxes and snow depth for 6-15 March 2012 at (a) Bow Valley, 
(b) Nier, and (c) Lethbridge. Snow depth is not shown for Lethbridge because only a 
trace amount was initially present and measurements were degraded by vegetation. 
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Initially, there was a deep snowpack at BV, and half this depth at Nier. Blowing 

snow occurred at BV and Nier until early 8 March, eroding about 3.0 cm and 3.7 cm 

of snow depth respectively. Snowcover became wet and patchy at BV and Nier by 8 

March and disappeared entirely by 10 March and 11 March at BV and Nier, 

respectively. The surface remained damp at BV until a small overnight snowfall 

event on 11-12 March. The snow was completely removed by wind and snowmelt by 

midday 12 March. There was another brief snowfall event on 13 March at both BV 

and Nier. Blowing snow occurred at BV, followed by melt resulting in a bare yet 

damp surface by 14 March until the end of 15 March. There was less snowfall at Nier 

and air temperatures were 5-10°C higher than at BV, so the snowpack was likely 

removed via melt by 14 March. 

The magnitude of turbulent fluxes was again greater at BV than at Nier throughout 

the chinook. There were three periods with cold temperatures and blowing snow at 

BV and two periods at Nier. The magnitudes of fluxes were largest during wet and 

patchy snowcovers. Latent heat fluxes were similar during bare and damp conditions 

as during colder periods with blowing snow. Again, downward H matched upward 

λE at both BV and Nier. Q* was much higher during this chinook compared to the 

others due to greater solar irradiance and lesser snow coverage. As opposed to the 

previous chinook events, upward H driven by Q* was observed at both BV and Nier 

as snow disappeared from 10 March onwards. It appears that high positive Q* drove 

upward λE at times at both BV and Nier (e.g. 12 and 14 March). Average daily 

evaporation + sublimation during this chinook was 2.08 mm/day at BV and 0.88 

mm/day at Nier. 

Time-lapse photography at Lethbridge initially showed a trace amount of patchy 

snowcover, which disappeared entirely during 7 March. The surface was bare and 

dry from 8 March. Again, Q* was driving small upward λE. Average daily 

evaporation + sublimation during this chinook was 0.08 mm/day at Lethbridge. 

Fig. 3-10 shows soil temperature and LWC for 6-15 March 2012. Points labelled 

VWC (volumetric water content) in these figures indicate when soils were 

completely unfrozen and reliable measures of total volumetric water content were 

possible. A soil temperature of 1 ºC was used as the limit above which soils were 
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considered completely unfrozen. This limit was established by examining soil 

temperature time series, and was set high to avoid erroneously attributing soil VWC 

changes to those resulting from phase change. Fig. 3-10 shows freezing curves for 

this period. Again, soil temperatures and LWC were greatest at Lethbridge. LWC at 

Lethbridge increased generally throughout the chinook, but this was mostly due to 

phase change as surface water was not available for infiltration except during 6-7 

March. Increasing soil moisture through 8 March at BV was mostly due to soil thaw, 

whereas this was the case through mid-day 10 March at Nier. Soil temperatures 

increased sharply and were well above freezing during the days of 10 and 11 March 

at both BV and Nier, coincident with high Q* and downward G. It’s unclear if 

increasing soil moisture at 2 cm (BV) and 5 cm (Nier) during these periods was due 

to phase change or infiltration, as temperatures were well above freezing and the max 

LWC calculation was not applicable.  
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Figure 3-10. Soil temperature, observed unfrozen water content and calculated 
maximum unfrozen water content for 6-15 March 2012 at (a) Bow Valley, (b) Nier, 
and (c) Lethbridge. The range in calculated maximum in LWC is calculated using 
mean hydraulic parameter values ±1 standard deviation. 
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3.2.4 Discussion 

The observations highlight differences during low versus high solar radiation 

periods. Snowcovers did not completely disappear at BV or Nier during the winter 

chinooks (4-6 December and 21-26 January) and upward λE was driven by 

downward H. Snowcovers disappeared entirely at BV and Nier during the spring 

chinook (6-15 March) and solar irradiance was greater. As a result, Q* was greatest 

during the spring chinook. This resulted in a shift to upwards H during the day while 

Q* was positive. Averaged over all sites and surface conditions, the mean magnitude 

of H was greater (i.e. more downward) during low Q* periods than during high Q* 

periods (-42.6 W/m2 vs -11.2 W/m2). Despite the shift in the direction of H, the mean 

magnitudes of upward λE were approximately the same during the winter and spring 

chinooks (30.6 W/m2 during low Q* and 32.9 W/m2 during high Q*). 

The time series from the three select events show the progression of chinooks from 

an initial cold period with complete snowcovers (if present) to potentially fully 

exposed and dry surfaces.  

Initial cold period with complete snow cover (if present) 

This period spans the onset of chinook while air temperatures are mostly below 

freezing, up until snowpacks become warm and contain significant liquid water. 

Snow redistribution by wind occurs and sublimation enhanced by blowing snow 

occurs. Upward λE is driven by downward H. This period was observed at both BV 

and Nier from the beginning of all three select chinooks. For the March chinook 

there were three instances of this period at BV due to breaks in the chinooks and 

snowfall occurring. The greatest loss of snow depth occurred during this period. 

Wet snowpacks becoming patchy 

This period is characterised by shallow snowcovers becoming patchy with high 

liquid water content and high sublimation and evaporation rates. Blowing snow has 

ceased. Upward λE is driven by downward H. This period was observed at both BV 

and Nier during each of the three select chinooks. For the December and January 

events this period occurred from the end of the initial cold period until the cessation 

of the chinook. For the March event this period preceded complete disappearance of 
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the snowpack at BV and Nier. This period occurred for only a brief period at 

Lethbridge (i.e. a few hours) as there were only a trace depth of snow present. The 

largest turbulent fluxes occurred during this period. The fluxes averaged over both 

BV and Nier for all three events give mean H = -68.4 W m-2 and λE = 84.3 W m-2, as 

opposed to mean H = -45.9 W m-2 and λE = 46.7 W m-2 during the initial cold period 

with blowing snow. It is noted, however, that not all sublimation of blowing snow is 

measured by the KH2O krypton hygrometer. 

Largely snowfree surface with some surface water 

This period was characterised by damp and exposed ground undergoing evaporation. 

This period occurred at BV and Nier only during the March event: three times at BV 

and twice at Nier. This period occurred at Lethbridge during each of the select 

chinooks. 

Snowfree and mostly dry surface 

This period only occurred at Lethbridge. Evaporation rates are low and sensible heat 

fluxes are positive as a result of higher downward Q*. 

 

 

 3.3 Seasonal water balance 

Observed components of the winter water balance for the three sites are shown in 

Fig. 3-11. The water balance terms are shown from 1 November 2011 for BV and 

Lethbridge, but only from 3 December 2011 for Nier due to the availability of flux 

observations. Snow water equivalent (SWE) at BV and Nier (Fig. 3-11ab) was 

determined from manual snow surveys (sections 2.3.1 and 2.3.2). Table 3-1 shows 

observed water balance components and attempts at water balance closure with 

consideration of observation error. Evaporation estimates (E in Table 3-1) are from 

the eddy covariance measurements, gap-filled using adjacent observations. Gaps in E 

were filled with the average of adjacent values if 120 minutes or less were missing. 

Gaps greater than 120 minutes were filled using the bulk aerodynamic formulation 

for moisture with the β parameterization of water availability, given by: � = �������
���� ! − �"#         [3-2] 
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where β is the water availability factor, ρ is air density, Cq is the transfer coefficient 

for moisture, � is the mean horizontal wind speed, qsat is the saturation specific 

humidity at the observed surface temperature T0, qz is the specific humidity at 

instrument height z. E derived from the eddy covariance observations were used in 

equation [3-2] to back-calculate the term βCq. Gaps greater than 120 minutes were 

filled using the average of adjacent values of βCq and calculated E using Eq. [3-2]. 

Gap-filled E accounted for 18%, 34% and 16% of data at BV, Nier and Lethbridge, 

respectively. To account for uncertainty in instrumental underestimation of fluxes 

and potential for systematic error in the gap-filling procedure, it was estimated that 

cumulative E could have been 10% greater than observed. This value is based on 

error estimates from the EBEX- 2000 and LITFASS-2003 experiments (Mauder et 

al., 2006) and for CSAT3 sonic anemometers (Foken and Oncley, 1995; Foken, 

2008). 

Blowing snow transport was an unobserved water balance term, though blowing 

snow events during chinooks were visually identified and were common at the BV 

and Nier sites. Snow transport estimates were obtained by linking the Prairie 

Blowing Snow Model (PBSM; Pomeroy et al., 1993; Pomeroy and Li, 2000) with the 

Energy Budget Snowmelt Model (EBSM; Gray and Landine, 1988) within the Cold 

Regions Hydrological Modelling platform (Pomeroy et al., 2007). The model was 

applied in single column mode at each site. PBSM was developed for application 

over the Canadian Prairies, and calculates two-dimensional blowing snow transport 

and sublimation rates for steady-state conditions. Snow transport and sublimation 

fluxes are calculated for separate saltation and suspension layers. A range of snow 

transport quantities were estimated for each site by varying the vegetation height 

from its mean observed value ±3 cm: 2-8 cm at BV, 4-10 cm at Nier, and 15.5-21.5 

cm at Lethbridge. QT in Table 3-2 is snow transport by wind estimated using 

PBSM/EBSM in CRHM. 
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Table 3-1. Observed and estimated water balance components from 1 November 
2011 – 3 April 2012 (Bow Valley and Lethbridge) and from 3 December 2011 – 3 
April 2012 (Nier). All values in kg m-2. 

 P E QT 
Observed 

∆S 
Calculated 

∆S 

Bow Valley 129.4 (Bow Valley) 
122.2 –
134.4 

1.4 – 6.4 
7.4 – 8.5 

-11.4 – 5.8 
 144.9 (CaPA) 8.2 – 8.5 2.0 – 14.5 
 103.9 (ERA-interim) 0.9 – 5.9 -36.4 – -19.2 
Nier 67.6 (Nier) 

51.7 – 
56.9 

1.5 – 2.7 
1.8 – 2.0 

8.0 – 14.4 
 57.2 (CaPA) 0.02 – 1.7 -1.4 – 5.5 
 55.9 (ERA-interim) 0.03 – 2.4 -3.4 – 4.2 
Lethbridge 56.8 (Demo Farm) 

17.1 – 
18.8 

0 
-5.6 - -4.1 

38.0 – 39.7 
 63.6 (CaPA) 0 44.8 – 46.5 
 58.9 (ERA-interim) 0 40.1 – 41.8 
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Figure 3-11. Winter water balance components at (a) Bow Valley, (b) Nier, and (c) 
Lethbridge. 
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There were both intra- and inter-site estimates of precipitation. The two reanalysis 

products differed considerably at BV; CaPA was 1.40 times greater than ERA-

Interim, though this may have largely been to the different spatial scale in CaPA vs 

ERA-interim. The observed gauge precipitation at BV fell between the two 

reanalyses. CaPA and ERA-interim were very similar at Nier (only a 2.3% 

difference), though gauge precipitation was 10-12% greater than the reanalyses. For 

Lethbridge, CaPA and ERA-interim were similar (4.7 mm or 7.7% difference). CaPA 

and ERA-interim were both just greater than the Demo Farm observed precipitation. 

Based on Geonor gauge observations from 1 November 2011 to 3 April 2012, 

precipitation at BV was 1.43 times greater than at Nier, and 2.28 times greater than 

that at Lethbridge. Based on the reanalysis data from 1 November 2011 to 3 April 

2012, precipitation at BV was 1.37 to 1.87 times greater than at Nier, and 1.76 to 

2.28 times greater than at Lethbridge (Fig. 3-11). Precipitation was greater at Nier 

than at Lethbridge during this study period whereas the opposite is most often the 

case according to 1971-2000 climate normals (Table 2.4). 

SWE was considerably lower than cumulative precipitation at both BV and Nier. 

Sequences of increasing and decreasing SWE occurred as snowfall occurred between 

chinooks and was ablated during chinooks. Cumulative E (evaporation + 

sublimation) was near the lower bound of cumulative precipitation at both BV and 

Nier by early April. Cumulative E at BV was double that at Nier over the period 3 

December 2011 – 3 April 2012, matching the approximate double precipitation at 

BV relative to Nier. Cumulative Eat BV was approximately seven times that 

observed at Lethbridge. 

Fig. 3-12 shows the observed winter soil water balance components at the sites. 

VWC is shown i.e. when all soil water was unfrozen and a reliable measure of total 

volumetric water content was possible. Over the study period there were increases of 

7.4 mm to 8.5 mm of soil water at BV and 1.8 to 2.0 mm at Nier, and a decrease of 

4.1 to 5.6 mm at Lethbridge. During November, VWC decreased at all depths at BV 

and Lethbridge whereas soils remained most often frozen at Nier. This indicates soil 

water evaporation. Soils to 20 cm remained partially frozen from mid-November 

through late-March. Soil water content at BV and Nier increased over winter, much 
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more so at BV. At BV, VWC at 2 cm increased by 19% from the last time in 

November when soils were completely unfrozen (13 November – 27 March). VWC 

at 7 cm increased by 5.2% (13 November – 28 March), and VWC at 20 cm increased 

by 0.9% (14 November – 1 April). Net soil water content changes over winter were 

smaller at Nier and Lethbridge. At Nier, VWC at 5 cm increased by 0.5% though 

VWC at 20 cm decreased by 0.5% (12 November – 28 March). VWC at 0-15 cm 

increased by 2% and VWC at 15 cm decreased by 3% (17 November – 28 March). 

Figure 3-12c shows that most soil water loss at Lethbridge occurred during 

November 2011: 9.6 mm was lost from 1 November to 30 November, 1.8 mm was 

lost from 30 November to 6 January, but soil water increased by 3.5 mm from 5 

January to 1 April. It is likely that there was little evaporation of existing soil 

moisture at any of the sites while soils were frozen from December through March, 

and that most of the upward water vapour fluxes were from snowpacks and 

meltwater. This is corroborated by the times series of observed and theoretical 

maximum LWC indicating that increasing soil water was mostly due to phase change 

(Figs. 3-4, 3-7 and 3-10). 



 

 

62 

 

 

Figure 3-12. Winter soil water balance components at (a) Bow Valley, (b) Nier, and 
(c) Lethbridge 

Table 3-2 shows ranges of both observed and calculated water balance components. 

For water balance closure there should be correspondence between observed and 

calculated ∆S. There was not a consistent water balance closure across all sites for 

any particular source of precipitation data. At BV, the observed increase in ∆S of 7.4 

– 8.5 mm corresponded best with ∆S calculated using CaPA. The observed ∆S was 

slightly underestimated using the nearby Environment Canada Bow Valley Geonor 

data with the Smith correction. ERA-interim resulted in considerably 

underestimating observed ∆S (by 26.5 mm). At Nier, both CaPA and ERA-interim 
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resulted in calculated ∆S that compared favourably with observed ∆S. The Alberta 

Agriculture Geonor data from the Nier site resulted in slightly overestimating the 

observed ∆S with the Smith correction (by 6.0 mm). At Lethbridge, the observed 

decrease in ∆S of 0.9 – 5.6 mm was overestimated with all sources of precipitation 

data, more so by the reanalyses. No snow transport was simulated or observed at this 

site.  

 

 3.4 Discussion 

Synthesizing results from the time series analyses (section 3.2) and seasonal water 

balance (section 3.3) provides insight into the controlling factors and spatiotemporal 

variability of energy and water fluxes as affected by chinooks. 

The observations show that chinooks follow a progression of surface conditions and 

related hydrological processes. There is an initial cold period. Air temperatures 

increase but remain mostly below freezing. If a substantial snowpack exists, as was 

the case at BV and Nier, blowing snow occurs. This is followed by a period during 

which snowpacks become wet and patchy. Blowing snow ceases, and rapid melt, 

evaporation and sublimation occur. It is during this period that the largest observed 

turbulent fluxes occurred (H = -68.4 W m-2 and λE = 84.3 W m-2 averaged over all 

sites). If the chinook persists or if there is only a trace amount of snowpack initially, 

as at Lethbridge, snowpacks can disappear but evaporation of the wet surface 

persists. The exposed surface may then become dry and evaporation rates are very 

low. This exposed and dry period occurred only at Lethbridge and the lowest upward 

λE were observed (4.9 W m-2). 

Chinooks generally resulted in downward H and upward λE at both BV and Nier. 

The energy balance components differed at Lethbridge; H and λE were most often 

upward during the day while Q* was positive. The energy balance time series 

showed that downward H was driving upward λE during both high solar radiation 

(spring) and low solar radiation (winter) periods for all surface conditions at BV and 

Nier, and this effect was greatest when snowcover was present. Conversely, the 

Lethbridge energy balance time series showed that positive Q* was driving upward 

λE during all conditions.  
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Seasonal changes were similar at BV and Nier. Q* increased at all sites as solar 

radiation increased during spring and when albedo decreased. At BV and Nier this 

resulted in a shift to upward H driven by positive Q* as the ground became exposed 

(Fig. 3-9). This upward H driven by positive Q* occurred at Lethbridge throughout 

the winter. As such, the average H over all sites during the low radiation period was -

42.6 W m-2 as opposed to -11.2 W m-2 during the high radiation period. Despite the 

shift to more upwards H during spring, the average λE over all sites was similar 

during both low and high radiation periods (30.6 and 32.9 W m-2, respectively).  

There was evidence of soil water evaporation during November, but not while soils 

were mostly frozen during winter. Changes in LWC at all three sites during winter 

were mostly due to ground thaw (Figs. 3-4, 3-7 and 3-10), and infiltration was not 

apparent until March (Figs. 3-10, 3-12). The observed increase in soil water storage 

was greater at BV than at Nier or Lethbridge (Table 3-2) due to more available 

meltwater at BV. Infiltration into frozen soils was likely more restricted at Nier than 

at BV, as VWC prior to soil freezing was greater.  

The use of precipitation data from different sources demonstrates some difficulties in 

closing mass balances. The most apparent difference between the three sites was the 

amount of snowfall. Cumulative precipitation at BV was 1.43 to 1.87 times that at 

Nier, and 1.76 to 2.28 times that at Lethbridge (section 3.4, Fig. 3-11). The intra-site 

differences in cumulative precipitation were greatest at BV (33%), the only site 

surrounded by mountains. The reanalyses, CaPA and ERA-interim, differed by 

33.0% at BV but only differed by 2.3 to 7.7% at the prairie sites. The CaPA 

reanalysis provided the best water balance closure at both BV and Nier. All 

precipitation estimates considerably overestimated the observed change in storage at 

Lethbridge. There were intra-site differences in water storage calculations depending 

on the precipitation data used. Some resulted in increases in storage whereas others 

resulted in decreases. 

The observations indicate that the principal controlling factor on inter-site 

differences in energy and water fluxes was precipitation. There are several indicators 

of the controlling influence of snowfall, or snowcover, on energy and water fluxes. 

The ratios of cumulative E to CaPA precipitation were similar at BV (0.84-0.93) and 
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Nier (0.90-0.99); this calculation was not performed for Lethbridge due to poor water 

balance closure. Infiltration during March was greater at BV than at Nier (Fig. 3-12), 

and the change in soil water storage was greatest at BV (section 3.4), consistent with 

greater precipitation input. Upward H fluxes were frequently observed at Lethbridge 

as opposed to BV and Nier; surface water availability was lower at Lethbridge so 

less energy was directed towards evaporation. Similarly, upward H fluxes during 

March were greater in magnitude at Nier than at BV. 

The observed changes in soil water to 35 cm depth shown in Table 7 represent the 

net water mass input over winter. Using cumulative precipitation from CaPA, the 

ratio of ∆S to cumulative precipitation + initial soil water storage was 0.04 and 0.02 

at BV and Nier, respectively. This indicates that precipitation contributed only 2% to 

4% to water storage at these open, windswept sites over winter 2011-2012. It must be 

noted that a portion of this snowfall was transported from this location and deposited 

in downwind topographic depressions, sloughs and treelines. There was an observed 

net loss of storage at Lethbridge, but the preceding calculation was not performed 

because water balance closure was not possible. 

Observed daily E during the selected chinooks were generally higher at BV than at 

Nier and much higher than at Lethbridge. These daily E at BV and Nier, ranging 

from 0.93 mm/day to 2.08 mm/day (1.0 mm/day to 2.3 mm/day if E was 

underestimated by 10%), are comparable to values from other studies. The daily E 

fluxes at BV were consistent with observed daily fluxes from a nearby mountainous 

site during the 1970s (1.2 - 2.0 mm/day [Golding, 1978]). They are similar to daily 

fluxes during chinooks in alpine regions of the western USA (over 2 mm/day [Cline, 

1997], 0.5 mm/day [Hood et al., 1999]). The daily E fluxes are also similar to 

observations during foehn in Japan (Hayashi et al., 2005). 

Total E was not separated into that from its component sources (i.e. snowpack, 

blowing snow, meltwater and soil water); doing so with the available data would 

provide highly uncertain results. Likewise, snowmelt energy, ground thaw energy 

and runoff were not considered. 
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 3.5 Summary 

Detailed observations from three prairie sites in southern Alberta over winter 2011-

2012 were used to characterise the spatial and seasonal variability of water and 

energy fluxes as affected by chinooks. Time series of select chinook events were 

examined and the observed water balances were assessed with different sources of 

precipitation data. 

Precipitation data from different gauges as well as reanalyses were considered for 

each site. The CaPA reanalysis provided the best water balance closure at BV and 

Nier, but overestimated the observed change in storage at Lethbridge. There was a 

twofold difference in cumulative precipitation at the three sites with a maximum 

distance of 254 km between sites. Precipitation from November through March was 

greatest at the BV site, nearest the Rocky Mountains.  

Snowfall played a strong role in regulating spatial differences in energy balances. 

The largest upward latent heat fluxes occurred at BV where winter precipitation was 

greatest. The smallest fluxes occurred where there was little winter precipitation, at 

the southernmost Lethbridge site, even though soil water content was much greater at 

this site. During winter chinooks, large upward latent heat fluxes were largely caused 

by downward sensible heat fluxes at the two sites with greater snowfall, longer 

snow-covered period and greater blowing snow potential (BV and Nier). Conversely, 

at the relatively snow-free Lethbridge, the largest upward latent heat fluxes were 

caused by positive net radiation which also resulted in upward sensible heat fluxes. It 

was not until spring that upward sensible heat fluxes driven by positive net radiation 

were observed at BV and Nier. Despite the shift to upward sensible heat fluxes 

during the spring, the magnitudes of upward latent heat fluxes were approximately 

the same as during winter. 

The temporal progression of chinooks was identified. Initially air temperatures 

remain cold and most snow mass in open areas, if substantial, is removed as blowing 

snow. Air temperatures then rise and the remaining snowpacks melt and become 

patchy. The largest observed turbulent fluxes occurred during this period. 

Evaporation of surface water can continue after snowpacks disappear entirely. 
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Observations indicate soil water evaporation during November, but little soil water 

evaporation during winter. There was no evidence of infiltration during winter; 

rather, soil liquid water content changes occurred mostly as a result of freezing and 

thawing. Recent precipitation supplied nearly all upward vapour fluxes during 

winter.  

There were only small increases in soil water storage over winter at these open sites. 

Cumulative winter precipitation of over 145 mm (CaPA) at BV resulted in only a 7.4 

mm to 8.5 mm increase in storage. Cumulative winter precipitation of 57 mm 

(CaPA) at Nier resulted in only a 1.8 mm to 2.0 mm increase in sub-surface storage. 

Soil water storage decreased by 4.1 to 5.6 mm at Lethbridge despite cumulative 

precipitation of 22 mm. These storage observations do not account for the likely 

greater increases in storage at other locations due to snow redistributed by wind from 

the experimental sites. 
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Chapter 4 Modelling methodology and descriptions 

 4.1 Introduction 

This chapter describes the model framework used to simulate the effects of chinook 

winds on water budgets in the SSRB. The model domain is described, including the 

land classification, as well as parameter selection and initialisation. The Canadian 

Land Surface Scheme coupled with the Prairie Blowing Snow Model (CLASS-

PBSM) is used for modelling. The aim is to identify a modified CLASS-PBSM that 

is most suitable for the SSRB. A multi-physics version of CLASS-PBSM is 

developed, consisting of two parameterisation options each for sixteen processes, 

which are herein described. The evaluation of the multi-physics configurations of 

CLASS-PBSM and model selection are performed in Chapter 5. 

 

 4.2 CLASS-PBSM Model 

CLASS version 3.6 (Verseghy, 1991, 1993, 2012) as implemented in MESH 

(Modélisation Environmentale Communautaire – Surface and Hydrology), the land 

surface hydrology configuration of Environment Canada’s community environmental 

modelling system (Pietroniro et al., 2007), was used as the modelling platform. 

Blowing snow involves the horizontal redistribution and sublimation of snow mass. 

Despite its importance to mass budgets in high altitude and high latitude cold regions 

(e.g. Pomeroy and Li, 2000) these processes have yet to receive widespread 

parameterisation in hydrological models and land surface schemes. CLASS 3.6, as a 

stand-alone land surface scheme independent on MESH, does not include blowing 

snow calculations; however, CLASS is coupled to the Prairie Blowing Snow Model 

in MESH MacDonald, 2010). PBSM has shown to be suitable for modelling 

snowcovers in the SSRB (Fang and Pomeroy, 2009; Fang et al., 2013; MacDonald et 

al., 2010) and there are no other blowing snow models available that are suitable for 

coarse resolution land class-based modelling at 30-minute timesteps and without 

finer-resolution wind fields, therefore no alternative blowing snow calculations are 

considered. 
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4.2.1 Canadian Land Surface Scheme 

CLASS calculates separate vertical energy and water balances for four subareas: 

canopy over snow, canopy over bare ground, bare ground and snow covered ground. 

Physically based algorithms are used to calculate: evaporation and 

evapotranspiration; evapotranspiration and sublimation from vegetation canopy; 

interception, throughfall and drip of rainfall and snowfall; freezing and thawing of 

liquid and frozen water on the canopy and in soil layers; surface ponding and 

freezing of ponded water; sublimation from the snowpack; snowmelt; infiltration of 

rain into the snowpack; infiltration into soil; soil water movement between soil layers 

in response to gravity and suction forces; temporal variation of snow albedo and 

density. Details of the specific parameterisations are included in section 4.4. Four 

vegetation types are included in CLASS: needleleaf trees, broadleaf trees, crops and 

grass. Each vegetation type is assigned a background value for physiological 

parameters such as albedo, roughness length, maximum and minimum leaf area 

index, etc. Certain physiological parameters vary throughout a simulation using 

annual or diurnal functions. 

The surface energy balance equation for a non-vegetated surface is given by 

$∗ + ' + (� = )           [4-1] 

with the net radiation, Q* 

$∗ = *∗ + +∗           [4-2] 

where K* and L* are the net shortwave and longwave radiative fluxes, respectively, 

absorbed at the surface, H is the sensible heat flux, λE is the latent heat flux and G0 is 

the surface heat flux into the ground or snowpack. K* depends on incoming 

shortwave radiation, K↓, and surface albedo, α, as 

*∗ = �1 − -!*↓          [4-3] 

L* is calculated as the difference between incoming longwave radiation, L↓, and the 

radiation emitted by the surface which is assumed to radiate as a black body: 

+∗ = +↓ − /� 0           [4-4] 

where σ is the Stefan-Boltzmann constant and T0 is the surface temperature. The 

surface heat flux is calculated from the surface layer temperatures. The presentation 
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of equations for calculating H, λE and G0 is deferred until sections 4.4.1 and 4.4.2 

because they vary depending on the parameterisation option used. 

CLASS uses six soil layers to depths of 0.10, 0.35, 1.10, 2.10, 3.10 and 4.10 m below 

ground surface.  The finite-difference scheme of the one-dimensional heat 

conservation equation is applied to each soil layer, giving the change in average soil 

layer temperature, �1, over time step ∆t = 1800 s as 

�1�2 + ∆2! = �1�2! + 4)�51��, 2! − )�51, 2!7 ∆2�1∆51 ± 91  [4-5] 

where G(zi-1, t) and G(zi, t) are the conductive heat fluxes at the top and bottom of 

soil layer i, Ci is the soil volumetric heat capacity, ∆zi is the layer thickness and Si is 

included for cases of freezing or thawing, or groundwater percolation. The 

conductive heat fluxes between soil layers are calculated from average layer 

temperatures by assuming that temperatures within each layer vary according to a 

quadratic function of depth. 

The soil layer moisture contents are calculated using a conservation equation 

analogous to that for heat. For average layer volumetric liquid water content, :�,1, is 

:�,1�2 + ∆2! = :�,1�2! + 4;�51��, 2! − ;�51, 2!7 ∆2∆51  [4-6] 

where F(zi-1, t) and F(zi, t) are the liquid water flow rates at the top and bottom of 

soil layer i. Changes in frozen water content, :�,1, occur if  �1�2 + ∆2! > 0 °C while 

ice is present, or if  �1�2 + ∆2! < 0 °C while :�,1 is greater than a limiting value of 

0.04. The presentation of equations for F(0) are deferred until section 4.4.13 because 

they vary depending on the parameterisation option used. Below the surface, F(zi) are 

calculated as one-dimensional Darcian fluid flow as used in most land surface 

models. Soil water vapour movement and liquid water movement according to 

temperature gradients are ignored. Soil water suction and hydraulic conductivities are 

calculated from the widely applied Clapp and Hornberger (1978) relationships. 

The snowpack is modelled as a single layer of variable depth using the same 

equations for the surface energy balance and heat fluxes as presented above. 

Incoming shortwave radiation, K↓, is allowed to penetrate the snow surface, and 
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decreases exponentially with depth following Beer’s law and can be absorbed by the 

underlying soil. The calculation of snowmelt is deferred until section 4.4.1.  

Forest canopies modify surface energy and mass balances by moderating incoming 

radiation, supressing turbulence and intercepting precipitation. In CLASS, the 

canopy is represented using the single ‘big leaf’ approach, whereby canopies are 

assumed to have the same relative responses to energy and water fluxes as a single 

leaf i.e. a single set of parameters represents all leaves and understory. Leaf (or plant) 

area index is a key parameter which is used to calculate canopy transmissivity, which 

affects shortwave radiation reaching the surface, and the maximum snowfall 

interception capacity, which affects the magnitude and timing of precipitation 

reaching the surface. Canopy transmissivity is calculated using a two-stream Beer’s 

Law approach, ignoring multiple reflections. The canopy interception capacity is 

greater with higher leaf area index but decreases with greater fresh snowfall density. 

Intercepted snow is subject to sublimation. Unloading of intercepted snow occurs as 

an exponential relationship with time as function of the interception capacity and 

current load. Canopy interception and unloading of snow in CLASS 3.6 is calculated 

following Hedstrom and Pomeroy (1998). As this research was being undertaken, 

CLASS developers (P. Bartlett and D. Verseghy, Environment Canada) were 

developing new algorithms for canopy albedo with intercepted snow, and unloading 

of intercepted snow; therefore, alternate snow interception and unloading schemes 

were not considered in this work. It is noted that the Montane Cordillera and Boreal 

Plains ecozones are predominantly forest-covered, and the MCRB and Cypress Hills 

snow and soil moisture field observations used for validation are from beneath forest 

canopies. 

 

4.2.2 Prairie Blowing Snow Model 

PBSM calculates blowing snow transport and sublimation rates for steady-state 

conditions using mass and energy balances. PBSM was initially developed for 

application over the Canadian Prairies, characterised by relatively flat terrain and 

homogeneous crop cover. Refer to Pomeroy and Gray (1990), Pomeroy and Male 

(1992), Pomeroy et al. (1993) and Pomeroy and Li (2000) for details on algorithm 
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development. PBSM is also found in CRHM and a parameterisation of its blowing 

snow sublimation calculations is included in VIC. 

PBSM is for fully-developed blowing snow conditions and is therefore restricted to 

minimum fetch distances of 300 m following measurements by Takeuchi (1980). 

Blowing snow transport fluxes are the sum of snow transport in the saltation and 

suspension layers, Fsalt and Fsusp, respectively. Saltation of snow must be initiated 

before snow transport can occur in the suspension layer and blowing snow 

sublimation can occur. 

Fsalt is calculated by partitioning the atmospheric shear stress into that required to 

free particles from the snow surface, to that applied to nonerodible roughness 

elements and to that applied to transport snow particles (Pomeroy and Gray, 1990)  

;
��� = <�=���∗> ��∗? − �@∗? − ��∗?!  [4-7] 

where c1 is the dimensionless ratio of saltation velocity to friction velocity (up/u* = 

2.8), e is the dimensionless efficiency of saltation (1/4.2u*), and u*n and u*t refer to 

the portions of  u* applied to nonerodible roughness elements, usually exposed 

vegetation, and the exposed snow surface itself. u*n is calculated using an algorithm 

developed by Raupach et al. (1993) for wind erosion of soil that relates the 

partitioning of the shear stress to the geometry and density of roughness elements. 

u*t is calculated based on the air temperature using an empirical equation developed 

by Li and Pomeroy (1997a). 

The aerodynamic roughness length differs during blowing snow events from during 

non-blow snow events. z0 is controlled by the saltation height and is given by 

;
��� = <?<A�∗?2> + <0� 
 [4-8] 

where c2 is the square root of the ratio of the initial vertical saltating particle velocity 

to u*, c3 is the ratio of z0 to saltation height (0.07519; Pomeroy and Gray, 1990), c4 is 

a drag coefficient (0.5; Lettau, 1969) and β is the dimensionless roughness element 

density.  
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Fsusp is calculated as a vertical integration from a reference height near the top of the 

saltation layer, h*, to the top of blowing snow boundary layer (zb), given by Pomeroy 

and Male (1992)  

;
C
D = �∗E F G�5!ln J 55 K
"L
M∗ d5 

 [4-9] 

where η is the mass concentration of blowing snow (kg m-3) at height z. zb is 

governed by the time available for the vertical diffusion of snow particles from h*, 

calculated using turbulent diffusion theory and the logarithmic wind profile. h* 

increases with friction velocity and is estimated using an empirical equation 

presented in Pomeroy and Male (1992). For fully-developed flow it is constrained at 

zb = 5 m. Note that as suspended snow diffuses from the saltation layer, saltation 

must be active for suspension to proceed.  

The sublimation of blowing snow particles, EB, is calculated as a vertical integration 

of the sublimation rate of a single ice particle. Assuming particles to be in 

thermodynamic equilibrium, the sublimation rate of a single ice sphere is controlled 

by radiative energy exchange, convective heat transfer to the particle, turbulent 

transfer of water vapour from the particle to the atmosphere and latent heat from 

sublimation, and is given by (Schmidt, 1972) as 

OPO2 = 2Q/ − $R(��S� �+TUV� − 1�+T(��S� J +TUV��5! − 1K + 1W�T9ℎ 

 [4-10] 

where  r (µm) is the radius of a snow particle with mass m, σ is the atmospheric 

undersaturation with respect to ice (dimensionless), Qr is the radiation absorbed by 

the particle (J s-1 m-2), LS is the latent heat of sublimation (2.838×106 J kg-1), M is the 

molecular weight of water (18.01 kg mol-1), λT is the thermal conductivity of air  

(0.00063T + 0.0673; J s-1 K-1), Nu is the dimensionless Nusselt number (the ratio 

of convective to conductive heat transfer), R is the universal gas constant (8313 J 

mol-1 K-1), ρs is the saturation density of water vapour at T (kg m-3) and Sh is the 

dimensionless Sherwood number (the ratio of the total rate of mass transfer to the 

rate of diffusive mass transport alone). The mean particle mass is estimated using a 

two-parameter gamma distribution of particle size that varies with height.  
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�Y = F 1P�5! dPd2 G�5!
"L
 d5 

 [4-11] 

where m is the mean mass of ice particles at height z. The rate that water vapour can 

be removed from the ice particle’s surface layer, dm/dt, is calculated using Eq. [4-

34]. EB calculations are highly sensitive to ambient humidity, temperature and wind 

speed (Pomeroy et al., 1993; Pomeroy and Li, 2000). 

Field observations show that blowing snow is a phenomenon that is unsteady over 

both space and time, and that small scale spatial variability in snowcover properties 

result in variable snow transport. Li and Pomeroy (1997b) developed an algorithm to 

estimate the temporal probability of blowing snow occurrence. Pomeroy and Li 

(2000) applied the algorithm in order to upscale blowing snow fluxes from point to 

area. The probability of blowing snow occurrence, p, can be approximated by a 

cumulative normal distribution as 

Z = 1[√2QF=��C]^_`�C!a?baC
 d� 

 [4-12] 

where umean is the mean wind speed (location parameter), ω is the standard deviation 

(scale parameter) of wind speed. Empirical equations for umean and ω were developed 

from six years of data collected at 15 locations in the Canadian prairies. All blowing 

snow fluxes are multiplied by p (Equations 4-7, 4-8, 4-9 and 4-12). 

Snow redistribution by wind occurs between land classes within a particular grid cell, 

but there is no snow redistribution between adjacent grid cells. The redistribution 

over multiple land classes is accomplished using snow redistribution factors (SR). 

This approach to modelling snow redistribution has applied over prairies (Fang and 

Pomeroy, 2009) and mountainous terrain (MacDonald et al., 2009, 2010). The SR is a 

multiplier that specifies the amount of eroded snow that is transported from upwind 

land classes to a given downwind land class as opposed to others. At each model 

time step the snow transport, in both saltation and suspension layers, from all land 

classes is summed. This total snow transport is distributed to land classes using the 

predetermined SRs. For instance, consider a basin with three downwind land classes 

A, B and C with their respective SR values SR(a), SR(b) and SR(c). The sum of snow 

transport out of all upwind land classes is qT and is redistributed over downwind land 
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classes as qT ×SR(a)/( SR(a)+ SR(b)+ SR(c)) for land class A, as qT ×SR(b)/( SR(a)+ 

SR(b)+ SR(c)) for land class B, as qT ×SR(c) /( SR(a)+ SR(b)+ SR(c)) for land class C. 

The sum of transport from all land classes is redistributed rather than separately 

distributing the transport from individual land classes because steady state flow can 

develop across an aggregated fetch composed of multiple land classes. 

The land classes have a pre-established fixed aerodynamic sequence, controlled by 

topography, vegetation and proximity, in that the model always transports snow from 

upwind to downwind land classes. Some land classes are sources and some are sinks 

of snow transport (resulting in positive and negative erosion rates, respectively). The 

aerodynamic sequence for the SSRB is Rock → Mountain Grass → Prairie Grass → 

Cropland → Wetland → Forest → Urban. Few grid cells contain each of the land 

classes. Common sequences in the Montane Cordillera, Boreal Plains and Prairie 

ecozones are Rock → Mountain Grass → Forest, Prairie Grass → Cropland → 

Wetland → Forest, Prairie Grass → Cropland → Wetland → Urban, respectively. 

Each grid cell is treated as a control volume for blowing snow redistribution i.e. 

snow transport is not allowed to either enter or leave each cell. The static definition 

of snow redistribution locations is a simplified representative of the actual 

spatiotemporal snow redistribution patterns; however, it is assumed to be scale 

appropriate for the model grid cell sizes (of magnitude 102 km2 and containing a 

maximum of six land classes) and, additionally, changing land class sizes during a 

model runs is infeasible for mass balance calculations.  

 

 4.3 Model set-up for SSRB 

4.3.1 Land classes and topographic data 

The SSRB computational domain (48°34’23” - 53°22’23” N, 104°56’17” - 

116°32’17” W) was discretised into 0.2° square grids (approximately 14-22 km), 

which matches the resolution of the GEM/CaPA forcing. Topographic information 

from the Canadian Digital Elevation Data produced by Natural Resources Canada at 

1:250,000 scale was used (http://www.geobase.ca/). Topographic information for the 

US portion of the SSRB at 1 arcsecond resolution was obtained from the National 

Elevation Dataset produced by the US Geological Survey.  
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Landcover data was obtained from the Earth Observation for Sustainable 

Development Land Cover circa 2000 dataset (EOSD LCC2000-V) downloaded from 

http://www.geobase.ca/. The data was produced from the vectorisation of classified 

Landsat 5 and Landsat 7 image at 30 m horizontal resolution. Landcover for the 

small US portion of the SSRB was obtained from the National Land Cover Database 

(2001) from the Multi-Resolution Land Characteristics Consortium. 

Seven land classes were used for modelling the SSRB subbasins and ecozones (Table 

4-1; Fig. 4-1) in order to balance sufficiently representing heterogeneity and reducing 

the computational burden. 

Table 4-1. SSRB land classes for modelling 

Land class  Percent coverage of SSRB EOSD classes 

Exposed Rock/Mountain 3.56 0, 30, 31, 32, 33 

Montane Grassland 0.79 100, 110 

Prairie Grassland 23.60 100, 110 

Cropland 56.03 121, 122 

Wetland 3.09 80, 81, 82, 83 

Forest 8.43 
50, 51, 210, 211, 212, 

220, 221, 222, 231, 232 

Urban 4.50 34 
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Figure 4-1. South Saskatchewan River Basin ecozones, land classes, subbasins and 
field site locations. Asterisks indicate flux station locations. 

 

Exposed Rock/Mountain 

This land class was produced by aggregating barren/non-vegetated, snow/ice, 

rock/rubble and exposed EOSD classes. Most areas classified as “no data” by EOSD 

were found in the mountainous region, so they were included in this land class. 

Montane Grassland 

Two Grassland land classes were used: Montane and Prairie. These were separated 

due to their differing climates and for additional modelling control on blowing snow 

redistribution in these regions. No model grid cells include both Montane and Prairie 

Grassland land classes, so the computational expense of the model is not increased 

by having these as separate land classes. 
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The Montane Grassland is that located in the Montane Cordillera ecozone, and 

consists of both alpine tundra and some lower elevation rangeland. This class was 

created by aggregating the herb and grassland EOSD classes. The herb EOSD class 

covers a small part of the SSRB (<2%) and is located amongst the grassland and 

cropland EOSD classes. Since herb is not cultivated it was included in Montane and 

Prairie Grassland classes rather than Cropland. 

Prairie Grassland 

Like the Montane Grassland land class, this land class was created by aggregating 

the herb and grassland EOSD classes. The Prairie Grassland land class is that located 

in the Boreal Plains and Prairie ecozones. 

Cropland 

The Cropland land class was created by aggregating the EOSD annual crop, 

perennial crop and pasture classes. The specific fractions of annual, perennial and 

pasture land can vary year-to-year because crops follow a cultivation-summer fallow 

rotation. 

Wetland 

The Wetland land class is an aggregation of the four EOSD wetland classes (tree, 

shrub, herb, unclassified). Wetlands have high depressional storage (Hayashi and van 

der Kamp, 2000) and are deposition features for blowing snow redistribution (Fang 

and Pomeroy, 2009). 

Forest 

The Forest  land class is an aggregation of coniferous, broadleaf and shrub EOSD 

classes of which 71% is coniferous (coniferous – unclassified, coniferous – dense, 

coniferous – open, broadleaf – unclassified, broadleaf – dense, broadleaf – open, 

mixed wood – dense, mixed wood – open, shrubland, shrub - tall).  

Urban 

The Urban land class comprises developed land of buildings and roads, most notably 

the cities of Calgary and Saskatoon.  
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4.3.2 Parameter values and Initial Conditions 

Table 3.2 shows default parameter values for all seven land classes. Suggested 

parameter values from the CLASS 3.6 documentation were used (Verseghy, 2012). 

Soil textural parameter values (SAND1, SAND2, SAND3, CLAY1, CLAY2 and 

CLAY3 in Table 4-2) were obtained from the Soil Landscapes of Canada Working 

Group (2011) dataset. The Soil Landscapes of Canada polygons were overlaid with 

land class locations and mean soil textural properties were extracted and used as 

default parameter values. Blowing snow parameter values (Fetch, Ht and SR) were 

taken from Fang and Pomeroy (2009) and MacDonald et al. (2010). Definitions of 

the parameters are included as Appendix B. 

State variables were initialised for 1 January 2002 with observed daily soil 

temperature, soil water content and SWE data from Alberta Agriculture and Rural 

Development (http://www.agric.gov.ab.ca/acis/alberta-weather-data-viewer.jsp#). 

Only data from 2006-2014 were available, so the model was initialised with the 

mean of 1 January observations from 2006 to 2014. Soil moisture and temperature 

for all land classes were initialised using the mean of observations from all available 

sites (52°27’ - 49°03’ N, 110°05’ - 114°05’ W; Barnwell, Brocket, Champion, Del 

Bonita, Hussar, Lacombe, Lethbridge CDA, Morrin, Olds College, Onefour, Oyen, 

Schuler, Stettler and Wrentham); these sites are located in Alberta in the prairie 

ecozone. SWE for the Exposed Rock, Montane Grassland and Forest land classes 

were initialised using the mean of observations from sites in the Montane Cordillera 

ecozone (49°02’ - 51°11’ N, 114°03’ - 115°34’ W; Akamina, Banff, Gardiner 

Headwaters and South Racehorse Creek). SWE for the Prairie Grassland, Cropland 

and Urban land classes were initialised using the mean of observations from Prairie 

ecozone sites (49°08’ - 51°45’ N, 110°19’ - 114°06’ W; Calgary International 

Airport, Claresholm, Lethbridge CDA, Medicine Hat RCS, Medicine Lodge, Milk 

River, Milk River Ridge, Olds College and Nier). Only model results beginning from 

1 October 2002 are used, so the spin-up period of nine months is used to spatially 

disaggregate the initial states. 
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Table 4-2. Parameter values used in modelling 

 Land Class 

Parameter Rock 
Mount. 

Grass 

Prair. 

Grass 
Crop Wetland Forest Urban 

ALVC [] NA 0.06 0.05 0.06 0.03 0.03 0.09 

ALIC [] NA 0.34 0.31 0.36 0.25 0.19 0.15 

CMAS  

[kg m-2] 
NA 1.5 3.0 2.0 1.0 15.0 NA 

Z0 [m] 0.05 3 0.08 0.08 1.00 1.50 1.35 

PAMX [] NA 3.0 4.0 4.0 1.5 2.0 NA 

PAMN [] NA = PAMX = PAMX 0 = PAMX 0.5 NA 

SAND1 [%] 41 34 42 41 41 38 39 

SAND2 [%] NA 32 41 40 40 38 39 

SAND3 [%] NA 34 41 40 40 37 39 

CLAY1 [%] 23 23 23 24 24 23 24 

CLAY2 [%] 25 26 25 26 26 25 26 

CLAY3 [%] 26 29 26 27 27 27 27 

ZSNL [m] 0.08 0.08 0.08 0.08 0.08 0.08 0.08 

ZPL [m] 0.01 0.01 0.1 0.1 0.9 0.1 0.1 

Fetch [m] 300 300 1000 1000 300 300 300 

Ht [m] 0.05 0.05 0.1 0.15 5.0 5.0 5.0 

SR [] NA 1 1 1 5 5 1 

SOIL_POR_ 

MAX [] 
0.441 

S0 [] 1.00 

T_ICE_ 

LENS [°C] 
-15.0 

 

 

 4.4 Parameterisation configurations and descriptions 

In order to calculate energy and water balance components (Equations 4-1 to 4-6), it 

is necessary for models to include parameterisations for a suite of physical and 

thermal properties, processes and thresholds for soil, vegetation, snow and liquid 

water. The processes considered are drawn from previous intercomparison studies 

with focus on cold regions (Essery et al., 2013; Zhang et al. 2008, 2010). Since the 

focus on this research is on winter hydrology, the processes and parameterisations 

considered focus on the winter season. For each process considered, one alternative 

parameterisation that differs from that existing in CLASS was coded into the model 
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(coding performed by the doctoral candidate is listed in Appendix A). The 

parameterisations considered are those most widely applied in other models. The 

models referenced are listed in Table 4-3. The italicised subheadings in the following 

subsections contain two parameterisation options. The existing CLASS 

parameterisation is described under the first italicised subheading and the alternate 

parameterisation is described under the second subheading. The symbols used in the 

parameterisation equations that are exempt from the list of nomenclature for brevity 

since they are not used outside this chapter. 

Each combination of the different parameterisations was evaluated. The initial 

ensemble consists of two parameterisation options each for fourteen processes, 

resulting in 214 = 16,384 configurations to be evaluated. Two additional processes 

(soil albedo and surface evaporation efficiency coefficient) were also considered 

after the assessment of the initial ensemble of configurations. 

Table 4-3. Hydrological and land surface models referenced 

Model References 

BASE Desborough (1997); Slater et al. (1998) 

BATS Dickinson et al. (1993) 

CLASS Verseghy (1991); Verseghy et al. (1993) 

CRHM Pomeroy et al. (2007) 

ECHAM Roesch and Roeckner (2006) 

ECMWF Viterbo and Beljaars (1995) 

Eta-LSS Chen et al. (1997) 

IAP94 Dai and Zeng (1997) 

ISBA Noilhan and Mahfouf (1996) 

CLM Oleson et al. (2010) 

JULES Best et al. (2011) 

MAPS Smirnova et al. (1997, 2000) 

MOSES Cox et al. (1999) 

Noah-MP Niu et al. (2011) 

SiB2 Sellers et al. (1996) 

SWAP Gusev and Nasanova (1998) 

VIC Liang et al. (1994); Cherkauer and Lettenmaier (2003); Bowling et al. (2004) 

VISA Yang and Niu (2003) 
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4.4.1 Energy balance model 

The numerical solution of the surface energy balance for an infinitesimal surface skin 

layer with temperature, T0, directly controls the magnitudes of surface fluxes: the 

upward longwave radiation, latent heat flux, sensible heat flux and ground heat flux 

are all function of the surface temperature, and snowmelt occurs if the surface 

temperature exceeds 0 ºC. 

 

Iterative 

CLASS solves the non-linear surface energy balance equation iteratively using the 

Newton-Raphson method, with a maximum of 5 iterations. Iterative solutions are 

also found in BATS, CLM, MAPS, Noah-MP, SiB2, VIC and VISA. The surface 

temperature, T0, at each iteration step is updated if the residual of the energy balance, 

RESID, is greater than 5.0 W m-2, using 

� = � � − V�9cWd�/� 0!d� + d�'!d� + d�λE!d�  
[4-13] 

where the subscript – denotes values calculated prior to incrementing T0. 

The surface heat flux, G0, is calculated by deriving a linear equation as a function of 

T0 by assuming that the variation of temperature within a soil or snow layer with 

depth can be expressed using a quadratic equation. For bare ground, the linear 

equation for G0 has slope and intercept as functions of the average temperatures, 

thicknesses, and top and bottom thermal conductivities of the top three soil layers as 

) = f��� + f?�? + fA�A + f0� + fg        [4-14] 

where ��, �? and �A are the average temperatures of the first, second and third soil 

layers, respectively, and the a terms are the coefficients. For snow-covered ground, 

the linear equation for G0 has slope and intercept as functions of the average 

temperature, thickness and thermal conductivity of the snowpack. Snowmelt occurs 

in two ways: if the solution of the surface energy balance results in T0 > 0 °C or if the 

energy balance calculations for the snowpack results in a snowpack temperature TS > 

0 °C. 
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Algebraic 

The alternative parameterisation uses an algebraic solution of the linearised energy 

balance equation following Best et al. (2011) as used in JULES. Algebraic solutions 

of the energy balance equations are also used in ECMWF, Eta-LSS, IAP94 and 

SWAP. Linearisation about T0 from the previous time step gives 

�1 − -!*↓ + +↓ − /� �0 + 4/� �A �� � − � ! = $�∗ + 4/� �0 �� � − � !      [4-15] 

where the subscript – denotes values calculated prior to incrementing T0. Solving the 

linearised equation assuming snowmelt energy M = 0 and using the Magnus formula 

for surface saturation humidity, Q0,sat, gives the timestep surface temperature 

increment, δT0, as 

i� = $�∗ − '� − (��−) �J<D + +j O$ ,
��O� K ��k��5! + 4/� �A + 2(
CRl∆5
CRl 
[4-16] 

where ρ is air density, cp is the specific heat capacity of air at constant pressure, LV is 

the latent heat of vapourisation (or sublimation), the subscript surf denotes the 

surface layer (soil or snow), λsurf is the thermal conductivity and ∆zsurf is the layer 

thickness. The fluxes are updated with the increment 

i$∗ = −4/� �A i�           [4-17] 

for net radiation. For the turbulent flux increments, the widely applied bulk 

aerodynamic formulae are used: 

i� = ��km��5! d$ ,
��d� i�  
 [4-18] 

i' = <D��km��5!i�           [4-19] 

where CHN is the scalar exchange coefficient under neutral conditions (refer to 

section 4.4.2) and u(z) is the wind speed at height z. The surface heat flux is 

calculated as:  

) = 2(
CRl∆5
CRl n� − �
CRlo 
 [4-20] 
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where Tsurf is the layer temperature and T0 is the surface skin temperature. The 

snowmelt rate is diagnosed by ensuring that the snow surface temperature does not 

exceed 0°C. 

 

4.4.2 Turbulent exchange of heat and moisture  

First-order closure is most commonly used for estimating turbulent fluxes of heat and 

moisture between the atmosphere and land surface. The widely applied bulk 

aerodynamic formulae are given by ' = �<D�k��5!4� − ��5!7  [4-21] 

for sensible heat flux (H), and by 

(� = �+j�k��5!4� − ��5!7         [4-22] 

for latent heat flux (λE). In these equations CH is the scalar transfer coefficient 

assumed to be the same for both sensible and latent heat at reference height z, u is the 

wind speed, T is the temperature, and q is the specific humidity with the subscript 0 

indicating that it is the state at the surface. 

Similarly, the momentum flux (τ) is given by 

p = −��q��5!? = −��∗?         [4-23] 

where CD is the drag coefficient, and u* is the friction velocity. 

The drag and transfer coefficients depend on atmospheric stratification, which is 

commonly parameterised using Monin-Obukhov similarity theory or a Richardson 

number approach. 

 

Obukhov Length 

Variations of Obukhov length parameterisations are used in the ECMWF land 

surface model, CLM, JULES, Noah-MP, SWAP, VIC and VISA. The Obukhov 

length, L, is the height above which buoyant production of turbulence dominates 

over shear production. L is used to characterise atmospheric stratification and is 

given by  

+ = −�∗A�r�5!�>$r,  
 [4-24] 
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where � is the von Kármán constant, Tv is the air virtual temperature, g is 

acceleration due to gravity and Qv,0 is the virtual temperature heat flux at the surface. 

The drag and scalar exchange coefficients are given by  

�q = �?
sln J 55 ,tK − u��v!w? 

 [4-25] 

�k = �?sln J 55 ,tK − u��v!w sln J 55 ,kK − uM�v!w 
 [4-26] 

where z0,M and z0,H are the surface roughness lengths for momentum and scalar 

transfer, respectively, and ψm and ψh are stability functions for momentum and scalar 

exchange. 

The stability functions are given by the integrals 

u�,M = F 1 − ɸ�,M�v!v" y⁄
 dv 

 [4-27] 

where ɸm and ɸh are the universal functions for momentum and scalar exchange, 

respectively. The functional forms of ɸm and ɸh used in CLASS (Delage, 1997; 

Delage and Girard, 1997) resulted in very large spikes in H and λE, therefore were 

replaced by those used in JULES (Dyer, 1974) for unstable conditions, and Beljaars 

and Holtslag [1991] for stable conditions: 

ɸ��v! = z�1 − fv!�� 0⁄ ,																																							− 1	 < v < 01 + v + ~v�< − Ov!=��� ,																																	v ≥ 0 
[4-28] 

ɸM�v! = z�1 − fv!�� ?⁄ ,																																								− 1	 < v < 01 + v�1 + ~v!�� ?⁄ + ~v�< − Ov!=��� , v ≥ 0 
[4-29] 

where a = 16, b = 2/3, c = 6 and d = 0.35 are coefficients determined experimentally. 

 

Bulk Richardson 

Louis (1979) introduced the use of the Bulk Richardson number (RiB) to parameterise 

surface exchange coefficients in order to avoid the computational cost of the iterative 

solution necessary when using the Monin-Obukhov approach, and to reduce surface 

decoupling in stable conditions (Louis, 1967). Versions of the Bulk Richardson 
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parameterisation are used in BASE, BATS, IAP94, ISBA, MOSES and VIC. The 

Bulk Richardson number is defined by 

V�Y = >54��5! − � 7��5!��5!?  
 [4-30] 

The scalar exchange coefficient is calculated as  

�k = �km;k�V�Y!          [4-31] 

with scalar transfer coefficient under neutral conditions calculated as 

�km = � �?ln J 55 ,tK ln J 55 ,kK� 
 [4-32] 

Louis’ empirical analytical functions are 

;k�V�Y! = 1 − 3ℎV�Y1 + 3ℎ?�km �−V�Y 55 �� ?⁄  
 [4-33] 

for unstable conditions, and 

;k�V�Y! = s1 + 2ℎV�Y�1 + V�Y!� ?⁄ w�� 
 [4-34] 

for stable conditions, where constant h = 5. No critical cutoff value of RiB is specified 

for stable conditions. 

 

4.4.3 Ratio of roughness length for momentum to roughness length for 

scalars  

Values for roughness lengths are flow dependent, however the most common 

approach used in land surface models is to use a constant value. The roughness 

length for heat and moisture transfer (z0,H) is smaller than that for momentum (z0,M); 

z0,H is commonly parameterised as a fraction of z0. CLASS use z0,M/z0,H = 3.0 (also in 

IAP94). JULES and ISBA use z0,M/z0,H = 10.0. The roughness length for momentum 

of snow is set to 0.001 m, whereas z0,M vegetation are specified parameters (Table 3-

2). 
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4.4.4 Surface evaporation efficiency  

The surface evaporation efficiency coefficient, β, is used to calculate the soil surface 

specific humidity and, therefore, affects the magnitude of latent heat fluxes. β 

characterises water availability in the near-surface soil layer. If there is snow cover 

or ponded on the surface, β is set to 1.0 and the surface specific humidity is set to the 

saturation specific humidity. 

 

Field capacity 

CLASS use the relationship from Lee and Pielke (1992)  

� =
���
��1.0, 																																																								 :�,� > :l�,�
0.25 �1 − cos �Q :�,�:l�,���

? , 0.04 ≤ :�,� ≤ :l�,�0.0, 																																																							 	:�,� < 0.04
 

[4-35] 

where θfc,1 is the field capacity of the first soil layer, and is calculated from the soil 

saturated hydraulic conductivity which is calculated using the widely applied Clapp 

and Hornberger (1978) relationships. This cosine relationship is also used in CLM. 

 

Critical and wilting points 

The alternative parameterisation is used in Noah-MP, JULES and MOSES and 

calculates β as a function of soil volumetric liquid water content at the critical point, 

θc,1, and wilting point, θwc,1.  

� =
���
��1.0,																																								:�,� > :�,�:�,� − :�,�:�,� − :�,� , 0.04 < :�,� ≤ :l�,�0.0,																																							:�,� ≤ :�,� 

 [4-36] 

θc,1, and θw,1 are calculated for fine, medium and coarse soil textural classes as 

defined by Wilson and Henderson-Sellers (1985):  

θc = 0.310 fine mineral soils 

θc = 0.242 medium mineral soils 

θc = 0.150 coarse mineral soils 

θw = 0.221 fine mineral soils 
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θw = 0.136 medium mineral soils 

θw = 0.064  coarse mineral soils 

A similar function is used in BASE. 

 

4.4.5 Snow cover fraction  

Small scale variations in topography and vegetation result in snow redistribution by 

wind, interception by vegetation and variable melt rates that produce spatially 

heterogeneous snow covers. Patchy snow covers ensue as snowmelt progresses, and 

affect both the direction and magnitude of sensible and latent heat fluxes. Most land 

surface models represent patchy snow covers using snow depletion curves whereby 

fractional snow covered area, fS, is a function of average snow mass or depth.  

 

Linear 

The following linear function is used in CLASS, ECMWF model and SiB2:  

�T = min JOTO , 1K 
 [4-37] 

where dS is snow depth and d0 is a threshold parameter set to 0.10 m. 

 

Hyperbolic tangent 

Yang et al. (1997) found that the following hyperbolic tangent function compared 

best with albedo measurements 

�T = tanh JOTO K 
 [4-38] 

This function is used BATS and ECHAM. d0 is also set to 0.10 m. Calculated snow 

cover fraction is lower with the hyperbolic tangent function than with the linear 

function. 

 

4.4.6 Fresh snow density  

The density of fresh fallen snow affects heat transfer within snowpacks and the 

atmosphere. There are no physically based parameterisations of fresh snow density in 
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use as they require detailed simulations of crystal size, shape and packing; rather 

there are a number of empirical functions based on combinations of air temperature, 

humidity and wind speed. 

 

Air temperature 

CLASS calculates fresh snow density as a function of air temperature using an 

equation presented by Hedstrom and Pomeroy (1998)  

�T,l = 67.92 + 51.25exp���5! − ��2.59 � 
  [4-39] 

for air temperatures below 0 ºC, and using an equation from Pomeroy and Gray 

(1995) 

�T,l = 119.17 + 20.0���5! − ��!        [4-40] 

for air temperatures at or above 0 ºC. 

 

Air temperature and wind speed 

An empirical function of air temperature and wind speed is used in ISBA and the 

ECMWF land surface model is used, given by 

  �T,l = Pf£¤109 + 6���5! − ��! + 26��5!� ?⁄ , 50.0¥      [4-41] 

 

4.4.7 Snow compaction  

Snow density generally increases over time due to grain metamorphism, compaction 

from the weight of overlying snow and the refreezing of meltwater. Snow density is 

commonly used to parameterise thermal conductivity, liquid water content, and, 

indirectly, snow cover fraction. 

 

Empirical 

CLASS uses an empirical equation in which the density of snow, ρs, increases 

exponentially from the fresh snow value, ρS,f, to a maximum possible snow density, 

ρS,max.  
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O�TO2 = 0.01n�T − �T,���o3600  
 [4-42] 

�T�2 + ∆2! = �T,��� + ¤�T�2! − �T,���¥exp J−0.01∆23600 K 
 [4-43] 

where the value 0.01/3600 is an empirically determined time scale. The maximum 

snow density is calculated from snow depth following Tabler et al. (1990).  

�T,��� = ¦T − 204.70OT s1.0 − expJ OT0.673Kw  [4-44] 

where AS is set to 700.0 kg m-3 for snowpacks near 0 ºC, and to 450.0 kg m-3 for 

colder snowpacks following Brown et al. (2006). Similar empirical parameterisations 

are used in the ECMWF land surface model and ISBA. 

 

Compactive viscosity 

The physically based parameterisation of Anderson (1976) has been adopted in a 

number of models: CLM, the ECMWF land surface model, ISBA, VIC and VISA. 

Snow densification occurs under load resisted by compactive viscosity. The 

differential equation is given by 1�T d�Td2 = UT>G + <�exp4−<?��� − �T! − <Amax�0, �T�2! − 150!7  [4-45] 

where c1 = 2.8x10-6 s-1, c2 = 0.042 K-1 and c3 = 0.046 m3kg-1 are the parameter values 

used in ISBA. The viscosity, η, is given by 

G = G exp4<0��� − �T! + <g�T�2!7        [4-46] 

where c4 = 0.081 K-1, c5 = 0.018 m3 kg-1 and η0 = 3.7×107 kg m-1 s-1 (also from 

ISBA). The compactive viscosity snow compaction parameterisation calculates 

higher snowpack densities than CLASS’ existing empirical equation during the cold 

snow accumulation season, but lower snowpack densities during spring melt. A 

simplified version of this parameterisation without the c1 term for compaction of 

fresh snow is used in BASE and JULES. 

 



 

 

92 

 

4.4.8 Snow albedo decay  

Snow albedo exerts a strong control on the timing of snowmelt and land surface-

climate feedbacks. Albedo depends on physical characteristics of snowpacks (i.e. 

grain structure, depth, contaminants) and also on the solar angle and spectral 

distribution of radiation. Highly detailed spectral models (e.g. Wiscombe and 

Warren, 1980; Green et al., 2002) are rarely included in energy balance LSS and are 

therefore not considered. 

 

Exponential decay 

In CLASS, snow albedo is modelled using empirical exponential decay functions. 

Snow albedo, αS, decreases exponentially from a fresh snow value of 0.84 using the 

function 

-T�2 + ∆2! = ¤-T�2! − -T,§��¥exp J−0.01∆23600 K 
 [4-47] 

where ∆t = 1800 s. The background old snow albedo, αS,old, is set to 0.50 if the melt 

rate is non-negligible or the snowpack temperature is greater than -0.01 °C, 

otherwise αS,old = 0.70. The snow albedo is reset to 0.84 if a snowfall greater than or 

equal to 0.1 mm occurs. Similar empirical parameterisations are used in ISBA, the 

ECMWF land surface model and Noah-MP. 

 

Efficient spectral 

An efficient parameterisation of the Wiscombe and Warren (1980) spectral model 

from Dickinson et al. (1993) is used. This parameterisation was developed for BATS 

and has subsequently been adopted in CLM, IAP94 and Noah-MP. The albedos for 

diffuse radiation are given by -�1l,r1
 = n1 − �r1
;�¨©o-r1
,         [4-48] 

-�1l,@1R = n1 − �@1R;�¨©o-@1R,         [4-49] 

where the subscripts vis and nir refer to the visible and near-infrared bands, 

respectively. Cvis = 0.2 and Cnir = 0.5. αvis,0 = 0.95 and αvis,0 = 0.65 are the fresh snow 

albedos. Fage is a snow age factor given by 
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;�¨© = pT1 + pT  [4-50] 

τS is non-dimensional snow age given by 

pT�2 + ∆2! = �pT�2! + �ª� + ª? + ªA!∆2p � J1 − 9l∆29 K 
 [4-51] 

ª� = exp s�« J 1�� − 1�TKw  [4-52] 

with r2 = r1
10 and r3 = 0.3, Sf is the timestep snowfall rate, S0 = 10 kg m-2, Tα = 5000 

K, Tm is the melting temperature and TS is the snowpack temperature. r1 is used to 

represent grain growth due to vapour diffusion, r2 produces more rapid growth near 

the melting point and r3 represents the effects of contaminants. The albedos for direct 

radiation are given by -�1R,r1
 = -�1l,r1
 + f¬��!n1 − -�1l,r1
o       [4-53] 

-�1R,@1R = -�1l,@1R + f¬��!n1 − -�1l,@1Ro       [4-54] 

where 

��! = max �1 − 21 + ~¬ , 0�  [4-55] 

where µ is the solar zenith cosine, aµ = 0.4 and bµ = 2. The efficient spectral 

paramaterisation calculates lower snow albedos than CLASS’ existing exponential 

decay parameterisation. 

 

4.4.9 Thermal conductivity of snow  

The thermal conductivity of snow, λS, is used along with the vertical temperature 

gradient to calculate the heat flux through the snowpack. Most models parameterise 

an effective thermal conductivity as a quadratic or power function of snow density. 

 

Quadratic 

CLASS uses an empirical equation from Sturm et al. (1997): 

(T = z3.233 × 10�¯�T? − 1.01 × 10�A�T + 0.138, �T ≥ 156.00.234 × 10�A�T + 0.023, �T < 156.0     [4-56] 
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Power 

Yen (1981) presented a power function that has been adopted in the ECMWF model, 

ISBA and JULES, given by 

(T = 2.22 J�T�±K�.²² 
 [4-57] 

where ρW is the density of water. The Yen (1981) power equation calculates higher 

snowpack thermal conductivities than the Sturm et al. (1997) quadratic equation. 

 

4.4.10 Local advection of sensible heat 

Local advection can occur over partial snow cover, whereby upward fluxes of 

sensible heat can be transferred horizontally between snow-covered and snow-free 

patches. Most research has focused on the advection of sensible heat from snow-free 

patches and its contribution to melt of snow-covered patches (e.g. Liston, 1995; 

Marsh and Pomeroy, 1996; Essery, 1997; Shook and Gray, 1997; Granger et al., 

2002, 2006). 

 

None 

The local advection of sensible heat is neglected in most land surface models 

including CLASS. 

 

Cherkauer and Lettenmaier 

VIC incorporates an adaptation of the advection efficiency parameterisation of 

Marsh and Pomeroy (1996) using data from Marsh et al. (1997). The fraction of 

sensible heat that is advected to snow patches from snow-free patches, HA, is 

calculated as presented by Marsh and Pomeroy (1996):  

'³ = �'��1 − �T!�T �;T 
 [4-58] 

where Hb is the sensible heat flux from bare patches, fS is the fractional snow covered 

area  and FS is the fraction of snow-free area that contributed to the locally advected 
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flux. FS is related to the connectivity of snow-covered and snow-free patches and is 

estimated using observations from Marsh et al. (1997)  

;T = ��
�1.0,																																															0.6 < �T < 1.0log� ���3.0�T − 1.8!,																0.5 < �T ≤ 0.6log� ���5.66�T − 3.133!,									0.5 < �T ≤ 0.60.01,																																														0 < �T ≤ 0.2  

[4-59] 

 

4.4.11 Snow liquid water  

The retention of liquid water in snowpacks controls the timing of runoff. 

Gravitational drainage of liquid water from snowpacks can be rapid due to high 

porosity and preferential flow pathways, and capillary forces maintain an irreducible 

water content. Some highly detailed snow models calculate vertical water velocities; 

however, this can make a model much more computationally expensive, potentially 

unstable and differences are only realised on short time scales. Rather, most land 

surface models drain liquid water from snowpacks once a holding capacity is 

exceeded. 

 

Constant 

CLASS uses a constant snowpack maximum liquid water retention capacity γw,max = 

4% by weight. Noah also uses a constant maximum liquid water retention capacity. 

 

Function of density 

A number of models (ISBA, the ECMWF model and VISA) parameterise γw,max as a 

function, given by µ�,����T = ª�1@ + �ª�1@ − ª���!maxJ1 − �T�R , 0K 
 [4-60] 

where rmin = 0.03, rmax = 0.1 and ρr = 200 kg m-3. 
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4.4.12 Soil unfrozen water content in frozen soils  

Liquid water can be present in soils at temperatures below freezing. Unfrozen water 

content in frozen soils affects soil thermal and hydraulic properties. 

 

Energy budget approach 

CLASS does not allow any additional liquid water in below-freezing soils beyond 

that controlled by the energy balance. 

 

Freezing point depression 

A number of models use a water potential – freezing point depression function that 

calculates the maximum liquid water content at a temperature below freezing (VIC, 

Eta-LSS [Chen et al., 1997], MAPS [Smirnova et al., 2000]). The equation relating 

water suction to temperature when ice is present (Miller, 1965; Black and Tice, 

1988) is combined with the Clapp and Hornberger (1978) equation for suction as a 

function of liquid water content to give 

Θ���� = Θ
 J−��
§1�u
 K�� �⁄
 

 [4-61] 

where Θ���� is the maximum volumetric liquid water content at soil temperature Tsoil, Θ
 is the saturation volumetric soil water content, � = 114.3 m K-1 is a constant for 

mineral soils which are predominant in the SSRB, ψs is the saturation water suction, 

and b is a soil texture specific constant using the empirical relationships presented by 

Cosby et al. (1984) and soil texture values.  

 

4.4.13 Infiltration  

Most land surface models have analytical infiltration schemes due to the 

computationally expensive requirements of numerical schemes. Infiltration in frozen 

landscapes often occurs as large meltwater fluxes, which are best simulated with very 

fine spatial and temporal resolutions for improved numeric stability (e.g. Zhao et al., 

1997).  As such, there is a particular challenge in applying analytical schemes in cold 

regions.  
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Two-stage Mein and Larson 

CLASS uses the two-stage Mein and Larson (1973) analytical infiltration 

parameterisation for uniform soils and constant rainfall intensity. Two-stage refers to 

separate calculations for pre-ponded and ponded infiltration rates, relaxing the Green 

and Ampt (1911) assumption of constant head at the surface. The infiltration rate, 

INF, is given by 

cS; = z *� nu± + ¶lo ¶l· , 2 < 2D 	�unsaturated!*� nu± + ¶l + ¶Do ¶l· , 2 ≥ 2D 	�saturated!      [4-62] 

where KW is the hydraulic conductivity at the wetting front, ψw is the soil water 

potential at the wetting front, Zf is the infiltration depth and Zp is the ponding depth, t 

is the infiltration time and tp is the ponding start time. Green-Ampt type infiltration 

schemes are used in SWAP, and as an option in CRHM. 

 

Frozen soils (Zhao and Gray) 

Zhao and Gray (1997, 1999) used results from a physically based numerical model to 

develop a general parametric expression for estimating infiltration into frozen soils in 

prairie and boreal forest environments. The relationship related infiltration to total 

soil saturation (liquid + frozen water) and temperature at the beginning of snowmelt, 

the soil surface saturation during melt and the infiltration opportunity time. 

Infiltration calculations are grouped into three categories: 

Restricted – infiltration is completely restricted due the formation of an 

impermeable surface ice lens; occurs when upper soil layer temperature falls 

below -10ºC and daily snowmelt exceeds 5 kg m-2 

Limited – capillary flow predominates and infiltration is primarily controlled 

by soil physical properties; occurs when potential infiltration [equation 4-63] 

is less than liquid water available for infiltration 

Unlimited – gravity flow predominates and water infiltrates; occurs when 

upper layer soil temperature is above 0ºC, ice lens is absent and soil water 

holding capacity exceeds potential infiltration 
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The parametric equation is used for the limited infiltration case:  

cS; = �9 ?.º?�1 − 9»!�.¯0 J273.15 − �»273.15 K� .0g 2  .00										�» ≤ 273.15 
 [4-63] 

where C is an empirical constant equal to 2.10 and 1.14 for prairie and forest soils, 

respectively, S0 is the soil surface saturation, 9» = :» : ⁄  is the premelt pore 

saturation of the upper soil layer with θI being the volumetric soil moisture (liquid + 

frozen water) at the start of infiltration, TI is the pre-melt temperature of the upper 

soil layer, t0 is the infiltration opportunity time. t0 is estimated from SWE as 

2 = 0.659¼� − 5          [4-64] 

The maximum amount of water that can infiltrate in the limited case, the water 

storage potential (WsP), is constrained as  

¼
½ = 0.6: �1 − 9»!5D          [4-65] 

where zp is depth of a highly permeable surface layer (e.g. thickness of organic layer 

or depth of surface-connected cracks). 

 

4.4.14 Thermal conductivity of soil  

Soil thermal conductivities are used to calculate heat fluxes between soil layers, and 

at the soil-atmosphere and soil-snow interfaces, thus affect the magnitudes of non-

radiative fluxes. 

 

Côté and Konrad 

CLASS uses the parameterisation of Côté and Konrad (2005) for soil thermal 

conductivity. Soil thermal conductivity, λsoil, is calculated using a relative thermal 

conductivity, λr, which has a value of 0.0 for dry soils, λdry, and 1.0 at saturation, λsat: (
§1� = ¤(
�� − (�R¾¥(R + (�R¾         [4-66] 

λr is calculated from the degree of saturation, Sr, as follows 

(R = ¿9R1 + �¿ − 1!9R 
 [4-67] 

where ϰ is an empirical coefficient with values 

ϰ = 4.0  unfrozen coarse mineral soils 
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ϰ = 1.2  frozen coarse mineral soils 

ϰ = 1.9  unfrozen fine mineral soils 

ϰ = 0.85 frozen fine mineral soils 

ϰ = 0.6  unfrozen organic soils 

ϰ = 0.25 frozen organic soils 

λdry is calculated using an empirical relationship with different coefficients for 

mineral and organic soils: 

(�R¾ = 0.75exp	�−2.76: ! for mineral soils      [4-68] 

(�R¾ = 0.30exp	�−2.0: ! for organic soils      [4-69] 

where θ0 is the soil porosity. λsat is calculated using the linear averaging approach of 

de Vries (1963), as suggested by Zhang et al. (2008), rather than geometric averaging 

used in Côté and Konrad. 

(
�� = (±:D + (
§1� 	�1 − : !          [4-70] 

(
�� = (»:D + (
§1� 	�1 − : !          [4-71] 

where λW and λI are the thermal conductivities of water and ice, respectively. 

 

De Vries 

The de Vries (1963) parameterisation is selected over another commonly used 

parameterisation, Johansen (1975), because it does not require the introduction of 

soil bulk density as a parameter. The de Vries parameterisation has been used by 

Tarnawski and Wagner (1992, 1993), BATS, Quinton et al. (2005), Hayashi et al. 

(2007). The soil thermal conductivity is given by 

(
§1� = :±(± + ��:�(� + �
§�:
§�(
§�:± + ��:� + �
§�:
§�  
 [4-72] 

where θ is the volumetric fraction, λ is thermal conductivity and f is the influential 

factor, and the subscripts W, a and sol refer to the liquid water, air and soil solid 

components. The influential factors are given by 

�
§� = 13 � 21 + 0.125J(
§�(± − 1K + 11 + 0.75 J(
§�(± − 1K� 
 [4-73] 
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�� = 13 � 21 + >� J(�(± − 1K + 11 + >� J(�(± − 1K� 
 [4-74] 

where ga and gc are empirical air pore-shape factors, given by 

>� = À0.333 − �0.333 − 0.035!:�: , :± > 0.090.013 + 0.944:±,																													:± ≤ 0.09 

[4-75] 

  >� = 1 − 2>�          [4-76] 

 

4.4.15 Soil albedo  

For a given soil texture, soil albedo varies with moisture content.  Only alternate 

parameterisations for mineral soils are considered as they are predominant in the 

SSRB. Other models, i.e. JULES, do not vary soil albedo with moisture content. 

Other models make use of remotely sensed soil colour to parameterise soil albedo 

(e.g. BATS, IAP94); this data is not readily incorporated in CLASS and is therefore 

not considered. 

 

Idso et al. (1975) 

CLASS calculates the visible and near-infrared soil albedos, αg,VIS and αg,NIR, based 

on the wet and dry ground albedos, αg,wet and αg,dry. The wet and dry soil albedos are 

calculated based on soil texture from empirical functions based on data given in 

Wilson and Henderson-Sellers (1985). Relationships developed by Idso et al. (1975) 

that relate the total soil albedo, αg,T, to volumetric liquid water content in the top 10 

cm soil layer, θl,i, are used. A linear relationship is assumed between the limits for 

wet and dry soils.  

-¨,� = À-¨,�©� , 																																																																																																																		:�,� ≥ 0.26:�,� ¤-¨,�©� − -¨,�R¾¥ 0.04 − 5.50¤-¨,�©� − -¨,�R¾¥ +· -¨,�R¾, 0.22 < :�,� < 0.26-¨,�R¾, 																																																																																																																	 :�,� ≤ 0.22 [4-77] 

The total albedo is partitioned into that for visible and near-infrared albedos using the 

observation that the near-infrared albedo is approximately twice that of the visible 
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albedo (Dickinson et al., 1983), and that the partitioning of incoming shortwave 

radiation into visible and near-infrared components is approximated as equal.  

-¨,j»T = 23-¨,� 
 [4-78] 

-¨,m»Á = 2.0-¨,j»T  [4-79] 

 

Bonan (1996) 

The alternative parameterisation is used in CLM, adopted from the NCAR land 

surface model (Bonan, 1996), assumes a linear relationship for total soil albedo 

between the wet and dry values   

 -¨,� = minn-¨,�©� + 0.11 − 0.40:�,�, -¨,�R¾o      [4-80] 

The partitioning into visible and near-infrared albedos are equivalent to those used in 

CLASS. 

 

  



 

 

102 

 

  



 

 

103 

 

Chapter 5 Selection of land surface scheme for the South 

Saskatchewan River Basin 

 5.1 Introduction 

In this chapter all configurations of the multi-physics CLASS-PBSM ensemble 

described in Chapter 4 are evaluated against snow water equivalent, soil moisture 

and evaporation observations. The objectives are to identify the most suitable process 

parameterisations and one or more optimal model configurations for application over 

the SSRB. The selected models are evaluated and compared to the existing version of 

CLASS-PBSM. Recommendations are made for CLASS refinement. 

 

 5.2 Evaluation of parameterisation options 

All configurations of the multi-physics CLASS-PBSM ensemble were evaluated 

against field data from all seven sites. These simulations were performed for single 

grid cells corresponding to field sites to reduce computational time. Model output for 

land classes in grid cells corresponding to field sites were compared with 

observations. As described in section 4.3.2, simulations were initialised on 1 January 

2002 with observed soil moisture and SWE. The earliest period at which 

observations and simulations were compared was March 2003 (SWE at IEKV), so 

there was a minimum 14 month spin-up period for all sites. 

The initial ensemble of 213 configurations included options for snow liquid water 

content and soil unfrozen water content (sections 4.4.11 and 4.4.12). These two 

processes resulted in negligible differences in error statistics so the existing CLASS 

parameterisations were retained, and options for soil albedo (section 4.4.15) and the 

evaporation efficiency coefficient (section 4.4.4) were added for evaluation in the 

revised ensemble. Time series of simulations of observations are presented to show 

the ensemble spread and general skill. Fig. 5-1 shows time series of simulations for 

the revised ensemble for (a) Cypress Hills SWE, (b) Innsifail East and Kneehill 

Valley SWE, (c) Marmot Creek SWE, (d) Kenaston SWE, (e) Marmot Creek soil 

water, and (f) Kenaston soil water. SWE is generally overestimated, but least so at 

IEKV. There are spreads of approximately 100 kg m-2 in annual peak SWE at all 
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sites. Soil water observations are considerably overestimated at Marmot Creek as 

soils become saturated in all model configuration, whereas soil water observations 

are generally underestimated at Kenaston and there are very large spreads of 100 to 

300 kg m-2. CLASS-PBSM performs particularly well in reproducing soil water 

observations at Kenaston. 

 

 

Figure 5-1. Observations and multi-physics ensemble simulations of (a) Cypress 
Hills SWE, (b) Innsifail East and Kneehill Valley SWE, (c) Marmot Creek SWE, (d) 
Kenaston SWE, (e) Marmot Creek soil water, and (f) Kenaston soil water. 

Evaluation statistics were calculated for each configuration and the means for each 

parameterisation option are presented in Tables 5-1 and 5-2. Table 5-1 shows 

evaluation statistics for observed SWE, soil water and λE, and Table 5-2 shows 
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evaluation statistics calculated from changes in observed states (∆SWE and ∆soil 

water). The time periods over which observed and simulated ∆SWE and ∆soil water 

are calculated are variable due to intermittent sampling of observations; ∆ periods 

range from hours to months (see Fig. 5-1). Data from all sites were aggregated for 

the calculation of error statistics i.e. SWE data from MCRB, Kenaston, IEKV and 

Cypress were combined into a single vector, soil water data from MCRB and 

Kenaston were combined into a single vector, and λE data from Bow Valley, Nier 

and Lethbridge were combined into a single vector. Each of the aforementioned sites, 

except those used for λE evaluation, had multiple observation locations per model 

grid cell which provides some spatial averaging to allow comparison with model 

output. The mean of observed values at each site at all available times were used for 

calculating error statistics. The NRMSE presented in Table 5-1 is the root mean 

squared error normalised by the range of observations i.e. maximum observed value 

minus the minimum observed value. PBIAS is a measure of the average tendency of 

the simulated values to overestimate or underestimate observed values, given by 

ÂÃc¦9 = ∑ nÅ1
1� − Å1§�
o@»Æ� × 100∑ Å1§�
@»Æ�  
 [5-1] 

where Yi is the ith constituent, and the superscripts sim and obs indicate simulated 

and observed values, respectively. The optimal PBIAS is 0.0%, with positive value 

indicating overestimation bias. The Kling-Gupta efficiency (KGE; Gupta et al., 

2007) is also used for evaluation. The KGE is a multi-objective decomposition of the 

Nash-Sutcliffe coefficient (1970) that includes separate terms for correlation, 

variability and bias errors. Thus, the KGE provides equal emphasis on matching the 

timing, spread and sum of observations. Decomposition of the Nash-Sutcliffe 

coefficient shows that it gives lower weight to bias error and favours models that 

underestimate the variability of observations (Gupta et al., 2007). The KGE is given 

by 

*)� = 1 − Ç�ª − 1!? + J/
1�/§�
 − 1K? + J
1�§�
 − 1K? 

 [5-2] 

where r is Pearson’s correlation coefficient, σ is the standard deviation of values and 

µ is the mean of values. The ratio between the standard deviation of simulated values 
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and the standard deviation of observed values represents the relative variability in 

simulated and observed values, and the ratio between the mean of simulated values 

and the mean of observed values represents the bias. Like the Nash-Sutcliffe 

efficiency, the KGE ranges from negative infinity (worst) to 1.0 (best). KGE = 0.0 

indicates that the model is no better than using the mean of observed values in place 

of simulations. The KGE can be modified to give different weightings to each of the 

error terms (equation not shown). The correlation, variability and bias errors are 

given equal weighting in this study. 

Tables 5-1 and 5-2 show that different parameterisation options result in similar 

evaluation statistics for certain variables. The magnitudes of observed latent heat 

fluxes are poorly simulated; low observed λE (< 50 W m-2) tend to be overestimated 

and low simulated λE (< 30 W m-2) span the range of observed magnitudes. As a 

result, there are negligible differences in λE NRMSE and Pearson’s r between 

ensemble members, and correlation is trivial in all cases though PBIAS is very low 

(Table 5-1c). Evaluation of λE simulations are further discussed in section 5.4. Soil 

water observations are poorly reproduced by the models. There is consistently 

negative correlation with soil water (Table 5-1b), and consistently trivial correlation 

with ∆soil water and negligible differences in ∆soil water NRMSE (Table 5-2b). 

KGE scores are negative for both soil water and ∆soil water. The strongest model 

correlations are with ∆SWE, followed by SWE; however, PBIAS is very large for 

these variables (Tables 5-1a and 5-2a). SWE is the only simulated variable with 

positive KGE scores. Bold values in these tables indicate the superior 

parameterisation option when the difference in mean error statistic value is greater 

than 10%. An exception is made for λE and ∆soil water PBIAS where values are so 

low that small differences in PBIAS result in differences greater than 10%. Bold 

values for λE PBIAS and ∆soil water PBIAS indicate differences greater than 50%. 

The initial plan was to use t-tests to identify significant differences in error statistics. 

Tests showed that nearly all differences between parameterisation options are 

significant at the 99% confidence level. For instance, mean KGE are only not 

significantly different for z0M/z0H for SWE, infiltration for λE and the evaporation 

efficiency coefficient for ∆SWE. 
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Table 5-1. Model evaluation statistics for the CLASS-PBSM multi-physics ensemble 
calculated from times series of observations. Values are the average of error statistics 
for each configuration separated for those with the original CLASS parameterisation 
and for those with the alternative parameterisation option. Bold values indicate the 
superior parameterisation option when the difference is greater than 10% (bold 
values for λE PBIAS and ∆soil water PBIAS indicate differences greater than 50%). 
The italicised parameterisations are those considered in the initial ensemble and 
subsequently replaced because they had negligible effects on simulations. 

(a) 

 
SWE (Marmot, Cypress, IEKV, Kenaston) 

NRMSE (%) Pearson’s r PBIAS (%) KGE 
 CLASS Alt. CLASS Alt. CLASS Alt. CLASS Alt. 

Energy balance 

solution 
46.3 45.3 0.64 0.64 131 123 0.19 0.17 

Turbulent 

exchange 
46.7 44.8 0.64 0.61 126 125 0.19 0.17 

Ratio 

z0,M/z0,H  
45.8 45.8 0.64 0.61 124 126 0.19 0.17 

Evaporation 

efficiency 
45.8 45.7 0.64 0.61 124 126 0.19 0.17 

Snow cover 

fraction 
45.7 45.8 0.64 0.61 124 126 0.19 0.17 

Fresh snow 

density 
45.4 46.1 0.64 0.61 123 126 0.18 0.17 

Snow 

compaction 
46.7 44.8 0.63 0.61 128 125 0.21 0.16 

Snow albedo 

decay 
48.5 43.0 0.62 0.61 144 119 0.20 0.17 

Snow thermal 

conductivity 
43.4 48.1 0.65 0.60 116 128 0.16 0.18 

Local 

advection 
45.9 45.7 0.64 0.61 125 126 0.19 0.17 

Snow liquid 

water content 
45.8 45.9 0.61 0.61 125 125 0.18 0.18 

Soil unfrozen 

water content 
45.9 45.9 0.61 0.61 125 125 0.18 0.18 

Infiltration 

Scheme 
45.8 45.7 0.63 0.61 125 125 0.19 0.17 

Soil thermal 

conductivity 
45.4 46.2 0.64 0.61 119 128 0.16 0.18 

Soil  

albedo 
46.1 45.4 0.64 0.61 125 125 0.19 0.17 
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(b)  

 
Soil water (Marmot, Kenaston) 

NRMSE (%) Pearson’s r PBIAS (%) KGE 
 CLASS Alt. CLASS Alt. CLASS Alt. CLASS Alt. 

Energy balance 

solution 
41.4 43.6 -0.42 -0.45 -17.5 -21.6 -0.82 -0.90 

Turbulent 

exchange 
42.0 43.4 -0.43 -0.45 -19.4 -21.0 -0.85 -0.89 

Ratio 

z0,M/z0,H 
43.3 43.0 -0.45 -0.44 -21.0 -20.5 -0.89 -0.87 

Evaporation 

efficiency 
43.9 42.8 -0.45 -0.44 -21.6 -20.3 -0.90 -0.87 

Snow cover 

fraction 
43.1 43.0 -0.44 -0.44 -20.8 -20.6 -0.88 -0.88 

Fresh snow 

density 
43.1 43.0 -0.44 -0.44 -20.8 -20.5 -0.88 -0.88 

Snow 

compaction 
43.0 43.1 -0.44 -0.44 -20.7 -20.6 -0.88 -0.88 

Snow albedo 

decay 
42.4 43.3 -0.43 -0.45 -19.1 -21.1 -0.86 -0.88 

Snow thermal 

conductivity 
43.7 42.8 -0.45 -0.44 -22.0 -20.1 -0.90 -0.87 

Local  

advection 
43.1 43.0 -0.44 -0.44 -20.8 -20.5 -0.88 -0.88 

Snow liquid 

water content 
43.1 43.1 -0.44 -0.44 -20.6 -20.6 -0.88 -0.88 

Soil unfrozen 

water content 
43.0 43.1 -0.44 -0.44 -20.5 -20.7 -0.88 -0.88 

Infiltration 

scheme 
32.2 46.7 -0.38 -0.46 -6.81 -25.2 -0.58 -0.97 

Soil thermal 

conductivity 
43.6 42.9 -0.46 -0.44 -22.2 -20.1 -0.90 -0.87 

Soil  

Albedo 
41.8 43.5 -0.43 -0.45 -19.0 -21.2 -0.84 -0.89 
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 (c) 

 
λE (Bow Valley, Nier, Kenaston) 

NRMSE (%) Pearson’s r PBIAS (%) KGE 
 CLASS Alt. CLASS Alt. CLASS Alt. CLASS Alt. 

Energy balance 

solution 
9.98 10.1 0.05 0.06 0.52 3.67 -0.01 -0.01 

Turbulent 

exchange 
10.0 10.1 0.06 0.05 1.04 3.50 0.00 -0.01 

Ratio 

z0,M/z0,H 
10.1 10.1 0.05 0.06 2.30 3.08 -0.01 -0.01 

Evaporation 

efficiency 
10.0 10.1 0.05 0.06 2.61 2.97 -0.01 -0.01 

Snow cover 

fraction 
10.1 10.1 0.05 0.06 2.53 3.00 -0.01 -0.01 

Fresh snow 

density 
10.1 10.1 0.05 0.06 2.00 3.18 -0.01 -0.01 

Snow 

compaction 
10.0 10.1 0.05 0.06 1.62 3.30 -0.01 -0.01 

Snow albedo 

decay 
10.0 10.1 0.05 0.06 2.20 3.11 -0.01 -0.01 

Snow thermal 

conductivity 
10.1 10.1 0.06 0.06 2.51 3.01 -0.01 -0.01 

Local  

advection 
10.0 10.1 0.05 0.06 2.20 3.11 -0.01 -0.01 

Snow liquid 

water content 
10.1 10.1 0.06 0.06 2.88 2.88 -0.01 -0.01 

Soil unfrozen 

water content 
10.1 10.0 0.05 0.06 2.88 2.88 -0.01 -0.01 

Infiltration 

scheme 
10.0 10.1 0.05 0.06 2.30 3.08 -0.01 -0.01 

Soil thermal 

conductivity 
10.1 10.1 0.05 0.06 5.78 1.92 -0.02 -0.01 

Soil  

Albedo 
10.0 10.1 0.05 0.06 2.23 3.10 -0.01 -0.01 
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Table 5-2. Model evaluation statistics for the CLASS-PBSM multi-physics ensemble 
calculated from changes in observed states. Values are the average of error statistics 
for each configuration separated for those with the original CLASS parameterisation 
and for those with the alternative parameterisation option. Bold values indicate the 
superior parameterisation option when the difference is greater than 10% (bold 
values for λE PBIAS and ∆soil water PBIAS indicate differences greater than 50%). 
The italicised parameterisations are those considered in the initial ensemble and 
subsequently replaced because they had negligible effects on simulations. 

(a) 

 
∆SWE (Marmot, Cypress, IEKV, Kenaston) 

NRMSE (%) Pearson’s r PBIAS (%) KGE 
 CLASS Alt. CLASS Alt. CLASS Alt. CLASS Alt. 

Energy balance 

solution 
24.3 23.0 0.72 0.70 -255 -95.0 -2.56 -2.30 

Turbulent 

exchange 
24.7 22.8 0.71 0.70 -186 -118 -2.29 -2.39 

Ratio 

z0,M/z0,H 
24.6 22.9 0.71 0.70 -187 -118 -2.30 -2.39 

Evaporation 

efficiency 
24.6 22.9 0.71 0.70 -187 -118 -2.30 -2.39 

Snow cover 

fraction 
24.5 22.9 0.71 0.70 -195 -115 -2.32 -2.38 

Fresh snow 

density 
24.7 22.8 0.71 0.71 -185 -118 -2.33 -2.38 

Snow 

compaction 
24.2 23.0 0.72 0.70 -218 -107 -2.38 -2.37 

Snow albedo 

decay 
23.2 23.3 0.74 0.69 -478 -20.7 -3.75 -1.89 

Snow thermal 

conductivity 
24.7 22.8 0.70 0.71 -135 -135 -2.09 -2.46 

Local  

advection 
24.5 22.9 0.71 0.70 -191 -116 -2.31 -2.39 

Snow liquid 

water content 
23.3 23.4 0.71 0.71 -135 -136 -2.37 -2.37 

Soil unfrozen 

water content 
23.3 23.3 0.71 0.71 -135 -135 -2.37 -2.37 

Infiltration 

scheme 
23.9 23.1 0.72 0.70 -237 -101 -2.27 -2.40 

Soil thermal 

conductivity 
24.5 22.9 0.71 0.71 -148 -130 -2.07 -2.47 

Soil  

albedo 
24.6 22.9 0.71 0.70 -194 -115 -2.34 -2.38 
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(b)  

 
∆Soil water (Marmot, Kenaston) 

NRMSE (%) Pearson’s r PBIAS (%) KGE 
 CLASS Alt. CLASS Alt. CLASS Alt. CLASS Alt. 

Energy balance 

solution 
10.50 10.50 0.05 0.05 5.89 0.55 -0.37 -0.36 

Turbulent 

exchange 
10.50 10.50 0.05 0.05 1.33 2.06 -0.35 -0.36 

Ratio 

z0,M/z0,H 
10.50 10.50 0.05 0.05 2.01 1.83 -0.36 -0.36 

Evaporation 

efficiency 
10.50 10.50 0.05 0.05 0.70 2.27 -0.36 -0.36 

Snow cover 

fraction 
10.50 10.50 0.05 0.05 2.18 1.78 -0.36 -0.36 

Fresh snow 

density 
10.50 10.50 0.05 0.05 2.56 1.65 -0.36 -0.36 

Snow 

compaction 
10.50 10.50 0.05 0.05 2.18 1.77 -0.36 -0.36 

Snow albedo 

decay 
10.50 10.50 0.05 0.05 4.75 -0.92 -0.37 -0.36 

Snow thermal 

conductivity 
10.50 10.50 0.05 0.05 -0.42 2.64 -0.35 -0.36 

Local  

advection 
10.50 10.50 0.05 0.05 2.33 1.73 -0.36 -0.36 

Snow liquid 

water content 
10.50 10.50 0.05 0.05 1.88 1.88 -0.36 -0.36 

Soil unfrozen 

water content 
10.50 10.50 0.05 0.05 1.88 1.88 -0.36 -0.36 

Infiltration 

Scheme 
10.50 10.50 0.05 0.05 22.0 -4.82 -0.37 -0.36 

Soil thermal 

conductivity 
10.50 10.50 0.05 0.05 -0.99 2.83 -0.35 -0.36 

Soil  

albedo 
10.50 10.50 0.05 0.05 5.59 0.64 -0.35 -0.36 

        

 

The following figures help elucidate which parameterisation options are generally 

worse or better for simulating SWE, ∆SWE, soil water and ∆soil water. Figures 5-2 

and 5-3 show KGE of all model configurations for SWE versus ∆SWE (Fig. 5-2) and 

soil water versus ∆soil water (Fig. 5-3) with different process parameterisation 

highlighted in different plot windows. KGE is used because it provides an equally 

weighted measure of all error concerns (correlation, variability and bias). Superior 

configurations have greater KGE scores, therefore configurations in the upper right 

hand corner are best for simulating snow (Fig. 5-2) because SWE and ∆SWE error 

are balanced (similarly for soil water and ∆soil water simulations in Fig. 5-3). Along 

with these figures, three Pareto efficiency analyses were conducted. An analysis in 
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four dimensions (KGEs of SWE, ∆SWE, soil water and ∆soil water) was conducted 

to find model configurations that are Pareto efficient (non-dominated) across all four 

error variables i.e. the configurations with a balance of error distribution such that 

SWE error cannot be improved without worsening ∆SWE error, soil water error and 

∆soil water error, and ∆soil water error cannot be improved without worsening SWE 

error, ∆SWE error and soil water error, and so on. This resulted in a Pareto set of 433 

model configurations. Latent heat flux error was not considered due to the low 

spatial footprint of the observations relative to the model grid cells. In addition, 

separate two-dimensional analyses were conducted to find Pareto efficient 

configurations for simulating snow (KGEs of SWE and ∆SWE) and soil moisture 

(KGEs of soil water and ∆soil water). This resulted in Pareto sets of 28 and 13 

configurations for SWE/∆SWE and soil water/∆soil water, respectively. Fig. 5-4 

shows the percent of each parameterisation option included in each of the three 

Pareto sets. 
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Figure 5-2. KGE for SWE and ∆SWE for all model configurations. Differences 
between original CLASS and alternative parameterisation options are highlighted. 
z0M/z0H is not shown because it resulted in negligible differences. 
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Figure 5-3. KGE for soil water and ∆soil for all model configurations. Differences 
between original CLASS and alternative parameterisation options are highlighted. 
Local advection is not shown because it resulted in negligible model differences. 
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Figure 5-4. Percent of each CLASS and alternative parameterisation option found in 
(a) the 4-D Pareto set of 433 model configurations, (b) the Pareto set of 28 model 
configurations for SWE/∆SWE, and (c) the Pareto set of 13 model configurations for 
soil water/∆ soil water. 

For SWE/∆SWE (Figs. 5-2 and 5-4b), over 80% of Pareto efficient configurations all 

have the iterative energy balance solution (CLASS option), hyperbolic snow cover 

fraction (alternative option), empirical snow compaction (CLASS option) and 

efficient spectral snow albedo decay (alternative option) which mostly improves 

∆SWE simulations. For simulating soil water/∆soil water (Fig. 5-3 and 5-4c), Pareto 

efficient configurations all have the iterative energy balance solution (CLASS) which 

mostly improves soil water simulations, Obukhov length turbulent exchange 

(CLASS with substituted universal functions), the two-stage Mein and Larson 

infiltration scheme (CLASS) which mostly improves soil water simulations, and De 

Vries’ soil thermal conductivity. Bulk Richardson turbulent exchange (alternative) 

results in the worst soil water/∆soil water simulations. 

The Pareto analyses show that certain parameterisations are frequently included in 

each of the 4-D, SWE/∆SWE and soil water/∆soil Pareto sets: iterative energy 

balance solution (CLASS), De Vries’ soil thermal conductivity (alternative) and, to a 

lesser extent, critical and wilting point based evaporation efficiency (alternative), air 

temperature and wind speed based fresh snow density (alternative), exponential 
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decay snow compaction (CLASS) and no local advection over patch snow cover 

(CLASS). There are some conflicts in the inclusion of two parameterisation options 

in Pareto sets.  The Obukhov length based turbulent exchange (CLASS with 

substituted universal functions) is found in 77% and 100% of the 4-D and soil/∆soil 

Pareto sets, but in 29% of the SWE/∆SWE Pareto set. The efficient spectral snow 

albedo (alternative) is found in 75% and 89% of the 4-D and SWE/∆SWE Pareto 

sets, but in 23% of the soil water/∆soil water Pareto set. The power equation for 

snow thermal conductivity (alternative) is found in 74% and 71% of the 4-D and 

SWE/∆SWE Pareto efficient configurations, respectively, but in 31% of the soil 

water/∆soil water Pareto set. The hyperbolic tangent snow cover fraction 

(alternative) is predominant in both the SWE/∆SWE and 4-D Pareto sets, but has a 

fairly even divide in the soil water/∆soil water Pareto set. There are two 

parameterisations that are predominantly found in the soil water/∆soil water Pareto 

set but have a fairly even divide in the SWE/∆SWE Pareto set: the two-stage Mein 

and Larson infiltration scheme (CLASS) and z0,M/z0,H = 10.0 (alternative). 

The following subsections contain concise summaries of notable differences in 

evaluations of process options. 

Energy balance 

Different energy balance solutions result in some of the largest differences in error 

statistics for all variables considered. The iterative solution (CLASS) provides colder 

surface states due to lower surface heat fluxes, resulting in greater SWE, lower soil 

temperatures and greater relative soil ice content than the algebraic solution. The 

iterative solution is superior for three measures of soil water, including KGE, and λE 

PBIAS. The algebraic solution is superior for ∆SWE PBIAS, and ∆soil water PBIAS. 

Configurations with the iterative solution are predominant in the 4-D and 

SWE/∆SWE Pareto sets, and 100% of soil water/∆soil water Pareto efficient 

configurations. 

Turbulent exchange 

The Bulk Richardson (alternative) parameterisation generally provides larger upward 

λE fluxes and downward H fluxes than the Obukhov length parameterisation. During 

winter (often stable conditions) this results in slightly less SWE. During summer 
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(more often unstable conditions) this results in less soil water. The Obukhov length 

parameterisation results in better ∆soil water PBIAS and SWE KGE. The Obukhov 

length parameterisation is included in 77% of the 4-D Pareto set of 433 

configurations and 100% of soil water/∆soil water Pareto efficient configurations. 

The Bulk Richardson parameterisation is more predominant in the SWE/∆SWE 

Pareto set and result in better ∆SWE PBIAS.  

Ratio of roughness length for momentum to roughness length for scalars 

The effects of different z0,M/z0,H are minor. Differences in evaluation statistics are all 

below 10% with exception of better ∆SWE PBIAS with the alternative option 

(z0,M/z0,H = 10.0). The alternative option is predominant in the soil water/∆soil water 

Pareto set, though this may be spurious. 

Surface evaporation efficiency 

The surface evaporation efficiency coefficient generally has little effect on error 

statistics. The field capacity-based parameterisation (CLASS) allows slightly greater 

soil water evaporation at times during summer, which results in better ∆soil water 

PBIAS; whereas the critical and wilting point based parameterisation results in better 

∆SWE PBIAS. 

Snow cover fraction 

The hyperbolic tangent parameterisation (alternative option) results in lower snow 

cover fraction but has little effect on snow mass. The hyperbolic tangent 

parameterisation results in better ∆SWE PBIAS and is predominant in all three 

Pareto sets.  

Fresh snow density 

The air temperature and wind speed based parameterisation (alternative) more often 

provides higher densities, but these are variable. As a result, differences in SWE and 

snowmelt rates vary between the parameterisation options. The choice of fresh snow 

density parameterisation does not notably affect error statistics; however, the air 

temperature and wind speed based parameterisation is predominant in all three Pareto 

sets. 
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Snow compaction 

The compactive viscosity-based parameterisation (alternative) provides lower 

snowpack densities during the spring melt season, which results in greater depth and 

therefore snow cover fraction. The lower density reduces snow thermal conductivity, 

which would reduce heat transfer into snowpack; however, snowmelt is greater and 

spring SWE is less with the compactive viscosity parameterisation. It is unclear why 

this is the case. The empirical parameterisation (CLASS option) results in better 

SWE KGE and is predominant in all three Pareto sets. The compactive viscosity-

based parameterisation results in better ∆SWE PBIAS. 

Snow albedo decay 

The efficient spectral parameterisation (alternative) provides lower albedos and, 

therefore, lower SWE due to melt. The enhanced snowmelt increases soil water 

during spring. Different snow albedo decay parameterisations have the largest effect 

on ∆SWE simulations with opposing signs of PBIAS. The exponential decay 

parameterisation tends to underestimate ∆SWE whereas the efficient spectral 

parameterisation tends to overestimate ∆SWE. The exponential decay 

parameterisation (CLASS) results in better SWE KGE. The efficient spectral snow 

albedo parameterisation improves SWE NRMSE and PBIAS, ∆SWE PBIAS and 

KGE, and also improves ∆soil water PBIAS. The efficient spectral parameterisation 

is found in 89% of SWE/∆SWE Pareto efficient configurations and in 75% of the 4-

D Pareto set. 

Snow thermal conductivity 

The power equation (alternative option) calculates higher snow thermal 

conductivities than the quadratic equation, which results in lower snowpack 

temperatures when air temperatures are cold during winter and higher snowpack 

temperatures when air temperatures are warmer during spring. As a result, the power 

equation results in greater peak SWE, but greater snowmelt (and soil liquid water 

content) during spring. The power equation results in lower soil temperatures during 

snow accumulation due to greater conduction of cold air. The quadratic function 

(CLASS) results in superior SWE NRMSE and PBIAS, ∆SWE PBIAS and KGE, 
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and ∆soil water PBIAS. The power function results in better SWE KGE, and is 

included in 74% and 71% of the 4-D and SWE/∆SWE Pareto sets, respectively.  

Local advection of sensible heat 

Including the local advection of sensible heat over patchy snowcover only 

significantly affects ∆SWE; including local advection calculations improves ∆SWE 

PBIAS (alternative). Not including local advection is predominant in both the 

SWE/∆SWE and soil water/∆soil water Pareto sets. 

Infiltration 

Though the Zhao and Gray parameterisation (alternative) is designed to restrict 

infiltration during winter and spring when soils are completely or partially frozen, it 

actually results in a greater (and sharper) increase in upper soil layer liquid water 

content during spring snowmelt than the Mein and Larson scheme. The Zhao and 

Gray scheme results in more variable soil ice content and temperature, which can 

affect heat conduction into snowpacks. The different infiltration schemes result in 

opposing signs in ∆soil water PBIAS; the two-stage Mein and Larson scheme 

(CLASS) overestimates ∆soil water whereas the Zhao and Gray frozen soil scheme 

underestimates ∆soil water. The two-stage Mein and Larson scheme (CLASS) 

dominates the soil water/∆soil water Pareto frontier and results in better soil water 

simulations in all four measures. The Zhao and Gray frozen soils parameterisation 

results in better ∆soil water PBIAS and ∆SWE PBIAS. It is noted, however, that no 

soil water validation data from over winter was used. 

Pitman et al. (1999) showed that runoff simulations at large scales can be poorer 

when suppressing infiltration into frozen soils, and suggest this is due to the presence 

of preferential drainage pathways such as macropores. Perhaps calibration of the 

Zhao and Gray frozen soils would provide better simulated soil moisture than the 

two-stage Mein and Larson scheme. Another modelling study (Koren et al., 1999) 

showed that soil moisture and temperature simulations are improved with 

probabilistic averaging of spatial soil ice content; however, simulated runoff was not 

validated. A spatially probabilistic representation of frozen soils effects of infiltration 

can be considered for future CLASS model development. 
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Soil thermal conductivity 

The De Vries parameterisation (alternative) results in colder soil temperatures when 

snowcover is complete during winter, but warmer soil temperatures when the ground 

is exposed. As a result, peak SWE is slightly greater with the De Vries 

parameterisation due to less heat conduction from the soil and the upper soil layer 

liquid water content is greater during the beginning of snow accumulation and 

towards the end of the snowmelt season. The Côté and Konrad parameterisation 

(CLASS) results in better ∆soil water PBIAS and ∆SWE KGE, but the De Vries 

parameterisation results in better SWE KGE, soil water PBIAS, and λE PBIAS and 

KGE. The De Vries parameterisation is predominant in all three Pareto sets. 

Soil albedo 

The Idso et al. parameterisation (CLASS) provides slightly greater albedos, which 

reduces soil temperatures and affects evaporation and soil water content. The Bonan 

parameterisation results in better ∆soil water and ∆SWE PBIAS. The Idso 

parameterisation is found in 77% of the soil water/∆soil water Pareto set, but there is 

there is a fairly even divide of Idso and Bonan options in the 4-D Pareto set of 433 

configurations and the SWE/∆SWE Pareto set. 

 

 5.3 Model selection 

The 4-D Pareto set of 433 of configurations is too numerous to practically run over 

the entire SSRB, therefore, in this section, a single configuration (or small number of 

configurations) is decided upon. The goal is to find configurations that balance SWE, 

∆SWE, soil water and ∆soil water error, which can be best accomplished using 

Pareto analysis. Latent heat flux error was not considered due to the uniformity of λE 

NRMSE and Pearson’s r, and due to the low spatial footprint of the observations 

relative to the model grid cells. Model configurations in the SWE/∆SWE KGE and 

soil water/∆soil water KGE Pareto sets were first considered (Fig. 5-4b-c). A check 

was made to determine if there were any coincident model configurations in these 

two Pareto sets; there were none. Then, two additional Pareto sets were calculated 

(SWE/soil water [15 configurations] and ∆SWE/∆soil water [7 configurations]); 
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there were no coincident configurations between these two Pareto sets. Finally, 

Pareto sets were calculated for SWE/∆soil water (13 configurations) and soil 

water/∆SWE (38 configurations), and there was a single coincident configuration 

(Fig. 5.5). This model configuration was selected for application over the SSRB. 

Parameterisation options in the select configuration are presented in Table 5.3. 

 

Figure 5-5. KGE for (a) SWE versus ∆SWE and (b) soil water versus ∆soil water. 

Table 5-3. Parameterisation options for the select model configuration. 

Process Parameterisation 

CLASS or 

alternative 

option 

Numerical solution iterative CLASS 

Turbulent exchange Obukhov length CLASS 

z0,m/z0,h = 3.0 CLASS 

Evaporation efficiency Field capacity based CLASS 

Snow cover fraction Hyperbolic tangent Alternative 

Fresh snow density Air temperature and wind speed based Alternative 

Snow compaction Compactive viscosity Alternative 

Snow albedo decay Efficient spectral Alternative 

Snow therm. conduct. Quadratic CLASS 

Local advection None CLASS 

Infiltration Two-stage Mein and Larson CLASS 

Soil therm. conduct. De Vries Alternative 

Soil albedo Idso et al. (1975) CLASS 
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The parameterisation options included in the select model (Table 5-3) are broadly 

consistent with predominance in the 4-D, SWE/∆SWE and soil water/∆soil water 

Pareto sets i.e. iterative energy balance solution (CLASS), hyperbolic tangent 

snowcover fraction (alternative), air temperature and wind speed based fresh snow 

density (alternative), no local advection (CLASS), two-stage Mein and Larson 

infiltration (CLASS) and De Vries soil thermal conductivity (alternative). The select 

model includes Obukhov length (turbulent exchange) and the quadratic equation for 

snow thermal conductivity (CLASS), which are not predominant in the SWE/∆SWE 

Pareto set. The select model includes efficient spectral snow albedo decay 

(alternative) which is not predominant in the soil water/∆soil water Pareto set. The 

select model includes z0,m/z0,h = 3.0 (CLASS), field capacity based evaporation 

efficiency (CLASS), air temperature and wind speed based fresh snow density 

(alternative), which are less predominant in all three Pareto sets. These 

parameterisations generally increase snow accumulation (e.g. iterative energy 

balance solution, De Vries soil thermal conductivity) and allow greater soil water 

content (e.g. Obukhov length turbulent exchange, efficient spectral snow albedo and 

De Vries soil thermal conductivity, Idso et al. soil albedo). Table 5-4 shows error 

statistics and associated percentile ranks for the select configuration and, for 

comparison, CLASS-PBSM. There is little variety in ∆soil water NRMSE, Pearson’s 

r, KGE, and λE Pearson’s r and KGE therefore these percentile ranks have little 

meaning. The select configuration outperforms CLASS-PBSM in all error measures 

with the exception of SWE KGE and ∆SWE Pearson’s r. 
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Table 5-4. Error statistics for select model configurations for (a) SWE, (b) ∆SWE, 
(c) soil water, (d) ∆soil water, and (e) λE. Percentile ranks are included in 
parentheses (rank 100 is best and 0 is worst). 

(a) 

 SWE 

 NRMSE (%) Pearson’s r 
PBIAS 

(%) 
KGE 

Select 43.1 (78th) 0.66 (74th) 115.7 (63rd) 0.18 (18th) 

CLASS-

PBSM 
49.6 (18th) 0.60 (18th) 149.0 (50th) 0.28 (78th) 

 

(b) 

 ∆SWE 

 NRMSE (%) Pearson’s r 
PBIAS 

(%) 
KGE 

Select 23.1 (65th) 0.71 (37th) -8.00 (99h) 0.46 (99th) 

CLASS-

PBSM 
23.6 (59th) 0.75 (82nd) -541.7 (15th) -4.42 (15th) 

(c) 

 Soil water 

 NRMSE (%) Pearson’s r 
PBIAS 

(%) 
KGE 

Select 28.6 (97th) -0.30 (95th) -1.60 (98th) -0.45 (92nd) 

CLASS-

PBSM 
30.1 (88th) -0.44 (49th) -4.10 (92rd) -0.59 (83rd) 

    

(d) 

 ∆Soil water 

 NRMSE (%) Pearson’s r PBIAS (%) KGE 

Select 10.5 (11th) 0.05 (32nd) 2.80 (94th) -0.33 (99th) 

CLASS-

PBSM 
10.5 (82nd) 0.05 (74th) 11.4 (72nd) -0.34 (62nd) 

  

(e) 

 λE 

 NRMSE (%) Pearson’s r PBIAS (%) KGE 

Select 9.9 (96th) 0.06 (97th) -3.90 (51st) 0.01 (96th) 

CLASS-

PBSM 
10.2 (62nd) 0.05 (3rd) 3.30 (57th) -0.01 (57th) 

  

 



 

 

127 

 

 5.4 On latent heat flux simulations 

As mentioned in section 5.2, all configurations of the multi-physics CLASS-PBSM 

ensemble poorly simulated observed latent heat fluxes. Figure 5-6 shows scatterplots 

of observed and simulated λE. Figure 5-6a shows simulated λE by CLASS (without 

PBSM) and Figure 5-6b shows simulated λE by the complete alternate configuration 

of CLASS i.e. with PBSM and all the alternate parameterisations described in section 

4.4. Sites are shown separately on these plots but Pearson’s r is calculated by 

lumping data from all sites into a single vector. 

 

Figure 5-6. Simulated versus observed latent heat fluxes for (a) CLASS, and (b) anti-
CLASS (version with PBSM and all alternate parameterisations). Pearson’s r is 
calculated with data from all sites combined into a single vector. 

Small magnitude positive observed λE tend to be overestimated by the models and 

the correlations are trivial. Conversely, the biases are very low (4.2% for CLASS and 

2.5% for anti-CLASS; see also Table 5-1c). The time series are not shown; the 

results vary both temporally and by site. It is often the case that λE is overestimated 

during periods of high net radiation (i.e. spring) and winter λE fluxes are 

underestimated. There are numerous possible reasons for this difficulty, but it is 

suggested to further examine model representations of albedo, roughness lengths 

(particularly of snowcover), the surface temperature increment, and stability-based 

exchanged coefficients.  
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MacKay et al. (2006) examined difficulties simulating winter latent heat fluxes with 

CLASS. CLASS 3.1, in online coupled simulations with the Canadian Regional 

Climate Model, underestimated upward latent heat flux in boreal forest and 

agricultural regions. It was suggested that insufficient longwave radiative forcing 

from clouds caused excessive overnight condensation. It was found that including a 

small windless exchange of sensible heat flux to snowpacks resulted in increased 

upward longwave radiative flux rather than increasing sublimation. Other studies 

have presented both challenges and improvements in simulating latent heat fluxes 

with CLASS during summer (Bellisario et al., 2000; Lafleur et al., 2000; Munro et 

al., 2000; Verseghy et al., 2000), but none have identified such poor correlations as 

in this thesis. 

 

 5.5 Implications for CLASS refinement 

Joint consideration of the error statistics (Tables 5-1 and 5-2), plots of error KGE 

error scores (Figs. 5-2 and 5-3), the 4-D, SWE/∆SWE and soil water/∆soil water 

Pareto efficient configurations (Fig. 5-4) and the ultimate select model configuration 

(Table 5-3) provide suggestions for CLASS refinement. CLASS should retain its 

iterative energy balance solution because it results in both better snow and soil 

moisture simulations. Obukhov length turbulent exchange provides much better soil 

moisture simulations without degrading snow simulations. The hyperbolic tangent 

snow cover fraction, and the air temperature and wind speed based fresh snow 

density parameterisations should be adopted because they are both predominant in all 

three Pareto sets and the select configuration. De Vries’ soil thermal conductivity 

parameterisation should be adopted because it generally improves both soil moisture 

and snow simulations and is predominant in all three Pareto sets. The efficient 

spectral snow albedo decay parameterisation should be adopted because it markedly 

improves snow simulations, and is included in the select configuration. It is difficult 

to make a recommendation for snow thermal conductivity because different 

parameterisations provide conflicting results for snow and soil water simulations. It 

is also difficult to make a recommendation for snow compaction because, though 

CLASS’s existing empirical parameterisation is predominant in all three Pareto sets, 
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the select configuration includes the alternative compactive viscosity 

parameterisation. The effects of certain process parameterisations are shown to be 

relatively unimportant (z0,M/z0,H, evaporation efficiency coefficient, soil albedo, and 

local advection). The Zhao and Gray parameterisation for infiltration into frozen 

soils provides worse soil water simulations than the two-stage Mein and Larson 

scheme, but this conflicts with previous field studies (Zhao and Gray, 1997) and 

modelling experiments (Fang et al., 2010, 2013).   

 

 5.6 Summary 

All 213 configurations of the multi-physics CLASS-PBSM ensemble were evaluated 

against field data from all seven sites during winter. The evaluation highlighted 

challenges simulating latent heat fluxes. Simulated latent heat fluxes had very low 

bias compared to observations; however, correlations were very poor. 

Pareto efficiency analyses, with the Kling-Gupta efficiency as error criteria, were 

conducted to identify superior parameterisation options and the best particular model 

configuration. For SWE and ∆SWE simulations, the superior configurations have the 

iterative energy balance solution (CLASS option), Bulk Richardson turbulent 

exchange (alternative), hyperbolic tangent fresh snow density (alternative), air 

temperature and wind speed based fresh snow density (alternative), empirical snow 

compaction (CLASS) efficient spectral snow albedo decay (alternative option), the 

power equation for snow thermal conductivity (alternative) and De Vries’ soil 

thermal conductivity (alternative). For soil water and ∆soil water simulations, the 

best model configuration all have the iterative energy balance solution (CLASS), 

Obukhov length turbulent exchange (CLASS with substituted universal functions), 

the two-stage Mein and Larson infiltration scheme (CLASS) and De Vries’ soil 

thermal conductivity. There are three parameterisations that tend to improve both 

snow and soil moisture simulations: the iterative energy balance solution, air 

temperature and wind speed based fresh snow density and De Vries’ soil thermal 

conductivity. 

A single model configuration is selected for modelling the SSRB. This model has 

parameterisation options that are broadly consistent with aggregated error evaluation 
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and Pareto analyses, and eight of the thirteen parameterisation options considered are 

existing CLASS parameterisations. The select model outperforms CLASS-PBSM in 

all measures of model error with the exception of SWE KGE and ∆SWE Pearson’s r. 

Recommendations are made for CLASS refinement. CLASS should retain three of 

its existing parameterisations: most notably the iterative energy balance solution and 

Obukhov length turbulent exchange. CLASS’s existing two-stage Mein and Larson 

infiltration scheme provided better soil water simulations than the Zhao and Gray 

frozen soils scheme, which contradicts previous field and modelling studies. 

Therefore, the parameterisation of infiltration into frozen soils at large scales should 

remain an open area of research.  Four alternative parameterisations should be 

adopted: most notably the efficient spectral snow albedo decay and De Vries’ soil 

thermal conductivity, and also hyperbolic tangent snow cover fraction, and air 

temperature and wind speed based fresh snow density. Including calculations for the 

local advection of sensible heat over patchy snowcover, and parameterisations for 

z0,M/z0,H, evaporation efficiency and soil albedo were shown to have very minor 

effects on snow and soil moisture simulations. It was difficult to make 

recommendations for snow compaction and snow thermal conductivity. Chapter 6 

will detail the results from the applications of these models over the SSRB. 
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Chapter 6 Simulated effects of chinook winds on the SSRB 

 6.1 Introduction 

This chapter summarises simulated effects of chinooks on winter water budgets over 

2002-2013. The model set-up from Chapter 4 and select model from Chapter 5 are 

applied. Model results for the SSRB, its three ecozones (Montane Cordillera, Boreal 

Plains and Prairie) and four subbasins (Bow, Oldman, Red Deer and Lower South 

Saskatchewan) are all presented. First, a procedure to identify chinook days is 

described and the months that constitute “winter” are decided upon. Winter water 

budgets are quantified, and statistically significant differences across ecozones and 

subbasins are identified. Then, differences in hydrological states and fluxes are 

described for chinook and non-chinook days. Correlation analyses are performed to 

identify the variables, ecozones and subbasins that are most impacted by the number 

of chinook days per winter. Net winter water budgets and the effects of chinooks are 

characterised for each SSRB ecozone and subbasin. 

 

 6.2 Notes on methodology 

The modelling performed for this chapter applies the model configuration described 

for the SSRB in section 4.2 with the select configuration of CLASS-PBSM (section 

5.3). Model results for October 2002 to March 2013 are used (January-September 

2002 is used as spin-up). Since the purpose is to quantify the effects of chinooks on 

winter water budgets, a procedure to identify chinook days is presented in section 

6.3. Evaporation values presented include both sublimation and evaporation from all 

terrestrial sources (soil water, ponded water, snowpack, vegetation, canopy-

intercepted snowfall and rainfall, and blowing snow). SWE values presented include 

that on the ground and canopy-intercepted snow. Soil water storage refers to both 

liquid and frozen water storage. Ponded water refers to surface depressional storage 

in all land classes and wetland storage. Storage refers to total terrestrial water 

storage. 
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 6.3 Identification of chinook days 

In order to model the effects of chinooks on winter hydrology, chinook events must 

be identified in some way. Chinooks days were identified from meteorological 

station data based on the Nkemdirim (1997) criteria of westerly winds and the daily 

mean air temperature exceeding the historical 30-year normal for that day. The 

selection of meteorological stations for chinook day identification was restricted to 

those that have: 1) hourly wind data for the 2002-2013 period, and 2) daily mean air 

temperature data over a 30-year period from which to calculate a normal daily mean. 

Two stations that satisfy these criteria are used, the Calgary International Airport 

(51°7'12" N 114°0'36" W, climate ID: 3031093, WMO ID: 71877) and Kindersley 

Airport (51°31'12" N 109°10'48" W, climate ID: 4043900, WMO ID: 71129; 340 km 

east of Calgary International Airport in Saskatchewan). 

Two criteria were used to identify chinook days from the meteorological station data: 

(1) westerly winds (between 180° and 300°) for more than 8 hours per day, and (2) 

daily mean temperature equal or greater than the historical daily mean temperature 

for that day. Criterion 1 was manually tuned to correspond with observed chinook 

occurrence at the Nier site, the experimental site nearest the Calgary International 

Airport. The historical daily mean temperatures for the Calgary Airport station were 

calculated for the 30-year period from 1982 through 2011 because the station was 

moved during July 2012. The historical daily mean temperatures for the Kindersley 

airport were calculated for the 1984-2013 30-year period because data were not 

available for 1982 and 1983 to match the Calgary Airport 30-year normal period. 

A decision was made as to which months constitute “winter”. This was done 

considering monthly average air temperatures, snow on the ground and the frequency 

of chinooks at the Calgary International Airport station. The Kindersley Airport 

station was excluded from this analysis because it is outside what is generally 

considered to be the chinook-affected region (Nkemdirim, 1996) and Nkemdirim’s 

1997 study on the frequency of chinooks was restricted to Calgary data. Fig. 6-1 

shows the percent of chinook days per month at the Calgary International Airport for 

the 2002-2013 modelling period. The percent of chinook days per year is not 

statistically different over the 2002-2013 period (ANOVA, p>0.05); however, the 
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percent of chinook days per month is statistically significantly different (ANOVA, 

p<0.05). 

 

 

Figure 6-1. Percent of chinook days each month over 2002-2013. 

Table 6-1. Monthly 1981-2010 climate normal temperature and snow depth for 
Calgary International Airport and percent chinook days identified 

 Sept Oct Nov Dec Jan Feb Mar Apr May 

Daily average temp. 

(°C) 
11.0 5.2 -2.4 -6.8 -7.1 -5.4 -1.6 4.6 9.7 

Snow depth at 

month-end (cm) 
0 1 3 5 3 3 1 0 0 

Average percent 

chinooks days 

(standard deviation 

in brackets) 

30 
(17) 

33 
(12) 

52 
(14) 

46 
(19) 

48 
(14) 

34 
(12) 

35 
(16) 

22 
(6) 

23 
(6) 

 

It was decided to consider the 6-month hydrological winter from October through 

March. This period includes the beginning of the spring freshet. October and March 

both have, on average, more than 30% chinooks day and there is typically snow on 

the ground at month-end, as opposed to September and April. The chinook day 

identification procedure used herein identifies, on average, 41% (6% standard 

deviation) of days were identified as chinook days for the October-March period, 
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which is consistent with Nkemdirim’s estimate of 42% chinook days during 1951-

1990. 

Table 6-2 shows a comparison of mean 2002-2013 monthly air temperatures for 

chinook and non-chinook days observed at the Calgary international airport and from 

the GEM forcing used for modelling. GEM has an average warm bias of 2.3°C 

during non-chinook days, and a very small cold bias of 0.3°C during chinook days. 

There is a very strong correlation between observed air temperature and GEM during 

October-March: Pearson’s correlation coefficient is 0.96, 0.91 and 0.95 for non-

chinook, chinook and all days, respectively. 

Table 6-2. Monthly 1981-2010 climate normal temperature and snow depth for 
Calgary International Airport and percent chinook days 

Mean 

daily temp 

(°C) 

October November December January February March 

Non Chin Non Chin Non Chin Non Chin Non Chin Non Chin 

Calg.Air. 3.3 4.5 -5.0 2.0 -10.8 -1.4 -12.3 -0.3 -8.3 -0.4 -5.5 3.8 

GEM  4.0 3.8 -3.0 1.3 -8.1 -1.4 -9.1 -0.2 -5.6 -0.4 -3.2 3.3 

 

Given the different geographic locations of SSRB ecozones and subbasins (Fig. 4-1), 

chinook days were classified based on proximity to the Calgary International Airport 

station and the Kindersley Airport station. Chinook days in the Montane Cordillera 

and Boreal Plains were classified only from the Calgary Airport data because they 

are predominantly west of the Calgary Airport (ignoring the small portion of the 

Boreal Plains in the northeast of the SSRB). As stated above this results in 41% 

chinook days (6% standard deviation) during October-March. Chinook days in the 

Lower South Saskatchewan subbasin were classified only from the Kindersley 

Airport data because the Kindersley airport is located in the centre (east-west) of this 

subbasin. This results in 30% chinook days (6% standard deviation) during October-

March. Chinook days for the entire SSRB, the Prairie ecozone, the Red Deer 

subbasin, the Bow River subbasin and the Oldman subbasin were classified using 

both Calgary Airport and Kindersley Airport data; the daily mean temperature 

criterion had to be met for both stations and the average number of hours with 
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westerly winds across both stations had to exceed 8 hours per day. This results in 

36% chinook days (7% standard deviation) during October-March. 

 

 6.4 Simulations from select model 

Fig. 6-2 shows simulated variables averaged over the entire SSRB from September 

2002 to June 2013.  
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Figure 6-2. September 2002 – June 2013 SSRB basin average simulated (a) 
cumulative evaporation, (b) cumulative runoff, (c), storage, (d) SWE, (e) soil water 
and (f) ponded water. 

Figure 6-3 shows observed and simulated SWE, soil water to 35 cm depth and 

cumulative evaporation for the three experimental field sites presented in Chapter 3 

(BV, Nier and Lethbridge). As discussed in Chapter 5, these observations were not 

used for model selection because of their fine resolution compared to simulations. 

SWE is considerably overestimated at BV but this is because it is located in the same 

model grid cell as mountains that accumulate considerable more snow than lowlands. 

The temporal dynamics of chinook impacts on snow accumulation and ablation are 

show at Nier and Lethbridge; however, SWE is overestimated at Nier and there are 
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no observations available for Lethbridge. It cannot be expected that a coarse 

resolution model can simulate the dynamics of soil moisture observations at a single 

point; nonetheless, the observed temporal dynamics are not well simulated. Soils 

become saturated at BV during winter, the increase in soil moisture at Nier is 

overestimated and loss of soil moisture through November at Lethbridge is not 

simulated. In addition to Figure 6-3, Table 6-3 compares simulated and observed 

daily evaporation rates during the select chinook events presented in Chapter 3. 

Evaporation is considerably underestimated at BV (which again may be a grid 

placement and resolution issue), also underestimated at Nier, and considerably 

overestimated at Lethbridge. It is discussed in section 5.4 that evaporation (as 

represented by latent heat flux) simulated by CLASS has poor correlation with 

observations, though the bias error is very low. It is possible that winter season 

evaporation estimates averaged over the entire SSRB are reasonable from a water 

balance perspective; however, separating chinook day versus non-chinook day 

contributions to evaporation, and inter-subbasin and inter-ecozone differences are 

likely more problematic. 

Table 6-3. Observed and simulated daily evaporation rates during select chinook 
events at the three experimental sites (Bow Valley, Nier and Lethbridge). All values 
in kg m-2 d-1. 

Date  Bow Valley Nier Lethbridge 

4-6 December 2011 
Observed: 1.30 1.41 0.32 
Select model: 0.14 0.37 0.51 

21-26 January 2012 
Observed: 1.54 0.93 0.14 
Select model: 0.05 0.83 0.07 

6-15 March 2012 
Observed 2.08 0.88 0.08 
Select model: 0.02 0.34 0.66 
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Figure 6-3. Observed and simulated SWE, soil water to 35 cm depth and evaporation 
for the three experimental field sites (Bow Valley, Nier and Lethbridge). 

 

 6.5 Winter water budgets across subbasins and ecozones 

Table 6-4 shows 2002-2013 mean SSRB ecozone and subbasin water balance 

components in kg m-2. There are certain variables that do not vary significantly 

across either ecozones or subbasins (ANOVA, p>0.05); these are highlighted in 

Table 6-4. Evaporation and runoff consistent across ecozones. Runoff and ∆storage 

are consistent across subbasins.  



 

 

139 

 

Table 6-4. Mean SSRB water balance components (total kg m-2) for ecozones and 
subbasins over October-March. * indicate variables that are not significantly 
different across either ecozones or subbasins.  

   

  Ecozones Subbasins 

 SSRB MTN BOR PRA 
Red 

Deer 
Bow Oldman 

Lower 

South 

Precip. 141.2 202.5 133.5 128.6 132.6 126.1 167.3 143.6 

Evap. 34.0 33.6* 31.2* 34.5* 27.5 33.4 44.5 38.7 

Runoff 21.6 18.4* 27.0* 21.5* 23.6* 22.8* 21.9* 16.9* 

∆Stor. 85.5 150.4 75.2 72.5 81.5* 69.9* 101.2* 87.7* 

∆soil 

water 

38.5 7.9 9.7 49.5 25.8 36.9 38.9 63.6 

∆pond 

 

-2.9 -24.1 -13.0 3.3 -3.3 -5.7 -7.9 3.2 

∆SWE 

 

49.9 166.5 78.6 19.7 59.0 38.7 69.3 21.7 

B.S. 

Sublim 

4.4 1.5 2.9 5.3 3.1 3.3 4.9 7.2 

B.S. 

Trans. 

10.4 3.2 7.9 12.4 8.4 7.6 8.6 17.1 

Snow 

Melt 

81.0 26.9 66.6 95.2 76.6 81.1 74.6 94.6 

 

The SSRB, on average, has 141.2 kg m-2 of precipitation from October through 

March. Increase in storage (∆storage) makes up the greatest percent of precipitation 

(61%), followed by evaporation (24%) and runoff (15%). Snow accumulation 

(∆SWE) and increased soil water storage (∆soil water) make up 56% and 44% of 

total ∆storage, respectively. 

The Montane Cordillera experiences the greatest precipitation and, correspondingly, 

the largest increase in ∆storage which is entirely SWE accumulation. Despite having 

greater precipitation and snow accumulation, the Montane Cordillera has the lowest 

total snowmelt, and the lowest blowing snowing quantities due to the high fraction of 

forest and limited fetch. The Boreal Plains and Prairie ecozones have similar 

hydrological responses; total precipitation, evaporation, runoff and ∆storage are all 

very similar. Both these ecozones have a lower increase in ∆storage than the 

Montane Cordillera. The Boreal Plains experiences greater SWE accumulation than 

the Prairie ecozone, whereas the Prairie ecozone experiences the greatest snowmelt 

and blowing snow quantities of all ecozones. The Boreal Plains is the only ecozone 
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that experiences a net loss of soil water during November-February. Though 

evaporation quantities are not statistically different across ecozones, which may be a 

modelling issue, evaporation makes up a much lower fraction of precipitation in the 

Montane Cordillera than in the Boreal Plains or Prairies. 

The Oldman and Lower South Saskatchewan subbasins have the greatest 

precipitation and evaporation quantities amongst subbasins, whereas runoff is 

statistically consistent across subbasins (though greatest as a fraction of precipitation 

in the Red Deer and Bow subbasins). ∆storage quantities are not statistically 

different across subbasins and all subbasins have similar ratio ∆storage:precipitation; 

subbasins with greater precipitation are offset by also experiencing greater 

evaporation. The soil water increase is greatest in the Lower South Saskatchewan, 

consistent with having the lowest runoff but greatest snowmelt (also resulting in 

having the lowest SWE accumulation). The greatest blowing snow quantities also 

occur in the Lower South Saskatchewan subbasin. The Oldman subbasin experiences 

the largest increase in ∆SWE and ∆storage, as per having the greatest cumulative 

precipitation.  

 

 6.6 Effects of chinooks on water budgets 

The following tables show mean simulated winter variables for chinook and non-

chinook days for SSRB ecozones with respect to total winter mass changes (kg m-2; 

Table 6-5). Likewise, simulated winter variables for SSRB subbasins are shown in 

Tables 6-5. Differences between chinook and non-chinook days are highlighted in 

these tables. Percent contributions of chinook days to total winter mass changes were 

calculated for each ecozone and subbasin, and variables that are statistically 

significantly different (ANOVA, p<0.05) across ecozones or subbasins are identified 

(Tables 6-5 and 6-6). On average, 41% of days are classified as experiencing 

chinooks over the entire SSRB from October-March (section 6.3). Only 17% of 

precipitation falls during chinook days. Nearly all increase in storage occurs during 

non-chinook days. 

The statistically different percent chinook day contributions are manifested as 

precipitation and snow-related fluxes. There are statistically different percent 
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chinook day contributions to ∆SWE across both ecozones and subbasins. Chinook 

days result in losses of SWE in the Prairie and Boreal Plains ecozones (more so in 

the Prairie ecozone), whereas SWE accumulates during chinook days in the Montane 

Cordillera. This is largely due to chinook day contributions to precipitation being 

significantly different across ecozones; chinooks days fractionally contribute 

approximately twice as much precipitation in the Montane Cordillera than the Boreal 

Plains or Prairie ecozones. All subbasins experience losses of SWE during chinooks; 

it is greatest in the Lower South subbasin, which has the greatest coverage of Prairie 

ecozone. Chinook day percent contributions to blowing snow transport and 

sublimation are significantly different across ecozones. Blowing snow fluxes 

fractionally increase the most during chinook days in the Montane Cordillera, even 

though total fluxes are lower than in the Boreal Plains and Prairie. 
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Table 6-5. Mean SSRB ecozone water balance components (total kg m-2) for chinook 
and non-chinook days over October – March. Bold italics indicate components with 
statistically significant differences in chinook contribution values across ecozones.  

 SSRB Montane Boreal Plains Prairie 

 Non Chin. Non Chin. Non Chin. Non Chin. 

Precip. 117.7 23.5 148.9 53.6 115.4 18.0 111.0 17.6 

Evap. 19.2 14.9 19.9 13.7 19.0 12.1 19.0 15.5 

Runoff 12.8 8.8 11.7 6.7 15.9 11.2 12.6 8.9 

∆Stor. 85.7 -0.2 117.3 33.1 80.5 -5.2 79.4 -6.9 

∆soil 

water 

26.5 11.9 5.6 2.3 7.8 1.9 34.0 15.6 

∆pond 

 

-4.5 1.6 -15.1 -8.9 -12.3 -0.7 -0.9 4.3 

∆SWE 

 

63.8 -13.8 126.8 39.8 85.1 -6.5 46.6 -26.9 

B.S. 

Sublim 

1.5 2.9 0.3 1.2 0.9 2.0 1.8 3.4 

B.S. 

Trans. 

3.9 6.5 0.5 2.7 3.4 4.5 4.8 7.6 

Snow 

Melt 

46.9 34.1 15.3 11.5 36.4 30.1 55.5 39.7 

 

Table 6-6. Mean SSRB subbasin water balance components (total kg m-2) for 
chinook and non-chinook days over October – March. Bold italics indicate 
components with statistically significant differences in chinook day contributions to 
total values across ecozones.  

 SSRB Red Deer Bow Oldman Lower South 

 Non Chin. Non Chin. Non Chin. Non Chin. Non Chin. 

Precip. 117.7 23.5 111.8 20.8 109.4 16.7 136.9 30.3 117.4 26.2 

Evap. 19.2 14.9 16.2 11.3 18.9 14.5 24.4 20.1 21.0 17.7 

Runoff 12.8 8.8 13.9 9.7 13.0 9.7 13.5 8.3 10.0 6.9 

∆Stor. 85.7 -0.2 81.7 -0.2 77.4 -7.5 102.7 -1.5 83.4 4.3 

∆soil 

water 

26.5 11.9 17.8 8.0 26.8 10.1 26.1 12.8 43.8 19.8 

∆pond 

 

-4.5 1.6 -4.6 1.3 -7.2 1.5 -7.2 -0.7 -0.8 4.0 

∆SWE 

 

63.8 -13.8 68.7 -9.6 57.9 -19.2 77.4 -8.1 45.8 -24.2 

B.S. 

Sublim 

1.5 2.9 1.1 1.9 1.0 2.4 1.3 3.6 2.6 4.6 

B.S. 

Trans. 

3.9 6.5 3.4 5.0 2.5 5.1 2.6 6.0 6.8 10.2 

Snow 

Melt 

46.9 34.1 43.9 32.6 47.2 33.9 43.5 31.0 55.2 39.5 
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Figure 6-4 shows mean simulated fluxes in total kg m-2 for chinook and non-chinook 

days for the SSRB by month, and figure 6-5 shows daily rates in kg m-2 d-1. The 

boxplots show the 25th and 75th percentiles at the hinges, and the whiskers extend to 

show roughly a 95% confidence interval. The majority of precipitation occurs on 

non-chinook days during each month, and this is also reflected in ∆storage. 

Evaporation is greatest during October and March when net radiation is greater than 

during winter months. Daily evaporation rates are slightly greater during chinook 

days but total mass fluxes are greater during non-chinook days; however, the 

difficulties simulating evaporation are noted. With respect to runoff there are large 

variances each month, though rates tend to be slightly larger during chinook days 

than during non-chinook days. Soil water content generally does not increase until 

March, and the rate of increase is greater during non-chinook days. With respect to 

∆pond, there is a loss during October due to evaporation and infiltration. Changes are 

very small during November-February. During March, ∆pond increases during 

chinook days due to snowmelt. ∆SWE increases during non-chinook days from 

October-February, but there is on average no gain during chinook days. The greatest 

SWE losses (and snowmelt) occur during March as net radiation increases, and is 

greatest during chinook days. Blowing snow occurs during December-February and 

is generally greater during chinooks. 
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Figure 6-4. Chinook day and non-chinook day water balance components (kg m-2) 
over the SSRB by month. 
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Figure 6-5. Chinook day and non-chinook day water balance components (kg m-2 d-1) 
over the SSRB by month. 

 

Daily rates averaged over each month are considered to examine inter-ecozone and 

inter-subbasin difference in more detail. Figure 6-6 shows fluxes for which there is a 

statistically significant difference (ANOVA, p<0.05) in non-chinook daily rate minus 

chinook daily rate (kg m-2 d-1) for at least one month across (a) ecozones and (b) 

subbasins. Negative values in these figures indicate that the chinook day daily rate is 

greater than non-chinook day daily rate.  
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Figure 6-6. Fluxes that have statistically significant differences in non-chinook day 
daily rate minus chinook day daily rate across (a) ecozones, and (b) subbasins. 
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Across ecozones there are statistically significant differences in monthly averaged 

daily rates for evaporation, runoff, blowing snow transport and snowmelt (Figure 6-

6a). Evaporation rates are only greater during chinook days in the Prairie ecozone 

and this inter-ecozone difference is statistically significant for each month. With 

respect to runoff, in October there is a large spread of whether daily rates are greater 

during chinook or non-chinook days. Runoff rates are generally greater during 

chinook days over November-February in the Prairie ecozone (statistically 

significant differences occur in November and February). Blowing snow transport 

rates generally increase through winter before reducing during March. Rates are 

generally larger during chinook than non-chinook days. From December-February 

there are statistically significant differences; chinook days result in statistically 

significantly more blowing snow transport in the Prairie ecozone, whereas this is not 

the case either the Montane Cordillera or Boreal Plains ecozones. The majority of 

snowmelt occurs in March, when chinook days combine with greater net radiation to 

produce higher snowmelt rates; the effect is greatest in the Prairie ecozone.  

Across subbasins there are statistically significant differences in monthly averaged 

daily rates for ∆soil water, blowing snow transport and blowing snow sublimation 

(Figure 6-6b). With respect to ∆soil water, there is a large spread of whether daily 

rates are greater during chinook or non-chinook days for each month. The inter-

subbasin statistically significant difference occurs in January when the Lower South 

experiences, on average, an increase in ∆soil water during non-chinook – an 

unexpected result. It’s possible that this statistically significant difference is 

unimportant because ∆soil water fluxes are lowest during January and February. 

Daily blowing snow transport and sublimation rates are generally greater during 

chinook days in all subbasins and the difference is greatest in the Lower South and 

Oldman subbasins. 

A correlation analysis was performed to identify the hydrological fluxes in ecozones 

and subbasins that are most affected by chinooks, using the number of chinook days 

per winter season as proxy. In addition to the October-March hydrological winter, 

the colder November-February period is considered separately. November-February 

have the most snow on the ground and the coldest mean monthly air temperatures 



 

 

148 

 

(Table 6-1), and experience the lowest evaporation, soil water change and SWE loss. 

Table 6-7 shows the statistically significant correlations (Pearson’s r) between total 

winter mass changes and the percent of chinook days per winter. No correlations are 

significant at p<0.05, so a significance level of p=0.10 is used. It is suspected that the 

lack of statistical significance at p=0.05 occurs partly as a result of only having 

eleven data points (years). There are no significant correlations with the number of 

chinook days and any variable for the entire SSRB. There are no significant 

correlations for the Red Deer subbasin which is north of the region most affected by 

chinooks; consistent with having the smallest fluxes shown in Figure 6-6b. There are 

no significant correlations for the Boreal Plains ecozone; most of the Boreal Plains is 

contained in the Red Deer subbasin and a small portion is located in the far north-

eastern reaches of the SSRB. There are no significant correlations for the Lower 

South Saskatchewan subbasin. Loss of SWE over November-February is strongly 

correlated with the number of chinook days in the Prairie ecozone and the Bow River 

subbasin, consistent with statistically significant differences in the percent 

contribution of chinook days to total winter changes. The Montane Cordillera 

ecozone is most strongly affected by the number of chinook days in increasing 

blowing snow transport (November-February), and increasing runoff (October-

March). The increase in blowing snow transport with chinook days is consistent with 

the percent contribution of chinook days to total winter flux; however, the increase in 

runoff is surprising because there appears to be little difference in daily runoff rates 

for chinook and non-chinook days (Figure 6-6a). The statistically significant 

correlation between chinook days and runoff is also present for the Bow River 

subbasin during October-March. There are significant positive correlations between 

chinook days and ∆soil water (both October-March and November-February) and 

∆pond (November-February) in the Oldman subbasins due to less re-freezing of 

ponded water and increased snowmelt rates during chinooks.  
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Table 6-7. Statistical significant correlations (Pearson’s r) between simulated 
variables (total mm) and number of chinook days per winter (p<0.10) for (a) 
October-March and (b) November-February. There are no significant correlations for 
the Boreal Plains ecozone, Red Deer subbasin and Lower South Saskatchewan 
subbasin.  

(a) 

Montane 

Cordillera 

Bow River 

subbasin 

Oldman River 

subbasin 

Runoff 0.55 Runoff 0.55 ∆Soil water 0.59 

 

(b) 

Montane 

Cordillera 
Prairie 

Bow River 

subbasin 

Oldman River 

subbasin 

B.S. 
Trans 

0.52 ∆SWE -0.55 ∆SWE -0.56 
∆Soil 
water 

0.60 

- - - ∆Pond -0.53 

 

 

 6.7 Summaries 

The following subsections summarise key aspects of winter water budgets and the 

effects of chinooks for the SSRB as a whole, each ecozone and each subbasin. 

 

6.7.1 South Saskatchewan River Basin 

The SSRB receives on average 141 kg m-2 (21 kg m-2 standard deviation) cumulative 

precipitation over October-March. 61% of this precipitation is realised as an increase 

in storage, of which 56% is snow accumulation and 44% is soil water. There is little 

net soil water change over November-December; it does not increase until March. 

Evaporation rates are higher during October and March than during November-

February as a result of increased snowmelt and higher net radiation.  

Chinooks reduce total water storage over the SSRB during winter. Chinook days 

occur, on average, during 41% of days from October-March, but provide only 17% 

(6% standard deviation) of precipitation. Chinook days, on average, do not provide 

any storage gain (mean 0.0%, 0.2% standard deviation). In general there is no 
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increase in SWE during chinook days. Blowing snow fluxes are generally greater 

during chinook days than during non-chinook days. Chinooks enhance radiation-

driven evaporation, runoff, infiltration and snowmelt rates during March. 

 

6.7.2 Montane Cordillera ecozone 

The Montane Cordillera experiences the greatest precipitation of all ecozones and, as 

a result, the largest increase in storage which is entirely snow accumulation. Despite 

having the greatest precipitation and snow accumulation of all ecozones, the 

Montane Cordillera has the lowest total snowmelt and lowest blowing snow fluxes.  

The Montane Cordillera is most strongly affected by chinooks in increasing blowing 

snow during November-February, and by increasing runoff over the longer and 

warmer October-March period. It is the only ecozone that accumulates SWE during 

chinook days. 

 

6.7.3 Boreal Plains ecozone 

The Boreal Plains ecozone has a similar bulk winter hydrological response as the 

Prairie ecozone, having similar total precipitation, evaporation, runoff and ∆storage. 

The Boreal Plains experience lower precipitation and ∆storage than the Montane 

Cordillera, but greater runoff. The Boreal Plains has greater SWE accumulation than 

the Prairie ecozone. 

Chinooks result in snowmelt and SWE loss in the Boreal Plains, but less so than in 

the Prairie ecozone; however, there are no significant correlations between the 

number of chinooks days per winter and any hydrological variables in this ecozone. 

 

6.7.4 Prairie ecozone 

The Prairie ecozone has similar overall winter hydrological responses as the Boreal 

Plains; total precipitation, evaporation and ∆storage are similar. Precipitation and 

∆storage in this ecozone are lower than in the Montane Cordillera, but runoff is 

greater. The Prairie ecozone experiences the greatest increase in soil water storage, 

much larger than those in the other ecozones, despite having the lowest precipitation. 
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The Prairie ecozone has the greatest snowmelt and blowing snow quantities of all 

ecozones. 

Chinooks result in large SWE loss in the Prairies, more so than the Boreal Plains, and 

this is strongly correlated with the number of chinook days per winter. The loss of 

SWE during chinooks is largely a result of increased snowmelt, which in turn 

increases soil water storage. Chinooks increase evaporation rates in the Prairie 

ecozone. 

 

6.7.5 Red Deer River subbasin 

The Red Deer subbasin has lower total precipitation than the Oldman and South 

Saskatchewan subbasins and the lowest total evaporation of all subbasins. It 

experiences the lowest gain of soil water of all subbasins. 

The Red Deer is the subbasin least affected by chinooks. There are no significant 

correlations with the number of chinook days per winter. Accordingly, the Red Deer 

subbasin has the lowest evaporation, blowing snow and snowmelt during chinooks. 

 

6.7.6 Bow River subbasin 

The Bow subbasin has the lowest precipitation of all subbasins. 

The Bow subbasin is most significantly affected by chinooks in terms of SWE loss 

over November-February. It is also the only subbasin in which there is a significant 

correlation between the number of chinook days per winter and runoff. 

 

6.7.7 Oldman River subbasin 

The Oldman subbasin experiences the greatest cumulative precipitation, ∆storage 

increase, ∆SWE increase and evaporation of all subbasins.  

Chinooks most affect the Oldman subbasin by increasing snowmelt rates and soil 

water storage; however; the SWE loss is less than that which occurs in the Bow and 

Lower South Saskatchewan subbasins. 
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6.7.8 Lower South Saskatchewan River subbasin 

The Lower South Saskatchewan subbasin has the second greatest precipitation and 

evaporation of subbasins, following the Oldman. The Lower South Saskatchewan 

subbasin experiences the lowest increase in SWE, corresponding to having the 

highest snowmelt. This is reflected in the Lower South Saskatchewan being the only 

subbasin that experiences an increase in ponded water and having the largest increase 

in soil water during October-March. 

The Lower South Saskatchewan experiences the largest percent loss of SWE during 

chinook days, and chinooks also cause the greatest increase in soil water storage 

across subbasins. 

 

 6.8 Concluding summary 

This chapter presented simulations of winter water budgets of the SSRB, its ecozones 

and subbasins over winters 2002-2013 with emphasis on the impacts of chinooks. 

ANOVA and correlation analyses were used to identify the variables, months, 

ecozones and subbasins most impacted by chinooks.  

First, chinook days were identified from daily historical air temperature and wind 

observations at the Calgary International Airport and Kindersley Airport stations. 

The October-March hydrological winter was considered. An average of 41% of days 

are classified as chinook days over this period. 

It is important to note difficulties simulating evaporation and how that affects the 

interpretation of results presented in this chapter. Simulated evaporation has poor 

correlation with observations, though the simulated bias averaged over all 

experimental sites is very low. Evaporation was underestimated at two of the 

experimental field sites (BV and Nier), but overestimated at the other (Lethbridge). 

There are both spatial and temporal issues simulating evaporation, but the overall 

mass balance presented for the SSRB over October-march may be reasonable; 

however, interpreting chinook day versus non-chinook day contributions to 

evaporation, and inter-subbasin and inter-ecozone differences are more difficult. 
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The SSRB generally does not experience a net change in soil water storage through 

February; rather, the increase in terrestrial water storage is entirely snow 

accumulation. Soil water stores do not increase until March due to snowmelt. 

Evaporation and runoff amount to, on average, 24% and 15% of cumulative 

precipitation over October-March. 

The Montane Cordillera experiences the greatest precipitation and increase in storage 

(as snow accumulation) of all ecozones, but the lowest snowmelt and blowing snow 

quantities. The Boreal Plains and Prairie ecozones have similar average winter 

hydrological responses; lower precipitation and storage increase than the Montane 

Cordillera, but greater runoff. The Boreal Plains has greater snow accumulation than 

the Prairies ecozone, whereas the Prairie ecozone experiences the largest gains in soil 

water storage of all ecozones and has the greatest snowmelt and blowing snow 

quantities. 

The SSRB subbasins differ in their winter hydrological responses. The Oldman 

subbasin has the greatest cumulative precipitation, snow accumulation and 

evaporation, but the lowest runoff. The Red Deer has the second greatest snow 

accumulation despite relatively low precipitation. The Lower South Saskatchewan 

subbasin experiences the lowest snow accumulation and greatest snowmelt despite 

having the second greatest total precipitation of the subbasins. Due to high snowmelt, 

the Lower South Saskatchewan subbasin has the greatest increase in soil water 

storage over October-March. 

Chinooks reduce net terrestrial water storage over the SSRB during winter. Only 

17% of precipitation occurs during chinook days but, on average, there is no increase 

in storage. Changes in storage due to chinooks are largely due to snowmelt and 

subsequent evaporation and runoff; radiation-driven snowmelt rates are enhanced by 

chinooks during March. Chinooks increase evaporation; however, as shown in 

section 5.4 and 6.4, the models poorly simulate evaporative fluxes. Chinooks affect 

the Prairie ecozone most strongly by increasingly SWE loss, snowmelt and soil water 

storage. Chinooks increase snowmelt rates and SWE loss in the Boreal Plains, but 

much less so than in the Prairie ecozone. Chinooks affect the Montane Cordillera 

ecozone by increasing both blowing snow and runoff. The Red Deer subbasin is the 
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least affected by chinooks; it experiences the lowest snowmelt and evaporation rates. 

The Bow subbasin is most affected in term of snow mass loss and increased runoff. 

The greatest proportional loss of SWE over the entire October-March period; 

however, occurs in the Lower South Saskatchewan subbasin. The Lower South 

Saskatchewan is the subbasin most affected by chinooks in that it experiences the 

greatest proportional loss of total terrestrial water storage. The Oldman subbasin 

experiences increased snowmelt and soil water storage as a result of chinooks, but 

experiences less SWE loss than either the Bow or Lower South Saskatchewan. 
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Chapter 7 Conclusions 

 7.1 Summary 

The aim of this thesis was to characterise the land surface hydrometeorological 

effects of chinook winds over the South Saskatchewan River Basin in western 

Canada. Spatial variability was accounted for by considering hydrological fluxes and 

states over the SSRB’s three ecozones (Montane Cordillera, Boreal Plains and 

Prairie) and four subbasins (Bow River, Oldman, Red Deer and Lower South 

Saskatchewan subbasins). 

Three experimental sites were set up in the SSRB (Bow Valley, Nier and 

Lethbridge), and eddy covariance and other micrometeorological instrumentation 

were deployed. Direct measurements of water and energy balance components from 

these sites over winter 2011-2012 were presented. Time series of select chinooks 

events were analysed in detail. Winter season water balance components at each site 

were assessed using gauge and reanalysis precipitation data. The CaPA reanalysis 

precipitation provided the best overall water balance closure and was used 

subsequently for modelling. 

A multi-physics version of the Canadian Land Surface Scheme coupled with the 

Prairie Blowing Snow Model (CLASS-PBSM), consisting of two parameterisation 

options each for fifteen processes, was developed. The objective was to identify the 

most suitable process parameterisations and one or more model configurations for 

simulations of the SSRB. All configurations were evaluated against snow water 

equivalent, soil moisture and latent heat flux observations from seven field sites. A 

single model configuration was selected for modelling the SSRB, which outperform 

the existing version of CLASS-PBSM in most measures of snow, soil water and 

latent heat flux error. The select configuration has ten of fifteen parameterisations in 

common with the existing CLASS 3.6. 

The select model configuration was applied over the entire SSRB over 2002-2013 to 

understand the effects of chinooks on winter water budgets. Chinook days were 

identified from daily historical air temperature and wind observations. An average of 

41% of days were identified as chinook days over October-March. ANOVA and 
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correlation analyses were used to identify the variables, ecozones and subbasins most 

impacted by chinooks. It was found that chinooks generally result in reduced net 

terrestrial water storage over the SSRB during winter. Changes in storage due to 

chinooks are largely due to snowmelt and subsequent evaporation and runoff. 

Chinooks also increase evaporation rates; however, the model simulates evaporative 

fluxes poorly. 

 

 7.2 Research objectives addressed 

7.2.1 A land surface model for the SSRB 

Validation of the multi-physics ensemble of CLASS-PBSM showed that model 

configurations that provide the best snow simulations all have the iterative energy 

balance solution, Bulk Richardson turbulent exchange, hyperbolic tangent fresh snow 

density, air temperature and wind speed based fresh snow density, empirical snow 

compaction, efficient spectral snow albedo decay, the power equation for snow 

thermal conductivity and De Vries’ soil thermal conductivity. Model configurations 

that provide the best soil water simulations all have the iterative energy balance 

solution, Obukhov length turbulent exchange, the two-stage Mein and Larson 

infiltration scheme and De Vries’ soil thermal conductivity. There are three 

parameterisations that tend to improve both snow and soil moisture simulations: the 

iterative energy balance solution, air temperature and wind speed based fresh snow 

density and De Vries’ soil thermal conductivity. These parameterisations generally 

increase both snow accumulation and spring melt rates, and allow greater soil water 

content. 

Recommendations were made for CLASS refinement. Most notably, CLASS should 

retain its iterative energy balance solution. Certain alternative parameterisations 

should be adopted; most importantly, the efficient spectral snow albedo decay 

parameterisation. Other alternative parameterisations that are suggested to be 

incorporated include the PBSM blowing snow model as an option, hyperbolic 

tangent snow cover fraction, air temperature and wind speed based fresh snow 

density, and De Vries’ soil thermal conductivity. The different infiltration schemes 

simulated notably different soil water content. The Zhao and Gray frozen soils 
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scheme provided greater error, which contradicts previous field and modelling 

studies. It is recommended that the parameterisation of infiltration into frozen soils at 

large scales remain a research priority. 

The goal in selecting a single modified CLASS-PBSM configuration from the multi-

physics ensemble was to find one that balance SWE, ∆SWE, soil water and ∆soil 

water error, which can be best accomplished using Pareto analysis. Latent heat flux 

error was not considered due to the uniformity of error measures across model 

configurations, and due to the low spatial footprint of the observations relative to the 

model grid cells. The multi-objective Pareto set-based approach to model selection 

used herein has shown similar success in the context of multi-objective parameter 

calibration (e.g. Madsen, 2003; Khu and Madsen, 2005; Asadzadeh et al., 2014). The 

approach complies with the five step procedure outlined by Bennett et al. (2013) for 

evaluating the performance of environmental models: 

1. Assess model’s aim, scale and scope: to provide best possible representations 

of snow, soil moisture and evaporation in the SSRB over winter. 

2. Characterise the data available for calibration and testing: use only field 

data with multiple observation locations per model grid cell to reduce model-

observation scale mismatch. Calibration was not performed therefore all data 

were used for model selection. 

3. Visualise and conduct other analyses to detect model behaviour and 

performance: use of time series plots, mean error measures for 

parameterisation options (RMSE, Pearson’s correlation and bias), and Pareto 

plots for each of SWE, ∆SWE, soil water and ∆soil water. 

4. Selection of basic performance criteria: use of Kling-Gupta Efficiency scores 

(for all of SWE, ∆SWE, soil water and ∆soil water) because it provides equal 

weight for correlation, variability and bias errors. 

5. Consider more advanced methods to handle systematic problems: Use of the 

multi-step, multi-dimensional Pareto set approach to select a single 

configuration; other issues, such as parameter uncertainty and calibration, are 

discussed in section 7.3. 
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A single model configuration was selected for modelling the SSRB, which has ten of 

fifteen parameterisation options in common with CLASS 3.6 and provides less error 

in snow, soil moisture and latent heat flux simulations than CLASS-PBSM 3.6.  

Difficulties simulating evaporation are particularly worth noting. Simulated 

evaporation is poorly correlated with observations, though the low bias is very good. 

Evaporation was underestimated at two field sites, but overestimated at the other. 

Therefore, there are both spatial and temporal difficulties simulating evaporation, but 

the overall simulated mass balance presented for the SSRB over October-march may 

be satisfactory; however, interpreting chinook day versus non-chinook day 

contributions to evaporation, and inter-subbasin and inter-ecozone differences are 

more problematic. 

 

7.2.2 The spatial variability of surface water fluxes as affected by 

chinooks 

Field observations showed that seasonal snowfall strongly affected spatial 

differences in surface energy balances during winter chinooks. The largest upward 

latent heat fluxes occurred at sites where winter precipitation was greatest, and the 

energy for these fluxes was largely provided by downward sensible heat fluxes. The 

smallest fluxes occurred at the more southern site where there was little winter 

precipitation, even though soil water content was much greater. The largest upward 

latent heat fluxes at this site were driven by energy provided by positive net radiation 

which also resulted in upward sensible heat fluxes. 

Modelling across the SSRB showed that the Prairie ecozone is mostly strong affected 

by chinooks, via snowmelt which leads to increased evaporation and soil water 

storage in the spring. The Boreal Plains ecozone is similarly affected by chinooks as 

the Prairie ecozone, but fluxes are of lower magnitude. The Montane Cordillera 

ecozone is affected differently by chinooks; blowing snow transport significantly 

increases during colder winter months and runoff increases during spring. 

Modelling also showed that the Lower South Saskatchewan is the subbasin most 

affected by chinooks (consistent with holding a large fraction of Prairie ecozone), 

having experienced the greatest snow mass loss and proportional loss of total 
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terrestrial water storage during chinooks over October-March. The Bow subbasin 

also experiences significant snow mass losses and runoff. The Oldman subbasin 

experiences increased snowmelt and soil water storage as a result of chinooks, but 

considerably less snow mass loss than either the Bow or Lower South Saskatchewan 

subbasins. The Red Deer is the subbasin least affected by chinooks; it experiences 

the lowest snowmelt and evaporation rates. 

 

7.2.3 Net winter water budgets for the SSRB, its subbasins and its 

ecozones 

Field observations showed only small increases in soil water storage over winter at 

all three sites, and infiltration was not observed until March. This is consistent with 

model results which showed no net change to soil water storage through February, on 

average, and infiltration due to snowmelt not occurring until March. Model results 

showed that evaporation and runoff make up 24% and 15% of cumulative 

precipitation, respectively, over the SSRB during October-March on average; 

however, evaporation is poorly simulated by the model. 

Across ecozones, the Montane Cordillera experiences the greatest precipitation and 

increase in snow storage. The Boreal Plains and Prairie ecozones experience lower 

precipitation and storage increases than the Montane Cordillera, but greater runoff in 

this period; runoff in the Montane Cordillera occurs after March (Fang et al., 2013). 

The Prairie ecozone experiences the largest gains in soil water storage over October-

March. The lower winter storage increases in the Prairie and Boreal Plains result 

from lower precipitation inputs and the greater impacts of chinooks on snowpack 

loss and evaporation. 

Across subbasins, the Oldman subbasin experiences the greatest winter precipitation 

and, accordingly, greater snow accumulation and evaporation, but lowest runoff. The 

Red Deer subbasin experiences the second greatest snow accumulation despite 

relatively lower precipitation, due to the small impact of chinooks on snow ablation 

on this subbasin. The Lower South Saskatchewan subbasin experiences the lowest 

snow accumulation and the greatest increase in soil water storage from snowmelt due 

to the strong effects of chinooks. 
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 7.3 Uncertainty and future directions 

7.3.1 Observations 

The field campaign consisted of eddy covariance deployed at three locations over 

one to two winters. Field observations could be more confidently generalised over 

years with additional data. Future research could involve a multi-year campaign, as 

well as the deployment of large aperture scintillometers and sodar to study upper air 

meteorology and large-scale coherent structures during chinooks and their effects on 

surface fluxes. Observations of surface fluxes from large aperture scintillometers 

could provide more suitable comparison with coarse scale modelled fluxes. 

 

7.3.2 Modelling 

Latent heat fluxes were poorly simulated by CLASS and all the multi-physics 

configurations. Modelled chinook day daily evaporation rates were, at times, an 

order of magnitude lower than those observed at the experimental sites. There is a 

spatial scaling issue in comparing observed fluxes to model grid cell average fluxes 

but, nonetheless, the simulated evaporation quantities presented should be considered 

provisionally. There are numerous possible reasons for this difficulty, but it is 

suggested that CLASS modellers further scrutinise parameterisations of albedo, 

roughness lengths (particularly of snowcover), the surface temperature increment, 

and stability-based exchanged coefficients. MacKay et al. (2006) suggested that 

difficulties underestimating winter latent heat fluxes with CLASS, in online coupled 

simulations with the Canadian Regional Climate Model, are due to insufficient 

longwave radiative forcing from clouds resulting in overnight condensation. Other 

studies presented difficulties simulating latent heat fluxes with CLASS during 

summer (Bellisario et al., 2000; Lafleur et al., 2000; Munro et al., 2000; Verseghy et 

al., 2000), but none of these results reported such poor correlations as in this thesis. 

The accurate simulations of turbulent fluxes should be a model development focus. 

With respect to CLASS development, the suggested alternative parameterisations 

discussed in section 7.2.1 should be strongly considered to be implemented in an 
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upcoming version release. These are the efficient spectral snow albedo decay 

parameterisation, the PBSM blowing snow model as an option, hyperbolic tangent 

snow cover fraction, air temperature and wind speed based fresh snow density, and 

De Vries’ soil thermal conductivity. Finally, snowpacks in CLASS are represented 

by a single-layer, whereas a number of other models use multiple layers (e.g. IAP94, 

ISBA, JULES, MAPS and VISA). Future CLASS development should examine the 

usefulness of representing snowpacks with multiple layers. 

Certain aspects of the modelling framework introduce uncertainty in the results 

presented. It has been shown that the selection of meteorological forcing can be 

equal to or more important than the choice of model (Guo et al., 2006; Mo et al., 

2002) and that different forcing data can produce substantially different calibrated 

parameter sets (Elser et al., 2014). Differences in precipitation forcing often have the 

greatest influence on runoff sensitivity (Materia et al., 2010; Nasonova et al., 2011) 

and differences in shortwave radiation forcing can have large impact on snowmelt 

and runoff fluxes in high altitude regions (Mizukami et al., 2014). There may be 

biases in the GEM/CaPA forcing data used for modelling. In particular, some 

precipitation bias is likely. Snow mass simulations had an average positive bias of 

125% across all 213 configurations; however, soil water simulations had an average 

negative bias of 20.6% across all configurations. It was shown, however, that the 

CaPA precipitation reanalysis provided the best water balance closure with 

micrometeorological observations (section 3.4). A study focused on atmospheric 

modelling of chinooks is warranted, as the results presented in any modelling study 

depend on the quality of forcing data.  

There are two relatively recent movements in hydrological and land surface 

modelling that warrant mention. The first is the development of model frameworks 

that consist of multiple process parameterisations (e.g. SUMMA [Clark et al., 2015], 

CRHM [Pomeroy et al., 2007], Noah-MP [Niu et al., 2011]). These frameworks 

allow modellers to choose the most preferable physics options for a particular 

geographic area or modelling goal, which was the philosophy used in this thesis but 

in an objective manner. SUMMA allows both multiple process parameterisations and 

multiple parameter sets to be simultaneously applied. Clark et al. (2015) showed that 
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different process parameterisations and parameter ranges can similarly affect ranges 

in predictive behaviour. The second is the development of model uncertainty 

frameworks that jointly account for all of parameter, forcing input and model 

structural uncertainty, such as the Integrated Bayesian Uncertainty Estimator 

(IBUNE; Ajami et al., 2007) or the Bayesian Total Error Analysis framework 

(Kavetski et al., 2006a, 2006b). Also, the Dynamic Identifiability Analysis 

framework (DYNIA; Wagener et al., 2003) has been developed to identify the 

importance of model parameters and the processes they control. Land surface scheme 

parameters are generally not calibrated, largely due to the computational expense of 

coupled simulations with atmospheric models, but hydrological models are 

frequently calibrated. Future research can involve implementing the CLASS multi-

physics ensemble (or a reduced version) into one of the aforementioned uncertainty 

frameworks to get best simulations and identify the truly best parameterisation 

options.  
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Appendix A. Work performed by doctoral candidate and 

additional data sources 

Field work performed by candidate (*noteworthy difficulty) 

Sept-Nov 2010    Plan field site locations and instrumentation 
5 Dec 2010 – 19 Jan 2011 Program Bow Valley [BV] datalogger and 

deploy instruments (numerous site visits) 
*4 Jan 2011 subsurface instruments deployed at BV in 

frozen soils; heavily disturbed frozen soils 
result in meaningless subsurface measurements 
this winter (not presented in thesis) 

27 Jan 2 - Mar 2011  14 BV snow surveys 
*14-17 Feb 2011 Candidate aware that high frequency eddy 

covariance data were not logged at BV; 
problem solved by installing CF card reader 

Sept-Nov 2011 Plan field sites, program dataloggers and 
deploy instrumentation (BV, Nier and 
Lethbridge); *BV tower moved to improve 
spatial footprint 

30 Nov 2011 – Mar 2012  26 BV snow surveys; 16 Nier snow surveys 
11 May 2012  Remove instruments from Lethbridge site 
16 May 2012  Vegetation surveys at BV and Nier 
*June 2012 Candidate aware of regular AC power 

interference at BV site 
 
 
Additional field data and source (not publicly available) 

Lethbridge meteorological   Larry Flanagan (University of Lethbridge) 
observations (2010-2012)   
Marmot Creek snow surveys  John Pomeroy (University of Saskatchewan) 
(2008-2011)   
Kenaston snow surveys and  National Hydrology Research Centre, 
soil moisture(2006-2013) Environment Canada and Global Institute for 

Water Security, University of Saskatchewan 
Innisfail East & Kneehill Valley Alberta Environment 
snow surveys (2003-2013)  
Cypress Hills snow surveys Alberta Environment 
(2011-2013)  
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Modifications to CLASS code 

• Update MESH (Environment Canada’s hydrology modelling platform) to 
CLASS 3.6 

• Parameterisation changes (subroutine[s] in parentheses): 
o Algebraic energy balance solution (TSOLVE.f, TSOLVC.f) 
o Bulk Richardson turbulent exchange (FLXSURFZ.f) 
o Scalar roughness length (APREP.f) 
o Critical and wilting point based evaporation efficiency (TPREP.f) 
o Prarie Blowing Snow Model (previously done by candidate during 

M.Sc.; new subroutines) 
o Hyperbolic tangent snowcover fraction (CLASSA.f) 
o Air temperature and wind speed based fresh snow density 

(CLASSI.f) 
o Compactive viscosity snow compaction (SNOALBW.f) 
o Efficient spectral snow albedo (SNOALBA) 
o Power Equation for snow thermal conductivity (TPREP) 
o Local advection over snowcover (TSOLVE, TSOLVC and new 

subroutine) 
o Snow liquid water content  as function of density (SNINFL, 

SNINFLM) 
o De Vries soil thermal conductivity (TPREP) 
o Bonan soil albedo (GRALB) 
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Appendix B. Model Parameter Definitions 

The following parameter descriptions and recommended parameter values are 

compiled from the documents “Description of CLASS I/O using the RUNCLASS 

driver and CLASS version 3.4 for single-column testing against field data (1 grid 

cell, 1 mosaic tile)” by Diana Verseghy, Environment Canada (accessed: March 

2009) and “CLASS – The Canadian Land Surface Scheme (Version 3.4) Technical 

Documentation (Version 1.1)” by Diana Verseghy, May 2008. 

 

Vegetation parameters 
ALIC:  Average near-IR albedo of vegetation category when fully-leafed [ ] 
ALVC:  Average visible albedo of vegetation category when fully-leafed [ ] 
CMAS:  Annual maximum canopy mass for vegetation category [kg m-2] 
FCAN:  Annual maximum fractional coverage of modelled area [ ] 
LNZO:  Natural logarithm of maximum vegetation roughness length [ ] 
PAMN:  Annual minimum plant area index of vegetation category [ ] 
PAMX:  Annual maximum plant area index of vegetation category [ ] 
ROOT:  Annual maximum rooting depth of vegetation category [m] 
 
Stomatal resistance parameters 
PSGA:  Soil moisture suction coefficient (used in stomatal resistance formula) [ ] 
PSGB:  Soil moisture suction coefficient (used in stomatal resistance formula) [ ] 
QA50:   Reference value of incoming shortwave radiation (used in stomatal 
resistance formula) [W m-2] 
RSMN:  Minimum stomatal resistance of vegetation category [s m-1] 
VPDA:  Vapour pressure deficit coefficient (used in stomatal resistance formula) [ ] 
VPDB:  Vapour pressure deficit coefficient (used in stomatal resistance formula) [ ] 
 
Soil parameters 
CLAY:  Percentage clay content 
DELZ:  Soil layer thickness [m] 
ORGM:  Percentage organic matter content 
SAND:  Percentage sand content 
ZBOT:  Depth of bottom of soil profile [m] 
 
Other surface parameters 
ZSNL:  Limiting snow depth below which snow coverage < 100% [m] 
ZPLG:  Maximum water ponding depth for snow-free subareas [m] 
ZPLS:  Maximum water ponding depth for snow-covered subareas [m] 
DRN:  Soil drainage index 
SDEP:  Soil column permeable depth [m] 
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Vegetation type (as 

recognized by Canadian 

GCM) 

ALIC ALVC exp 

(LNZO) 

PAMX PAMN CMAS ROOT 

Evergreen needleleaf 

forest 

0.03 0.19 1.5 2.0 1.6 25.0 1.0 

Evergreen broadleaf 
shrub 

0.03 0.l9 0.05 2.0 2.0 2.0 0.2 

Deciduous shrub 0.05 0.29 0.15 4.0 0.5 8.0 1.0 

Thorn shrub 0.06 0.32 0.15 3.0 3.0 8.0 5.0 

Short grass and forbs 0.06 0.34 0.02 3.0 3.0 1.5 1.2 

Long grass 0.05 0.31 0.08 4.0 4.0 3.0 1.2 

 

 

Vegetation type RSMN QA50 VPDA VPDB PSGA PSGB 

Needleleaf trees 200.0 30.0 0.65 1.05 100.0 5.0 

Grass 100.0 30.0 0.50 1.00 100.0 5.0 

 

 

The following parameter descriptions and recommended parameter values are 

compiled from the document “FROZEN – Areal Snowmelt Infiltration into Frozen 

Soils” by Muluneh Mekonnen, November 2011. 

 

Zhao and Gray infiltration into frozen soils parameters 

SOIL_POR_MAX:  Maximum soil porosity [ ] 

S0:  Surface saturation during melting [ ] 

T_ICE_LENS:  Overnight minimum temperature to cause ice lens after major melt  
[°C] 

 

The following parameter descriptions and recommended parameter values are 

compiled from M.Sc. thesis “Hydrological Response Unite-based blowing snow 

modelling over mountainous terrain” by M.K. MacDonald, 2010. 

 

PBSM blowing snow parameters 

Fetch:  Fetch distance [m] 

Ht:  Vegetation height [ ] 

SR:  Snow redistribution factor [ ] 
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