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Abstract 10 

In this study, the snow physics of a distributed biosphere hydrological model, referred to as 11 

the Water and Energy Budget based Distributed Hydrological Model (WEB-DHM) is 12 

significantly improved by incorporating the three-layer physically based energy balance 13 

snowmelt model of Simplified Simple Biosphere 3 (SSiB3) and the Biosphere–Atmosphere 14 

Transfer Scheme (BATS) albedo scheme. WEB-DHM with improved snow physics is 15 

hereafter termed WEB-DHM-S. Since the in-situ observations of spatially-distributed snow 16 

variables with high resolution are currently not available over large regions, the new 17 

distributed system (WEB-DHM-S) is at first rigorously tested with comprehensive point 18 

measurements. The stations used for evaluation comprise the four open sites of the Snow 19 

Model Intercomparison Project (SnowMIP) phase 1 with different climate characteristics (Col 20 

de Porte in France, Weissfluhjoch in Switzerland, Goose Bay in Canada and Sleepers River in 21 

USA) and one open/forest site of SnowMIP phase 2 (Hitsujigaoka in Japan). The comparisons 22 

of the snow depth, snow water equivalent, surface temperature, snow albedo and snowmelt 23 

runoff at SnowMIP1 sites reveal that WEB-DHM-S, in general, is capable of simulating the 24 

internal snow process better than the original WEB-DHM. Sensitivity tests (through 25 

incremental addition of model processes) are performed to illustrate the necessity of 26 

improvements over WEB-DHM and indicate that both the 3-layer snow module and the new 27 

albedo scheme are essential. The canopy effects on snow processes are studied at the 28 

Hitsujigaoka site of SnowMIP2 showing snow holding capacity of canopy plays a vital role in 29 



 2 

simulating the snow depth on ground. Through these point evaluations and sensitivity studies, 30 

WEB-DHM-S has demonstrated the potential to address basin-scale snow processes (e.g., the 31 

snowmelt runoff), since it inherits the distributed hydrological framework from the WEB-32 

DHM (e.g., the slope-driven runoff generation with a grid-hillslope scheme, and the flow 33 

routing in the river network). 34 

 35 

1 Introduction 36 

Seasonal snow cover is an important component of land surface hydrology and is critical for 37 

simulation of water and energy budgets in cold climate regions. Snow with its high albedo, 38 

low roughness, relatively low thermal conductivity and considerable spatial and temporal 39 

variability, can greatly alter energy and water interactions among the atmosphere, vegetation 40 

and land. Snow has the ability to store and release water within the hydrological cycle. The 41 

appearance of snow cover may lead to a temporal shift in the runoff during the spring 42 

snowmelt period and is a significant parameter from the view of hydrological simulation. 43 

To understand and represent the snow processes in land surface modeling, a large number of 44 

approaches have been used in many land surface schemes (LSSs) in diversified numerical 45 

expressions, ranging from simple degree–day models to physically based sophisticated multi-46 

layer energy balance models (Brun et al., 2008). Many numerical studies have been carried 47 

out to develop and validate snow submodels of different complexity in LSSs of many climate 48 

and hydrological models (e.g., Verseghy, 1991; Blöschl et al., 1991; Douville et al., 1995; 49 

Tarboton and Luce, 1996; Yang et al., 1997; Loth and Graf, 1998a,b; Marks et al., 1999; Jin et 50 

al., 1999a,b; Sun et al., 1999; Sud and Mocko, 1999; Essery et. al., 1999; Smirnova et al., 51 

2000; Mocko and Sud, 2001; Sun and Xue, 2001; Xue et al., 2003; Yang and Niu, 2003; Dai 52 

et al., 2003; Zanotti et al., 2004; Sun and Chern, 2005; Liston and Elder, 2006; Hirai et al., 53 

2007, Ellis et al., 2010; Dutra et al., 2010). Several snow-scheme intercomparison studies 54 

have been undertaken to gain an improved understanding of snow cover simulation in LSSs 55 

and to address issues related to the current state of snow modeling used by the atmospheric 56 

and hydrologic research community (e.g., the Project for the Intercomparison of Land-Surface 57 

Parameterization Schemes (PILPS)—Phase 2d (Slater et al., 2001) and Phase 2e (Bowling et 58 

al., 2003), the Snow Model Intercomparision Project Phase 1 (SnowMIP1; Etchevers et al., 59 

2004) and Phase 2 (SnowMIP2; Rutter et al., 2009; Essery et al.,2009) and the Rhône-60 

Aggregation LSS Intercomparison Project (Boone et al., 2004)). Many studies showed that 61 
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snow accumulation processes were well represented by single-layer snow models but diurnal 62 

freeze and thaw cycles were not well captured by these models, resulting in errors in the 63 

simulation of snow surface temperature and snow melting in terms of timing and the total 64 

amount (Lynch-Stieglitz, 1994; Sun et al., 1999, Jin et al., 1999b; Slater et al., 2001; Luo et 65 

al., 2003; Xue et al., 2003), raising the importance of the development and application of 66 

multilayer energy-balance-based snow models. On the other hand, uncertainties in the forcing 67 

data and initial conditions have great impact in the snow process simulations while comparing 68 

the performances among different complexity of snow models (e.g., Slater et al., 2001; Feng 69 

et al., 2008).  70 

At present, multilayer energy-balance snow parameterizations are mainly employed by the 1-71 

D LSSs that are generally used in climate models. To our knowledge, only very few 72 

distributed hydrological models (DHMs) have included such sophisticated energy-balance 73 

snow schemes for studying the cold region processes (e.g., Cherkauer and Lettenmaier, 1999; 74 

Zanotti et al., 2004). In fact, a DHM with a multilayer energy-based snow module that can 75 

physically describe the snow accumulation and the snowmelt runoff, is critically important for  76 

both the current water resources management practices and the climate change adaptation 77 

studies in cold and high mountain river basins. This study discusses the improvement of snow 78 

physics in a distributed biosphere hydrological model named as Water and Energy Budget 79 

based Distributed Hydrological Model (WEB-DHM; Wang et al., 2009a, b, c). WEB-DHM is 80 

developed by fully coupling Simple Biosphere 2 (SiB2; Sellers et al., 1996) with a hillslope 81 

hydrological model (Yang et al., 2002; 2004). It can realistically simulate the land surface and 82 

hydrological processes and provide consistent descriptions of water, energy and CO2 fluxes at 83 

a basin scale. The snow physics of WEB-DHM is improved by adopting the ideas derived 84 

from the studies of different snow models and by incorporating the three-layer snow physics 85 

of Simplified Simple Biosphere 3 (SSiB3; Sun and Xue, 2001; Xue et al., 2003). SSiB3 is 86 

developed by coupling SSiB (Xue et al., 1991) with a three-layer version of the Simple 87 

Atmosphere–Snow Transfer (SAST; Sun et al., 1999) and has been successfully applied to 88 

simulate snow processes in cold regions (Xue et al., 2003; Durand and Margulis, 2006; 89 

Walisher et al., 2009). WEB-DHM with improved snow physics is hereafter termed WEB-90 

DHM-S. Since the in-situ observations of spatially-distributed snow variables with high 91 

resolution are currently not available over large regions, the new distributed system (WEB-92 

DHM-S) is at first rigorously tested with comprehensive point measurements. This evaluation 93 

data comprise the observational datasets from four open sites of SnowMIP1 (Col de Porte in 94 



 4 

the French Alps, Weissfluhjoch in the Swiss Alps, Goose Bay in Canada, and Sleepers River 95 

in USA) and one open/forest site of SnowMIP2 (Hitsujigaoka in Japan). 96 

 97 

2 Model Description 98 

A short review of the snow processes in WEB-DHM is given in section 2.1, while the snow 99 

processes in WEB-DHM-S are discussed in detail in section 2.2. Details of the hydrological 100 

and land surface submodels of WEB-DHM can be found in Wang et al. (2009a) and Sellers et 101 

al. (1996).   102 

2.1 Snow processes in WEB-DHM 103 

In WEB-DHM, the parameterization of the snow submodel is the same as that for SiB2 104 

(Sellers et al., 1996). A single-layer bulk snow mass balance is considered with constant 105 

density (200 kgm
–3

), and the thermal regime of snow is not distinguished from that of soil. 106 

Attenuation of downward shortwave radiation through the canopy is considered with multiple 107 

scattering between the canopy and snow/ground but attenuation of radiation within the snow 108 

layer is ignored. Only the top 5 cm of the snow water equivalent is considered for variation of 109 

the heat capacity of the surface skin, which affects the surface energy balance in the case of a 110 

large snow mass. The snow surface temperature is represented by the average snowpack 111 

temperature, which tends to result in incorrect simulation of the surface energy budget, which 112 

in turn affects the overall accumulation and melting processes. Moreover, it does not consider 113 

the prognostic snow albedo. The dry snow albedo is given as a constant value of 0.8 for 114 

visible (VIS) shortwave radiation and 0.4 for near infrared (NIR) shortwave radiation. For 115 

melting snow, the snow albedo is simply set to 60% of the dry snow albedo. 116 

2.2  Snow processes in WEB-DHM-S 117 

In this section, the energy and mass budget equations along with snow parameterization are 118 

presented in detail. In WEB-DHM-S, the snow parameterizations for the canopy are kept the 119 

same as in WEB-DHM, but the single-layer snow scheme on the ground is replaced by the 120 

SSiB3 snow scheme when the snow depth is greater than 5 cm. Initially, the snowpack is 121 

divided into three layers that start with the same initial snow temperatures. The top layer 122 

thickness is kept at a fixed depth of 2 cm regardless of the total snow depth to provide 123 

reasonable simulation of the diurnal changes in the snow surface temperature. The maximum 124 
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thickness of the middle layer is kept at 20 cm, and the bottom layer represents the remaining 125 

body of the snowpack. A surface energy balance equation is formulated only for the top layer, 126 

which is influenced by the surface radiation budget and sensible and latent heat fluxes. The 127 

heat budget of the second and third layers is controlled by the heat conduction and the 128 

penetrating shortwave radiation. Over time, these three layers evolve differently through their 129 

own energy budgets and the heat exchanges between them.  130 

Meanwhile, the mass budget for each layer is calculated accordingly by taking account of the 131 

precipitation, evaporation/condensation, compaction, liquid water retention, snowmelt runoff 132 

and infiltration into the underlying layers. When snow melts, meltwater in a layer increases, 133 

thereby increasing the layer-average density and mass. Any meltwater in a layer exceeding the 134 

liquid water holding capacity is delivered to the underlying layer. Water leaving the bottom 135 

snow layer is available for partitioning into soil water infiltration and/or surface runoff by the 136 

soil–vegetation–atmosphere transfer (SVAT) system. This snow scheme can produce a 137 

variable density profile. 138 

The snow-covered surface albedo scheme is parameterized using a physically based 139 

prognostic snow albedo scheme of the Biosphere–Atmosphere Transfer Scheme (BATS) 140 

model (Dickinson et al., 1993; Yang et al., 1997), and the snow cover fraction is calculated 141 

using the formulations of Mocko and Sud (2001). Major differences between the snow 142 

processes in WEB-DHM and WEB-DHM-S are presented in Table 1. The soil model coupled 143 

with a three layer snow model in WEB-DHM-S is shown in Fig. 1. 144 

2.2.1 Energy balance equations 145 

The energy content of the snowpack is affected by the shortwave radiation penetration, heat 146 

conduction between sublayers, ground heat fluxes, the flux of advection due to precipitation, 147 

energy due to phase change and net radiation at the surface accompanied by sensible and 148 

latent heat fluxes. Specific enthalpy is used as the prognostic variable instead of snow 149 

temperature in the energy balance equation, which includes the internal energy of liquid water 150 

or ice as well as the energy of the phase change. It is assumed that liquid water at its melting 151 

point has zero enthalpy so that the phase change processes can be tackled easily. The same 152 

approach was also employed by Lynch-Stieglitz (1994), Tarboton and Luce (1996), Jin et al. 153 

(1999a), Sun et al. (1999) and Sun and Xue (2001).  The energy budget equation for the 154 

canopy is the same as that in WEB-DHM. However, the canopy temperature is influenced by 155 

the snow surface enthalpy. The energy budget equation for the canopy is  156 
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where H (Jm
–3

) is the volumetric enthalpy of water, Zj is the snow depth of layer j and Gsn 163 

(Wm
–2

) is the heat flux through the snow layer. H and Gsn are defined as  164 
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where Rnsn (Wm
–2

), Hsn (Wm
–2

), λEsn (Wm
–2

), Gpr (Wm
–2

), K (Wm
–1

K
–1

), Tsn (K) and SWsn 167 

(Wm
–2

) are net radiation, sensible heat, latent heat flux, thermal energy from rain at the snow 168 

surface, thermal conductivity of snow, snow temperature and shortwave radiation flux 169 

absorbed by the snow layer respectively. Turbulent and radiative fluxes are calculated using 170 

the formulations of SiB2 (Sellers et al., 1996) except that the snow surface temperature is 171 

used instead of the average bulk snow temperature for the surface energy balance. fice is the 172 

dry-snow mass fraction of the total mass in the snow layer, and hv (Jkg
–1

) is the latent heat of 173 

fusion for ice. Cv (Jm
–3

K
–1

) is the mean snow volumetric specific heat capacity, parameterized 174 

as a function of the bulk density of snow (ρs; kgm
–3

) and intrinsic density of ice (ρi; kgm
–3

) 175 

following Verseghy (1991): 176 

i

s
vC

ρ

ρ6109.1 ×= .         (5) 177 

The thermal conductivity of snow K (Wm–1K–1) is adopted from Jordan (1991). 178 

( ) ( )
aissa

KKKK −××+×+= −− 265 10105.11075.7 ρρ ,    (6) 179 

where Ki (2.29 Wm–1K–1) and Ka (0.023 Wm–1K–1)  are the thermal conductivities of ice and 180 

air respectively. The penetration of shortwave radiation flux into the snow layers is accounted 181 
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for in this model. Hence, the shortwave energy available for the surface energy budget is 182 

completely different from that in WEB-DHM. The shortwave radiation SWsn at the snow layer 183 

is defined following Jordan (1991): 184 
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           (7) 186 

where SWnsn = SWsntop(1 – αs). SWsntop (Wm
–2

) is the radiation incident on the snow surface, αs 187 

is snow albedo and βvis and βnir are extinction coefficients; βvis = 0.003795d 
–1/2
ρs(Zj) and

 
βnir = 188 

400. The grain size diameter d (m) is specified as a function of density following Anderson 189 

(1976). Thermal energy from rain (Gpr) can be calculated as 190 

( ) 016.273 IFTCG rainwwpr ×−××= ρ  ,      (8) 191 

where IF0 (ms
–1

) is the infiltrated flux rate of rain at the snow surface, Train (K) is the 192 

temperature of rainfall, ρw (kgm
–3

) and Cw (Jkg
–1

K
–1

) are the density and specific heat capacity 193 

of water. For simplicity, Train is considered as air temperature. Ground surface temperature 194 

(Tg) and deep soil temperature (Td) are obtained by considering conductive heat flux at the 195 

snow/soil interface and the force–restore model (Deardorff, 1978) of the heat balance in the 196 

soil surface. 197 
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where Cg and Cd are the effective heat capacity (Jm
–2

K
–1

) for the soil surface and deep soil, τd 200 

is the day length (s) and K(Z1) is the effective thermal conductivity at the snow/soil interface. 201 

The prognostic equations of snow surface enthalpy and canopy temperature are solved 202 

simultaneously by calculating the temperature increments for the physics time step using an 203 

implicit backward numerical scheme. Tsn(Z2), Tsn(Z1), Tg and Td are the variables with slow 204 

change which are solved explicitly using a forward numerical scheme. The final equations for 205 

solving ∆Tc and ∆Tsn (Z3) are represented as 206 
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where Keff (Wm
–2

K
–1

) is the effective thermal conductivity of snow between the top and the 210 

middle snow layer and Msnow (m) is the snow water equivalent (SWE). Keff is defined as 211 
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Equations 11 and 12 are solved using “one step test method”. Initially, it is tested by assuming 213 

that current state of the snow surface layer is in frozen state completely (fice=1) and then Tc 214 

and Tsn(Z3) will be solved. The test is true if Tsn(Z3) is less than 273.16. Otherwise, the state 215 

will be in either partially melted or completely melted state. In this case, Tsn(Z3) is assumed to 216 

273.16 and fice is solved.  The surface layer is in partial melting state if 0 < fice < 1. The snow 217 

is melted completely if fice < 0 and there is an extra input energy in addition to the part of 218 

energy used to melt the layer which is transferred to the underlying layer. In this case, the 219 

solutions for fice and Tsn(Z3) should be fice = 0 and Tsn(Z3) = 273.16.  220 

2.2.2 Mass balance equations 221 

The mass balance equation for the canopy is the same as in WEB-DHM. The mass balance for 222 

snow is represented by the change in liquid water and ice content in the snowpack. The 223 

relative change in snow mass is controlled by snowfall/rainfall, compaction, snow melting, 224 

runoff, infiltration into the underlying snow layer/soil and evaporation/sublimation at the 225 

snow surface. Neglecting the effect of water vapor diffusion and its phase change to mass 226 

distribution, the mass balance equations for the snow layer are 227 
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where Msnow,j (m) corresponds to the SWE at snow layer j, Ps (ms
–1

) is the rate of snowfall,  IFj 229 

(ms
–1

) = min (Oj, Pavs), is the actual liquid water infiltration flux at the interfaces, Rj (ms
–1

) is 230 

runoff from the lower interface and Esn (ms
–1

) is the combined evaporation and sublimation 231 

rate. Oj is the outflow flux rate which is the liquid water drained to the underlying layer as the 232 

total liquid water in layer exceeds its liquid water holding capacity (Cr). Liquid snow mass 233 

fraction, fliq = (1-fice) is used to calculate the total amount of liquid water. Pavs is the pores 234 

available in the layer. Rj is calculated as the difference between IFj and Oj. The liquid water 235 

holding capacity (Cr) is taken as a function of the snow layer density following Anderson 236 

(1976): 237 
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where Crmin = 0.03, Crmax = 0.1, γe = 200 kgm
–3

 and γi (kgm
–3

) is bulk density of ice. The bulk 239 

density of ice for new snowfall is calculated following the formulation used in the CROCUS 240 

snow model (Brun et al., 1989; Brun et al., 1992): 241 

( )[ ]{ }50,2616.2736109max mairi uT ×+−×+=γ ,    (16) 242 

where Tair is the air temperature (K) and um is the wind speed (ms–1). 243 

2.2.3 Snow Compaction 244 

Three snow compaction processes, namely destructive metamorphism, densification due to 245 

snow overburden and compaction due to snow melting, are included. The compaction process 246 

is critically important for the evolution of density and snow depth. The snow depth is 247 

decreased by the compaction and is increased by snowfall. These three components of snow 248 

compaction are parameterized following Anderson (1976). The empirical equation for 249 

destructive metamorphism is 250 
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           (17) 252 

where γi (kgm–3) and γl (kgm–3) are bulk densities of ice and liquid water and C3 and C4 are 253 

empirical constants. After snow has undergone its initial settling stage, densification due to 254 

overburden proceeds at a slower rate. This compaction rate is a function of snow overburden 255 

pressure Ws (Nsm–2), such that 256 
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where ηo (3.6 × 10
6
 Nsm

–2
) is the viscosity coefficient, C5 = 0.08 K

–1
 and C6 = 0.023 m

3
kg

–1
. 258 

The decrease in thickness of the snow sublayer due to melting is estimated as 259 
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where hi is the dry-snow mass in a unit depth and dhi is the dry-snow mass that melts in the 261 

unit depth. Hence, total compaction over one time step is given by 262 
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The rate of change in snow density caused by snow compaction is given by 264 
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2.2.4 Snow albedo 266 

The snow albedo is parameterized using a physically based prognostic snow albedo scheme of 267 

the BATS model (Dickinson et al., 1993; Yang et al., 1997). The albedo is computed for VIS 268 

and NIR spectral bands with adjustments for illumination angle and snow age. The total snow 269 

albedo (αs) is the weighted average of VIS and NIR albedos, which depends on the spectral 270 

ratio of the incident shortwave radiation. VIS and NIR albedos (αvis , αnir) are defined as 271 
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where αvd and αnird are the albedos of the diffused shortwave radiation in the VIS and NIR 273 

bands respectively, αvis0 (0.95) and αnir0 (0.65) represent fresh-snow albedos for the VIS and 274 

NIR bands, fzen is the correction term for a solar zenith angle larger than 60° and fage is the 275 

snow aging factor accounting for the effect of grain growth due to vapor diffusion and the 276 

effect of dirt and soot. The snow albedo parameterization is very sensitive to αvis0 and αnir0. 277 

These fresh-snow albedos can be parameterized depending upon the snow type and 278 

characteristics of the site. Details of fzen and fage can be found in Dickinson et al. (1993), Yang 279 

et al. (1997). 280 

 281 

3 Dataset 282 

Dataset for evaluation of models include four open sites of SnowMIP1: Col de Porte (CDP), 283 

Weissfluhjoch (WFJ), Goose Bay (GSB) and Sleepers River (SLR). In addition, one 284 

open/forest site of SnowMIP2: Hitsujigaoka (HSG) is selected for forest snow processes 285 

evaluation. Meteorological forcing data includes hourly air temperature, relative humidity, 286 

wind speed, precipitation amount, the snow/liquid fraction, downward shortwave and 287 

longwave radiation. Details about data and site characteristics are discussed here and a 288 

summary is given in Table 2. 289 

3.1 Col de Porte (1996-98) 290 

CDP is a mid-range elevation site at 1340 m above mean sea level (amsl), located in the 291 

northern French Alps (45.3°N, 5.77°E) and managed by Météo-France. The site is 292 

characterized by flat topography with loamy soil covered with short grass. The soil generally 293 

does not freeze. Continuous snow cover is recorded from the end of November to early April 294 

(1996-97) and to early May (1997-98). Winter air temperatures are not particularly low and 295 

rainfall can occur at anytime during the snow season. The site is not windy and is relatively 296 

humid. Precipitation was measured with a Geonor gauge with correction for undercatch 297 

following Goodison et al. (1998) and its phase was determined based on an air temperature 298 

relationship derived from comparisons of the Geonor gauge with snowfall observations. 299 

Evaluation data comprise hourly observations of snow surface temperature from a downward-300 

looking radiometer, hourly observations of snow depth from an ultrasonic sensor supported by 301 

weekly snow course observations of the SWE and snow depth, and the daily total of bottom 302 

runoff from a 5 m
2
 lysimeter protected from lateral flow. The vegetation coverage parameter 303 
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is set to zero for simulation following Douville et al. (1995). Data from this site have been 304 

used to evaluate many SVAT snow schemes (e.g., Brun et al., 1992; Douville et al., 1995; 305 

Loth and Graf 1998a; Sun et al., 1999; Essery et al., 1999; Sun and Xue, 2001; Boone and 306 

Etchevers, 2001; Strasser et al., 2002; Xue et al., 2003; Essery and Etchevers, 2004; Brown et 307 

al., 2006; Li et al., 2009).  308 

3.2 Weissfluhjoch (1992-93) 309 

The WFJ site is a high-elevation site at 2540 m amsl with flat topography, located in the 310 

eastern Swiss Alps (46.83°N, 9.81°E) and managed by the Swiss Federal Institute for Snow 311 

and Avalanche Research. The average air temperature during the period of continuous snow 312 

cover is –2.9°C. Rainfall does not occur from mid-October to mid-May. Snow continuously 313 

accumulates from mid-October until mid-April and then melts through May and June owing 314 

to temperatures above the melting temperature. Although this site is windier than CDP, 315 

drifting and blowing effects are weaker (Essery and Etchevers, 2004; Brown et al., 2006). 316 

Evaluation data comprise hourly observations of snow surface temperature from an infrared 317 

thermometer, hourly observations of snow depth from an ultrasonic sensor supported by 318 

weekly and sometimes biweekly snow pit observations of the SWE and snow depth, daily 319 

snow albedo and daily snowmelt runoff. The vegetation coverage parameter is set to zero for 320 

simulation. Data from this site have been used in the assessment of many snow models (e.g., 321 

Fierz and Lehning, 2001; Lehning et al., 2002; Fierz et al., 2003; Essery and Etchevers, 2004; 322 

Etchevers et al., 2004; Brown et al., 2006). 323 

3.3 Goose Bay (1969-84) 324 

GSB is a relatively low elevation site at 46 m amsl, located in south-eastern Labrador, Canada 325 

(53.32°N, 60.42°W). The 15 years forcing and validation data do not correspond to the same 326 

site. Hourly air temperature, humidity, wind speed and precipitation were measured at the 327 

GSB airport site. Radiation measurements were made at the GSB Upper Air station located at 328 

the east end of the airport (53.30°N 60.37°W). Incoming longwave radiation was estimated 329 

using observations of hourly air temperature, relative humidity, cloud type and opacity 330 

following Idso (1981) and Sellers (1965). Hourly precipitation rate data were derived from 6-331 

hourly precipitation totals observed with a Nipher-shielded gauge corrected for windinduced 332 

undercatch, wetting loss and trace precipitation amounts following Metcalfe et al. (1997) and 333 
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Goodison et al. (1998). Mean daily temperatures range from –16.4°C in January to 15.8°C in 334 

July, with a mean annual total snowfall of 434 mm. Daily snow depth observations were made 335 

manually using a ruler at the GSB airport site. The site is humid and is relatively windy 336 

compared to the other SnowMIP sites. Potential blowing snow conditions were encountered 337 

approximately 10% of the time during the December to April period (Brown et al., 2006). The 338 

simulation is carried out for open site although the site vegetation includes short grasses. Data 339 

from this site have been used in the assessment of many snow models (e.g., Bélair et al., 2003; 340 

Brown et al., 2003; Essery and Etchevers, 2004; Brown et al., 2006; Gordon et al., 2006). 341 

3.4 Sleepers River (1996-97) 342 

SLR is a low-elevation site at 552 m amsl, located in the northeastern Vermont (44.50°N, 343 

72.17°W). The site is characterized by almost flat topography surrounded by northern 344 

hardwood forest. The winter is cold with an average air temperature -4.5°C for the snow 345 

season. Snow accumulated from late November until the end of March and then melted 346 

through April. Precipitation was separated into snow and rain as a linear function of air 347 

temperature, with precipitation assumed to be all rain at temperatures above 2°C and all snow 348 

below 0°C. Evaluation data comprise hourly observations of snow depth from an ultrasonic 349 

sensor supported by weekly and sometimes biweekly snow pit observations of the SWE and 350 

snow depth, and daily snowmelt runoff. Snowmelt runoff data is not used for evaluation due 351 

to some uncertainties associated with the lysimeter data. Blowing effect is not seen this year 352 

as the wind speed is too low. The vegetation coverage parameter is set to zero for simulation. 353 

Data from this site have been used in the assessment of many snow models (e.g., Anderson, 354 

1976; Lynch-Stieglitz, 1994; Albert and Krajeski, 1998).  355 

3.5 Hitsujigaoka (1997-98) 356 

Hitsujigaoka is a low-elevation site at 182 m amsl, located in the Hokkaido Research Center 357 

of Forestry, northern Japan (42.98°N, 142.38°W). The site is mostly flat with sandy soil. It 358 

has a cool temperate climate and the snowpack is maritime type. The average air temperature 359 

during the period of continuous snow cover is –0.96°C. Vegetation includes approximately 360 

7m high todo fir. Vegetation coverage is set to 100 % for simulation and effective leaf area 361 

index is set to 3. Canopy snow was present most of the time from the middle of December 362 

1997 to the middle of March 1998 and snow beneath the canopy was present from the middle 363 
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of December 1997 to the middle of March 1998 (Suzuki and Nakai, 2008). Radiation 364 

measurements were taken at roof of the research center, about 500m away from the forest site. 365 

Precipitation was measured at the National Agricultural Research Center for the Hokkaido 366 

Region (Open site), about 2500m away from the forest site. Precipitation rate is corrected for 367 

windinduced undercatch (Yokoyama et al., 2003) and is partitioned between snow and rain 368 

following the approach of Yamazaki (2001) using the wet bulb temperature and hence mixed 369 

precipitation is dominant. Snow depth measurements are available at both forest and open 370 

sites for the evaluation. Data from this site have been used in the study of canopy snow 371 

influence on water and energy balance above coniferous forest (e.g., Nakai et al., 1999a,b; 372 

Suzuki and Nakai, 2008, Rutter et al., 2009, Dutra et al., 2010). 373 

 374 

4 Simulation results 375 

The performance of the model is evaluated by comparing the simulated and observed SWE, 376 

snow depth, snow surface temperature, snow density, snow albedo and snowmelt runoff. The 377 

bias error (BIAS) and root mean square error (RMSE) are used as evaluation criterion for the 378 

simulated results and are defined as 379 

∑
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where Xsimi and Xobsi are simulated and observed values at a given time step for n paired 382 

simulation and observation values.  383 

4.1 Snow depth, SWE and snow density 384 

Simulation results and observations of the snow depth, SWE and snow density for the two 385 

seasons at the CDP, one season at the WFJ and SLR are shown in Fig. 2. The snow depth is 386 

well reproduced along with the realistic simulation of snow density at all sites by WEB-387 

DHM-S whereas WEB-DHM is unable to capture the variability of snow cover because it 388 

assumes a constant snow density. The SWE simulations by WEB-DHM-S are comparable at 389 

the CDP and WFJ sites but are highly underestimated at the SLR site by both the models.  390 
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At the CDP site in 1996-97 (see Fig. 2a), SWE is underestimated by WEB-DHM in the 391 

beginning of the accumulation season which undertakes its impact throughout the snow 392 

season. WEB-DHM-S capture the accumulation season well but the mid winter ablation in 393 

late January is found not enough to meet the observations. The possible reason may be due to 394 

the uncertainty in the precipitation phase. WEB-DHM underestimates the SWE at the end of 395 

melting season due to early melting as a result of the low albedo simulation. In 1997-98 (see 396 

Fig. 2b), the ablation prevailed at mid-March causing the continuous decrease in the SWE and 397 

the SWE is increased to about 0.25 m with significant snowfall in mid-April. Although both 398 

models are able to simulate the snow accumulation process well, the results show that the 399 

SWE is overestimated by both models in the mid-season from late January to mid-February. 400 

This overestimation is due to the failure in capturing the rapid decrease in the SWE during 21 401 

January to 27 January. The uncertainty in the precipitation phase is not a major in this case 402 

and the reason may be the snowmelt due to rapid increase in the albedo by dust and fallen 403 

leaves. However, it is found that WEB-DHM is unable to simulate the seasonal evolution of 404 

the SWE during the melting period of both two snow seasons, whereas the SWE simulation 405 

by WEB-DHM-S seems acceptable in the melting season. The results of statistical analysis of 406 

the simulation results are presented in Table 3. 407 

At the WFJ site, snow coverage lasts from mid-October to late June (see Fig. 2c). The results 408 

show that the SWE is underestimated by WEB-DHM in the accumulation season owing to the 409 

strong melt simulation in early November, and all the snow has melted by mid-May, whereas 410 

the SWE simulated by WEB-DHM-S during accumulation seasons is found to be in good 411 

agreement with the observed SWE. The snow depth simulated by WEB-DHM-S is found to 412 

be remarkably underestimated from early April to early June. Statistical analysis shows that 413 

WEB-DHM has less BIAS than WEB-DHM-S (see Table 3) but it does not mean that the 414 

WEB-DHM results are good. Indeed, there is a large overestimation of snow depth by WEB-415 

DHM from January to mid-April and a large underestimation from mid-April to late June. At 416 

the SLR site, WEB-DHM-S overestimated the SWE, snow depth and snow density throughout 417 

the snow season as shown in Fig. 2d. This bias may be due to the misrepresentation of the 418 

precipitation phase as the total precipitation is divided into the rain and snow as a linear 419 

function of air temperature as discussed in the section 3. The SWE simulated by WEB-DHM 420 

is found better in the melting season than that by WEB-DHM-S due to lower value of the 421 

albedo. 422 
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The time-slice evaluation of the model in simulating the first, maximum, minimum in the mid 423 

season, one prior to the last and last SWE observation at the CDP, WFJ and SLR site are 424 

presented in Table 4.  The results show that the maximum SWE and the minimum SWE in the 425 

mid season are slightly overpredicted by WEB-DHM-S (BIAS = 0.023 and 0.036) whereas 426 

largely underpredicted by WEB-DHM (BIAS = -0.069, -0.057) at CDP in 1996-97. Both the 427 

models underpredicted these variables at CDP in 1997-98. In this year, the maximum SWE is 428 

simulated well by both them models but WEB-DHM is found to have large bias (-0.057) in 429 

simulating the minimum SWE at the mid season as compared to bias (-0.003) for WEB-430 

DHM-S. At the WFJ site, WEB-DHM has very large bias (-0.325) in simulating the 431 

maximum SWE but the performance of WEB-DHM is better than WEB-DHM-S in 432 

simulating all these parameters at the SLR site. Overall, WEB-DHM-S has less BIAS in 433 

simulating the maximum SWE, minimum in the mid season and one prior to the last SWE 434 

observations at the CDP and WFJ sites as compared to those for WEB-DHM.  435 

Figure 3 shows the comparison of the observed snow depth with the simulated one by WEB-436 

DHM and WEB-DHM-S at the GSB site for 1969-1984. Both the models are found to be 437 

capable in multiyear simulations but the large discrepancies between the simulated and the 438 

observations for both the models are observed at this site.  The correlation coefficient for 439 

WEB-DHM and WEB-DHM-S in 15 year simulation is found to be 0.68 and 0.78 440 

respectively. The comparison of the SWE and snow density are excluded in this study as the 441 

snow course measurements are made in a sparsely wooded area 4 km away from the snow 442 

depth measurement site. The overestimation of snow depth is not well understood. However 443 

this site is affected by blowing snow condition but Gordon et al. (2006) shows that the results 444 

are not much improved by incorporating the blowing snow physics in CLASS model.  445 

The results for the snow density as shown in Fig. 2 reveal that WEB-DHM-S is able to 446 

capture the trend of the seasonal variation in the snow density. At the CDP site in 1996-97, 447 

the snow density is well simulated throughout the snow season whereas in 1997-98, the 448 

density is overestimated in the mid-season during mid February owing to the overestimation 449 

of snowmelt. At the end of the melting season, the observed snow density has increased to 450 

450 kgm
–3

 but the model fails to simulate this event owing to underestimation of the SWE 451 

during this period. The model output shows similar characteristics at the WFJ site. For SLR 452 

site, the snow density is overestimated throughout the snow period due to the overestimation 453 
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of the snow depth and the SWE. In general, WEB-DHM-S is found to simulate the variability 454 

in the snow depth, SWE and snow density more accurately than WEB-DHM. 455 

4.2 Snow surface temperature 456 

Snow surface temperature is an important parameter of the land surface energy balance as it 457 

plays a vital role in the estimation of exchanges of moisture and heat fluxes between the snow 458 

surface and atmosphere. The simulation results and the observations of the snow surface 459 

temperature are shown in Fig. 4a, 4b and 4c for CDP (1996-97), CDP (1997-98) and WFJ 460 

(1992-93) sites respectively. The results indicate that the simulation performance of WEB-461 

DHM-S is significantly better as compared to that of WEB-DHM. WEB-DHM has large 462 

RMSE and BIAS because the snow surface temperature is calculated as the averaged 463 

temperature for a single bulk layer of snow mass, and thus, the nighttime surface temperature 464 

is overestimated.  465 

It is found that the RMSE considerably reduce to 2.72 (1996-97) and 2.07 (1997-98)  for 466 

WEB-DHM-S compared with the RMSE of 3.68 (1996-97)  and 3.22 (1997-98)  for WEB-467 

DHM at the CDP site (see Table 3). At the WFJ site, the RMSE for WEB-DHM and WEB-468 

DHM-S are 5.70 and 3.10. The observed snow surface temperature is available up to 3 May 469 

1993 only whereas continuous snow cover exists till 30 June 1993. The statistical values of 470 

BIAS and RMSE for WEB-DHM at the WFJ site will increase if we analyze the results for 471 

the whole snowy period because snow melts out too early in the simulation of WEB-DHM. 472 

The results show that WEB-DHM-S still has some cold bias during the night at the CDP site 473 

while the model has warm bias during the day and night at the WFJ site (see Fig. 4a, 4b, 4c). 474 

The warm bias is due to the underestimation of snow albedo whereas the cold bias is 475 

associated with the deficiency in Monin-Obukhov similarity theory to calculate the turbulent 476 

fluxes in a highly stable condition and the uncertainty in the roughness length of the snow 477 

surface. However, the simulations can be improved by the inclusion of windless coefficient as 478 

discussed in Brown et al. (2006). 479 

4.3 Snow albedo 480 

The snow albedo observed at the WFJ site is used in the model evaluation. There are also 481 

snow albedo observations for the CDP site but they are not used in this study as the CDP 482 

albedo is underestimated owing to partial obstruction of the sensor’s field of view (Etchevers 483 
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et al., 2004). Fresh snow albedo in the VIS band is calibrated with a factor of 0.95 for the 484 

WFJ site and 0.87 for the CDP site. Figure 5 compares the observed daily mean albedo and 485 

the simulation results of WEB-DHM and WEB-DHM-S. The simulation results show that 486 

WEB-DHM-S is able to capture the seasonal evolution of snow albedo; however, there is a 487 

strong bias of 0.1 to 0.15 during the accumulation period, and thus, the results obtained are 488 

identical to those obtained using the CLASS model and those available through SnowMIP 489 

(Essery and Etchevers, 2004; Etchevers et al., 2004; Brown et al., 2006). The main reason 490 

behind this bias is that the observed albedo for new snow is around 0.95 whereas the 491 

simulated maximum albedo is 0.84.  492 

4.4 Snowmelt runoff 493 

Figure 6 compares the observed snowmelt runoff and simulation results of WEB-DHM and 494 

WEB-DHM-S at the CDP and WFJ sites. Although the snowmelt runoff measurements for the 495 

CDP site are available for the whole simulation period, the runoff comparison is made for the 496 

snow season only. The total snowmelt is computed as the sum of melt in each layer which 497 

contributes to the surface runoff and infiltration to the soil surface. The timing and total 498 

amount of snowmelt runoff is better simulated by WEB-DHM-S than by WEB-DHM. At the 499 

CDP site, WEB-DHM-S is found to capture the snowmelt runoff during the accumulation 500 

season, mid-ablation season and final melting season. Although the WEB-DHM results also 501 

show similar runoff behavior, they include biases during the accumulation season and final 502 

melting season. The runoff is greatly underestimated during the accumulation season of both 503 

years and is overestimated during middle of March in 1996-97 and from the beginning to the 504 

middle of April owing to early melt in 1997-98. 505 

 At the WFJ site, the observations of snowmelt runoff are available only for a short period (27 506 

April to 7 July 1993) and the simulation results of WEB-DHM-S have far better agreement 507 

with the observed runoff pattern than the simulation results of WEB-DHM. A large amount of 508 

snowmelt runoff is simulated by WEB-DHM during early April to early May owing to the 509 

early melting in the case of WEB-DHM. A substantial improvement in snowmelt runoff 510 

simulation is achieved at both sites by WEB-DHM-S with less RMSE and BIAS (see Table 511 

3). 512 
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4.5 Sensitivity test for incremental process representation 513 

Different sets of simulations are carried out (see Table 5) for two seasons at the CDP site and 514 

one season at the WFJ site (see Fig. 7). WEB-DHM is taken as the control run (CTRL).  515 

Simulation results with realistic albedo value, CTRL_A (VIS is 0.85 and NIR is 0.65) as 516 

shown in Fig. 7 unveil that the accumulation season is improved but it fails to simulate the 517 

melting season due to the overestimation of albedo at the CDP site. The snow season is 518 

overpredicted by 35 days in 1996-97 and 17 days in 1997-98. At the WFJ site, it fails to 519 

simulate the accumulation season whereas the melting season is well simulated. This result 520 

shows that the realistic albedo parameterization without its decay function is not able to 521 

improve the simulation capability at all. The inclusion of BATS albedo scheme into WEB-522 

DHM (CTRL_B) is able to improve the performance of WEB-DHM in simulating the SWE at 523 

both the CDP and WFJ sites but snow depth is still simulated worse due to the lack of 524 

prognostic simulation of snow density. Albedo is simulated well by employing CTRL_B at 525 

WFJ site. Although the snow cover duration is simulated well, the total amount and timing of 526 

the snowmelt runoff has large bias in both years as compared to the observations in CTRL_B 527 

simulation (see Fig. 8). This indicates that the single layer snow model alone is not enough to 528 

simulate the overall process well.  529 

Further sensitivity test is carried out by including 3 layer snow scheme to WEB-DHM 530 

(CTRL_C) with its original albedo scheme. This test shows that the simulation results at the 531 

CDP site are improved in 1996-97 but are worse in the melting season of 1997-98 as 532 

compared to the results of CTRL_B due to the rapid decrease of the albedo at the end of the 533 

melting season. At the WFJ site, the accumulation season is well simulated but the snow is 534 

melted too early as in CTRL simulation due to low albedo value. This implies that both, the 3 535 

layer snow physics and the new albedo scheme are critically important in simulating the 536 

overall process well. The simulations results for the inclusion of 3 layer snow scheme with 537 

realistic albedo into WEB-DHM (CTRL_D) show that the performance are the worst in both 538 

sites. At the end, WEB-DHM-S (NEW in Table 5 and Fig. 7) incorporates both 3 layer snow 539 

scheme and BATS prognostic albedo scheme for accurate simulation of overall snow 540 

processes.  541 
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4.6 Effect of canopy on snow processes 542 

Hitsujigaoka forest site of SnowMIP2 is selected to study the effect of canopy on snow 543 

processes. Only WEB-DHM-S is used for simulation as snow parameterization for canopy is 544 

kept the same as that in WEB-DHM. The model is run blindly using its default parameters for 545 

the needleleaf-evergreen trees as given in SiB2. The zero plane displacement height (0.63h) 546 

and roughness length for canopy (0.13h) is taken from Suzuki et al. (2008) where h is the 547 

vegetation height (7m). The default maximum canopy snow storage (Satcap1) is 0.3 mm 548 

water equivalent which is derived from LAI (Sellers et al., 1996).  549 

Only snow depth measurements are available for model evaluation and the observed snow 550 

depth is given as the averaged values of 28 stake measurements in this forested area. Initially, 551 

the model is run for Satcap1 value as 0.3 mm. The seasonal evolution of snow depth under the 552 

canopy is not captured well as compared to the observed values (see Fig. 9). The snow depth 553 

is overestimated in whole January, basically due to assigning the low value of the canopy 554 

snow storage as Suzuki and Nakai (2008) found the maximum daily canopy snow storage as 555 

6.9 mm in this area. Hence the model is re-simulated by increasing the Satcap1 to 3 mm and 6 556 

mm to see the impact of canopy interception over the snow processes beneath the canopy. The 557 

increase in Satcap1 drastically reduces the snow depth under the canopy as shown in Fig. 9. 558 

The snow depth in accumulation season (mainly in January) is improved while assigning 559 

Satcap1 as 6 mm water equivalent but is underestimated in March through the mid of April. 560 

The RMSE value is increased from 0.093 to 0.108 and 0.124 while changing the storage from 561 

0.3mm to 3mm and 6 mm, i.e. the performance of the model is getting worse. The evaporation 562 

from canopy snow is found 8.3%, 19.2% and 25.2% of the total precipitation for Satcap1 563 

values 0.3 mm, 3 mm and 6 mm respectively. We kept Satcap1 value to 6 mm to see the 564 

effect of vegetation coverage in snow depth simulation and is found that the snow depth 565 

increases with decreasing vegetation cover (see Fig. 10). It is obvious that decrease in 566 

vegetation coverage causes less interception by canopy and more snow falls to the ground 567 

surface and hence snow albedo beneath the canopy also increases. But this may not follow at 568 

every site and more sites should be validated beforehand to draw solid conclusions. Currently, 569 

the model did not include mass releases from the canopy due to melt drip and drop of the 570 

snow due to the strong winds and bending of branches which may enhance the poor 571 

performance of the model.  572 
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In the mean time, we simulated the snow depth at the open site with meteorological data 573 

obtained at NAHRC but with the radiation measurements of the forest site. The observed 574 

snow depth has low peaks at the forest site as compared to that at the open site due to the 575 

effect of the canopy interception (see Fig. 11) but this prevail only up to the end of mid season 576 

ablation (early March). After then, the variability of the snow depth at these two sites is quite 577 

different. Snow is melted too early at the open site as compared to the forest site. The quite 578 

contrast may be due to the variability in the precipitation amount and its phase. The simulated 579 

result shows that the snow depth at the open site is highly overestimated after early March and 580 

thus the snow cover days are overpredicted 15 days more than the observed one. The model 581 

also fails to capture the maximum snow depth. The reason for these biases are unclear, may be 582 

due to the problem with the forcing data, especially the radiation measurements which were 583 

used from the forest site.  584 

 585 

5 Conclusions 586 

This study has presented the improvements in the snow physics of WEB-DHM by 587 

incorporating a three-layer physically based energy balance snowmelt model of SSiB3 and the 588 

BATS albedo scheme. WEB-DHM with improved snow physics is termed WEB-DHM-S. 589 

The three-layer snow model in WEB-DHM-S adds more features to the original WEB-DHM 590 

to simulate the snow processes more accurately. The snow processes include the variability of 591 

snow density, snow depth and SWE, liquid water and ice content in each layer, prognostic 592 

snow albedo, diurnal variation in the snow surface temperature, thermal heat due to 593 

conduction and liquid water retention. 594 

Datasets from four open sites (CDP, WFJ, SLR and GSB) of SnowMIP1 and one open/forest 595 

site (HSG) of SnowMIP2 were used for model evaluation. The simulation results of snow 596 

depth, SWE, surface temperature and snowmelt runoff revealed that WEB-DHM-S is capable 597 

of simulating the internal snow process more accurately than the original WEB-DHM. Snow 598 

albedo is better parameterized in WEB-DHM-S than in WEB-DHM. Although WEB-DHM-S 599 

is capable of capturing an albedo trend similar to that observed, it still has a strong bias of 0.1 600 

to 0.15 in the albedo value during the accumulation period and hence needs the improvements 601 

of the albedo scheme to account for the effect of snow type and dynamic evolution of grain 602 

size. Different sensitivity tests are conducted to understand the effect of incremental process 603 

representations in the model. It is found that both the schemes (the 3-layer snow scheme and 604 
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the BATS albedo scheme) are critically important for improving the WEB-DHM. The canopy 605 

effect on snow processes is studied at Hitsujigaoka site of SnowMIP2 showing snow holding 606 

capacity of canopy plays a vital role in simulating the snow depth on ground. More forest sites 607 

will be evaluated in future studies for more detailed understanding of the forest snow 608 

processes. Through these point evaluations and sensitivity studies, the WEB-DHM-S has 609 

demonstrated the potential to address basin-scale snow processes (e.g., the snowmelt runoff), 610 

since it inherits the distributed hydrological framework from the WEB-DHM (e.g., the slope-611 

driven runoff generation with a grid-hillslope scheme, and the flow routing in the river 612 

network). In next studies, the WEB-DHM-S can be further coupled with a frozen soil scheme 613 

(e.g., Wang et al., 2010) and a glacier model to improve the integrated water resources 614 

management in cold and high elevated river basins. 615 
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Table 1. Major differences of snow processes in WEB-DHM and WEB-DHM-S 

Description WEB-DHM WEB-DHM-S 

Snow layer Single bulk layer Three snow layers 

Snow density Set as constant (200 kgm
-3

) Prognostic snow density 

Snow depth 5 times snow water equivalent Prognostic snow depth 

Snow thermal conductivity Same as that of soil Depends upon snow density 

Shortwave radiation Not transmitted to snow Transmitted into snow layers 

Snow water/ice content Not calculated Calculated 

Surface energy fluxes Applied to whole bulk layer Applied to only top layer. 

Snow albedo Set as constant but decreases 

while melting empirically 

Prognostic snow albedo 

considering ageing effect and 

dependence on solar zenith 

angle 

Snow surface temperature Snow and ground surface have 

same temperature.  Snow 

surface temperature is the 

average temperature of bulk 

snow layer 

Snow surface temperature and 

ground surface temperature 

are different 

Ground surface temperature Force restore method of 

Deardorff (1978) – single layer 

Heat conduction between 

bottom snow layer and soil 

surface is included 

Snow cover fraction Linear function of snow depth Asymptotic function of snow 

depth and snow density 
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Table 2. Meteorological characteristics of study sites 

Description 
Elevation 

(m) 

Simulation 

period 

Mean air 

pressure 

(hPa) 

Mean air 

temperature 

(K) 

Mean 

wind 

speed 

(ms-1) 

Mean 

relative 

humidity 

(%) 

Mean 

daily 

DSR 

(Wm-2) 

Mean 

daily 

DLR 

(Wm-2) 

Total 

snowfall 

(mm) 

Total 

rainfall 

(mm) 

Col de Porte 

(CDP) 
1340 

1996/10/6 to 
1997/6/10 

1997/10/8 to 

1998/6/20 

840 

276.89 

 

276.65 

0.52 

 

0.76 

80 

 

80 

215.87 

 

209.83 

293.10 

 

291.10 

559.12 

 

770 

564.82 

 

604 

Weissfluhjoch 

(WFJ) 
2540 

1992/8/1 to 

1993/7/31 
748 272.25 2 69 305.97 257.66 1213.3 406.9 

Goose Bay 
(GSB) 

46 
1969/8/1 to 
1984/7/31 

1005 272.82 3.04 70.95 216.28 268.24 433.89* 214.33* 

Sleepers 
River (SLR) 

552 
1996/11/1 to 

1997/5/10 
948 268.62 0.91 76 198.73 280.81 428.14 275.01 

Hitsujigaoka 

Forest (HSG) 
182 

1997/12/1 to 

1998/4/30 
990 272.13 1.59 73.46 229.25 252.15 

Same as 

open 

Same as 

open 
Hitsujigaoka 
Open (HSG) 

182 
1997/12/1 to 

1998/4/30 
990 271.88 3.33 75.57 

Same as 
forest 

Same as 
forest 

189 33 

*averagae of 15 years 
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Table 3. BIAS and RMSE for SnowMIP1 sites  

 
Snow depth 

(m) 
SWE (m) 

Snow density 

(kgm-3) 
Snow albedo 

Snow surface 

temperature 

(K) 

Snowmelt 

runoff (mm) 

Site 
WEB-

DHM 

WEB-

DHM-S 

WEB-

DHM 

WEB-

DHM-S 

WEB-

DHM 

WEB-

DHM-S 

WEB-

DHM 

WEB-

DHM-S 

WEB-

DHM 

WEB-

DHM-S 

WEB-

DHM 

WEB-

DHM-S 

BIAS(CDP-9697) 
RMSE(CDP-9697) 
BIAS(CDP-9798) 
RMSE(CDP-9798) 
BIAS(WFJ-9293) 
RMSE(WFJ-9293) 
BIAS(GSB-6984) 

RMSE(GSB-6984) 
BIAS(SLR-9697) 
RMSE(SLR-9697) 

0.268 
0.277 
0.278 
0.139 
-0.087 
0.61 
0.536 

0.475 
0.327 
0.370 

0.08 
0.072 
0.022 
0.072 
-0.128 
0.188 
0.225 

0.394 
0.139 
0.185 

-0.054 
0.064 
-0.029 
0.079 
-0.257 
0.32 
--- 

--- 
0.059 
0.065 

-0.024 
0.037 
-0.008 
0.035 
-0.032 
0.064 

--- 

--- 
0.091 
0.098 

-193 
203 
-135 
150 
-151 
171 
--- 

--- 
-130 
144 

-30 
56 
2 
48 
12 
37 
--- 

--- 
-84 
91 

--- 
--- 
--- 
--- 

-0.307 
0.38 
--- 

--- 
--- 
--- 

--- 
--- 
--- 
--- 

0.04 
0.17 
--- 

--- 
--- 
--- 

1.34 
3.68 
1.38 
3.22 
4.136 
5.7 
--- 

--- 
--- 
--- 

-0.035 
2.72 

-0.223 
2.07 
0.76 
3.1 
--- 

--- 
--- 
--- 

-1.165 
6.154 
-1.512 
9.178 
-8.475 
21.33 

--- 

--- 
--- 
--- 

-0.327 
3.464 
-0.276 
4.76 

-0.812 
8.52 
--- 

--- 
--- 
--- 
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Table 4. BIAS in simulating the first, maximum, minimum in mid season, one prior to the last 

and last SWE observations at the CDP, WFJ and SLR sites 

 First Maximum 
Minimum in mid 

season 

One prior to the 

last 
Last 

Site 
WEB-

DHM 

WEB-

DHM-S 

WEB-

DHM 

WEB-

DHM-S 

WEB-

DHM 

WEB-

DHM-S 

WEB-

DHM 

WEB-

DHM-S 

WEB-

DHM 

WEB-

DHM-S 

CDP-9697 

CDP-9798 
WFJ-9293 
SLR-9697 

-0.006 

-0.003 
-0.078 
0.034 

0.017 

-0.011 
-0.023 
0.019 

-0.069 

-0.007 
-0.325 
0.068 

0.023 

-0.003 
0.024 
0.126 

-0.0579 

-0.0575 
-0.116 
0.078 

0.036 

-0.003 
0.024 
0.082 

-0.149 

-0.163 
-0.296 
-0.006 

-0.049 

-0.056 
-0.063 
0.163 

0 

0 
0 

0.001 

0.007 

0.035 
0.029 
0.099 
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Table 5. Different sets of simulation 

Simulation Details Run name 

WEB-DHM (Control run) 

WEB-DHM + realistic albedo (VIS-0.85;NIR-0.65) 

WEB-DHM + BATS albedo scheme 

WEB-DHM + 3 layer snow scheme 

WEB-DHM + 3 layer snow scheme + realistic albedo 

WEB-DHM + 3 layer snow scheme + BATS albedo scheme = WEB-DHM-S 

CTRL 

CTRL_A 

CTRL_B 

CTRL_C 

CTRL_D 

NEW 
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Figure Captions: 

Fig. 1.  The soil model coupled with a three-layer snow model as described in WEB-DHM-S.  

Fig. 2. Comparison of the observed and simulated snow depth, SWE and density at the a) 

CDP (1996-97), b) CDP (1997-98), c) WFJ (1992-93) and d) SLR (1996-97) sites.  

Fig. 3. Comparison of the observed and simulated mean daily snow depth at the GSB (1969-

84) site.  

Fig. 4 (a). Comparison of the observed and the simulated hourly snow surface temperature 

along with its scatterplots at the CDP site from 11 November 1996 to April 3 1997 for 1996-

97. 

Fig. 4 (b). Same as in Fig. 4(b) at the CDP site from 3 December 1997 to 5 May 1998 for 

1997-98.  

Fig. 4 (c). Same as in  Fig. 4(a) at the WFJ site from 28 October 1992 to 3 May 1993 for 

1992-93. 

Fig. 5. Comparison of the simulated daily snow albedo with the observed values at the WFJ 

site from 1 August 1992 to 31 July 1993. 

Fig. 6. Comparison of the simulated daily totals of snowmelt runoff with the available 

observed values at the a) CDP (1996-97), b) CDP (1997-98) and c) WFJ (1992-93) sites. 

Fig. 7. Fig. 7. Comparison of the observed and simulated snow depth, SWE and albedo at the 

a) CDP (1996-97), b) CDP (1997-98) and c) WFJ (1992-93) for different set of simulations as 

shown in Table 5. 

Fig. 8. Comparison of the observed and simulated snowmelt runoff at the a) CDP (1996-97), 

b) CDP (1997-98) and c) WFJ (1992-93) for different set of simulations as shown in Table 5. 

Fig. 9. Comparison of the observed and the simulated snow depth for different maximum 

canopy snow storage (Satcap1) at the Hitsujigaoka (HSG) forest site using WEB-DHM-S. 

Fig. 10. Sensitivity to vegetation cover (vcover) in simulating the snow depth at the  

Hitsujigaoka (HSG) forest site using WEB-DHM-S. 

Fig. 11. Comparison of the observed snow depth (Open and Forest site) and the simulated 

snow depth at the open site of Hitsujigaoka (HSG) using WEB-DHM-S. 
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Fig. 1.  The soil model coupled with a three-layer snow model as described in WEB-DHM-S.  
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                          a) CDP (1996-97)                                         b) CDP (1997-98)                                            c) WFJ (1992-93)                                              d) SLR (1996-97) 
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Fig. 2. Comparison of the observed and simulated snow depth, SWE and density at the a) 

CDP (1996-97), b) CDP (1997-98), c) WFJ (1992-93) and d) SLR (1996-97) sites. 
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GSB (1969-84)
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Fig. 3. Comparison of the observed and simulated mean daily snow depth at the GSB (1969-

84) site.  
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                        a) Snow surface temperature at CDP (1996-97)                
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Fig. 4 (a). Comparison of the observed and the simulated hourly snow surface temperature 

along with its scatterplots at the CDP site from 11 November 1996 to April 3 1997 for 1996-

97. 
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                        b) Snow surface temperature at CDP (1997-98)          
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Fig. 4 (b). Same as in Fig. 4(b) at the CDP site from 3 December 1997 to 5 May 1998 for 

1997-98.  
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                        c) Snow surface temperature at WFJ (1992-93)       
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Fig. 4 (c). Same as in  Fig. 4(a) at the WFJ site from 28 October 1992 to 3 May 1993 for 

1992-93.  
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WFJ (1992-1993)
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Fig. 5. Comparison of the simulated daily snow albedo with the observed values at the WFJ 

site from 1 August 1992 to 31 July 1993. 
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a) CDP (1996-1997)
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b) CDP (1997-1998)
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c) WFJ (1992-1993)
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Fig. 6. Comparison of the simulated daily totals of snowmelt runoff with the available 

observed values at the a) CDP (1996-97), b) CDP (1997-98) and c) WFJ (1992-93) sites. 
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                            a) CDP (1996-97)                                               b) CDP (1997-98)                                         c) WFJ(1992-93) 
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Fig. 7. Comparison of the observed and simulated snow depth, SWE and albedo at the a) CDP 

(1996-97), b) CDP (1997-98) and c) WFJ (1992-93) for different set of simulations as shown 

in Table 5. 
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a) CDP (1996-1997)
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b) CDP (1997-1998)
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Fig. 8. Comparison of the observed and simulated snowmelt runoff at the a) CDP (1996-97), 

b) CDP (1997-98) and c) WFJ (1992-93) for different set of simulations as shown in Table 5. 
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Fig. 9. Comparison of the observed and the simulated snow depth for different maximum 

canopy snow storage (Satcap1) at the Hitsujigaoka (HSG) forest site using WEB-DHM-S. 
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Fig. 10. Sensitivity to vegetation cover (vcover) in simulating the snow depth at the 

Hitsujigaoka (HSG) forest site using WEB-DHM-S. 
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Fig. 11. Comparison of the observed snow depth (Open and Forest site) and the simulated 

snow depth at the open site of Hitsujigaoka (HSG) using WEB-DHM-S. 

 


