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Abstract

The snow physics of a distributed biosphere hydrological model, referred to as the
Water and Energy Budget based Distributed Hydrological Model (WEB-DHM) is im-
proved by incorporating the three-layer physically based energy balance snowmelt
model of Simplified Simple Biosphere 3 (SSiB3) and the Biosphere-Atmosphere Trans-
fer Scheme (BATS) albedo scheme. WEB-DHM with improved snow physics (WEB-
DHM-S) can simulate the variability of snow density, snow depth and snow water
equivalent, liquid water and ice content in each layer, prognostic snow albedo, diur-
nal variation in snow surface temperature, thermal heat due to conduction and liquid
water retention. The performance of WEB-DHM-S is evaluated at two alpine sites of the
Snow Model Intercomparison Project with different climate characteristics: Col de Porte
in France and Weissfluhjoch in Switzerland. The simulation results of the snow depth,
snow water equivalent, surface temperature, snow albedo and snowmelt runoff reveal
that WEB-DHM-S is capable of simulating the internal snow process better than the
original WEB-DHM, with the root mean square error and bias error being remarkably
reduced. Although WEB-DHM-S is only evaluated at a point scale for the simulation of
snow processes, this study provides a benchmark for the application of WEB-DHM-S in
cold regions in the assessment of the basin-scale snow water equivalent and seasonal
discharge simulation for water resources management.

1 Introduction

Seasonal snow cover is an important component of land surface hydrology and is crit-
ical for simulation of water and energy budgets in cold climate regions. Snow with
its high albedo, low roughness, relatively low thermal conductivity and considerable
spatial and temporal variability, can greatly alter energy and water interactions among
the atmosphere, vegetation and land. Snow has the ability to store and release water
within the hydrological cycle. The appearance of snow cover may lead to a temporal
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shift in the runoff during the spring snowmelt period and is a significant parameter from
the view of hydrological simulation.

To understand and represent the snow processes in land surface modeling, a large
number of approaches have been used in many land surface schemes in diversified
numerical expressions, ranging from simple degree-day models to physically based so-
phisticated multi-layer energy balance models. Many numerical studies have been car-
ried out to develop and validate snow submodels of different complexity in land surface
schemes of many climate and hydrological models (e.g., Verseghy, 1991; Bldschl et al.,
1991; Douville et al., 1995; Tarboton and Luce, 1996; Yang et al., 1997; Loth and Graf,
1998a,b; Marks et al., 1999; Jin et al., 1999a,b; Sun et al., 1999; Sud and Mocko, 1999;
Essery et. al., 1999; Smirnova et al., 2000; Mocko and Sud, 2001; Sun and Xue, 2001;
Xue et al., 2003; Yang and Niu, 2003; Dai et al., 2003; Zanotti et al., 2004; Sun and
Chern, 2005; Liston and Elder, 2006; Hirai et al., 2007). Several snow-scheme inter-
comparison studies have been undertaken to gain an improved understanding of snow
cover simulation in land surface schemes and to address issues related to the current
state of snow modeling used by the atmospheric and hydrologic research community
(e.g., the Project for the Intercomparison of Land-Surface Parameterization Schemes
(PILPS) — Phase 2d (Slater et al., 2001) and Phase 2e (Bowling et al., 2003), the
Snow Model Intercomparision Project (SnowMIP) — Phase 1 (Etchevers et al., 2004)
and Phase 2 (Rutter et al., 2009; Essery et al., 2009) and the Rhéne-Aggregation Land
Surface Scheme Intercomparison Project (Boone et al., 2004)). Many studies showed
that the performances of simple snow models are good in snow accumulation simula-
tions but these models cannot capture the real snow physics to represent diurnal freeze
and thaw cycles, resulting in errors in the simulation of snow surface temperature and
snow melting in terms of timing and the total amount (Lynch-Stieglitz, 1994; Sun et al.,
1999, Jin et al., 1999b; Slater et al., 2001; Luo et al., 2003; Xue et al., 2003), raising
the importance of the development and application of multilayer energy-balance-based
snow models.
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Although snow parameterization was carried out employing multilayer energy-
balance-based snow models in many land surface schemes, no such model has been
employed in distributed biosphere hydrological models for snow process simulations.
Water and Energy Budget based Distributed Hydrological Model (WEB-DHM; Wang
et al., 2009a, b, c) is a distributed biosphere hydrological model, developed by fully
coupling Simple Biosphere 2 (SiB2; Sellers et al., 1996) with a Geomorphology Based
Hydrological Model (GBHM; Yang et al., 2002, 2004). It can realistically simulate the
land surface and hydrological processes and provide consistent descriptions of water,
energy and CO, fluxes at a basin scale. This study attempts to improve the simple
snow physics of WEB-DHM by adopting many ideas derived from the studies of differ-
ent snow models and by incorporating the three-layer snow physics of Simplified Simple
Biosphere 3 (SSiB3; Sun and Xue, 2001; Xue et al., 2003). SSiB3 was developed by
coupling SSiB (Xue et al., 1991) with a three-layer version of the Simple Atmosphere-
Snow Transfer (SAST; Sun et al., 1999) and has been successfully applied to simulate
snow processes in cold regions (Xue et al., 2003; Durand and Margulis, 2006; Walisher
et al., 2009).

This paper discusses the improvement in the snow physics of WEB-DHM and its
evaluation at a point scale using observational datasets from two alpine sites of the
SnowMIP project: Col de Porte in the French Alps and Weissfluhjoch in the Swiss
Alps. WEB-DHM with improved snow physics is hereafter termed WEB-DHM-S.

2 Model description

A short review of the snow processes in WEB-DHM is given in Sect. 2.1, while the snow
processes in WEB-DHM-S are discussed in detail in Sect. 2.2. Details of the hydro-
logical and land surface submodels of WEB-DHM can be found in Wang et al. (2009a)
and Sellers et al. (1996).
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2.1 Snow processes in WEB-DHM

In WEB-DHM, the parameterization of the snow submodel is the same as that for SiB2
(Sellers et al., 1996). A single-layer bulk snow mass balance is considered with con-
stant density (200 kg m_s), and the thermal regime of snow is not distinguished from
that of soil. Attenuation of downward shortwave radiation through the canopy is con-
sidered with multiple scattering between the canopy and snow/ground but attenuation
of radiation within the snow layer is ignored. Only the top 5 cm of the snow water equiv-
alent is considered for variation of the heat capacity of the surface skin, which affects
the surface energy balance in the case of a large snow mass. The snow surface tem-
perature is represented by the average snowpack temperature, which tends to result
in incorrect simulation of the surface energy budget, which in turn affects the overall
accumulation and melting processes. Moreover, it does not consider the prognostic
snow albedo. The dry snow albedo is given as a constant value of 0.8 for visible (VIS)
shortwave radiation and 0.4 for near infrared (NIR) shortwave radiation. For melting
snow, the snow albedo is simply set to 60% of the dry snow albedo.

2.2 Snow processes in WEB-DHM-S

In this section, the energy and mass budget equations along with snow parameter-
ization are presented in detail. In WEB-DHM-S, the snow parameterizations for the
canopy are kept the same as in WEB-DHM, but the single-layer snow scheme on the
ground is replaced by the SSiB3 snow scheme when the snow depth is greater than
5cm. Initially, the snowpack is divided into three layers that start with the same initial
snow temperatures. The top layer thickness is kept at a fixed depth of 2cm regard-
less of the total snow depth to provide reasonable simulation of the diurnal changes in
the snow surface temperature. The maximum thickness of the middle layer is kept at
20 cm, and the bottom layer represents the remaining body of the snowpack. A surface
energy balance equation is formulated only for the top layer, which is influenced by
the surface radiation budget and sensible and latent heat fluxes. The heat budget of
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the second and third layers is controlled by the heat conduction and the penetrating
shortwave radiation. Over time, these three layers evolve differently through their own
energy budgets and the heat exchanges between them.

Meanwhile, the mass budget for each layer is calculated accordingly by taking ac-
count of the precipitation, evaporation/condensation, compaction, liquid water reten-
tion, snowmelt runoff and infiltration into the underlying layers. When snow melts,
meltwater in a layer increases, thereby increasing the layer-average density and mass.
Any meltwater in a layer exceeding the liquid water holding capacity is delivered to the
underlying layer. Water leaving the bottom snow layer is available for partitioning into
soil water infiltration and/or surface runoff by the soil-vegetation-atmosphere transfer
(SVAT) system. This snow scheme can produce a variable density profile.

The snow-covered surface albedo scheme is parameterized using a physically
based prognostic snow albedo scheme of the Biosphere-Atmosphere Transfer Scheme
(BATS) model (Dickinson et al., 1993; Yang et al., 1997), and the snow cover fraction is
calculated using the formulations of Mocko and Sud (2001). Major differences between
the snow processes in WEB-DHM and WEB-DHM-S are presented in Table 1. The soil
model coupled with a three layer snow model in WEB-DHM-S is shown in Fig. 1.

2.2.1 Snow layer subdivision

The number of snow layers for this model is fixed at three, which is considered to be ad-
equate to resolve the snow thermal profile between the top and base of the snow cover
(Sun et al., 1999; Jin et al., 1999b; Sun and Xue, 2001; Boone and Etchevers, 2001).
When the total snow depth is more than 5cm, WEB-DHM-S will be adopted; otherwise
WEB-DHM will be employed for simulation. The method of layering the snowpack is
discussed here. When the snow depth is between 5 and 8 cm, the top and middle
layer thicknesses are fixed at 2cm and the thickness of the bottom layer is the total
snow depth minus the top and middle layer thickness. When the snow depth is be-
tween 8 and 62 cm, the top layer thickness is kept at 2 cm, the middle layer thickness is
33% of the total snow depth minus the surface layer thickness so that the middle layer
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thickness is limited to 20 cm, and the residual is taken as the bottom layer thickness.
When the snow depth is more than 62 cm, the surface and middle layer thickness are
fixed at 2 and 20 cm, respectively and the residual is taken as the bottom layer thick-
ness. This layering scheme can achieve reasonable simulations of diurnal changes in
surface temperature, heat conduction between snowpack layers and interaction of the
bottom snow layer with soil. The mass and energy is redistributed while dividing the
snow layers after execution of one time step of the model and this is followed by either
accumulation or melting.

2.2.2 Energy balance equations

The energy content of the snowpack is affected by the shortwave radiation penetration,
heat conduction between sublayers, ground heat fluxes, the flux of advection due to
precipitation, energy due to phase change and net radiation at the surface accompa-
nied by sensible and latent heat fluxes. Specific enthalpy is used as the prognostic
variable instead of snow temperature in the energy balance equation, which includes
the internal energy of liquid water or ice as well as the energy of the phase change.
It is assumed that liquid water at its melting point has zero enthalpy so that the phase
change processes can be tackled easily. The same approach was also employed by
Lynch-Stieglitz (1994), Tarboton and Luce (1996), Jin et al. (1999a), Sun et al. (1999)
and Sun and Xue (2001). The energy budget equation for the canopy is the same as
that in WEB-DHM. However, the canopy temperature is influenced by the snow surface
enthalpy. The energy budget equation for the canopy is

oT,

C.—
¢ ot

=Rpe—He—AE. = ¢, (1)

where C, (Jm'zK'1) is the effective heat capacity for the canopy, R,., H, and 1E,
(Wm'z) are net radiation, sensible heat flux and latent heat flux for the canopy, respec-
tively, and ¢, (Wm‘2) is the energy transfer due to phase changes in the canopy. The
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equation for enthalpy of each snow layer is
O0H(Z)) _ 0G,,(Z))
ot 8z

(@)

where H (Jm’S) is the volumetric enthalpy of water, Z; is the snow depth of layer j and
Gs, (Wm™2) is the heat flux through the snow layer. Hand G, are defined as

H(Z))=C\(Z)) x{Tsp(Z)) ~278.16} ~ fie(Z)) x h, x (), (3)
R H,-1E,,+G at snow surface(;=3
Gsn(Z)) = gsfgnz)sn sntGpr tef (J ') ’ 4)
K(Z)) +SW,,(Z)) within snow layers(;=2,1)

where Ry, (Wm™2), Hy, (Wm™2), AE;, (Wm™?), G,, (Wm™2), K (Wm™'K™"), T, (K)

and SW, (Wm'z) are net radiation, sensible heat, latent heat flux, thermal energy
from rain at the snow surface, thermal conductivity of snow, snow temperature and
shortwave radiation flux absorbed by the snow layer, respectively. £ is the dry-snow
mass fraction of the total mass in the snow layer, and A, (J kg‘1) is the latent heat of
fusion for ice. C, (Jm™2K™") is the mean snow volumetric specific heat capacity, pa-
rameterized as a function of the bulk density of snow (o,; kg m'3) and intrinsic density
of ice (p;; kg m'3) following Verseghy (1991):

CV=1.9x106p—f_ (5)
1

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

K = K+(775x1o ps+1.105x 107 )x(K K,), (6)

where K; (2.29 Wm’1K'1) and K, (0.023 Wm’1K‘1) are the thermal conductivities of
ice and air, respectively. The penetration of shortwave radiation flux into the snow
3488
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layers is accounted for in this model. Hence, the shortwave energy available for the
surface energy budget is completely different from that in WEB-DHM. The shortwave
radiation SW g, at the snow layer is defined following Jordan (1991):

SW s, % [1 —exp(=Pyis-Z; —0.002.8,;)] top layer
SWSH(ZJ) = SWnsn X [1 - eXp(—ﬁvis.Zj)] X eXp(—,Bvis.Zj+1 - OOOZﬁmr) middle Iayer B (7)
SW psn x exp(_ﬁViS'Zj+1) X eXp(_IBvis-Zj+2 —0.002.8;)  bottom layer

where SW ,o,=SWgpi05(1 — Q5).  SWpp (Wm™2) is the radiation incident on
the snow surface, a, is snow albedo and §,,; and G, are extinction coefficients;

Buis =0.003795d "/ 2ps(Z ;) and B,,;=400. The grain size diameter is represented by
d (m). The process of the calculations of R,,,, Hs, and 1E ;, is the same as for WEB-
DHM except that the snow surface temperature is used instead of the average bulk
snow temperature for the surface energy balance. Thermal energy from rain (G,,) can
be calculated as

Gpr =Py % Cpy % (Train —273.16) x I Fy, (8)

where IF (ms™') is the infiltrated flux rate of rain at the snow surface, Train (K) is the
temperature of rainfall, o, (kg m'3) and C, (J kg'1 K'1) are the density and specific
heat capacity of water. For simplicity, 7., is considered as air temperature. Ground
surface temperature (7,) and deep soil temperature (7,) are obtained by considering
conductive heat flux at the snow/soil interface and the force-restore model (Deardorff,
1978) of the heat balance in the soil surface.

orT, o1, (Z,) 2mC,(T,-T,)
C —g=—K zZ sn\<1 _ g\ g 9
957 (Z4) 37 % : 9)

aT, _ 2nCy(Ty-Ty)

C = (10)
9ot 7,4V/3651
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where C, and C, are the effective heat capacity (Jm‘2 K‘1) for the soil surface and
deep soil, 7, is the day length (s) and K(Z,) is the effective thermal conductivity at the
snow/soil interface.

The prognostic equations of snow surface enthalpy and canopy temperature are
solved simultaneously by calculating the temperature increments for the physics time
step using an implicit backward numerical scheme. The final equations for solving AT,
and ATy, (Z3) are represented as

C. O0R, ., 0H, 6,1E 91E, OR
[A_ff - arnc or, ]AT [ars,, Zo Yotz arsn(nés)] ATsn(ZS)]

=(Rpc—H, /1E

(11)

_OFnen BHS,, BAES,, c xz3 ORen OH,, 0AE,,
[ it AT, + ~ grn b g + K| AT, (Zs)

0Tn(Z3)
= Hnsn_Hsn ’lEsn +G eff x [ sn(ZS)_Tsn(Zz)] +

ZaxH(Zs)
At
_ CyxZ5x[Tn(Z5)- 27316] f’ A MIA (Zayxhy, xp,,

ice show

At At

(12)

where K (Wm'2 K'1) is the effective thermal conductivity of snow between the top
and the middle snow layer and My, (M) is the snow water equivalent (SWE). K is
defined as
2xK(Z3)xK(Z5)
N K(Za)x Zp +K(Zp) x Zg

(13)

2.2.3 Mass balance equations

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

balance for snow is represented by the change in liquid water and ice content in the

snowpack. The relative change in snow mass is controlled by snowfall/rainfall, com-

paction, snow melting, runoff, infiltration into the underlying snow layer/soil and evap-

oration/sublimation at the snow surface. Neglecting the effect of water vapor diffusion
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and its phase change to mass distribution, the mass balance equations for the snow
layer are

Msnow,j {Ps +IFy~1F;-R; - E, top layer(j=3) (14)

ot \/Fju—-IF-R; otherlayers(j=2,1)"’

where Mg, ;(M) corresponds to the SWE at snow layer j, Ps (ms™') is the rate of
snowfall, IF; (ms'1) is the actual liquid water infiltration flux at the interfaces, R; (ms’1)
is runoff from the lower interface and E;, (ms"1) is the combined evaporation and
sublimation rate. Infiltration of liquid water into the underlying layers is controlled by the

liquid water holding capacity and porosity of the snowpack. The liquid water holding
capacity (C,) is taken as a function of the snow layer density following Anderson (1976):

Crmi ViZV
C. = rmin -y / e ) 15
r { Crmin + (Crmax - Crmin) Veer Vi< Ve ( )

where C, i, = 0.03, C,nax = 0.1, y,=200kg m~2 and v, (kg m~2) is bulk density of ice.
The bulk density of ice for new snowfall is calculated following the formulation used in
the CROCUS snow model (Brun et al., 1989, 1992):

y; = max{ [109+6 x (T — 273.16) + 26 x ,/um] , 50}, (16)
where T, is the air temperature (K) and v, is the wind speed (ms‘1).
2.2.4 Snow compaction

Three snow compaction processes, namely destructive metamorphism, densification
due to snow overburden and compaction due to snow melting, are included. The com-
paction process is critically important for the evolution of density and snow depth. The
snow depth is decreased by the compaction and is increased by snowfall. These three
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components of snow compaction are parameterized following Anderson (1976). The
empirical equation for destructive metamorphism is

1 04z =-2.778x107° x C3 x C, x exp[-0.04 x (273.16 = T,)]

Az "8t Imetamorphism —

_ J exp[-0.046 x (y; —150)] y; > 150

Cs 1 y; <150 : (17)
_ 1 y/=0
04_{2 Y, >0

where y; (kg m'3) and y, (kg m'3) are bulk densities of ice and liquid water and Cy
and C, are empirical constants. After snow has undergone its initial settling stage,
densification due to overburden proceeds at a slower rate. This compaction rate is a
function of snow overburden pressure W, (Nsm'z), such that

[ 1 aAz 3 steXp [—C5X(27316—Tsn)—06 Xpl]

-— ) 18
Az Ot (18)

overburden Mo

where 1, (3.6><106 Nsm‘z) is the viscosity -coefficient, C5=0.08 K™ and
C=0.023 m>kg™'. The decrease in thickness of the snow sublayer due to melt-
ing is estimated as

1 0Az _dh;

Az Ot |pen  H
where h;is the dry-snow mass in a unit depth and dh; is the dry-snow mass that melts
in the unit depth. Hence, total compaction over one time step is given by

1 0Az 1 0Az 1 0Az 1 0Az

—_— =|——— + | —— + | —— . (20)

Az ot total Az ot metamorphism Az ot overburden Az ot melt

The rate of change in snow density caused by snow compaction is given by

op 1 0Az
—s=—,os —— . (21)
ot Az Ot |iota

(19)
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2.2.5 Snow albedo

The snow albedo is parameterized using a physically based prognostic snow albedo
scheme of the BATS model (Dickinson et al., 1993; Yang et al., 1997). The albedo is
computed for VIS and NIR spectral bands with adjustments for illumination angle and
snow age. The total snow albedo (@) is the weighted average of VIS and NIR albedos,
which depends on the spectral ratio of the incident shortwave radiation. VIS and NIR
albedos (a,;s , a,,) are defined as

Quis = Ayg +0.4xFen x (1-0ayq)
Qpir = Anirg + 0.4 X F6n X (1 = Apirg)
Qyg = Qyigo X (1-0.2x fage)

Qnird = Oirg X (1-0.5x fage)

(22)

where a,, and a4 are the albedos of the diffused shortwave radiation in the VIS and
NIR bands, respectively, a,o (0.95) and a,;,, (0.65) represent fresh-snow albedos
for the VIS and NIR bands, f,g, is the correction term for a solar zenith angle larger
than 60° and fage is the snow aging factor accounting for the effect of grain growth due
to vapor diffusion and the effect of dirt and soot. The snow albedo parameterization
is very sensitive to a0 and a,;,o. These fresh-snow albedos can be parameterized
depending upon the snow type and characteristics of the site. Details of f,,, and f,4e
can be found in Dickinson et al. (1993); Yang et al. (1997).

3 Dataset

Two SnowMIP alpine sites, namely Col de Porte (CDP) in the French Alps and Weiss-
fluhjoch (WFJ) in the Swiss Alps, are selected to evaluate the veracity of WEB-DHM-S
in two different climates. Details about data and site characteristics are discussed here
and a summary is given in Table 2.
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3.1 Col de Porte

CDP is a mid-range elevation site at 1340 ma.m.s.l., located in the northern French
Alps (45.3°N, 5.77° E) and managed by Météo-France. The site is characterized by
flat topography with loamy soil covered with short grass. The soil generally does not
freeze. Meteorological and snow-related data for the two snow seasons of 1996—97
and 1997-98 are available through SnowMIP but only data for 1997-98 are used in this
study. Figure 2a shows the selected meteorological dataset for 1997—98. Continuous
snow cover is recorded from the end of November to early May. Winter air temperatures
are not particularly low and rainfall can occur at anytime during the snow season. The
site is not windy and is relatively humid. Meteorological forcing data comprise hourly
measurements of air temperature, relative humidity, wind speed, precipitation amount,
the snow/rain index and downward shortwave and longwave radiation. Evaluation data
comprise hourly observations of snow surface temperature from a downward-looking
radiometer, hourly observations of snow depth from an ultrasonic sensor supported by
weekly snow course observations of the SWE and snow depth, and the daily total of
bottom runoff from a 5m? lysimeter protected from lateral flow. The vegetation cover-
age parameter is set to zero for simulation following Douville et al. (1995). Data from
this site have been used to evaluate many SVAT snow schemes (e.g., Brun et al., 1992;
Douville et al., 1995; Loth and Graf 1998a; Sun et al., 1999; Essery et al., 1999; Sun
and Xue, 2001; Boone and Etchevers, 2001; Strasser et al., 2002; Xue et al., 2003;
Essery and Etchevers, 2004; Brown et al., 2006; Li et al., 2009).

3.2 Weissfluhjoch

The WFJ site is a high-elevation site at 2540 ma.m.s.l. with flat topography, located
in the eastern Swiss Alps (46.83° N, 9.81° E) and managed by the Swiss Federal In-
stitute for Snow and Avalanche Research. Meteorological and snow-related data for
1992-93 are available through SnowMIP. Figure 2b shows the selected meteorological
dataset for 1992—-93. The site meteorology is characterized by a cold and dry winter
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with a longer period of snow cover than is the case for CDP. The average air temper-
ature during the period of continuous snow cover is —2.9°C. Rainfall does not occur
from mid-October to mid-May. Snow continuously accumulates from mid-October until
mid-April and then melts through May and June owing to strong solar radiation and
temperatures above the melting temperature. Although this site is windier than CDP,
drifting and blowing effects are weaker (Essery and Etchevers, 2004; Brown et al.,
2006). Meteorological forcing data comprise hourly measurements of air temperature,
relative humidity, wind speed, precipitation amount, the snow/rain index and down-
ward shortwave and longwave radiation (see Fig. 2b). Evaluation data comprise hourly
observations of snow surface temperature from an infrared thermometer, hourly obser-
vations of snow depth from an ultrasonic sensor supported by weekly and sometimes
biweekly snow pit observations of the SWE and snow depth, daily snow albedo and
daily snowmelt runoff. The vegetation coverage parameter is set to zero for simula-
tion. Data from this site have been used in the assessment of many snow models
(e.g., Fierz and Lehning, 2001; Lehning et al., 2002; Fierz et al., 2003; Essery and
Etchevers, 2004; Etchevers et al., 2004; Brown et al., 2006).

4 Simulation results

The performance of the model is evaluated by comparing the simulated and ob-
served SWE, snow depth, snow surface temperature, snow density, snow albedo and
snowmelt runoff. The bias error (BIAS) and root mean square error (RMSE) are used
as evaluation criterion for the simulated results and are defined as

1w, .
BIAS = -~ > (Xsim;—Xobs;), (23)

i=1

n
RMSE = | — > (Xsim;-X obs;)?, (24)
i=1

SI=
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where X'sim; and Xobs,; are simulated and observed values at a given time step for n
paired simulation and observation values.

4.1 Snow water equivalent

The SWE is one of the most significant variables in hydrological applications as it is
a direct measure of the total liquid water available in the snowpack and is used for
predicting seasonal discharge. SWE values simulated by WEB-DHM and WEB-DHM-
S are compared with weekly and biweekly snow course measurements and are shown
in Fig. 3 for both CDP and WFJ sites. The observation values at CDP show that
ablation prevailed at mid-March causing the continuous decrease in the SWE and the
SWE is increased to about 0.25 m with significant snowfall in mid-April. Although both
models are able to simulate the snow accumulation process well, the results show that
the SWE is overestimated by both models in the mid-season from late January to mid-
February. It is found that WEB-DHM is unable to simulate the seasonal evolution of the
SWE during the melting season, whereas WEB-DHM-S describes the evolution of the
SWE during the melting season in a very acceptable manner.

At the WFJ site, snow coverage lasts from mid-October to late June (see Fig. 3).
The results show that the SWE is underestimated by WEB-DHM in the accumulation
season owing to the strong melt simulation in early November, and all the snow has
melted by mid-May, whereas the SWE simulated by WEB-DHM-S during accumulation
seasons is found to be in good agreement with the observed SWE. However, it is found
that the SWE is slightly underestimated during early spring. The results of statistical
analysis of the simulation results are presented in Table 3. The RMSE and BIAS are
found to be remarkably less for the simulations employing WEB-DHM-S.

4.2 Snow depth

The results of the simulation of hourly snow depth for CDP and WFJ are shown in
Fig. 4. The analysis is complemented by the use of weekly and biweekly snow course
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measurements. The RMSE and BIAS are considerably less for the simulations employ-
ing WEB-DHM-S (see Table 3). For the CDP site, although both versions of WEB-DHM
can simulate the length of the snow cover well, WEB-DHM is unable to capture the vari-
ability of snow cover because it assumes a constant snow density. It cannot reproduce
the observed decrease in the snow depth due to compaction even though there is no
melting. Hence, the performance of WEB-DHM in simulating snow depth is poor for
the WFJ site also due to the effect of constant snow density. This problem is well ad-
dressed in WEB-DHM-S, which calculates the snow depth on the basis of the dynamic
evolution of snow density. For the WFJ site, the snow depth simulated by WEB-DHM-S
is found to be remarkably underestimated from early April to early June. Statistical
analysis shows that WEB-DHM has less BIAS than WEB-DHM-S but it does not mean
that the WEB-DHM results are good. Indeed, there is a large overestimation of snow
depth by WEB-DHM from January to mid-April and a large underestimation from mid-
April to late June. In general, WEB-DHM-S is found to simulate the variability in snow
depth with the desired accuracy.

4.3 Snow density

An accurate simulation of snow density is required for the calculation of the snow depth
and the thermal conductivity of snow. Snow density is indirectly associated with the
calculation of the liquid water and ice content, attenuation of shortwave radiation inside
the snowpack, heat conduction and the internal energy of the snowpack. For SnowMIP
sites, snow density is derived from weekly and biweekly snow course observations of
the snow depth and SWE and compared with the simulation results of WEB-DHM-S.
As mentioned previously, WEB-DHM cannot simulate the seasonal variation in snow
density since the model assumes a constant value throughout the simulation period.
Figure 5 compares the observed snow density and the snow density simulated by
WEB-DHM-S, revealing that WEB-DHM-S is able to capture the trend of the seasonal
variation in the snow density. At the CDP site, the snow density is overestimated in
the mid-season during mid February owing to the overestimation of snowmelt. At the
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end of the melting season, the observed snow density has increased to 450 kg m~° but
the model fails to simulate this event owing to underestimation of the SWE during this
period. The model output shows similar characteristics at the WFJ site. Table 2 shows
that the performance of WEB-DHM-S is commendable in simulating snow density as
the RMSE and BIAS are found to be much less than those for WEB-DHM.

4.4 Snow surface temperature

Snow surface temperature is an important parameter of the land surface energy bal-
ance as it plays a vital role in the estimation of exchanges of moisture and heat fluxes
between the snow surface and atmosphere. Figures 6 and 7 compare observations
of the snow surface temperature and the simulation results of WEB-DHM and WEB-
DHM-S for the dataset of the observing period from 3 December 1997 to 3 May 1998
for the CDP site and from 28 October 1992 to 3 May 1993 for the WFJ site, respec-
tively. The results as shown in Figs. 6 and 7 indicate that the simulation performance
of WEB-DHM-S is remarkably improved. Indeed, one of the major results of this re-
search is the significant improvement in the snow surface temperature. WEB-DHM
has large RMSE and BIAS because the snow surface temperature is calculated as the
averaged temperature for a single bulk layer of snow mass, and thus, the nighttime
surface temperature is overestimated.

It is found that the RMSE and BIAS considerably reduce to 2.078 and —-0.223K for
WEB-DHM-S compared with the RMSE of 3.227 K and BIAS of 1.38 K for WEB-DHM
at the CDP site. The results show that WEB-DHM-S still has some cold bias during the
night at the CDP site while the model has warm bias during the day and night at the
WEFJ site (see Figs. 6 and 7). At the WFJ site, the RMSE and BIAS for the simulation
results of WEB-DHM-S are 3.098 and 0.76 K, while those for the simulation results of
WEB-DHM are 5.699 and 4.136 K. The observed snow surface temperature is avail-
able up to 3 May 1993 only whereas continuous snow cover exists till 30 June 1993.
The statistical values of BIAS and RMSE for WEB-DHM at the WFJ site will increase
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if we analyze the results for the whole snowy period because snow melts out too early
in the simulation of WEB-DHM. The scatterplot of simulated snow surface tempera-
ture versus observation values for the two models as shown in Fig. 8 demonstrate that
the performance of WEB-DHM-S with regard to energy conservation is improved. The
squared coefficient correlation (RZ) value for snow surface temperature simulation in-
creases from 0.6 to 0.82 for the CDP site (see Fig. 8a) and from 0.66 to 0.85 for the
WEFJ site (see Fig. 8b).

4.5 Snow albedo

The snow albedo observed at the WFJ site is used in the model evaluation. There
are also snow albedo observations for the CDP site but they are not used in this study
as the CDP albedo is underestimated owing to partial obstruction of the sensor’s field
of view (Etchevers et al., 2004). Fresh snow albedo in the VIS band is calibrated
with a factor of 0.95 for the WFJ site and 0.87 for the CDP site. Figure 9 compares
the observed daily mean albedo and the simulation results of WEB-DHM and WEB-
DHM-S. The simulation results show that WEB-DHM-S is able to capture the seasonal
evolution of snow albedo; however, there is a strong bias of 0.1 to 0.15 during the
accumulation period, and thus, the results obtained are identical to those obtained
using the CLASS model and those available through SnowMIP (Essery and Etchevers,
2004; Etchevers et al., 2004; Brown et al., 2006).

4.6 Snowmelt runoff

Figure 10 compares the observed snowmelt runoff and simulation results of WEB-
DHM and WEB-DHM-S at the CDP and WFJ sites. Although the snowmelt runoff
measurements for the CDP site are available for the whole simulation period, the runoff
comparison is made for the snow season only. The total snowmelt is computed as the
sum of melt in each layer which contribute to the surface runoff and infiltration to the
soil surface. The timing and total amount of snowmelt runoff is better simulated by
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WEB-DHM-S than by WEB-DHM. At the CDP site, WEB-DHM-S is found to capture
the snowmelt runoff during the accumulation season, mid-ablation season and final
melting season. Although the WEB-DHM results also show similar runoff behavior,
they include biases during the accumulation season and final melting season. The
runoff is greatly underestimated during the accumulation season and is overestimated
from the beginning to the middle of April owing to early melt.

At the WFJ site, the observations of snowmelt runoff are available only for a short pe-
riod (27 April to 7 July 1993) and the simulation results of WEB-DHM-S have far better
agreement with the observed runoff pattern than the simulation results of WEB-DHM. A
large amount of snowmelt runoff is simulated by WEB-DHM during early April to early
May owing to the early melting in the case of WEB-DHM. A substantial improvement in
snowmelt runoff simulation is achieved at both sites by WEB-DHM-S with less RMSE
and BIAS (see Table 2).

5 Conclusions

This study presented improvements in the snow physics of WEB-DHM by incorporating
a three-layer physically based energy balance snowmelt model of SSiB3 and the BATS
albedo scheme. WEB-DHM with improved snow physics is termed WEB-DHM-S and
was validated at the CDP and WFJ stations for datasets of the SnowMIP project. The
three-layer snow model in WEB-DHM-S added more features to the original WEB-
DHM to simulate the snow processes more accurately. The snow processes include
the variability of snow density, snow depth and SWE, liquid water and ice content in
each layer, prognostic snow albedo, diurnal variation in the snow surface temperature,
thermal heat due to conduction and liquid water retention.

The simulation results of snow depth, SWE, surface temperature and snowmelt
runoff revealed that WEB-DHM-S is capable of simulating the internal snow process
more accurately than WEB-DHM, reducing the RMSE and BIAS remarkably. Snow
albedo is better parameterized in WEB-DHM-S than in WEB-DHM. Although WEB-
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DHM-S is capable of capturing an albedo trend similar to that observed, it still has a
strong bias of 0.1 to 0.15 in the albedo value during the accumulation period. There-
fore, more observational data of albedo should be used to parameterize the snow
model with good accuracy. Furthermore, this model was validated at two open sites
only, and further work is needed to validate the model in forested areas. Although
WEB-DHM-S is only evaluated at a point scale for the simulation of snow processes,
this study provides a benchmark for the application of WEB-DHM-S in cold regions in
the assessment of the basin-scale SWE, snow coverage and seasonal discharge sim-
ulation for water resources management. In future work, WEB-DHM-S can be further
coupled with a frozen soil scheme (e.g., Wang et al., 2010) and a glacier model to
improve water resources management in alpine river basins.
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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 kg m"3) Prognostic snow density
Snow depth 5 times snow water equivalent ~ Prognostic snow depth

Snow thermal conductivity
Shortwave radiation

Snow water/ice content
Surface energy fluxes
Snow albedo

Snow surface temperature

Ground surface temperature

Snow cover fraction

Same as that of soil

Not transmitted to snow

Not calculated

Applied to whole bulk layer
Set as constant but decreases
while melting empirically

Snow and ground surface have
same temperature. Snow
surface temperature is the
average temperature of bulk
snow layer

Force restore method of
Deardorff (1978) — single layer

Linear function of snow depth

Depends upon snow density
Transmitted into snow layers
Calculated

Applied to only top layer.
Prognostic snow albedo
considering ageing effect and
dependence on solar zenith angle
Snow surface temperature and
ground surface temperature

are different

Heat conduction between
bottom snow layer and soil
surface is included
Asymptotic function of snow
depth and snow density
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Table 2. Meteorological characteristics of Col de Porte (CDP) and Weissfluhjoch (WFJ) sites. 2
(=
(7]
(72
Description Col de Porte Weissfluhjoch g' _
(CDP) (WFJ) T
Simulation period 8 Oct 1997 1 August 1992 ?2 ! !
to 20 June 1998 to 31 July 1993
Mean air pressure (hPa) 840.00 1005.00 — ! !
Mean air temperature (K) 276.65 272.75 o
Mean wind speed (ms™") 0.76 2.00 @ - -
Mean relative humidity (%) 80.00 69.00 @
Total solid precipitation (mm) 770.00 1213.30 §' ! !
Total liquid precipitation (mm) 604.00 406.90 o
Mean daily downward shortwave radiation (Wm™2) 209.83 305.97 3 ! !
Mean daily downward longwave radiation (Wm™?) 291.10 257.66 & ! !
. I
(7]
Q
2
%)
o
S
—
QO
f SHL.
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Table 3. Comparison of the observed and simulated snow variables by WEB-DHM and WEB-
DHM-S at the CDP and WFJ site.

g M. Shrestha et al.
Description BIAS RMSE e
WEB-DHM WEB-DHM-S WEB-DHM WEB-DHM -S §' _
Col de Porte (CDP) S
Snow water equivalent (m) -0.029 -0.008 0.079 0.035 8 ! !
Snow depth (m) 0.278 0.022 0.139 0.072
Snow density (kgm™2) -135.390 2.089 150.080 48.050 - ! !
Snow surface temperature (K) 1.380 -0.223 3.227 2.078 o
Snowmelt runoff (mm) -1.235 0.276 7.100 4.760 Z - -
(=
Weissfluhjoch (WFJ) &, ! !
Snow water equivalent (m) -0.257 -0.032 0.320 0.064 S
Snow depth (m) ~0.087 ~0.128 0.609 o188 ©» e e
Snow density (kgm™) -151.730 12.280 171.160 37.260 3
Snow surface temperature (K) 4.136 0.760 5.699 3.098 h ! !
Snowmelt runoff (mm) —-7.660 0.812 16.720 8.520 — _
Snow albedo -0.307 —-0.040 0.383 0.170 o
%)
o
S
Ny
E
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Fig. 2. Incoming shortwave and longwave radiations, air temperature, wind speed and snow-
fall/rainfall for Col de Porte (CDP) from 8 October 1997 to 20 June 1998 (a), and for Weiss-
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(b) Weissfluhjoch (WFJ) in 1992-1993

flunjoch (WFJ) from 1 August 1992 to 31 July 1993 (b).
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Fig. 3. Comparison of the simulated snow water equivalent (SWE) with the observed snow
course measurements for CDP (upper) and WFJ (lower) sites.
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Fig. 5. Comparison of the simulated snow density with the observed snow density derived from
observed measurements of SWE and snow depth for CDP (upper) and WFJ (lower) sites.
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Snow surface temperature at WFJ, 1992-1993
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Fig. 7. Comparison of the simulated hourly snow surface temperature with the observed snow
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surface temperature at WFJ site from 28 October 1992 to 3 May 1993.
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Fig. 8. Scatterplot of the simulated hourly snow surface temperature with the observed snow
surface temperature at CDP site from 3 December 1997 to 3 May 1998 (a), and WFJ site from
28 October 1992 to 3 May 1993 (b) for WEB-DHM and WEB-DHM-S.
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