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Abstract. In this study, the snow physics of a dis- tions and sensitivity studies, WEB-DHM-S has demonstrated
tributed biosphere hydrological model, referred to as thethe potential to address basin-scale snow processes (e.g., the
Water and Energy Budget based Distributed Hydrologicalsnowmelt runoff), since it inherits the distributed hydrolog-
Model (WEB-DHM) is significantly improved by incor- ical framework from the WEB-DHM (e.g., the slope-driven
porating the three-layer physically based energy balanceunoff generation with a grid-hillslope scheme, and the flow
snowmelt model of Simplified Simple Biosphere 3 (SSiB3) routing in the river network).

and the Biosphere-Atmosphere Transfer Scheme (BATS)
albedo scheme. WEB-DHM with improved snow physics
is hereafter termed WEB-DHM-S. Since the in-situ observa- )
tions of spatially-distributed snow variables with high res- 1 Introduction

olution are currently not available over large regions, the

new distributed system (WEB-DHM-S) is at first rigorously Seasonal snow cover is an important component of land sur-
tested with comprehensive point measurements. The statiorf§ce hydrology and is critical for simulation of water and en-
used for evaluation comprise the four open sites of the Snovrdy budgets in cold climate regions. Snow with its high
Model Intercomparison Project (SnowMIP) phase 1 with dif- albedo, low roughness, relatively low thermal conductivity
ferent climate characteristics (Col de Porte in France, Weissand considerable spatial and temporal variability, can greatly
flunjoch in Switzerland, Goose Bay in Canada and Sleep2lter energy and water interactions among the atmosphere,
ers River in USA) and one open/forest site of the SnowMIp Vegetation and land. Snow has the ability to store and re-
phase 2 (Hitsujigaoka in Japan). The comparisons of thdease water within the hydrological cycle. The appearance of
snow depth, snow water equivalent, surface temperatureSNOW cover may lead to a temporal shift in the runoff dur-
snow albedo and snowmelt runoff at the SnowMIP1 sitesing the spring snowmelt period and is a significant parameter
reveal that WEB-DHM-S, in general, is capable of sim- from the view of hydrological simulation.

ulating the internal snow process better than the original To understand and represent the snow processes in land
WEB-DHM. Sensitivity tests (through incremental addition surface modeling, a large number of approaches have been
of model processes) are performed to illustrate the necessitysed in many land surface schemes (LSSs) in diversified nu-
of improvements over WEB-DHM and indicate that both the merical expressions, ranging from simple degree — day mod-
3-layer snow module and the new albedo scheme are essefls to physically based sophisticated multi-layer energy bal-
tial. The canopy effects on snow processes are studied at thence models (Brun et al., 2008). Many numerical studies
Hitsujigaoka site of the SnowMIP2 showing that the snow have been carried out to develop and validate snow submod-
holding capacity of the canopy plays a vital role in simulat- €ls of different complexity in LSSs of many climate and hy-
ing the snow depth on ground. Through these point evaluadrological models (e.g., Verseghy, 1991pBthl etal., 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.,
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Sun and Xue, 2001; Xue et al., 2003; Yang and Niu, 2003;fer (SAST; Sun et al., 1999) and has been successfully ap-
Dai et al., 2003; Zanotti et al., 2004; Sun and Chern, 2005;plied to simulate snow processes in cold regions (Xue et al.,
Liston and Elder, 2006; Hirai et al., 2007, Ellis et al., 2010; 2003; Durand and Margulis, 2006; Walisher et al., 2009).
Dutra et al., 2010). Several snow-scheme intercomparisoWEB-DHM with improved snow physics is hereafter termed
studies have been undertaken to gain an improved undeMWEB-DHM-S. Since the in-situ observations of spatially-
standing of snow cover simulation in LSSs and to addresdlistributed snow variables with high resolution are currently
issues related to the current state of snow modeling used bygot available over large regions, the new distributed system
the atmospheric and hydrologic research community (e.g.(WEB-DHM-S) is at first rigorously tested with comprehen-
the Project for the Intercomparison of Land-Surface Paramsive point measurements. This evaluation data comprise the
eterization Schemes (PILPS) — Phase 2d (Slater et al., 2001bservational datasets from four open sites of the SnowMIP1
and Phase 2e (Bowling et al., 2003), the Snow Model Inter-(Col de Porte in the French Alps, Weissfluhjoch in the Swiss
comparision Project Phase 1 (SnowMIP1; Etchevers et al.Alps, Goose Bay in Canada, and Sleepers River in USA)
2004) and Phase 2 (SnowMIP2; Rutter et al., 2009; Essernand one open/forest site of the SnowMIP2 (Hitsujigaoka in
et al., 2009) and the Rime-Aggregation LSS Intercompar- Japan).

ison Project (Boone et al.,, 2004)). Many studies showed

that snow accumulation processes were well represented b o

single-layer snow models but diurnal freeze and thaw cycle Model description

were not well captured by these models, resulting in errors in . . L
the simulation of snow surface temperature and snow meIt%A‘ short review OT the snow processes in WEB'DHM IS given
ing in terms of timing and the total amount (Lynch-Stieglitz, n Sect. 21 wh|Ie' the SNOW processes in WEB-DHM-S are
1994: Sun et al., 1999, Jin et al., 1999b: Slater et al., 2001dlscussed in detail in Sect. 2.2. Details of the hydrological

L t al., 2003 X t al., 2003), raising the i t and land surface submodels of WEB-DHM can be found in
uo et a  nue eral, 2 -) faising the Impor anceWang et al. (2009a) and Sellers et al. (1996).

of the development and application of multilayer energy-

balance-based snow models. On the other hand, uncertainti

in the forcing data and initial conditions would have great

impact in the snow process simulations \{vhile comparing they, \WwEB-DHM, the parameterization of the snow submodel is
performances among different complexity of snow modelsihe same as that for SiB2 (Sellers et al., 1996). A single-layer
(e.g., Slater etal., 2001; Feng et al., 2008). ~ bulk snow mass balance is considered with constant density
_ At present, multilayer energy-balance snow parameteriza;o0o kgnt3), and the thermal regime of snow is not distin-
tions are mainly employed by the 1-D LSSs that are generyyished from that of soil. Attenuation of downward short-
ally used in climate models. To our knowledge, only very \yaye radiation through the canopy is considered with mul-
few d|str|bl_Jte_d hydrological models (DHMs) have included tiple scattering between the canopy and snow/ground but at-
such sophisticated energy-balance snow schemes for studysnyation of radiation within the snow layer is ignored. Only
ing the cold region processes (e.g., Cherkauer and Lettenye top 5cm of the snow water equivalent is considered for
maier, 1999; Zanotti etal., 2004). In fact, a DHM with amul- yaiation of the heat capacity of the surface skin, which af-
tilayer energy-balance snow module can physically describgects the surface energy balance in the case of a large snow
the snow accumulation, ablation and snowmelt runoff whichya55. The snow surface temperature is represented by the av-
are critically important for both the current water resOUrceSerage snowpack temperature, which tends to result in incor-
management practices and the climate change adaptatiqict simulation of the surface energy budget, which in turn af-
studies in cold and high mountain river basins. This studyfects the overall accumulation and melting processes. More-
discusses the improvement of snow physics in a distributegyyer, it does not consider the prognostic snow albedo. The
biosphere hydrological model named as Water and Energyry snow albedo is given as a constant value of 0.8 for visi-
Budget based Distributed Hydrological Model (WEB-DHM;  pja (v|S) shortwave radiation and 0.4 for near infrared (NIR)
Wang et al., 2009, b, ¢). WEB-DHM is developed by fully ghortwave radiation. For melting snow, the snow albedo is
coupling Simple Biosphere 2 (SiB2; Sellers et al., 1996) with simply set to 60% of the dry snow albedo.

a hillslope hydrological model (Yang et al., 2002, 2004). It

can realistically simulate the land surface and hydrological2.2  Snow processes in WEB-DHM-S

processes and provide consistent descriptions of water, en-

ergy and CQ fluxes at a basin scale. The snow physics of In this section, the energy and mass budget equations along
WEB-DHM is improved by adopting the ideas derived from with snow parameterization are presented in detail. In WEB-
the studies of different snow models and by incorporatingDHM-S, the snow parameterizations for the canopy are kept
the three-layer snow physics of Simplified Simple Biospherethe same as in WEB-DHM, but the single-layer snow scheme
3 (SSiB3; Sun and Xue, 2001; Xue et al., 2003). SSiB3on the ground is replaced by the SSiB3 snow scheme when
is developed by coupling SSiB (Xue et al.,, 1991) with a the snow depth is greater than 5 cm. Initially, the snowpack is
three-layer version of the Simple Atmosphere—Snow Trans-divided into three layers that start with the same initial snow

&1 snow processes in WEB-DHM
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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 kgtn 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 transmission  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 Prognostic snow albedo considering
while melting empirically ageing effect and dependence
on solar zenith angle
Snow surface temperature Snow and ground surface have Snow surface temperature and
same temperature. Snow ground surface temperature

surface temperature is the are different
average temperature of bulk snow layer

Ground surface temperature Force restore method of Heat conduction between
Deardorff (1978) — single layer bottom snow layer and soill
surface is included

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

temperatures. The top layer thickness is kept at a fixed depth The snow-covered surface albedo scheme is parameterized
of 2cm regardless of the total snow depth to provide reasonusing a physically based prognostic snow albedo scheme of
able simulation of the diurnal changes in the snow surfacethe Biosphere-Atmosphere Transfer Scheme (BATS) model
temperature. The maximum thickness of the middle layer is(Dickinson et al., 1993; Yang et al., 1997), and the snow
kept at 20 cm, and the bottom layer represents the remainingover fraction is calculated using the formulations of Mocko
body of the snowpack. A surface energy balance equation isnd Sud (2001). Major differences between the snow pro-
formulated only for the top layer, which is influenced by the cesses in WEB-DHM and WEB-DHM-S are presented in Ta-
surface radiation budget and sensible and latent heat fluxedle 1. The soil model coupled with a three layer snow model
The heat budget of the second and third layers is controlledn WEB-DHM-S is shown in Fig. 1.

by the heat conduction and the penetrating shortwave radia-

tion. Over time, these three layers evolve differently through 2 1 Energy balance equations

their own energy budgets and the heat exchanges between

them. _
. . The energy content of the snowpack is affected by the short-
MeaT‘Wh"e’ the mass budget for each Iaye_r IS C"J‘ICUI‘F"'{GC{Nave radiation penetration, heat conduction between sub-
accgrdlngly by ta[qng account .Of th? preC|p|tat|on, evap- layers, ground heat fluxes, the flux of advection due to pre-
oration/condensation, compaction, liquid water retentlon,Cipitation energy due to phase change and net radiation at
the surface accompanied by sensible and latent heat fluxes.

. . . %pecific enthalpy is used as the prognostic variable instead
Increasing the Iayer-f_;lverage .def‘s'ty and mass. Any m_eltv_va(-)f snow temperature in the energy balance equation, which
ter Ina layer exceedmg_the liquid water hold_mg capacity 'Sincludes the internal energy of liquid water or ice as well as
delivered tq the gnderlylng Iayc_er. _Wa.ter Ieaylng thg bpttomthe energy of the phase change. It is assumed that liquid wa-
snow layer is available for partitioning into soil water infiltra-

. : : ter at its melting point has zero enthalpy so that the phase
tion and/or surface runoff by the soil-vegetation-atmosphere gp Py P

. change processes can be tackled easily. The same approach
trar_lsfer (SVAT) syst_e m. This snow scheme can produce Svas also employed by Lynch-Stieglitz (1994), Tarboton and
variable density profile.

Luce (1996), Jin et al. (1999a), Sun et al. (1999) and Sun and

www.hydrol-earth-syst-sci.net/14/2577/2010/ Hydrol. Earth Syst. Sci., 14, 25842010



2580 M. Shrestha et al.: Improving the snow physics of WEB-DHM and its point evaluation

Sensible  Latemt D £ sl Boooiley: WMokl o o 1996) except that the snow surface temperature is used in-
s S T G- 4 stead of the average bulk snow temperature for the surface
I I \/ energy balancefice is the dry-snow mass fraction of the to-

Susfuce Swow Layer (Zs) \e = tal mass in the snow layer, ang (Jkg™1) is the latent heat
Middle Snow Layer (Zy) o Ny ____}%:L o of fusion for ice.Cy (Jm‘sK—l) is the mean snow volumet-
Sottom Swow Layer gy SOt T o ric specm_c heat capacity, parameterlzgd as a fun_ctloq of the
. : Soil surface bulk density of snowgs; kgm~23) and intrinsic density of ice
el ol oy (D) A rancfy (pi; kgm3) following Verseghy (1991):
Root Zone -
el S ity Cy=19x 1P (5)
Deep Soil Zone (D3) _‘ - P
: The thermal conductivity of snow (Wm~1K 1) is adopted
from Jordan (1991).
K = Kat (7.75>< 1075pg+1.105x 10—5,052) (Ki—Ka). (6)
Adquifer Depti (Dg) ——::;";"m
whereK; (2.29WnT!K~1) and K, (0.023WnT1K~1) are
the thermal conductivities of ice and air respectively. The
e penetration of shortwave radiation flux into the snow layers

is accounted for in this model. Hence, the shortwave energy
Fig. 1. The soil model coupled with a three-layer snow model as available for the surface energy budget is completely differ-
described in WEB-DHM-S. ent from that in WEB-DHM. The shortwave radiation SyV
at the snow layer is defined following Jordan (1991):

. i SWhsn: [1—exp(—Buis. Z; —0.002 Bnir) | top layer
Xue (2001). The energy budget equation for the canopy |$wsn<zj>:lswnsn-[l—exrx—ﬁws.z/nxexp(—ﬁvi&zm—aoozzamo middle layer, (7)
the same as that in WEB-DHM. However, the canopy tem- SWhsn €XP(—Buis.Z1) - €XP(—Puis.Z 12— 0.002 i) bottom layer
peratureT; is influenced by the snow surface enthalpy. The \where SWisn=SWantod1-ts).  SWantop (Wm=2) is

energy budget equation for the canopy is the radiation incident on the snow surfaces is snow
9T, albedo and Bvis and Bnir are extinction coefficients;
Ce 3_,C = Rnc— He—AEc— & (1)  Buis=0.003795-2/2p4(Z;) and By =400. The grain size

diameterd (m) is specified as a function of density follow-

whereC. (Jm 2K 1) is the effective heat capacity for the ing Anderson (1976). Thermal energy from raiif) can

canopy,Rnc, Hec andi Ec (Wm~2) are net radiation, sensible be calculated as

heat flux and latent heat flux for the canopy respectively, an _ o

£¢ (Wm~2) is the energy transfer due to phase changes in the P~ " Cw > (Train = 27316) xFo, ®)

canopy. The equation for enthalpy of each snow layeris  where I (ms™1) is the infiltrated flux rate of rain at the

' ' snow surface Tiain (K) is the temperature of rainfallpy

OH(Z;) :_aGS”(Z/), 2)  (kgm=3) and Cy (Jkg 'K™1) are the density and specific

dt 9Z heat capacity of water. For simplicity;ain is considered

where H (Jn3) is the volumetric enthalpy of wate,; is @S air temperature. Ground surface temperatiig¢ 4nd
the snow depth of layej and Gsn (Wm~2) is the heat flux deep soil temperaturdy) are obtained by considering con-
through the snow layeH andGsn are defined as ductive heat flux at the snow/soil interface and the force—

restore model (Deardorff, 1978) of the heat balance in the
H(Z;)=Cy(Z;) x {Tsn(Z;) — 27316} — fice(Z;) x hy x ps(Z;), (3) soil surface.

aT, dTsn(Z 21 Cy(Ty—T¢
Rnsn— Hsn—AEsn+G at snow surface;j = 3 Cy ? = —K(Z1) sl Z2) - oTg d), 9)
Gsn(z.):{ nsn—aTsn(;) sn pr LSt €/ =3) (4) ot 07 7q
! K(Z))=57+SWen(Z;)  within snow layers j =2, 1),
dTg 21 Cq(Tg—Tq) 10)

where Rosn (Wm=2), Hsn (Wm=2), AEsn (Wm=2), Gpr a7, /3657
(Wm=2), K (Wm~ 1K1, Tsn (K) and SW, (Wm—2) are

net radiation, sensible heat, latent heat flux, thermal energyhereCy andCq are the effective heat capacity (JAK 1)

from rain at the snow surface, thermal conductivity of snow, for the soil surface and deep sai}, is the day lengths() and
snow temperature and shortwave radiation flux absorbed by (Z,) is the effective thermal conductivity at the snow/soil
the snow layer respectively. Turbulent and radiative fluxesinterface. The prognostic equations of snow surface en-
are calculated using the formulations of SiB2 (Sellers et al. thalpy and canopy temperature are solved simultaneously by
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calculating the temperature increments for the physics timavhere Msnoy ; (M) corresponds to the SWE at snow layer
step using an implicit backward numerical schefig(Z>), j, Ps (ms1) is the rate of snowfall, IF (ms1) = min
Tsn(Z1), Ty andTy are the variables with slow change which (O;, Pavs), is the actual liquid water infiltration flux at the
are solved explicitly using a forward numerical scheme. TheinterfacesR; (ms~1) is runoff from the lower interface and

final equations for solvingAT; and ATs, (Z3) are repre-
sented as

|:CC 8Rnc ch

o } AT+

J0H¢ IALE: 0Rnc
|:8Tsn(23) 9Ten(Z3)  9Tsn(Z3)
= (Rnc— He—AEc).

INEe
e

11
At 9Tg (11)

i| ATsn(Z3)

8)\,Esn

3T (12)

0Rnsn | 9 Hsn
[* AT dTc
CyxZs  9Rnsn 9 Hsn 9%Esn
[ At 8Tsn(Z3) ' Tsn(Z3) ' 8Tsn(Z3)
= Rnsn— Hsn— AEsn+ Gpr— Kef X [ Tsn(Z3) — Tsn(Z2)]' ™2
Z3x H(Z3) CyxZ3x[Tsn(Z3)—27316)]
At At
fiea™ X ML (Z3) X hy X pw

snow

At

]ATch

+ Keff] ATsn(Z3)

)

whereKer (Wm—2K~1) is the effective thermal conduc-

tivity of snow between the top and the middle snow layer

and Mspow (M) is the snow water equivalent (SWHes is
defined as

_ 2-K(Z3)-K(Z2)
K(Z3)-Z2+K(Z2)-Z3

Keft (13)

Egs. (11) and (12) are solved using “one step test method
Initially, it is tested by assuming that current state of the snow

surface layer is in frozen state completefit{= 1) and then
T. and Tsn(Z3) will be solved. The test is true ifsn(Z3) is
less than the freezing temperatuie)( Otherwise, the state
will be in either partially melted or completely melted state.
In this case7sn(Z3) is assumed t@; and fice is solved. The
surface layer is in partial melting state ifQfice <1. The
snow is melted completely ifice < 0. In this case, the solu-
tions for fice andTsn(Z3) should befice =0 andTsn(Z3) = Tt.

2.2.2 Mass balance equations
The mass balance equation for the canopy is the same

pack. The relative change in snow mass is controlled b
snowfall/rainfall, compaction, snow melting, runoff, infil-

tration into the underlying snow layer/soil and evapora-

Esn (ms™1) is the combined evaporation and sublimation
rate. O; is the liquid water outflow rate that will be drained to
the underlying layer if the total liquid water in layer exceeds
its liquid water holding capacity(;). Liquid snow mass
fraction, fiiq = (1-fice) is used to calculate the total amount
of liquid water. Pyysis the pores available in the layeR;
is calculated as the difference between #ad O;. The lig-
uid water holding capacity(,) is taken as a function of the
snow layer density following Anderson (1976):

Crmin

C, =
' { Crmin+ (Crmax— Crmin)

where Cimin=0.03, Cimax=0.1, ye=200kgnT3 and y;
(kgm~3) 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; Brun et al.,
1992):

yi = max{ [ 109+ 6 x (Tair — 27316) +26x y/um] . 50}, (16)

whereTyj is the air temperature (K) ang, is the wind speed
(ms™1).

Vi 2 Ye

, 15
Yi <VYe ( )

Ye— Vi
Ve

2.2.3 Snow compaction

Three snow compaction processes, namely destructive meta-
morphism, densification due to snow overburden and com-
paction due to snow melting, are included. The compaction

sprocess is critically important for the evolution of density

and snow depth. The snow depth is decreased by the com-
paction and is increased by snowfall. These three compo-
nents of snow compaction are parameterized following An-
derson (1976). The empirical equation for destructive meta-
morphism is

[A% %] — —2778x 105 x C3- Cy-exp[—0.04- (27316~ Tsp)]

metamorphism

 [exp—0.046 (y; —150]  y; > 150
=11 yi <150 (17)
_J1 =0
Ca= 2 y >0,

wherey; (kgm~3) andy; (kgm~2) are bulk densities of
ice and liquid water and’s and C4 are empirical constants.
After snow has undergone its initial settling stage, densifica-

S .
in WEB-DHM. The mass balance for snow is representeﬁ'on due to overburden proceeds at a slower rate. This com-

by the change in liquid water and ice content in the snow-

paction rate is a function of snow overburden presstige
(Nsmi2), such that

1 0Az Wsx exp[—Cs x (27316 — Tsp) — Ce X p;
EW] - o

y

overburden

I (18)

tion/sublimation at the snow surface. Neglecting the effectwherern, (3.6 x 10° Nsmi?) is the viscosity coefficiens =
of water vapor diffusion and its phase change to mass distri0.08 K~1 andCe = 0.023 n? kg~. The decrease in thickness

bution, the mass balance equations for the snow layer are

|

www.hydrol-earth-syst-sci.net/14/2577/2010/

dMsnow j
at

top layer(j =3)
other layergj =2, 1),

Ps+IFg—IFj—Rj — Esn

IFj41—IF; —R, (14)

of the snow sublayer due to melting is estimated as

1 0Az dh;
Az 0t hi’

(19)

melt
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Table 2. Meteorological characteristics of study sites.

Description Elevation  Simulation Mean air Mean air  Mean wind Mean Mean Mean Total Total
(m) period pressure temperature speed relative  daily DSR daily DLR snowfall  rainfall
(hPa) (K) (ms1) humidity %)  (WnT?)  (Wm?) (mm) (mm)
Col de Porte 1340 1996/10/6 840 276.89 0.52 80 215.87 293.10 559.12 564.82
(CDP) to 1997/6/10
1997/10/8 276.65 0.76 80 209.83 291.10 770 604
to 1998/6/20
Weissfluhjoch 2540 1992/8/1to 748 272.25 2 69 305.97 257.66 1213.3 406.9
(WFJ) 1993/7/31
Goose Bay 46  1969/8/1 to 1005 272.82 3.04 70.95 216.28 268.24  433.89* 214.33*
(GSB) 1984/7/31
Sleepers 552  1996/11/1to 948 268.62 0.91 76 198.73 280.81 428.14  275.01
River (SLR) 1997/5/10
Hitsujigaoka 182 1997/12/1to 990 272.13 1.59 73.46 229.25 25215 Sameas Same as
(HSG) Forest 1998/4/30 open open
Hitsujigaoka 182 1997/12/1to 990 271.88 3.33 75.57 Same as Same as 189 33
(HSG) Open 1998/4/30 forest forest

* Averagae of 15 years.

whereh; is the dry-snow mass in a unit depth ad; is for the effect of grain growth due to vapor diffusion and the
the dry-snow mass that melts in the unit depth. Hence, totakffect of dirt and soot. The snow albedo parameterization
compaction over one time step is given by is very sensitive taxyiso andapjro. These fresh-snow albe-
10a] [ 10Ac 1 9A 1 9Az 0) dos can b_e parameteriz_ed depen_ding upon the snow type and
[E at Lta,‘[fzﬁ}metammpm; [E ot Lverburdej [E?Le“' characteristics of the site. Details gfen and fage can be

found in Dickinson et al. (1993), Yang et al. (1997).
The rate of change in snow density caused by snow com- ( ) g ( )

paction is given by

005 1 0Az 3 Dataset
AL @
ot Az 0t Jiotal

Dataset for evaluation of models include four open sites of
2.2.4 Snow albedo the SnowMIP1: Col de Porte (CDP), Weissfluhjoch (WFJ),

Goose Bay (GSB) and Sleepers River (SLR). In addition, one
The snow albedo is parameterized using a physically base@pen/forest site of the SnowMIP2: Hitsujigaoka (HSG) is se-
prognostic snow albedo scheme of the BATS model (Dickin-|ected for forest snow processes evaluation. Meteorological
son et al., 1993; Yang et al., 1997). The albedo is computedorcing data includes hourly air temperature, relative humid-
for VIS and NIR SpeCtraI bands with adjustments for illumi- |ty’ wind Speed, precipitation amount, the snow/”quid frac-
nation angle and snow age. The total snow albedpi¢ the  tion, downward shortwave radiation (DSR) and downward
weighted average of VIS and NIR albedos, which dependgongwave radiation (DLR). The vegetation coverage param-
on the spectral ratio of the incident shortwave radiation. VISeter is set to zero for simulation at all the SnowMIP1 sites.
and NIR albedosoyis , anir) are defined as Details about data and site characteristics are discussed here
avis = avd + 0.4+ fzen' (1—avd) and a summary is given in Table 2.

anir = anird+ 0.4+ fzen: (1—anird) (22)
Ofvd=05visO'(1—O~2'fagP) ’

tnird = a0 - (1=05- fage CDP is a mid-range elevation site at 1340 m above mean sea
whereayq andapirg are the albedos of the diffused shortwave level (a.m.s.l.), located in the northern French Alps (4513
radiation in the VIS and NIR bands respectivelyiso (0.95) 5.77 E) and managed by &o-France. The site is charac-
andanirg (0.65) represent fresh-snow albedos for the VIS andterized by flat topography with loamy soil covered with short
NIR bands,fzenis the correction term for a solar zenith angle grass. The soil generally does not freeze. Continuous snow
larger than 60 and fageis the snow aging factor accounting cover is recorded from the end of November to the beginning

3.1 Col de Porte (1996-1998)
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of April in 1996-1997 whereas the snow cover lasts to the beity, cloud type and opacity following Idso (1981) and Sell-
ginning of May in 1997-1998. Winter air temperatures areers (1965). Hourly precipitation rate data was derived
not particularly low and rainfall can occur at anytime during from 6-hourly precipitation totals observed with a Nipher-
the snow season. The site is not windy and is relatively hu-shielded gauge corrected for wind-induced undercatch, wet-
mid. Precipitation was measured with a Geonor gauge withting loss and trace precipitation amounts following Metcalfe
correction for undercatch following Goodison et al. (1998) etal. (1997) and Goodison et al. (1998). Mean daily tempera-
and its phase was determined based on an air temperatutare ranges from-16.4°C in January to 15.8C in July, with
relationship derived from comparisons of the Geonor gaugea mean annual total snowfall of 434 mm. Daily snow depth
with snowfall observations. Evaluation data comprise hourlyobservations were made manually using a ruler at the GSB
observations of snow surface temperature from a downwardairport site. The site is humid and is relatively windy com-
looking radiometer, hourly observations of snow depth frompared to the other SnowMIP sites. Potential blowing snow
an ultrasonic sensor supported by weekly snow course obeonditions were encountered approximately 10% of the time
servations of the SWE and snow depth, and the daily totaduring the December to April period (Brown et al., 2006).
of bottom runoff from a 5 rf lysimeter protected from lat- Data from this site have been used in the assessment of many
eral flow. Data from this site have been used to evaluatesnow models (e.g., 8air et al., 2003; Essery and Etchevers,
many SVAT snow schemes (e.g., Brun et al., 1992; Douville2004; Brown et al., 2006; Gordon et al., 2006).

et al., 1995; Loth and Graf 1998a; Sun et al., 1999; Essery et

al., 1999; Sun and Xue, 2001; Boone and Etchevers, 20013.4 Sleepers River (1996—-1997)

Strasser et al., 2002; Xue et al., 2003; Essery and Etchevers,

2004, Brown et al., 2006; Li et al., 2009). SLR is a low-elevation site at 552 m a.m.s.l., located in the
northeastern Vermont (44.508, 72.17 W). The site is char-
3.2 Weissfluhjoch (1992-1993) acterized by almost flat topography surrounded by northern

hardwood forest. The average air temperature during the pe-
WFJ is a high-elevation site at 2540 m a.m.s.l. with flat riod of continuous snow cover is4.5°C. The snow cover
topography, located in the eastern Swiss Alps (46M3 lasts from the beginning of November to the end of April.
9.8°E) and managed by the Swiss Federal Institute forPrecipitation was separated into snow and rain as a linear
Snow and Avalanche Research. The average air temperdunction of air temperature, with precipitation assumed to be
ture during the period of continuous snow coverig.9°C. all rain at temperatures abové@ and all snow below 0C.
Rainfall does not occur from mid-October to mid-May. Snow Evaluation data comprise hourly observations of snow depth
continuously accumulates from mid-October until mid-April from an ultrasonic sensor supported by weekly and some-
and then melts through May and June owing to temperaturetimes biweekly snow pit observations of the SWE and snow
above the melting temperature. Although this site is windierdepth, and daily snowmelt runoff. Snowmelt runoff data is
than CDP, drifting and blowing effects are weaker (Esserynot used for evaluation due to some uncertainties associated
and Etchevers, 2004; Brown et al., 2006). Evaluation datawith the lysimeter data. Blowing effect is not seen this year
comprise hourly observations of snow surface temperaturas the wind speed is too low. Data from this site have been
from an infrared thermometer, hourly observations of snowused in the assessment of many snow models (e.g., Anderson,
depth from an ultrasonic sensor supported by weekly andl976; Lynch-Stieglitz, 1994; Albert and Krajeski, 1998).
sometimes biweekly snow pit observations of the SWE and
snow depth, daily snow albedo and daily snowmelt runoff. 3.5 Hitsujigaoka (1997-1998)
Data from this site have been used in the assessment of many
snow models (e.g., Fierz and Lehning, 2001; Lehning et al. HSG is a low-elevation site at 182m a.m.s.l., located in
2002; Fierz et al., 2003; Essery and Etchevers, 2004; Etchewhe Hokkaido Research Center of Forestry, northern Japan

ers et al., 2004; Brown et al., 2006). (42.98 N, 142.38 W). The site is mostly flat with sandy soil.
It has a cool temperate climate and the snowpack is maritime
3.3 Goose Bay (1969-1984) type. The average air temperature during the period of con-

tinuous snow cover is-0.96°C. Vegetation includes approx-

GSB is a relatively low elevation site at 46 m a.m.s.l., locatedimately 7m high todo fir. Vegetation coverage is set to 100%
in south-eastern Labrador, Canada (53182 60.42 W). for simulation and effective leaf area index (LAI) is set to 3.
The 15 years forcing and validation data do not correspondCanopy snow was present most of the time from the middle
to the same site. Hourly air temperature, humidity, wind of December 1997 to the middle of March 1998 and snow
speed and precipitation were measured at the GSB airpotbeneath the canopy was present from the middle of Decem-
site. Radiation measurements were made at the GSB Uppdrer 1997 to the middle of March 1998 (Suzuki and Nakai,
Air station located at the east end of the airport (53180 2008). Radiation measurements were taken at roof of the re-
60.37 W). Incoming longwave radiation was estimated us- search center, about 500 m away from the forest site. Precip-
ing observations of hourly air temperature, relative humid-itation was measured at the National Agricultural Research
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Fig. 2. Comparison of observed and simulated snow depth, SWE and den$i#ty @DP (1996-1997)(b) CDP (1997-1998)(c) WFJ
(1992-1993) an@d) SLR (1996-1997).

Center for the Hokkaido Region (Open site), about 2500 m4.1  Snow depth, SWE and snow density

away from the forest site. Precipitation rate is corrected for

wind-induced undercatch (Yokoyama et al., 2003) and is par-Simulation results and observations of the snow depth, SWE
titioned between snow and rain following the approach ofand snow density for the two seasons at CDP, one season
Yamazaki (2001) using the wet bulb temperature. Only theat WFJ and SLR are shown in Fig. 2. For WEB-DHM-S,
snow depth measurements are made available for the evathe snow depth along with the realistic simulation of snow
uation. Data from this site have been used in the study ofdensity is well reproduced at all sites whereas WEB-DHM
canopy snow influence on water and energy balance abovis unable to capture the variability of snow depth because it
coniferous forest (e.g., Nakai et al., 1999a, b; Suzuki andassumes a constant snow density.

Nakai, 2008, Rutter et al., 2009, Dutra et al., 2010). At the CDP site in 1996-1997 (see Fig. 2a), the SWE is
underestimated by WEB-DHM in the beginning of the accu-
mulation season which undertakes its impact throughout the
snow season. WEB-DHM-S capture the accumulation sea-

The performance of the model is evaluated by comparing theO" well but the mid winter ablatlo_n in late January s found
ot enough to meet the observations. The possible reason

simulated and observed SWE, snow depth, snow surface ten]: be due to th tainty in th initati h At
perature, snow density, snow albedo and snowmelt runoff ey O€ due to the uncertainty in the precipitation phase.

The bias error (BIAS) and root mean square error (RMSE)the end of the melting season, WEB-DHM underestimates

are used as evaluation criterion for the simulated results anEpe SWE because of the equy melting and_the low Show
are defined as albedo. In 1997-1998 (see Fig. 2b), the ablation prevailed at

mid-March causing the continuous decrease in the SWE and
the SWE is increased to about 0.25 m with significant snow-
fall 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
RMSE= }Z(XSimi — Xobs)?, (24) from late January to mid-February. This overestimation is
ni—= due to the failure in capturing the rapid decrease in the SWE
during 21 January to 27 January. The uncertainty in the pre-
where Xsim and Xobsg are simulated and observed values cipitation phase is not a major in this case. The reason may be
at a given time step for paired simulation and observation the rapid increase in the albedo due to dust and fallen leaves.
values. After the mid season ablation, the SWE is well simulated
by WEB-DHM-S. In the mean time, the SWE simulated by

4 Simulation results

1 n
BIAS:—Z(Xsim,-—Xobs), (23)
n i=1
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Table 3. BIAS and RMSE for the SnowMIP1 sites.

2585

Snow depth SWE (m) Snow density Snow albedo Snow surface Snowmelt
(m) (kgm—3) temperature (K) runoff (mm)
Site WEB- WEB- | WEB- WEB- | WEB- WEB- | WEB- WEB- | WEB- WEB- | WEB- WEB-
DHM DHM-S DHM DHM-S | DHM DHM-S DHM DHM-S | DHM DHM-S DHM DHM-S
BIAS(CDP-9697) 0.268 0.08| —0.054 —0.024 | -193 -30 - - 134 -0.035| —1.165 -0.327
RMSE(CDP-9697)| 0.277 0.072| 0.064 0.037 203 56 - - 3.68 2.72| 6.154 3.464
BIAS(CDP-9798) 0.278 0.022| —0.029 —0.008 | —135 2 - - 138 -0.223| —-1.512 -0.276
RMSE(CDP-9798)| 0.139 0.072| 0.079 0.035 150 48 - - 3.22 2.07| 9.178 4.76
BIAS(WFJ-9293) | —0.087 —-0.128 | —0.257 -0.032| -151 12| —0.307 0.04| 4.136 0.76| —8.475 —0.812
RMSE(WFJ-9293) 0.61 0.188 0.32 0.064 171 37 0.38 0.17 5.7 3.1 21.33 8.52
BIAS(GSB-6984) 0.536 0.225 - - - - - - - - - -
RMSE(GSB-6984)| 0.475 0.394 - - - - - - - - - -
BIAS(SLR-9697) 0.327 0.139| 0.059 0.091| -130 -84 - - - - - -
RMSE(SLR-9697)| 0.370 0.185| 0.065 0.098 144 91 - - - - - -

WEB-DHM is very low as compared to the observations dueyear, the maximum SWE is well simulated by both the mod-
to the low albedo and the increased rate of snowmelt alsoels but WEB-DHM is found to have the large BIAS.057)
The results of statistical analysis of the simulation results arén simulating the minimum SWE at the mid season as com-
presented in Table 3. pared to the BIAS0.003) for WEB-DHM-S. At the WFJ

At the WFJ site, snow coverage lasts from mid-Octobersite, WEB-DHM has very large BIASH0.325) in simulat-
to late June (see Fig. 2c). The results show that the SWE i#hg the maximum SWE. Overall, WEB-DHM-S shows better
underestimated by WEB-DHM in the accumulation seasonperformance than WEB-DHM in simulating the maximum
owing to the strong melt simulation in early November, and SWE, minimum during the mid season and one prior to the
all the snow has melted by mid-May, whereas the SWE simudast SWE observations at the CDP and WFJ sites. However,
lated by WEB-DHM-S during accumulation seasons is foundthe performance of WEB-DHM is better than WEB-DHM-S
to be in good agreement with the observed SWE. The snown simulating all these parameters at SLR.
depth simulated by WEB-DHM-S is found to be remarkably  Figure 3 shows the result for 15 year simulation at the
underestimated from early April to early June. Statistical GSB site in simulating the interannual variability of the snow
analysis shows that WEB-DHM has less BIAS than WEB- depth. Both the models are found to be capable in multi-
DHM-S (see Table 3) but it does not mean that the WEB-year simulations. The correlation coefficient for WEB-DHM
DHM results are good. Indeed, there is a large overestimaand WEB-DHM-S is found to be 0.68 and 0.78, respectively.
tion of snow depth by WEB-DHM from January to mid-April The snow depth is largely overestimated in most of the years.
and a large underestimation from mid-April to late June. At The reasons for this bias are not well understood. However
the SLR site, WEB-DHM-S overestimated the SWE, snow this site is affected by blowing snow condition but Gordon et
depth and snow density throughout the snow season as shoval. (2006) showed that the results are not much improved by
in Fig. 2d. This bias may be due to the misrepresentation oincorporating the blowing snow physics in CLASS model.
the precipitation phase as the total precipitation is dividedThe comparison of the SWE and snow density are excluded
into the rain and snow as a linear function of air temperaturen this study as the snow course measurements are made in a
as discussed in the Sect. 3. The results for the SWE simusparsely wooded area 4 km away from the snow depth mea-
lation during the melting season for WEB-DHM are found surement site.
better than that for WEB-DHM-S. The results for the snow density as shown in Fig. 2 re-

The time-slice evaluation of the model in simulating the veal that WEB-DHM-S is able to capture the trend of the
first, maximum, minimum during the mid season, one prior seasonal variation in the snow density. At the CDP site in
to last and last SWE observations at the CDP, WFJ andl996-1997, the snow density is well simulated throughout
SLR sites are presented in Table 4. For the maximumthe snow season whereas in 1997-1998, it is overestimated
SWE observation in 1996-1997 at the CDP site, the result$n the mid-season (during mid February) owing to the over-
show that the SWE is slightly overpredicted by WEB-DHM- estimation of snowmelt. At the end of the melting season,
S (BIAS =0.023) whereas largely underpredicted by WEB-the observed snow density has increased to 450 Rgouit
DHM (BIAS = —0.069). Likewise, the minimum SWE ob- the model fails to simulate this event owing to underestima-
servation during the mid season is simulated in the similartion of the SWE during this period. The model output shows
trend of the maximum SWE simulation. Both the models similar characteristics at the WFJ site. At SLR, the snow
underpredicted these variables at CDP in 1997-1998. In thislensity is overestimated throughout the snow season due to
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Goose Bay (1969-84)

- WEB DHM S

A-69 A-70 A-72 - A-76 A-T77

Fig. 3. Comparison of observed and simulated mean daily snow depth at GSB (1969-1984).

Table 4. BIAS in simulating the first, maximum, minimum during the mid season, one prior to last and last SWE observations at the CDP,
WEFJ and SLR sites.

First Maximum Minimum during One prior to last Last
the mid season
Site WEB- WEB- | WEB- WEB- WEB- WEB- | WEB- WEB- | WEB- WEB-
DHM DHM-S DHM DHM-S DHM DHM-S DHM DHM-S | DHM DHM-S
CDP-9697 | —0.006 0.017| —0.069 0.023| —0.0579 0.036| —0.149 —0.049 0 0.007
CDP-9798| —0.003 -0.011| —0.007 -0.003| —0.0575 —0.003 | —0.163 —0.056 0 0.035
WFJ-9293 | —0.078 —0.023| —0.325 0.024| -0.116 0.024| —0.296 —0.063 0 0.029

SLR-9697 0.034 0.019| 0.068 0.126 0.078 0.082| —0.006 0.163| 0.001 0.099

the overestimation of the snow depth and the SWE. In genif we analyze the results for the whole snowy period because
eral, WEB-DHM-S is found to simulate the variability in the snow melts out too early in the simulation of WEB-DHM.
snow depth, SWE and snow density more accurately thamhe results show that WEB-DHM-S still has some cold bias

WEB-DHM. during the night at CDP while the model has warm bias dur-
ing the day and night at WFJ (see Fig. 4a, b, c). The warm
4.2 Snow surface temperature bias is due to the underestimation of snow albedo whereas

the cold bias is associated with the deficiency in Monin-

Snow surface temperature is an important parameter of th@bukhov similarity theory to calculate the turbulent fluxes
land surface energy balance as it plays a vital role in the esin a highly stable condition and the uncertainty in the rough-
timation of exchanges of moisture and heat fluxes betweemess length of the snow surface. However, the simulations
the snow surface and atmosphere. The results for the snowan be improved by the inclusion of windless coefficient as
surface temperature simulations at CDP (1996-1997), CDRjiscussed in Brown et al. (2006).
(1997-1998) and WFJ (1992-1993) are shown in Fig. 4a,
b and c, respectively. The results indicate that the simula4.3 Snow albedo
tion performance of WEB-DHM-S is significantly improved
as compared to that of WEB-DHM. WEB-DHM has large The snow albedo observed at the WFJ site is used in the
RMSE and BIAS (see Table 3) because the snow surfacenodel evaluation. There are also snow albedo observations
temperature is calculated as the averaged temperature forfar the CDP site but they are not used in this study as the CDP
single bulk layer of snow mass, and thus, the nighttime sur-albedo is underestimated owing to partial obstruction of the
face temperature is overestimated. sensor’s field of view (Etchevers et al., 2004). Fresh snow

It is found that the RMSE at CDP (1996-1997) consider-albedo in the VIS band is calibrated with a factor of 0.95 for
ably reduce from 3.68 in WEB-DHM to 2.72 in WEB-DHM- the WFJ site and 0.87 for the CDP site. Figure 5 compares
S. In 1997-1998, the RMSE for WEB-DHM and WEB- the observed daily mean albedo and the simulation results of
DHM-S are found 3.22 and 2.07, respectively. At WFJ, thereWEB-DHM and WEB-DHM-S. The simulation results show
is a reduction of RMSE from 5.70 to 3.10 while employ- that WEB-DHM-S is able to capture the seasonal evolution
ing WEB-DHM-S. The observed snow surface temperatureof snow albedo; however, there is a strong bias of 0.1 to
at WFJ is available up to 3 May 1993 only whereas continu-0.15 during the accumulation period, and thus, the results
ous snow cover exists till 30 June 1993. The statistical value®btained are identical to those obtained using the CLASS
of BIAS and RMSE for WEB-DHM at this site will increase model and those available through the SnowMIP (Essery and
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a) Snow surface temperature at CDP (1996-97)
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Fig. 4a. Comparison of observed and simulated hourly snow sur-
face temperature along with its scatterplots at CDP (1996-1997Fig. 4b. Same as in Fig. 4a at CDP (1997-1998) from 3 Decem-
from 11 November 1996 to 3 April 1997. ber 1997 to 5 May 1998.

Etchevers, 2004; Etchevers et al., 2004; Brown et al., 2006)which contributes to the surface runoff and infiltration to the
The main reason behind this bias is that the observed albedsoil surface. The timing and total amount of snowmelt runoff
for new snow is around 0.95 whereas the simulated maxiis better simulated by WEB-DHM-S than by WEB-DHM.
mum albedo is 0.84. In two seasons at CDP, WEB-DHM-S is found to capture
the snowmelt runoff during the accumulation season, mid-
ablation season and final melting season. Although the re-
sults for WEB-DHM also show similar runoff behavior, they
Figure 6 compares the observed snowmelt runoff and simulainclude large biases (underestimation) during the accumula-
tion results of WEB-DHM and WEB-DHM-S atthe CDP and tion and final melting season in both years. Due to early melt
WEFJ sites. Although the snowmelt runoff measurements forfor WEB-DHM, the runoff is overestimated from the begin-
the CDP site are available for the whole simulation period, ning to the end of March in 1996-1997 and from the begin-
the runoff comparison is made for the snow season only. Thening to the middle of April in 1997-1998 (see Fig. 6a, b).
total snowmelt is computed as the sum of melt in each layer

4.4 Snowmelt runoff
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c) Snow surfacetemperatureat WFJ (1992 93)
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Fig. 4c. Same as in Fig. 4a at WFJ (1992-1993) from 28 Octo-
ber 1992 to 3 May 1993.

At the WFJ site, the observations of snowmelt runoff are
available only for a short period (27 April to 7 July 1993) and
the simulation results of WEB-DHM-S have far better agree-
ment 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 (see
Fig. 6¢). A substantial improvement in snowmelt runoff sim-
ulation is achieved at both sites by WEB-DHM-S with less
RMSE and BIAS (see Table 3).
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Snow albedo at WFJ (1992-1993)

1.00
0.90 ~
0.80 ~
0.70 ~
0.60 -
0.50 A
0.40 ~
0.30 A
0.20 A
0.10 ~
0.00 T T T T T T T T
1-Aug 1-Sep 2-Oct 2-Nov 3-Dec 3-Jan 3-Feb 6-Mar 6-Apr 7-May 7-Jun 8-dul

Albedo

-=-Obs.
-=- WEB-DHM

~WEB-DHM-S
T T T

Fig. 5. Comparison of simulated daily snow albedo with the
observed values at WFJ (1992-1993) from 1 August 1992 to
31 July 1993.
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4.5 Sensitivity to incremental process representation

Different sets of simulations (see Table 5) are carried out
at CDP and WFJ to illustrate the sensitivity to incremen-
tal process representation. WEB-DHM is taken as the con-
trol run (CTRL) simulation. At CDP, WEB-DHM with re-
alistic albedo (CTRLA) improves the SWE simulation in
the accumulation season but it fails to simulate the SWE in
the melting season due to the overestimation of albedo (see
Fig. 7a, b). The snow season is overpredicted by 35 days
in 1996-1997 and 17 days in 1997-1998. At WFJ, it fails to
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Fig. 7. Comparison of observed and simulated snow depth, SWE and albéaoGIDP (1996-1997)b) CDP (1997-1998) an¢t) WFJ
(1992-1993) for different sets of simulations as shown in Table 5.

WEB-DHM combined with 3 layer snow scheme
(CTRL_C) mainly improves the snow depth simulation. This
test shows that the overall simulation results at the CDP site

Table 5. Different sets of simulations.

Simulation Details Run name are improved in 1996-1997. But in the melting season of
WEB-DHM (Control run) CTRL 1997-1998, the SW_E results are worse than that of_ CBRL
WEB-DHM + realistic albedo (VIS-0.85; NIR-0.65) CTRA  due to low albedo in CTRIC. At WFJ, the SWE in the
WEB-DHM + BATS albedo scheme CTRB accumulation season is slightly improved but the snow is
WEB-DHM + 3 layer snow scheme CTRC melted too early as occurred in CTRL. CTRL with in-
WEB-DHM + 3 layer snow scheme +realistic albedo CTRL  creased albedo value (CTHR) lengthens the snow cover
WEB-DHM + 3 layer snow scheme + BATS days due to the high albedo without decay function in melt-
albedo scheme = WEB-DHM-S NEW ing season. This implies that both, the 3 layer snow physics

and the new albedo scheme are critically important. At the
end, WEB-DHM-S (NEW in Table 5 and Fig. 7) incorpo-
rates both 3 layer snow scheme and BATS prognostic albedo
simulate the SWE in the accumulation and initial melting pe- scheme for accurate simulation of overall snow processes.
riod whereas the SWE in the late melting season is well sim-

ulated (see Fig. 7c). It shows that the constant realistic albedo

parameterization to WEB-DHM without its decay function is 46 Effect of canopy on snow processes

not able to improve the simulation capability at all. The in-

clusion of BATS albedo scheme into WEB-DHM (CTHR) The effect of canopy on snow processes is evaluated at the
is able to improve the performance of WEB-DHM in simu- Hitsujigaoka (HSG) forest site of the SnowMIP2. Only
lating the SWE and albedo at both the CDP and WFJ site®VEB-DHM-S is used for simulation as snow parameteri-
but the snow depth is still poorly simulated due to the lack of zation for the canopy is kept the same as in WEB-DHM.
prognostic simulation of snow density. Furthermore, the totalThe model is run blindly using its default parameters for
amount and timing of the snowmelt runoff also has large bi-the needleleaf-evergreen trees following SiB2 (Sellers et
ases as compared to the observations in CBRiimulation  al., 1996). The zero plane displacement height (8)63
(see Fig. 8). This indicates that the single layer snow modeblnd roughness length for the canopy (0:]13s taken from
alone is not enough to simulate the overall process well.  Suzuki et al. (2008) wheré: is the vegetation height
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Satcapl from 0.3 mm to 3mm and 6 mm. The reason for
poor performance of the model for realisBatcaplis un-
clear, may be due to an error in the precipitation amount and
its phase. We se®atcaplto the value of 6 mm to simulate
the response of the snow depth to the vegetation coverage
(Vcove). It is found that the snow depth increases for the
decreased/cover(see Fig. 10). It is obvious that decrease
in Vcovercauses less interception by the canopy and more
snow falls to the ground surface increasing the snow albedo
beneath the canopy. But this may not follow at every site
and more sites should be validated beforehand to draw solid
conclusions. Currently, the model does not include mass re-
leases from the canopy due to melt drip and drop of the snow
(7m). The default maximum canopy snow storag@tt  due to the strong winds and bending of branches which may
Cap]) is 0.3 mm water equivalent which is derived from LAl enhance the poor performance of the model.
(Sellers et al., 1996). In the mean time, we simulated the snow depth at the open
Only the snow depth measurements are available fokijte with meteorological data obtained at NAHRC. Since ra-
model evaluation and the observed snow depth is given agiation data are not available at NAHRC, they are obtained
the averaged value of 28 stake measurements in this aregom the forest site (see Table 2). Figure 11 shows the ob-
Firstly, the simulation is conducted using the defeBidtt-  served snow depth at the open and forest sites compared with
caplwith the value of 0.3 mm. The result as shown in Flg 9 the snow depth simulated by WEB-DHM-S at the open site.
demonstrates that the snow depth is overestimated from therom the beginning to the end of the mid ablation season (late
beginning to the end of January. This bias is mainly due toFebruary), the snow depth at the open site was observed with
low value of Satcaplas Suzuki and Nakai (2008) reported high peaks compared to that at the forest site. Afterward, the
the maximum dailySatcapiwith the value of 6.9 mm. Thus, variability of the snow depth at these two sites is found quite
further simulations are carried out f&atcaplwith the val- different. Snow is melted out too early at the open site as
ues of 3mm and 6 mm to test the impact of canopy inter-compared to that at the forest site. The quite contrast may
ception over the snow processes beneath the canopy. Withe due to the variability in the precipitation amount and its
increase inSatcapl(3mm and 6 mm), the snow depth un- phase. The simulated result shows that the snow depth at
der the canopy is reduced throughout the snow season (s&Re open site is highly overestimated after early March and
Fig. 9). ForSatcaplwith the value of 6 mm, the snow depth thus the snow cover days are overpredicted by 15 days. The
in accumulation season (mainly in January) is improved butmodel also fails to capture the maximum snow depth. The
is underestimated from the mid of February to the end ofreasons for these biases are unclear, may be due to the high
show season. The evaporation from the canopy snow is foundublimation or the problem with the forcing data (especially

to be 8.3%, 19.2% and 25.2% of the total precipitation for the radiation measurements) and the reasons will be carefully
Satcaplwith the values of 0.3 mm, 3mm and 6 mm, respec- jnvestigated in future.

tively. The RMSE value for the snow depth simulation is
increased from 0.093 to 0.108 and 0.124 while increasing

Snowmelt runoff (mm)

Fig. 8. Comparison of observed and simulated snowmelt runoff at
(a) CDP (1996-1997)b) CDP (1997-1998) ant) WFJ (1992—
1993) for different sets of simulations as shown in Table 5.
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Fig. 10. The response of WEB-DHM-S simulated snow depth to Fig. 11. Comparison of WEB-DHM-S simulated snow depth at
different vegetation cover€ove) at the HSG forest site. HSG open site with observed snow depth at HSG open and forest
sites.
5 Conclusions the potential to address basin-scale snow processes (e.g., the

snowmelt runoff), since it inherits the distributed hydrolog-
This study has presented the improvements in the snovical framework from the WEB-DHM (e.g., the slope-driven
physics of WEB-DHM by incorporating a three-layer phys- runoff generation with a grid-hillslope scheme, and the flow
ically based energy balance snowmelt model of SSiB3 andouting in the river network). In next studies, the WEB-
the BATS albedo scheme. WEB-DHM with improved DHM-S can be further coupled with a frozen soil scheme
snow physics is termed WEB-DHM-S. The three-layer snow(e.g., Wang et al., 2010) and a glacier model to improve the

model in WEB-DHM-S adds more features to the original integrated water resources management in cold and high ele-
WEB-DHM to simulate the snow processes more accuratelyyated river basins.
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