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RESUMEN

La predicción del clima en el Himalaya occidental es una tarea compleja debido a la gran variabilidad de 
ncu"dcttgtcu"qtqitƒÝecu"gp"ewcpvq"c"cnvkvwf"{"qtkgpvcek„p0"Ncu"ectcevgt‡uvkecu"fg"nc"uwrgtÝekg"vcodkfip"fgugo-
peñan un papel importante en las simulaciones climáticas, y requieren una representación adecuada en los 
oqfgnqu0"Gp"guvg"guvwfkq"ug"wvknk¦ctqp"fqu"guswgocu"fg"rctcogvtk¦cek„p"fg"nc"uwrgtÝekg"vgttguvtg"*NURU."
rqt"uwu"ukincu"gp"kpinfiu+"rctc"cpcnk¦ct"nc"rtgekrkvcek„p"guvcekqpcn"gp"nc"tgik„p"fgn"Jkocnc{c<"gn"guswgoc"fg"
vtcpuhgtgpekc"dkquhgtc/cvo„uhgtc"*DCVU."rqt"uwu"ukincu"gp"kpinfiu+"{"gn"oqfgnq"eqo¿p"fg"nc"vkgttc"*ENO."rqt"
uwu"ukincu"gp"kpinfiu+."x0"507."ceqrncfqu"eqp"gn"oqfgnq"tgikqpcn"fgn"enkoc"TgiEO."x0"60"Gn"cpƒnkuku"cdctec"
pwgxg"guvcekqpgu"kpxgtpcngu"fkhgtgpvgu"*vtgu"eqp"rtgekrkvcek„p"gzegukxc."vtgu"eqp"rtgekrkvcek„p"pqtocn"{"vtgu"
eqp"ffiÝekv"fg"rtgekrkvcek„p+0"Nqu"fcvqu"fgn"tgcpƒnkuku"KK"fg"nqu"Egpvtqu"Pcekqpcngu"fg"Rtgfkeek„p"Codkgpvcn"
*Pcvkqpcn"Egpvgtu"hqt"Gpxktqpogpvcn"Rtgfkevkqp."PEGR+"fgn"fgrctvcogpvq"fg"gpgti‡c"guvcfqwpkfgpug"ug"wvk-
nk¦ctqp"eqoq"eqpfkekqpgu"kpkekcngu"{"nko‡vtqhgu"rctc"gn"oqfgnq"TgiEO0"Rctc"crqtvct"eqpfkekqpgu"uwrgtÝekcngu"
nko‡vtqhgu"cn"oqfgnq"TgiEO"ug"wvknk¦ctqp"rctƒogvtqu"igqh‡ukequ"ukoknctgu"*tguqnwek„p"fg"32"okp+"c"nqu"fgn"
Ocrc"Igqh‡ukeq"fg"Guvcfqu"Wpkfqu0"Ug"gxcn¿c"gn"fgugorg‚q"fg"fqu"NURU"*ENO"{"DCVU+"ceqrncfqu"eqp 
gn"TgiEO"gp"eqorctcek„p"eqp"fcvqu"fg"vgorgtcvwtc"uwrgtÝekcn"{"fg"wpc"ocnnc"fg"rtgekrkvcek„p"fg"nc"QÝekpc"
fg"Ogvgqtqnqi‡c"fg"nc"Kpfkc0"Ug"gpeqpvt„"swg"nqu"fcvqu"ukowncfqu"fg"rtgekrkvcek„p"{"vgorgtcvwtc"uwrgtÝekcn"
guvƒp"oglqt"tgrtgugpvcfqu"gp"gn"ENO"swg"gp"gn"DCVU"ewcpfq"ug"eqorctcp"eqp"ncu"qdugtxcekqpgu0"Oƒu"c¿p."ug"
ecnewncp"xctkqu"rctƒogvtqu"guvcf‡uvkequ"eqoq"gn"uguiq."gn"gttqt"ewcftƒvkeq"ogfkq."gn"eqgÝekgpvg"fg"eqttgncek„p"
gurcekcn"{"pkxgngu"fg"crvkvwf"*eqoq"gn"pkxgn"gswkvcvkxq"fg"crvkvwf"{"nc"rtqdcdknkfcf"fg"fgvgeek„p+"rctc"gxcnwct"
las simulaciones del RegCM utilizando ambos LSPS. Los resultados indican que el error cuadrático medio 
fkuokpw{g"{"gn"eqgÝekgpvg"fg"eqttgncek„p"gurcekcn"ug"kpetgogpvc"eqp"gn"wuq"fgn"ENO"gp"eqorctcek„p"eqp 



130 P. R. Tiwari et al.

gn"DCVU0"Gn"pkxgn"gswkvcvkxq"fg"crvkvwf"{"nc"rtqdcdknkfcf"fg"fgvgeek„p"vcodkfip"kpfkecp"swg"gn"fgugorg‚q"fgn"
oqfgnq"rctc"ukownct"nc"guecnc"fg"nc"rtgekrkvcek„p"guvcekqpcn"gu"oglqt"eqp"gn"ENO"swg"eqp"gn"DCVU0"Gp"igpgtcn."
estos resultados sugieren que el desempeño del RegCM acoplado con el CLM mejora la aptitud del modelo 
rctc"rtgfgekt"nc"rtgekrkvcek„p"kpxgtpcn"*37"c"47'+"{"nc"vgorgtcvwtc"*32"c"42'+"gp"gn"Jkocnc{c"qeekfgpvcn0

CDUVTCEV

Climate prediction over the Western Himalaya is a challenging task due to the highly variable altitude and 
orientation of orographic barriers. Surface characteristics also play a vital role in climate simulations 
and need appropriate representation in the models. In this study, two land surface parameterization schemes 
*NURU+."vjg"Dkqurjgtg/Cvoqurjgtg"Vtcpuhgt"Uejgog"*DCVU+"cpf"vjg"Eqooqp"Ncpf"Oqfgn"*ENO."xgtukqp"
507+"kp"vjg"tgikqpcn"enkocvg"oqfgn"*TgiEO."xgtukqp"6+"jcxg"dggp"vguvgf"qxgt"vjg"Jkocnc{cp"tgikqp"hqt"pkpg"
distinct winter seasons kp"tgurgev"qh"ugcuqpcn"rtgekrkvcvkqp"*vjtgg"{gctu"gcej"hqt"gzeguu."pqtocn"cpf"fgÝekv+0"
Tgcpcn{uku"KK"fcvc"qh"vjg"Pcvkqpcn"Egpvgtu"hqt"Gpxktqpogpvcn"Rtgfkevkqp"*PEGR+1Fgrctvogpv"qh"Gpgti{"*FQG+"
have been used as initial and lateral boundary conditions for the RegCM model. In order to provide land 
uwthceg"dqwpfct{"eqpfkvkqpu"kp"vjg"TgiEO"oqfgn."igqrj{ukecn"rctcogvgtu"*32"okp"tguqnwvkqp+"qdvckpgf"htqo"
vjg"Wpkvgf"Uvcvgu"Igqrj{ukecn"Uwtxg{"ygtg"wugf0"Vjg"rgthqtocpeg"qh"vyq"NURU"*ENO"cpf"DCVU+"eqwrngf"
with the RegCM is evaluated against gridded precipitation and surface temperature data sets from the India 
Ogvgqtqnqikecn"Fgrctvogpv"*KOF+0"Kv"ku"hqwpf"vjcv"vjg"ukowncvgf"uwthceg"vgorgtcvwtg"cpf"rtgekrkvcvkqp"ctg"
dgvvgt"tgrtgugpvgf"kp"vjg"ENO"uejgog"vjcp"kp"vjg"DCVU"yjgp"eqorctgf"ykvj"qdugtxcvkqpu0"Hwtvjgt."ugxgtcn"
uvcvkuvkecn"cpcn{uku"uwej"cu"dkcu."tqqv"ogcp"uswctg"gttqt"*TOUG+."urcvkcn"eqttgncvkqp"eqghÝekgpv"*EE+"cpf"umknn"
ueqtgu"nkmg"vjg"gswkvcdng"vjtgcv"ueqtg"*GVU+"cpf"vjg"rtqdcdknkv{"qh"fgvgevkqp"*RQF+"ctg"guvkocvgf"hqt"gxcnwcvkpi"
RegCM simulations using both LSPS. Results indicate that the RMSE decreases and the CC increases with 
vjg"wug"qh"vjg"ENO"eqorctgf"vq"DCVU0"GVU"cpf"RQF"cnuq"kpfkecvg"vjcv"vjg"rgthqtocpeg"qh"vjg"oqfgn"ku"
dgvvgt"ykvj"vjg"ENO"vjcp"ykvj"vjg"DCVU"kp"ukowncvkpi"ugcuqpcn"uecng"rtgekrkvcvkqp0"Qxgtcnn."tguwnvu"uwiiguv"
that the performance of the RegCM coupled with the CLM scheme improves the model skill in predicting 
ykpvgt"rtgekrkvcvkqp"*d{"37/47'+"cpf"vgorgtcvwtg"*d{"32/42'+"qxgt"vjg"Yguvgtp"Jkocnc{c0

Keywords: Western Himalaya, land surface schemes, regional climate model.

1. Introduction

The Western Himalayan region receives a substantial 

amount of precipitation in the form of snow during 

vjg"ykpvgt"oqpvju"*Fgegodgt."Lcpwct{"cpf"Hgdtwct{"
]FLH_+0"Rtgekrkvcvkqp"qxgt"vjku"tgikqp"ujqyu"c"nctig"
inter-annual variability and is vital for several sec-

vqtu"uwej"cu"citkewnvwtg1jqtvkewnvwtg."vtcpurqtvcvkqp."
tourism, hydropower projects and water resources 

cpf"ocpcigogpv0" Gzeguu" rtgekrkvcvkqp" qxgt" vjku"
tgikqp" ecwugu" ncpfunkfgu1cxcncpejgu" cpf" korcevu"
nkxgnkjqqfu"cpf"kphtcuvtwevwtg0"Fwg"vq"vjg"eqorngz"
orography, nonlinear interactions of land-atmosphere 

rtqeguugu" cpf" kpuwhÝekgpv" qdugtxgf" fcvcugvu." ugc-
sonal-scale prediction of precipitation over such a 

heterogeneous region is one of the challenging tasks 

for meteorologists. Since the heterogeneity of the 

mountain region plays a dominant role in modulating 

vjg"tgikqpcn"enkocvg"*Rkgnmg"et al., 1990; Dickinson, 

3;;7+." cp" cfxcpegf" ncpf" uwthceg" rctcogvgtk¦cvkqp"
uejgog"*NURU+"kp"c"oqfgn"oc{"dg"cdng"vq"kortqxg"
the prediction skill over the mountain region.

Henderson-Sellers and Dickinson *3;;5+"hqwpf"kp"
vjgkt"uvwf{"vjcv"oqtg"vjcp"52'"qh"vjg"nqygt"dqwpfct{"

conditions for the earth surface are provided through 

land-atmosphere interface in global climate models 

and in the case of regional climate modeling sys-

tems, this percentage can be even higher. Since the 

gzejcpig"qh"oqogpvwo"cpf" gpgti{"dgvyggp" ncpf"
surface and the atmosphere affects prognostic vari-

ables such as surface temperature, precipitation, etc., 

a better representation of surface boundary conditions 

in a model is very important. Ding et al. *3;;:+"gz-

amined the role of different land surface processes 

cpf"hqwpf"vjcv"vjg"ghÝekgpe{"qh"c"tgikqpcn"enkocvg"
oqfgn" *TEO+"kp" vjg"ukowncvkqp"qh"rtgekrkvcvkqp" ku"
increased when an improved land-surface parame-

terization scheme is used. A few studies have been 

carried out on the impact of different land LSPS in 

the simulation of upper air circulation associated with 

rtgekrkvcvkqp"*Rkgnmg"et al., 4225="Ukpij"et al., 2007; 

Dutta et al., 2009; Kar et al., 2014; Tiwari et al., 

4236+"qxgt"vjg"Kpfkcp"tgikqp0"Kv"ycu"hqwpf"vjcv"NURU"
plays a crucial role in seasonal scale simulation over 

the Indian region. However, most of these studies 

have been conducted for the Indian summer monsoon 

season and so far there are no such studies for the 
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ykpvgt"ugcuqp"*FLH+"gzcokpkpi"vjg"tqng"qh"fkhhgtgpv"
LSPS in a RCM over the Western Himalayan region.

The main objective of the present study is to eval-

wcvg"vjg"rgthqtocpeg"qh"vyq"NURU."vjg"Dkqurjgtg/Cv-
oqurjgtg"Vtcpuhgt"Uejgog" *DCVU+" *Fkemkpuqp"et 

al.." 3;;5+" cpf" vjg"Eqooqp"Ncpf"Oqfgn" *ENO+. 
x0"507"*Qnguqp"et al.."422:+."kp"vjg"Tgikqpcn"Enkocvg"
Oqfgn"*TgiEO+"x0"6"*Rcn"et al.."4229+"vq"ukowncvg"
winter precipitation and temperature over the Western 

Himalaya.

The remainder of this paper is organized as fol-

lows. A brief description of the model used, including 

characteristics and methodology of the simulation, is 

rtgugpvgf"kp"ugevkqpu"4"cpf"5."tgurgevkxgn{0"Ugevkqp"
4 describes the results and discusses the sensitivity 

gzrgtkogpvu"ykvj"DCVU"cpf"ENO0"Hkpcnn{."ucnkgpv"
features of the study are concluded in section 5.

2. Model description

Vjg"f{pcokecn"eqtg"qh"vjg"TgiEO"*x0"6+"oqfgn"ku"
similar to the hydrostatic version of the mesoscale 

oqfgn"OO7"*Itgnn"et al., 3;;6+0"Vjg"TgiEO"uvcp-

fctf"oqfgn"eqpÝiwtcvkqp"eqpukuvu"qh"3:"xgtvkecn"ukioc"
ngxgnu"kp"yjkej"Ýxg"ngxgnu"*cv"crrtqzkocvgn{"62."332."
532."952"cpf"3622"o"htqo"uwthceg+"ctg"kp"vjg"nqygt"
vtqrqurjgtg"*ykvjkp"307"mo"htqo"vjg"uwthceg"]Ikqtik"
cpf"Dcvgu, 3;:;_+0"Vjg"tcfkcvkxg"vtcpuhgt"rcemcig"qh"
vjg"PECT"Eqoowpkv{"Enkocvg"Oqfgn"x0"5"*Mkgjn"
et al., 3;;8+."vjg"ocuu"Þwz"ewownwu"enqwf"uejgog"
qh"Itgnn"*3;;5+"ykvj"Htkvej/Ejcrrgnn"enquwtg"*Htkvuej"
cpf"Ejcrrgnn." 3;:2+" cpf" vjg" pqpnqecn" dqwpfct{"
scheme by Holtslag et al. *3;;;+"ctg"wugf"kp"vjg"Tgi-

CM. The land-surface processes are incorporated via 

vjg"Dkqurjgtg/Cvoqurjgtg"Vtcpuhgt"Uejgog"*DCVU+"
*Fkemkpuqp"et al., 3;;5+"cpf"vjg"Eqoowpkv{"Ncpf"
Oqfgn" *ENO+" *Qnguqp"et al., 422:+" uejgogu0"Hqt"
vjku"uvwf{."vjg"urcp"qh"vjg"oqfgn"fqockp"ku"3:/67³"P. 
82/;7³" G0"Vjg"oqfgn" fqockp" cpf" vjg" qtqitcrj{"
shown in Figure 1 cover all parts of northwest 

India. A model grid with horizontal resolution of 

52"'"52"mo"ku"ugngevgf" vq"eqpfwev" vjg"ukowncvkqp"
gzrgtkogpvu0"Cu" ecp"dg" uggp" htqo" vjg"Ýiwtg." vjg"
oczkowo"jgkijv"qh"vjg"Jkocnc{cu"tgrtgugpvgf"cv"
this resolution is about 5500 m. Most of the sharp 

gradient in the orography of the Himalayas gets 

smoothed out due to the resolution chosen for the 

model. Sinha et al." *4235+" ecttkgf" qwv" c" fgvckngf"
study on the role of representation of orography in 

vjg"TgiEO5"ukowncvkqpu0 C"dtkgh"qp"oqfgn"eqpÝi-

uration used in this study is also given in Table I. 

Kp" vjku" uvwf{." vyq" ugvu" qh" pwogtkecn" gzrgtkogpvu"
are carried out with different land surface models, 

DCVU"cpf"ENO0
Vjg"DCVU"ncpf"uwthceg"rctcogvgtk¦cvkqp"uejgog"

is used to describe the role of soil moisture and 

xgigvcvkqp"kp"vjg"oqfgn0"Kv"ecnewncvgu"vjg"gzejcpigu"
of momentum, energy, and water vapor associated 

with surface-atmosphere interactions. It has one 

vegetation layer, a surface soil layer, a snow layer 

and 20 vegetation types. The prognostic equations 

for the soil layer temperatures are solved by using a 

igpgtcnk¦gf"hqteg/tguvqtg"ogvjqf"*Fkemkpuqp"et al., 

3;;5+0"Vjg"ENO"*Qnguqp"et al., 422:+"eqpvckpu"qpg"
vegetation layer with a canopy photosynthesis-con-

fwevcpeg"oqfgn."32"wpgxgpn{"urcegf"uqkn"nc{gtu."Ýxg"
snow layers with an additional representation of trace 

snow, and 24 vegetation types. In this scheme, for 

each layer temperature, ice water and liquid water are 

uqnxgf"gzrnkekvn{0"Vjg"ENO"wugu"c"oqucke"crrtqcej"
for capturing land surface heterogeneity within a 

climate model at each grid cell. The main advantage 

qh"vjg"ENO"qxgt"DCVU"ku"vjcv"kp"vjg"hqtogt."c"jkijgt"
number of soil layers and vegetation fractions are 

included. The CLM has the ability to include sub-

grid “tiles” with separate water and energy balance 

conducted for each tile. This approach enables the 

tgrtgugpvcvkqp"qh" xctkqwu" uwthceg"rctcogvgtu" *g0i0."
uwthceg"vgorgtcvwtg."rtgekrkvcvkqp."Þwzgu."gve0+"kp"c"
dgvvgt"yc{"eqorctgf"vq"DCVU"*Uvgkpgt"et al.."4227+0"
A brief comparison of these two land surface param-

eterization schemes is provided in Table II.
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Fig. 1. The RegCM model domain used in the present 

study.
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3. Uimulation speciÝcs and veriÝcation method-

ology

Ugcuqpcn" *ykpvgt+" rtgekrkvcvkqp" cpqocnkgu" qxgt"
the Indian areas of the Western Himalayan region 

jcxg"dggp"eqorwvgf"wukpi"55"{gctu"*3;97/422:+"qh"
observed precipitation data from the India Meteoro-

nqikecn"Fgrctvogpv"*KOF+"*Tclggxcp"et al., 4228+0"

Hqt" vjg"rtgugpv" uvwf{."gzvtgog" *gzeguu"qt"fgÝekv+"
precipitation seasons are considered on the basis 

of precipitation anomaly departures by one standard 

deviation or more from its mean. Therefore, within 

vjgug"55"{gctu."vjgtg"ctg"vjtgg"{gctu"kp"vjg"ecvgiqt{"
qh" gzeguu" rtgekrkvcvkqp" *3;;2/3;;3." 3;;6/3;;7."
3;;9/3;;:."jgtgchvgt"tghgttgf"vq"cu"gzeguu"{gctu+="

Vcdng"K0"EqpÝiwtcvkqp"qh"vjg"TgiEO6"wugf"kp"vjg"rtgugpv"uvwf{0

Dynamics Hydrostatic

Main prognostic variables u,v t, q and p

Model domain 3:/67³"P."82/;7³"G="tgu0"?"52"mo

Map projection Lambert conformal mapping

Vertical coordinate Terrain-following sigma coordinate

Vqvcn<"3:"ukioc"ngxgnu"*Ýxg"ngxgnu"kp"RDN+

Cumulus parameterization Grell with Fritch & Chappell closure

Land surface models Dkqurjgtg/Cvoqurjgtg"Vtcpuhgt"Uejgog"*DCVU+
cpf"Eqoowpkv{"Ncpf"Oqfgn"*ENO+

Radiation parameterization PECT1EEO5"tcfkcvkqp"uejgog

RDN"rctcogvgtk¦cvkqp Holtslag

Vcdng"KK0"C"dtkgh"eqorctkuqp"dgvyggp"vyq"ncpf"uwthceg"rctcogvgtk¦cvkqp"uejgogu"*k0g0."DCVU"cpf"ENO+0

Category DCVU CLM

Ncpf"eqxgt1xgigvcvkqp"
classes

20 vegetation types 24 vegetation types

Surface representation One vegetation layer, a surface soil layer, 

a snow layer

One vegetation layer with a canopy photosynthesis-

conductance model, 10 unevenly spaced soil 

layers, five snow layers with an additional 

representation of trace snow

Soil temperatures 

calculation

Uses a two-layer force-restore model Uqkn" vgorgtcvwtg" ku" ecnewncvgf" gzrnkekvn{" d{" c"
10-layer soil model

Treatment of vegetation 

canopy

Treats all vegetation

within the canopy in the same

manner

The canopy is divided into sunlit and shaded 

fractions as a function of LAI

Calculation of stomatal

conductance and 

photosynthesis rate

No individual calculation is made for 

sunlit and shaded fractions. It does not 

compute photosynthetic rates

Stomatal conductance is calculated for sunlit and 

shaded fractions. Calculation of photosynthetic 

rates is done in this scheme

Treatment of heat and 

roughness length

Heat and water vapor roughness lengths 

are constant

Updates these values over bare soil and snow with 

values from the stability functions

Albedo treatment Uses prescribed values for vegetation 

albedo for both short- and longwave 

components

Wugu"c"oqfkÝgf"vyq"uvtgco"crrtqcej"vjcv"tgfwegu"
vjg" eqorngzkv{" qh" c" hwnn" vyq/uvtgco" cndgfq"
treatment
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vjtgg"{gctu"kp"vjg"ecvgiqt{"qh"fgÝekv"rtgekrkvcvkqp"
*3;;8/3;;9." 4222/3;23." 4226/3;27." jgtgchvgt"
tghgttgf"vq"cu"fgÝekv"{gctu+."cpf"vjtgg"{gctu"kp"vjg"
ecvgiqt{"qh"pqtocn"rtgekrkvcvkqp"*3;::/3;:;."3;;5/
3;;6."4225/4226."jgtgchvgt" tghgttgf" vq" cu"pqtocn"
{gctu+0"Kp"vjg"rtgugpv"uvwf{."vjgug"{gctu"ctg"eqpukf-

gtgf"vq"eqpfwev"vjg"pwogtkecn"gzrgtkogpvu0"Eqo-

posite analyses have been carried out by computing 

vjg" fkhhgtgpeg" dgvyggp" gzeguu"okpwu" pqtocn" cpf"
fgÝekv"okpwu"pqtocn"rtgekrkvcvkqp"{gctu0

The RegCM model has been integrated from 

Pqxgodgt"3"vq"Hgdtwct{"4:"*Hgdtwct{"4;"fwtkpi"vjg"
ngcr"{gct+"hqt"gcej"ykpvgt"ugcuqp0"Kp"vjku"uvwf{."oqfgn"
kpvgitcvkqp"qwvrwv"hqt"vjg"Ýtuv"oqpvj"*k0g0."Pqxgodgt+"
is not analyzed as it is considered the model spin up 

vkog0"Hqt"gcej"{gct"*gzeguu."fgÝekv"cpf"pqtocn+."vjg"
RegCM model is integrated twice with two different 

NURU="Ýtuv."eqwrngf"ykvj"DCVU"cpf"vjgp"eqwrngf"ykvj"
CLM, keeping unchanged all the other parameters 

of the model. Initial and lateral boundary conditions 

*NDEu+"hqt"vjg"oqfgn"kpvgitcvkqp"ctg"rtqxkfgf"d{"vjg"
National Centers for Environmental Prediction-De-

rctvogpv" qh"Gpgti{" *PEGR/FQG+" tgcpcn{uku" KK" vq"
ftkxg"vjg"TgiEO"oqfgn."cpf"vjg"NDEu"ctg"wrfcvgf"
every 6 h. The prescribed sea surface temperature in 

the model is the National Oceanic and Atmospheric 

Cfokpkuvtcvkqp"Qrvkowo"Kpvgtrqncvkqp"UUV"*PQCC/
QK/UUV/x0"4+"cv"c"3"'"3³"tguqnwvkqp+0"Vjg"igqrj{ukecn"
parameters are from the United States Geophysical 

Uwtxg{"*WUIU+"cv"c"32Ó"tguqnwvkqp+0"Vjg"oqfgn/uko-

wncvgf"tguwnvu"ctg"xcnkfcvgf"ykvj"vjg"KOF"itkffgf"*3"'"
3³+"qdugtxgf"rtgekrkvcvkqp"cpf"uwthceg"ckt"vgorgtcvwtg"
*jgtgchvgt"ukorn{"tghgttgf"vq"cu"vgorgtcvwtg+"fcvc"ugvu0"
For comparison of the model data with observations, 

model simulated results are interpolated bilinearly to 

the grid points of the observed data.

Statistical analysis such as spatial correlation 

eqghÝekgpv" *EE+." tqqv"ogcp"uswctg"gttqt" *TOUG+."
rtqdcdknkv{"qh"fgvgevkqp"*RQF+."gswkvcdng"vjtgcv"ueqtg"
*GVU+."gve0."jcxg"dggp"ecttkgf"qwv"dgvyggp"oqfgn"cpf"
IMD data sets. The POD indicates what fraction of 

the observed “yes” events was correctly forecasted. 

Kv"ku"fgÝpgf"cu.

POD = 
H

H + M
" *3+

where H and M are hits and misses for each category, 

respectively. POD ranges from 0 to 1 with POD"?"3 

kpfkecvkpi"rgthgev"umknn"kp"rtgfkevkqp"*k0g0."O"?"2+0"

GVU" ku"c"umknn"ogvtke"igpgtcnn{"wugf" hqt"{gu1pq"
hqtgecuvkpi" *Ikndgtv." 3::6="Yknmu." 3;;7+=" kv" ku" fg-
Ýpgf"cu<

ETS = , where
H – Hλ

(H + M + F – Hλ)

Hλ =
(H + M) (M + F)

T

" *4+

and M, H and F are the number of misses, hits and 

false alarms, respectively, for each category. Hits due 

to random chance are denoted by Hそ and T is the total 

number of events. ETS"xctkgu"htqo"Î2055"vq"3"ykvj"
ETS"?"2"kpfkecvkpi"pq"umknn"cpf"ETS"?"3"kpfkecvkpi"
rgthgev"umknn"kp"rtgfkevkqp0"UvwfgpvÓu"t-test is used for 

uvcvkuvkecn" ukipkÝecpeg" qh" vjg" cpqocn{"EE."yjgtg"
vjg"etkvkecn"xcnwg"qh"EE"ku"2049"cv"c";2'"eqpÝfgpeg"
ngxgn"*EN+0

4. Results and discussion

The composite analyses of observed gridded tem-

perature and precipitation during the winter season 

hqt" gzeguu." fgÝekv" cpf" pqtocn" rtgekrkvcvkqp" {gctu"
are presented in Figure 2. It is clearly seen from the 

Ýiwtg"vjcv"vgorgtcvwtg"ku"eqorctcvkxgn{"eqqngt"fwtkpi"
vjg"gzeguu"{gctu"cu"eqorctgf"vq"pqtocn"cpf"fgÝekv"
years over Jammu and Kashmir. It is also seen that 

vjg"ugcuqpcn"ogcp"vgorgtcvwtg"ku"yctogt"d{"3/4"³E"
fwtkpi" fgÝekv" {gctu" vjcp" kp" gzeguu" {gctu" qxgt" vjg"
Western Himalayan region. The range of seasonal 

ogcp"rtgekrkvcvkqp"fwtkpi"gzeguu"{gctu"ku"cdqwv"607"
to 6.5 mm day–1"ykvj"c"oczkowo"qh"807"oo"fc{–1 

qxgt" Lcoow" cpf"Mcujokt."yjgtgcu" fwtkpi" fgÝekv"
years the seasonal precipitation range is about 1.5 

to 2.5 mm day–1."ykvj"c"oczkowo"qh"407"oo"fc{–1 

over the same region. Therefore, it is noticed that 

gzeguu"rtgekrkvcvkqp"{gctu"ctg"eqorctcvkxgn{"eqqngt"
vjcp"fgÝekv"rtgekrkvcvkqp"{gctu"qxgt"vjg"Kpfkcp"rctv"
of the Western Himalayan region. In the following 

three sub-sections, the results obtained from the 

simulation of RegCM model with two different LSPS 

are analyzed.

4.1 Spatial distribution of surface air temperature

Vjg"ukowncvgf"ugcuqpcn"cxgtcig"*FLH+"vgorgtcvwtg"
htqo"gzrgtkogpvu"ykvj"DCVU"cpf"ENO"ykvjkp"vjg"
TgiEO"hqt"pkpg"fkuvkpev"rtgekrkvcvkqp"{gctu" *vjtgg"
gzeguu."vjtgg"fgÝekv"cpf"vjtgg"pqtocn+"ycu"gzcokpgf0 



134 P. R. Tiwari et al.

It was noticed that the model is able to reproduce the 

mean temperature distribution over the northwest 

Kpfkc" hqt" vjg" eqorqukvg" gzeguu." eqorqukvg" fgÝekv"
and composite normal years reasonably well when 

gkvjgt"qh"vjg"ncpf"uwthceg"uejgogu"*DCVU"qt"ENO+"
ctg"wugf"*Ýiwtg"pqv"ujqyp+0"Jqygxgt."vjg"ukowncvgf"
temperature in terms of distribution and magnitude is 

dgvvgt"kp"vjg"ENO"gzrgtkogpv"vjcp"kp"vjg"DCVU"yjgp"
results are compared against the observed surface 

temperature data sets.

In order to understand the variation of seasonal av-

erage winter temperature in distinct years, composite 

fkhhgtgpegu"dgvyggp"gzeguu"cpf"pqtocn"{gctu."cu"ygnn"
cu"dgvyggp"fgÝekv"cpf"pqtocn"{gctu"ctg"eqorwvgf 

cpf"ujqyp"kp"Hkiwtg"50"Kv"ecp"dg"uggp"htqo"vjg"Ýiwtg"
that temperature is lower in the observations and in 

dqvj"TgiEO"ukowncvkqp"gzrgtkogpvu"kp"vjg"gzeguu"
years as compared to normal years. The left panel in 

Hkiwtg"5"ujqyu"vjcv"vjg"TgiEO"oqfgn"ykvj"DCVU"
ukowncvgu"c"yctogt"uwthceg"d{"3/4"³E"cu"eqorctgf"vq"
vjg"ENO"kp"vjg"fkhhgtgpeg"dgvyggp"eqorqukvg"gzeguu"
and composite normal precipitation years. On the 

other hand, it is found that the area with cooler tem-

perature is located more over the Western Himalaya 
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kp"vjg"ENO"vjcp"kp"vjg"DCVU0"Kv"ecp"cnuq"dg"pqvkegf"
that the magnitude and distribution of temperature 

fkhhgtgpegu"dgvyggp"fgÝekv" cpf"pqtocn"{gctu"ykvj"
vjg"ENO"uejgog"ku"dgvvgt"vjcp"ykvj"vjg"DCVU"yjgp"
eqorctgf"ykvj"vjg"qdugtxgf"rcvvgtpu"*Hki0"5."tkijv"
rcpgn+0"Vjg" cpcn{uku" tgxgcnu" cp" kortqxgogpv" qh"
32/42'"kp"vjg"rtgfkevkqpu"qh"ugcuqpcn"ogcp"ykpvgt"
vgorgtcvwtg"ykvj"vjg"wug"qh"ENO"qxgt"DCVU0"Uq."
the results suggest that the model-simulated mean 

cu"ygnn"cu"vjg"xctkcvkqp"kp"vgorgtcvwtg"*kp"vgtou"qh"
urcvkcn"fkuvtkdwvkqp"cpf"ocipkvwfg+"fwtkpi"vjg"pkpg"

distinct years are better represented with the use of 

ENO"cu"eqorctgf"vq"DCVU0

4.2 Spatial distribution of precipitation

Vjg"tgurqpug"qh"vjg"DCVU"cpf"ENO"uejgogu"kp"vjg"
TgiEO"oqfgn"ku"gzcokpgf"kp"vgtou"qh"rtgekrkvcvkqp"
simulations in the nine distinct years described earlier. 

Results indicate that the model is able to represent 

the seasonal mean precipitation distribution for 

vjg" eqorqukvgu"qh" gzeguu." fgÝekv" cpf"pqtocn"{gctu 
tgcuqpcdn{"ygnn"ykvj"dqvj"ncpf"uwthceg"uejgogu"*Ýiwtg 

(c) (f)CLM CLM
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pqv" ujqyp+0"Jqygxgt." kp" vgtou"qh" fkuvtkdwvkqp" cpf"
intensity the model-simulated precipitation is closer 

to observations with the use of the CLM scheme. To 

wpfgtuvcpf"vjg"TgiEO"oqfgn"ghÝekgpe{"kp"ukowncvkpi"
precipitation during the nine distinct years, the sea-

uqpcn"ogcp"*FLH+"eqorqukvg"rtgekrkvcvkqp"fkhhgtgpegu"
dgvyggp"gzeguu"cpf"pqtocn"{gctu."cu"ygnn"cu"dgvyggp"
fgÝekv"cpf"pqtocn"{gctu."ctg"eqorwvgf0 Precipitation 

differences are shown in Figure 4. In the precipitation 

fkhhgtgpeg"dgvyggp"gzeguu"cpf"composite normal years 

*Hki0"6."nghv"rcpgn+."kv"ku"uggp"vjcv"vjg"tgrtgugpvcvkqp"
of precipitation in terms of intensity and distribution 

ku"dgvvgt"ykvj"ENO" vjcp"ykvj"DCVU"uejgog"yjgp"
compared to observed differences. The precipitation 

fkhhgtgpegu"dgvyggp"fgÝekv"cpf"pqtocn"{gctu"*Hki0"6."
tkijv"rcpgn+"ctg"ecrvwtgf"ygnn"kp"dqvj"NURU"*ENO"cpf"
DCVU+"qxgt"pqtvjyguv"Kpfkc."jqygxgt."vjg"xctkcvkqp"
in precipitation is closer to the observations with the 

ENO"uejgog" vjcp"ykvj"DCVU0"Vjg"swcnkvcvkxg"fg-
scription of seasonal precipitation suggests that the 

ghÝekgpe{"qh" vjg"TgiEO"oqfgn" ku"jkijgt"ykvj" vjg"
ENO"uejgog"vjcp"ykvj"DCVU0

The area average of monthly as well as seasonal 

composite precipitation obtained from the IMD 

(c) (f)CLM CLM
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qdugtxcvkqpu"cpf"vjg"TgiEO"*ykvj"DCVU"cpf"ENO+"
ukowncvkqpu"ygtg" eqorwvgf" cpf" ctg" gzjkdkvgf" kp"
Figure 5, which shows that the area-averaged pre-

cipitation is underestimated in both LSPS during 

cnn"qh"vjg"{gctu"*eqorqukvg"qh"gzeguu."eqorqukvg"qh"
fgÝekv"cpf"eqorqukvg"qh"pqtocn"{gctu."tgurgevkxg-
n{+"cv"oqpvjn{"cu"ygnn"cu"ugcuqpcn"uecng0"Jqygxgt."
the RegCM simulations with CLM are closer to 

observations. An improvement in the precipitation 

ocipkvwfg" d{" cdqwv" 37/47'" ku" pqvkegf"ykvj" vjg"
ENO" uejgog" qxgt" DCVU" kp" vjg" ugcuqpcn"ogcp"
simulations. It may be noticed that the improvement 

varies from year to year. During all the months 

cpf"ugcuqpu."vjg"ghÝekgpe{"qh"vjg"TgiEO"oqfgn"ku"
jkijgt"yjgp"twp"ykvj"ENO"kpuvgcf"qh"DCVU."vjqwij"
the rate of improvement is higher in January than in 

other months. The better simulation of precipitation 

ykvj"ENO"cu"eqorctgf"vq"DCVU"oc{"dg"fwg"vq"vjg"
inclusion of more number of soil layers and a better 

representation of the vegetation cover in the former, 

as described below.

The vegetation cover over the region of interest 

cu"wugf"d{"dqvj"NURU"*DCVU"cpf"ENO+"ku"ujqyp"
in Figure 6. It can be seen from the diagram that 

vegetation cover in the RegCM-CLM simulations 

has a greater spatial coverage over the Indian part of 

vjg"Yguvgtp"Jkocnc{c"vjcp"vjg"TgiEO/DCVU0"Vjku"
increased vegetation cover in the RegCM-CLM en-

hances precipitation as found in Zheng et al."*4224+0
Soil moisture from the NCEP-DOE reanalysis II 

cpf" vjg" TgiEO" ukowncvkqpu" *ykvj" DCVU1ENO"
NURU+" ctg" ujqyp" kp"Hkiwtg" 9" hqt" vjg" eqorqukvgu"
qh"gzeguu"cpf"pqtocn"{gctu."cpf"fgÝekv"cpf"pqtocn"
precipitation years. Observations show positive soil 

moisture over northern India, which is well brought 

qwv"d{"dqvj"NURU0"Jqygxgt." vjg"urcvkcn"gzvgpv" ku"
nqygt"kp"vjg"TgiEO/DCVU"ukowncvkqp"hqt"vjg"eqo-

rqukvg"qh"gzeguu"okpwu"pqtocn"{gctu0 In the case of 
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vjg"eqorqukvg"fkhhgtgpeg"dgvyggp"fgÝekv"cpf"pqtocn"
precipitation years, vjg"urcvkcn"gzvgpv"cpf"kpvgpukv{"
is closer to observations with the RegCM-CLM as 

eqorctgf"vq"vjg"TgiEO/DCVU"ukowncvkqp0"Vjku"fkh-
ference in model simulation is due to the difference 

in soil descriptions and moisture representations 

between these two LSPS. Therefore, the better 

representation of soil moisture may be the reason 

for a better representation of precipitation in the 

RegCM-CLM simulation.

Ugpukdng" jgcv" Þwzgu" htqo" vjg"PEGR/FQG" tg-

cpcn{uku"KK"cpf"vjg"TgiEO"ukowncvkqpu"*ykvj"DCVU1
ENO"NURU+"ctg"fgrkevgf"kp"Hkiwtg":"hqt"eqorqukvgu"
qh" gzeguu"okpwu"pqtocn" cpf"fgÝekv"okpwu"pqtocn"
precipitation years. The composite analysis between 

gzeguu"okpwu" pqtocn" rtgekrkvcvkqp" {gctu" kpfkecvgu"
vjcv"dqvj"NURU"ujqy"cnoquv"ukoknct"urcvkcn"gzvgpvu"
of precipitation over the eastern parts of Jammu and 

Kashmir. However, over the western part of Jammu 

and Kashmir, the RegCM-CLM simulation produces 

oqtg"ygv"¦qpgu"cu"eqorctgf"vq"vjg"TgiEO/DCVU"
simulation. In the case of composite differences 

dgvyggp"fgÝekv"cpf"pqtocn"rtgekrkvcvkqp"{gctu."uko-

ulations with both land surface schemes are mostly 

similar.

4.3 Statistical evaluation of precipitation

Vjg"rgthqtocpeg"qh"vjg"TgiEO"oqfgn"ykvj"vjg"DCVU"
and CLM land surface schemes has been evaluated 

by computing various statistical skill scores. Some 

important evaluation strategies consisted in esti-

mating the RMSE and the CC, between others. The 

model skill scores were estimated against observed 

gridded precipitation data from the IMD over the 

Indian part of the Western Himalaya. The model re-

sults are bi-linearly interpolated to the grid points of 

the IMD observed data for statistical evaluation. The 

RMSE and spatial CC are calculated for both sets of 

twpu"wukpi"ENO"cpf"DCVU"*Vcdng"KKK+0"Kv"ecp"dg"uggp"
vjcv"vjg"EE"ku"uvcvkuvkecnn{"ukipkÝecpv"*vjg"vjtgujqnf"
xcnwg"ku"2049"cv"c";2'"eqpÝfgpeg"ngxgn+"kp"vjg"rtg-
cipitation simulation with the CLM scheme during 

gzeguu."fgÝekv"cpf"pqtocn"rtgekrkvcvkqp"{gctu0"Vjg"
EE"ku"jkijgt"kp"vjg"ENO"gzrgtkogpv"*205;."2057"cpf"
2059."tgurgevkxgn{+"vjcp"kp"vjg"DCVU"gzrgtkogpv"hqt"
all the years in which simulations were carried out 

within this study. The RMSE values of the RegCM 

model are lower when the CLM scheme is used 

kp"eqorctkuqp"ykvj"DCVU0"Vjku"uwiiguvu" vjcv" vjg"
spatial distribution of precipitation and its intensity 

are simulated better in the RegCM with the CLM 

uejgog"vjcp"ykvj"DCVU0
Several other skill metrics, such as POD, accu-

racy, ETS, and bias have been estimated for the dis-

tinct precipitation years and presented in Table IV. 

When the observed precipitation is higher than 

or equal to 1 mm day–1, that day is considered 

as a wet day. It can be seen from the statistical 

Hki0"80"Xgigvcvkqp"eqxgt"kp"*c+"DCVU"cpf"*d+"ENO"ncpf"uwthceg"uejgogu0
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analysis that POD values are higher in the CLM 

gzrgtkogpv" *2097." 2092" cpf" 20::" hqt" vjg" gzeguu."
fgÝekv"cpf"pqtocn"{gctu."tgurgevkxgn{+"vjcp"kp"vjg"
DCVU"gzrgtkogpv"hqt"cnn"vjg"vjtgg"fkuvkpev"{gctu0"
It is also found that the number of wet days simu-

ncvgf"kp"vjg"ENO"gzrgtkogpv"ku"enqugt"vq"qdugtxc-

tions. Furthermore, the accuracy of precipitation 

ukowncvkqpu"ku"jkijgt"ykvj"ENO"vjcp"ykvj"DCVU"
over the Western Himalaya. The computed model 

bias indicates that the precipitation intensity and 

distribution is better represented with the CLM 

*dkcu"ku"enqugt"vq"3+0"Jqygxgt."vjg"oqfgn/ukowncvgf 
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precipitation is underestimated with respect to 

observations in both schemes. Table IV indicates 

that ETS is higher in the CLM simulations during 

all the years, which indicates that precipitation 

events are better represented with the CLM land 

surface scheme.

Vjwu."vjg"uvcvkuvkecn"cpcn{uku"*hqtgecuv"gttqtu"cpf"
umknn"ueqtgu+"cnuq"tgxgcnu"vjcv"vjg"TgiEO"oqfgn"ykvj"
the CLM parameterization scheme performs better 

kp" ukowncvkpi"rtgekrkvcvkqp" hqt" gzvtgog"{gctu"ykvj"
reasonable accuracy over the Western Himalayan 

tgikqp."cu"eqorctgf"vq"vjg"TgiEO"ykvj"DCVU0
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5. Conclusion

In the present study we compared two different land 

surface parameterization schemes within the Reg-

EO."k0g0"DCVU"cpf"ENO."vq"ukowncvg"pkpg"fkuvkpev"
winter precipitation years over the Western Himala-

ya. During the winter months, a notable difference 

dgvyggp" vjg"DCVU" cpf"ENO"gzrgtkogpvu" ku" qd-

served in the simulation of temperature and amount 

of precipitation. The performance of the RegCM with 

both LSPS is reasonable in reproducing the mean 

features of seasonal temperature and precipitation, 

however the skill of the model is higher with the 

Hki0":0"Ugcuqpcn"*FLH+"ugpukdng"jgcv"Þwz"*Y"o–2+"fkhhgtgpeg"*eqorqukvg"gzeguu"Î"eqo-

rqukvg"pqtocn"cpf"eqorqukvg"fgÝekv"Î"eqorqukvg"pqtocn"rtgekrkvcvkqp"{gct+"qdvckpgf"
htqo"qdugtxgf"*c."f+"cpf"TgiEO6"oqfgn"ukowncvkqp"ykvj"DCVU"*d."g+"cpf"ENO"*e."h+0
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Vcdng"KKK0"TOUG"cpf"EE"hqt"gzeguu."fgÝekv"cpf"pqtocn"
precipitation years.

Gzeguu FgÝekv Normal

RMSE DCVU 5066: 307:9 4099:
CLM 50534 305:7 2.529

CC DCVU 2057; 20535 20573
CLM 205:7 20574 20596

TOUG<"tqqv"ogcp"uswctg"gttqt="EE<"eqttgncvkqp"eqghÝekgpv0
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Vcdng"KX0"Umknn"ueqtg"hqt"gzeguu."fgÝekv"cpf"pqtocn"rtgekrkvcvkqp"{gctu"hqt"vjg"@"3"oo"tckphcnn"ecvgiqt{0

Year Land surface scheme RQF"3"*2"vq"3+ Ceewtce{"3"*2"vq"3+ Dkcu"3"*2"vq"ı+ GVU"3"*Î315"vq"3+

Gzeguu DCVU 0.715 207:; 1.502 20335
CLM 0.747 0.596 1.642 203:4

FgÝekv DCVU 208;5 20855 1.952 0.071
CLM 0.697 0.711 305:3 0.167

Normal DCVU 20:74 0.656 3067: 0.179
CLM 20:98 208:5 1.229 203:9

CLM scheme. Furthermore, temperature and precip-

kvcvkqp"fwtkpi"gzvtgog"ykpvgt"ugcuqpu"ctg"cnuq"dgvvgt"
ecrvwtgf"ykvj" vjg"ENO" uejgog" vjcp"ykvj"DCVU"
when compared to observations. As mentioned 

earlier, most of the sharp gradient in the orography 

of the Himalayas gets smoothed due to the resolu-

tion chosen for the model. Similarly, the surface 

ejctcevgtkuvkeu"*uqkn"v{rg."uqkn"ygvpguu."xgigvcvkqp"
eqxgt."gve0+"ctg"pqv"rtqrgtn{"tgrtgugpvgf"kp"vjg"oqf-

el due to the chosen resolution, as there is a sharp 

gradient in these parameters over the Himalayan 

region. This study suggests that even at this reso-

nwvkqp."vjg"TgiEO"oqfgn"ykvj"ENO"cpf"DCVU"ku"
able to reproduce some of the salient features of the 

fkuvkpev"{gctu"gzcokpgf0
Forecast errors and skill scores indicate that the 

performance of the RegCM model is better with the 

ENO"uejgog"tcvjgt"vjcp"ykvj"DCVU0"Oqtgqxgt."ko-

rtqxgogpvu"d{"cdqwv"32/42'"kp"vgorgtcvwtg"cpf"37/
47'"kp"rtgekrkvcvkqp"rtgfkevkqpu"ctg"qdugtxgf"ykvj"vjg"
wug"qh"vjg"ENO"uejgog"kp"eqorctkuqp"ykvj"DCVU0"
In sum, the study indicates that the RegCM model 

with the CLM scheme can be more informative in 

simulating wintertime temperature and precipitation 

over the Western Himalayan region.
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