Atmospheric water budget over the western Himalayas
in a regional climate model
A P Dimri
School of Environmental Sciences, Jawaharlal Nehru University, New Delhi, India.
Present address: Hydrospheric Atmospheric Research Center (HyARC),
Nagoya University, Nagoya, Japan.
email: apdimri@hotmail.com

During winter months (December, January, February – DJF), the western Himalayas (WH) receive precipitation from eastward moving extratropical cyclones, called western disturbances (WDs) in Indian parlance. Winter precipitation–moisture convergence–evaporation (P–C–E) cycle is analyzed for a period of
22 years (1981–2002: 1980(D)–1981(J, F) to 2001(D)–2002(J, F)) with observed and modelled (RegCM3)
climatological estimates over WH. Remarkable model skills have been observed in depicting the hydrological cycle over WH. Although precipitation biases exist, similar spatial precipitation with well marked
two maxima is simulated by the model. As season advances, temporal distribution shows higher precipitation in simulation than the observed. However, P–C–E cycle shows similar peaks of moisture convergence and evaporation in daily climatologies though with varying maxima/minima. In the ﬁrst half
of winter, evaporation over WH is mainly driven by ground surface and 2 m air temperature. Lowest
temperatures during mid-winter correspond to lowest evaporation to precipitation ratio as well.

1. Introduction
Topography heterogeneity and land use variability are the characteristics of western Himalayas
(WH). Western disturbances (WDs), embedded in
large scale westerlies (Dimri and Mohanty 2009)
are responsible for winter precipitation, mainly
snow, in WH. The interplay of topography with
WDs determines orographic precipitation over the
Himalayan region (Barros and Lettenmaier 1994;
Dimri 2004, 2009; Bookhagen and Strecker 2008;
Medina et al. 2010). Role of topography (Pielke
2001; Anders et al. 2006) and landuse (Dimri
2009; Fairman et al. 2011; Nair et al. 2011) also
inﬂuences the water budget over mountainous
regions. This winter water balance feeds most of
the north Indian rivers with springtime melting of
snow (Thayyen and Gergan 2010). Higher winter

temperature and lower winter precipitation appear
to impact this balance (Dimri and Dash 2011).
The changing temperature and precipitation patterns over WH (Dimri and Dash 2011) aﬀect the
hydrological regimes (Yang et al. 2002; Thayyen
and Gergan 2010) of these river systems.
Studies conducted on hydrological balance have
shown impact on precipitation and evaporation
with changing surface parameters (Lean and
Warrilow 1989; Xu et al. 2009). Precipitation recycling (Eltahir and Bras 1996), water vapour ﬂux
ﬁeld characteristics (Rasmusson 1967) and large
scale water balance (Rasmusson 1968) mark the
importance of hydrological cycle. Estimates of
hydrological components, rates and fresh water
run-oﬀ are shown by Omstedt et al. (1997) and
Elguindi et al. (2009). Role of precipitation – soil
moisture feedback with land–atmospheric coupling
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(Twaﬁk and Steiner 2010; Zhang et al. 2011),
and role of soil moisture in determining regional
ﬂood or draught situation (Pal and Eltahir 2003)
are studied. With isotopic composition Risi et al.
(2008, 2010) have shown precipitation and water
vapour balance in the tropics and Sahel while
Prasanna and Yasunari (2009, 2010) have shown
summer time water balance over south Asian monsoon region.
A rigorous understanding of hydrological balance over WH is complicated due to the topographical heterogeneity and land use variability which
put constraints on observing changes. Few studies have been conducted and limited information
is available on water budget over the WH. Further since it is data void region, precise estimation
of water budget during winter is also not possible. As a result regional model simulation and its
downscaled data output are planned to be used
to estimate atmospheric water budget over the
WH. Also it is important to assess the relevance
of downscale outputs of RCM and their suitability for this study. After veriﬁcation of regional
model sensitivities, role of topography, interplay
of topography with WDs in precipitation forming
mechanisms, landuse and extremes (Dimri 2012)–
characteristics of large scale water balance over
WH have been examined in this present study. This
study aims to facilitate an understanding of hydrometeorological processes – the space time characteristics of seasonal variations of precipitation (P ),
moisture convergence (C) and evaporation (E).
Section 2 gives a brief description of regional
model, experimental design, water budget calculation and data used. While section 3 describes the
results and discussion focusing mainly on atmospheric water budget over the WH. Finally salient
ﬁndings are concluded under section 4.

2. Data and methodology
2.1 Brief model details
In this study, an updated regional climate model
(RegCM3) is used (Pal et al. 2007). The physical parameterization scheme of Kiehl et al. (1996),
the nonlocal boundary scheme of Holtslag et al.
(1999), the mass-ﬂux cumulus cloud scheme of
Grell (1993), the resolvable-scale cloud and precipitation scheme of Pal et al. (2000), and the land
surface processes of Dickinson et al. (1993) are
used in the present model simulation conﬁguration. Topographical information for obtaining grids
is taken from a 2-min resolution global dataset
produced by the United States Geological Survey
(USGS). Fine scale fractional land use cover information over diﬀerent surface types is taken from

the Global Land Cover Characterization (GLCC)
dataset. Atmospheric ﬁelds from the National Centre for Environmental Prediction (NCEP) Reanalysis II (Kanamitsu et al. 2002) are used as
initial and lateral boundary conditions. While the
National Oceanic and Atmospheric Administration
(NOAA) Optimum Interpolation Sea Surface Temperature (OISST) dataset is used for SST over the
ocean areas. NCEP reanalysis is conducted at 2.5◦
horizontal resolution with 6 hourly time interval,
while the OISST dataset is at a 1◦ horizontal resolution with a weekly time interval. Brief model
details are provided in table 1.
2.2 Experimental design
WDs travel as large scale westerlies and approach
WH from the west, as a result a larger model
domain extending towards west is considered in
model simulation. The domain covers area between
the Gulf of Aden in west to north India using a
Lambert Conformal projection centered over central Asia, with grid cells of 60×60 km size. Figure 1(a) presents topography and the entire model
domain used in model simulation. In present experimental strategies, simulations were made continuously for 22 years (1981–2002) beginning from 1
September 1980. For ﬁrst 3 months (1 September
1980–30 November 1980) simulations are not
included in the analysis to allow model spin-up.
Over the WH region, model spin-up is an important issue in determining the dynamical equilibrium between lateral boundary information and
internal model physics and dynamics. Diﬀerent
spin-up time spans are suggested depending on
land surface, viz., several decades for ocean model
(Kantha and Clayson 2000); one year for land surface (Cosgrove et al. 2003). Giorgi and Mearns
(1999) suggested that for normal atmospheric simulations, model spin-up time in days will stabilize
the equilibrium. In case of regional climate model
including soil module of several meter depths, strict
equilibrium occurs only after years of simulations.
However, since the most hydrologically active soil
region is the rooting zone (order of 1 m depth or
less), for most practical purposes the soil spin-up
time can be considered between a season and an
year. Keeping latter in view 3 months (a season)
preceding to the long term simulation is adopted
in this study.
2.3 Water balance
The following atmospheric water budget equation
is used (Peixoto and Oort 1992; Prasanna and
Yasunari 2009, 2010).
∂W/∂t + ∇ · Q = E − P 

(1)
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Table 1. Model conﬁgurations used in the present study.
No. of horizontal grid points:
No. of vertical levels
Distance between grid points
Centre of latitude
Centre of longitude
Horizontal grid scheme
Time integration scheme
Surface parameters
Map-projection
Sea surface temp.
Data type
Model physics
Cumulus scheme
Grell scheme convective closure scheme
Lateral boundary condition
Planetary boundary layer scheme
Large scale precipitation scheme
Ocean ﬂux parameterization scheme
Pressure gradient scheme
Lake model
Tracer/chemistry model

iy = 51(along y-direction)
jx = 61(along x-direction)
Kz = 23
ds = 60 km
31◦ N
70◦ E
Arakawa-Lamb B grid staggering
Split explicit
BATS1E
Lambert conformal
OISST
NNRP2
Grell
Fristch and chappell
Relaxation(exponential)
Holtslag
SUBEX
Zeng
Normal way
No
No

is negligible when compared to variations of large
scale convergence and evaporation (Oki et al. 1995;
Trenberth and Guillemot 1999).


∂W
≈ 0.
(2)
∂t
We can approximate
P ∼C +E

(3)

where C = − ∇ · Q
Vertically integrated moisture ﬂux vector is
given by (Hagemann et al. 2005; Trenberth et al.
2005; Graversen et al. 2007)
1
Q=
g
Figure 1. (a) Model domain and topography (*1e–3m) used
in the present study. Area (30◦ N72◦ E – 37◦ N82◦ E) marked
with box is chosen discussion in the study.

where, P is the precipitation, E is the evaporation, W is the precipitable water content, Q is
vertically integrated moisture ﬂux vector, ∇ · Q is
the divergence and angled brackets denote the area
average.
On a longer time scale, like monthly or seasonal
and under near equilibrium conditions, the time
change of local available precipitable water content

Ps
qvdp

(4)

Pt

where q is the speciﬁc humidity, v is the horizontal
wind vector, Ps is the pressure at surface level and
Pt is the pressure at the top of the atmosphere, g
is the gravitational acceleration. Vertical integration is performed from the ground (surface pressure
level) to 300 hPa for all the standard atmospheric
pressure levels. We can neglect pressure levels
above 300 hPa, as speciﬁc humidity above this level
is negligible. The moisture ﬂux divergence that
is the second term in the left hand side of the
equation (1) and the vertically integrated moisture
ﬂuxes are computed using the linear grid.

966

A P Dimri
2.4 Data

The moisture convergence data is computed every
six hours from six hourly upper-level winds (u, v),
speciﬁc humidity (q), geo-potential height (z), surface winds (uS , vS ), surface-level speciﬁc humidity (qS ) and sea level pressure (Ps ) obtained from
the Japanese 25-year Reanalysis (JRA-25) dataset
(Onogi et al. 2007) and RegCM3 model simulations. For observation, the residual evaporation
dataset (E) is obtained from the observed 0.25◦ resolution gridded precipitation dataset (P ) for Asia
(APHRODITE) (Yatagai et al. 2009) and computed moisture convergence dataset (C) from JRA25 reanalysis, since the P from APHRODITE is
more reliable over WH region. Similarly, for model,
the residual evaporation dataset (E) is obtained
between model simulated precipitation dataset (P )
and computed moisture convergence dataset (C)
from model result. Water balance during the period
of 22 years (1981–2002) is computed. Here it is
important to justify usages of independent JRA
reanalysis over forced reanalysis. After validating model sensitivity, land use and role of topography with corresponding analysis (Dimri 2012),
model results with independent JRA analysis is
used because it provides ﬁner horizontal and vertical resolution and also, provides snow depth. Also,
for water balance analysis APHRODITE precipitation is used to compute convergence. With these
assumptions JRA reanalysis is used.
3. Results and discussion
The following paragraphs present the analysis of
winter P–C–E cycle over WH, the observed and
modelled winter precipitation climatology, followed
by daily climatologies and P–C–E cycles.
3.1 Climatology
Winter precipitation over WH is important as it
is the major source of water for north Indian
rivers. Figure 2(a and b) shows a 22-year, 3-month
(DJF) seasonal average observed (APHRODITE)
and modelled precipitation climatology respectively. Observation shown mean seasonal winter
precipitation is generally wet over WH with center
of maxima lying over the Hindukush and Indo-Pak
Himalayan regions. The RegCM3 simulation is able
to capture the basic structure of precipitation climatology and is in good agreement over Hindukush
and Indo-Pak Himalaya. The model overestimates
seasonal precipitation by ∼2–3 mm/d showing
a wet bias particularly over higher mountainous
peaks. This reason could be attributed to the
role of topographically induced precipitation along

the Himalayan region. In general, the spatial patterns of precipitation are well produced, with correlation coeﬃcients of 0.77 with APHRODITE
(signiﬁcant at 95% conﬁdence interval). The spatial correlation coeﬃcients are calculated after
the observations are aggregated onto model grid,
including all points in the interior domain. To
assess spatial variability further, variance to precipitation ratio (in percentage) over the WH is
presented for observed and modelled in ﬁgure 2(c
and d) respectively. The observations exhibit two
prominent maxima – one over the Indo-Pak region
and another over Indo-Nepal region – elongated
along the Himalayan topography. However, corresponding modelled variance to precipitation ratio
could not explicitly provide exact ratio distribution
and also was in lower order than the observation.
Due to higher precipitation, bias model projects
lower variability over the region. Only resemblance
model simulations provide the spread of variance to precipitation ratio along the Himalayan
topography (Dimri 2012). During winter, most
of the precipitation accumulated over the WH
is in the form of solid precipitation (snow), as
a result, threshold corresponding to this phase
change – liquid to solid or vice versa – needs
to be better understood to explain the variance.
RegCM3 model has capability to explain this
variance up to a certain extent and hence model
simulated snow depth is compared with corresponding observation reanalysis ﬁeld (JRA). Spatial distribution of observed and modelled snow
depth climatology is analyzed and presented in ﬁgure 2(e and f) respectively. Model could simulate
spatial distribution well, as seen in observation.
While region of highest snow depth could be simulated by model though with more spatial distribution. It is important to note that over the WH
during winter, accumulated fresh snow provides
higher albedo and decrease in atmospheric temperatures and clear skies after bad weather. These
(snow-albedo feedback and decreasing air temperature) situations are important for understanding
of P–C–E balance during winter. Based on 22-year
(1980–2002) daily winter precipitation climatology,
higher spatial precipitation and variability is seen
over regions (30◦ N72◦ E–37◦ N82◦ E), as shown in
ﬁgure 1(a). Also, this region receives highest seasonal precipitation (ﬁgure not presented). Hereafter this region is considered for further study of
P–C–E cycle and referred as the WH.

3.2 Intraseasonal variation
The
22-year
daily
averaged,
observed
(APHRODITE) and model precipitation climatology, anomaly, mean and ±1 standard deviation
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Figure 2. 3-month (DJF) average precipitation climatology (mm/d) in (a) observed (APHRODITE) and (b) modelled
(RegCM3); 3-month (DJF) average variance to precipitation ratio in (c) observed (APHRODITE) and (d) modelled
(RegCM3); 3-month (DJF) average snow depth climatology (cm) in (e) observed (JRA-25) and (f ) modelled (RegCM3).

(SD) averaged over the WH is presented in ﬁgure 3(a and b) respectively. Model has wet bias
and hence shows higher mean precipitation of
1.9 mm/d (SD=0.6 mm/d) than observed of
1.1 mm/d (SD=0.4 mm/d). Similar temporal

daily distribution of precipitation is modelled.
As season advances, higher daily precipitation
is seen through December to February. Model
could also simulate such precipitation distribution.
Intraseasonal variability in observed and modelled

968

A P Dimri
snow depth, regional model shows a very similar
temporal evolution of snow depth in 22 years
simulation. This could be due to synoptic weather
systems, WDs, while travelling over the WH
come into interaction with the various mountain
ranges in a cascading manner (from Pir Panjal
range → Great Himalaya → Zanskar → Ladhak →
Karakoram range at last). Such ridge–valley
geographical situations will provide orographic
forcing to deﬁne precipitation mechanism over the
WH. During this sequence, moisture available to
the WDs will be shaded due to orographic forcing over the ﬁrst range and lesser moisture will
be left for following ranges. This hypothesis in
a way suggests that more reﬁned and seemingly
more realistic precipitation and/or snow patterns
need enhanced topographic representation, which
otherwise will be diﬃcult to account. There is a
need of denser network of stations. Though the
model has wet bias over the WH, it has the ability to reproduce intraseasonal variability over the
WH with reasonable accuracy. This aﬃrms that
downscaled outputs from RegCM3 can be used
to estimate important P–C–E cycle and/or water
budget over the WH – which is discussed in the
following subsection.

3.3 Precipitation–moisture convergence–
evaporation cycle

Figure 3. 22-year area (30◦ N72◦ E–37◦ N82◦ E) averaged
daily 3-month (DJF) precipitation climatology (mm/d) (left
side); corresponding precipitation anomaly, mean, and SD
(mm/d) (right side) for (a) observed (APHRODITE) and
(b) modelled (RegCM3).

precipitation corresponds to the occurrence/passage
of WD. There are higher precipitation days corresponding to the average life cycle of 2–3 days of
WDs over the WH (Mohanty et al. 1998). There
are days when higher precipitation is observed and
which are simulated by this model. It is important to mention that even though the model has
wet bias it has the ability to produce extreme,
excess and deﬁcit precipitation days. Precipitation anomaly distribution shows similar number
of days above (below) +1SD (−1SD) in observed
and model result. Though there are diﬀerences in

Spatial distribution of observed (JRA-25) and
model computed vertical integrated moisture
divergence and transport is presented in ﬁgure 4(a
and b) respectively. Spatial pattern shows similar
elongated convergence (divergence) zone over and
along the Himalayan (foothill of the Himalayan)
region in observed and modelled ﬁeld. Quantitatively, model simulated ﬂuxes with lesser order.
These, similar elongated cellular structures of
convergence (divergence) found over and along
the Himalayas (foothill) are highly inﬂuenced by
local topographic variabilities and landuse changes.
Strictly, such simulations are dependent on how
surface ﬂuxes and their feedback are represented in
model physics. Detailed scrutiny shows that over
the Himalayan foothills (32◦ N77◦ E–27◦ N82◦ E),
model simulates few of the cellular structures of
divergence. Alternate zones of convergence and
divergence, as seen in observation though modelled, have lesser order and their cellular structured patterns are reproduced corresponding to the
observed ﬁeld. Dominating eﬀect of local orography in deﬁning convergence zone is observed. The
observed ﬂuxes show much higher vertical integrated moisture ﬂux over the Himalayan region.
This higher ﬂux, though not seen in the model
results, is probably due to large scale ﬂow than
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Figure 4. 22-year averaged vertical integrated moisture ﬂux
(vector:kg/m/s) and divergence (shaded:mm/d) over the
Himalayan region (a) observed (JRA-25) and (b) modelled
(RegCM3).

the model domain simulations. However, convergence in upslope is mainly due to rise of air,
which will shed condensed moisture along the upslope (Yasunari 1976; Singh et al. 1995). Also, over
the Himalayan region, precipitation occurrence
has certain altitudinal limits based on orographic
forcings (Burbank et al. 2003; Bookhagen et al.
2005; Bookhagen and Burbank 2006). Further,
interaction of the large-scale ﬂow with suitable
mountain geometry gives signiﬁcant precipitation
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(Lang and Barros 2004; Medina et al. 2010).
In case of moisture transport over the regions,
model shows more curvature ﬂow over north Indian
region than the observed. Such modelled ﬂow produces more convergence over Indo-Gangetic plain,
which is not seen in corresponding observation.
Here, one point needs to be emphasized that
model results are downscaled to a ﬁner resolution
than the corresponding observation. Sometimes
it may happen that while ﬂow approaching the
Himalayan orography will have distinct forcing, which could only be simulated with certain
constraints. In composite, transport ﬂuxes are represented within order and their direction is also
simulated corresponding with observation and with
convergence ﬁelds. Further observed and modelled
22 years averaged daily P–C–E cycle averaged
over regions of interest is shown in ﬁgure 5(a
and b) respectively. Comparison shows similar as
well as interesting patterns in observation and
model. Most of the contribution to winter precipitation is from large scale convergence rather
than the surface evaporation. Whenever there is
higher convergence, higher precipitation is shown
in observation and model. Apart from this, days
with climatological precipitation maxima and minima too, match well. It is found that whenever convergence peaks, a precipitation maximum occurs
too. Moreover, temporal distribution shows a periodic 2–3 days association with convergence peak
and precipitation maximum. These features can
be attributed and associated with life cycle of
WDs occurring during winter. Based on such distribution, it also can be deduced how frequently
WDs occur over the Himalayan region. Further,
as season advances, interesting similar increase in
convergence and precipitation is seen, whereas
evaporation ﬁelds almost remain the same. However, there are days when evaporation is higher
in both, model and corresponding observation.
Evaporation is the main attribute of surface ﬂux,
to investigate it, corresponding role of 2 m air
and surface temperature is analyzed. Diﬀerence
between 22-year daily averaged 2 m air and surface temperature and evaporation averaged over
region of interest is presented in ﬁgure 6(a and
b) for observation and model respectively. In latter half of winter, higher positive temperature differences show higher evaporation over the region.
As season advances, 2 m warming leads to higher
evaporation, which witnessed in both observation
and model output as well. Peaks of higher difference match with higher evaporation of 0.57
and 0.62 correlation coeﬃcient (with 95% signiﬁcance) for observation and model respectively. Such
ﬁndings are important in hydrological and glacier
basin studies to estimate corresponding melt during spring/melt period. Inference from downscaled
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model simulation can provide important rationale/
estimations for projects like dam building, reservoir construction, ﬂood management, etc., in data
sparse mountainous region. To analyze further, role
of 2 m air temperature, ﬁgure 7 depicts changes in
evaporation to precipitation ratio with 2 m air temperature in observation and model. Pentad mean of

Figure 6. 22-year area (30◦ N72◦ E–37◦ N82◦ E) averaged
daily 3-month (DJF) E (mm/d) and diﬀerence between
2 m air temperature (T2m) and ground surface (T g) temperature (T2m−Tg) (◦ C) climatology for (a) observed
(APHRODITE and JRA-25) and (b) modelled (RegCM3).

Figure 5. 22-year area (30◦ N72◦ E–37◦ N82◦ E) averaged
daily 3-month (DJF) P–C–E climatology (mm/d) for (a)
observed (APHRODITE and JRA-25) and (b) modelled
(RegCM3).

evaporation to precipitation ratio and 2 m air temperature in observation and model over the WH is
presented in ﬁgure 7(a). It shows that though there
is cold bias in model simulations, similar variations
in winter temperatures as seen in observations are
noticed. Similar temporal variability in temperature ﬁeld is seen. During peak lowest temperature
regime (mid winter) evaporation to precipitation
ratio is lowest in observed and model. As 2 m
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life cycle of WDs. This climatological variability
is explained in model precipitation climatology as
well. Moisture convergence with lower order but
with similar direction of moisture transport is simulated by regional model over the WH. Further,
over the WH, during winter, P–C–E cycle is controlled by 2 m air and surface temperature gradient which are seen though with some cold bias in
model simulation. As winter advances, increase in
2 m air temperature increases the evaporation rate.
Normalized evaporation to precipitation ratio estimates show similar wet and dry phases in winter
time.
Estimation of P–C–E cycle as produced by
model simulation is important in deﬁning water
budget over the WH. Such knowledge is of utmost
importance for regional development such as water,
agriculture, tourism, ﬂood management, etc.
Acknowledgements

Figure 7. (a) 22-year area (30◦ N72◦ E–37◦ N82◦ E) averaged
daily pentad for 3-month (DJF) evaporation to precipitation ratio (E/P) and 2 m air temperature (T2m) (◦ C) as
observed and modelled and (b) pentad mean of climatological normalized evaporation to precipitation ratio.

air temperature increases, evaporation to precipitation ratio also increases. Further, pentad mean
of climatological normalized evaporation to precipitation ratio, shows similar increase and decrease
(ﬁgure 7b). Temporal variation in wet and dry
phases is well simulated in model ﬁelds. It suggests
that model’s ability to reproduce estimated P–C–E
cycle over the WH.

4. Summary and conclusions
Present work illustrates role of precipitation–
moisture convergence–evaporation cycle over the
WH during winter. Due to topographic heterogeneity and landuse variability, precipitation forming
processes are complex. The present study attempts
to assess the contribution of large scale ﬂow and/or
surface evaporation to precipitation with observation and regional model simulations. Through this
study, it is observed that downscaled model outputs can provide a good estimation for atmospheric
water budget over data sparse western Himalayan
region.
Similar intraseasonal variations are seen by
model results over the WH. Temporal variations
in accumulated precipitation ﬁeld correspond to
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