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to slightly increase precipitation magnitudes due to steeper 
slopes. However, even in the 6.7-km simulation, afternoon 
precipitation is overestimated at high elevations, which can 
be reduced by even higher-resolution (2.2-km) simulations. 
These results indicate that WRF provides skillful simula-
tions of precipitation relevant for studies of water resources 
over the complex terrain in the Himalaya.
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1 Introduction

As Earth warms, both presently and in the future, water 
resources in different areas around the world are likely to 
be redistributed (e.g., Barnett et al. 2005; Scherler et al. 
2011; Vano et al. 2014). Changes in moisture availabil-
ity and precipitation patterns depend on the geography of 
affected areas. The fate of the water resources in regions 
with complex terrain such as High Asia will be governed 
by interactions between synoptic-scale and mesoscale flows 
and how these processes will distribute rain and snowfall in 
years to come.

In southern Asia, the Himalaya enhances and redistrib-
utes large-scale precipitation systems associated with winter 
storms, the monsoon, and other relevant weather systems 
(e.g., Lang and Barros 2004; Bookhagen et al. 2005; Barros 
et al. 2006; Bookhagen and Burbank 2010; Wulf et al. 2010; 
Medina et al. 2010; Norris et al. 2015). Different sub-regions 
within the Himalaya have different precipitation regimes 
and hence different influences in runoff. An east–west con-
trast in precipitation regime exists along the Himalayan arc 
(e.g., Bookhagen and Burbank 2010). Eastern drainage 
basins receive at least 70% of their annual precipitation in 
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the summer from the Indian monsoon, predominantly as rain, 
which drains quickly after falling. Western drainage basins 
receive at least half their annual precipitation from extrat-
ropical cyclones in winter months, predominantly as snow, so 
that most of the runoff comes from snow and glacier melt in 
spring. There is considerable variability in climate projections 
between different sub-regions within south Asia (Immerzeel 
and Bierkens 2012; Kapnick et al. 2014). For example, the 
Coupled Model Intercomparison Project Phase 5 (CMIP5) 
models project that total precipitation will increase at a 
greater rate in the western Himalaya and Karakoram than in 
the central and eastern Himalaya in the second half of the 
twenty-first century (Kapnick et al. 2014). Although rainfall 
is projected to increase throughout the region, these stud-
ies indicate a neutral or slightly positive snowfall trend over 
western Himalaya and Karakoram but significant downward 
snowfall trend over central and eastern Himalaya. Further-
more, the projected changes in the vertical distribution of rain 
and snowfall over High Asia are geographically heterogene-
ous (Kapnick et al. 2014). In the central and eastern Hima-
laya, some snowfall will be replaced by rainfall at all eleva-
tions, while in the western Himalaya and Karakoram snowfall 
will decrease below 4000 m, but increase above 5000 m.

Despite these projections, considerable uncertainty exists 
regarding future precipitation over High Asia (Immerzeel 
and Bierkens 2012), partly because the mesoscale flow pat-
terns arising from the complex terrain of High Asia cannot 
be resolved by climate models and partly because the future 
changes to the synoptic-scale flow patterns are unknown. 
The uncertainty in the projected changes in precipitation by 
climate models causes the largest uncertainty in future runoff 
and hence water availability in south Asia (Immerzeel et al. 
2013; Lutz et al. 2014). Therefore, to predict how precipita-
tion and hence runoff may change in and around the Hima-
laya, a clearer understanding of how various weather systems 
interact with the Himalaya is sought. If this can be accom-
plished, then the sensitivity of rain and snowfall in the region 
to future larger-scale climate change may be established.

Rain gauges are unevenly distributed over High Asia and 
the available observation-based gridded rainfall estimates 
(e.g., the Tropical Rainfall Measuring Mission, TRMM) 
are too coarse to capture orographic precipitation patterns. 
Moreover, reanalyses and even regional climate simulations 
are too coarse to capture these precipitation patterns, due to 
the poor representation of the complex topography of the 
Himalaya. Regional climate simulations over the Himalaya 
at about 50-km grid spacing have a wet bias at high eleva-
tions and a dry bias in the foothills (Ghimire et al. 2015). 
Because of these shortcomings of coarser simulations, great 
emphasis has been placed on mesoscale simulations at 
10-km or smaller grid spacing (particularly with the Weather 
Research and Forecasting (WRF) model) to further our 
understanding about orographic precipitation, particularly 

snowfall. In other high mountain ranges where observational 
networks are more expansive, e.g., the Rockies, precipitation 
patterns simulated by WRF have been shown to be highly 
accurate (Rasmussen et al. 2011). Therefore, over the Hima-
laya, where observational networks are less expansive, mes-
oscale simulations likely provide the most accurate available 
estimation of the mesoscale precipitation distribution.

Previous studies investigating the spatiotemporal distri-
bution of precipitation in High Asia based on mesoscale 
simulations have generally focused on the Tibetan Plateau 
or in the Himalayan foothills, where stations for valida-
tion are more widespread and reliable. For example, Maus-
sion et al. (2011) ran WRF over the Tibetan Plateau for 1 
month when heavy rain and snow were observed and com-
pared the output to station data. They found the model to 
be successful in the timing of precipitation, but simulated 
accumulations exceeded those of many the station meas-
urements by a factor of 2–3. Li et al. (2009) also found a 
good agreement between WRF and observations over the 
Namco Lake on the Tibetan Plateau during a lake-effect 
snow event. Sato (2013) used WRF to simulate monsoon 
precipitation in the Meghalaya Plateau, in the foothills of 
the eastern Himalaya, and, although WRF was accurate in 
the timing of precipitation maxima over the course of a few 
weeks, the simulated onshore winds were too strong, result-
ing in excessive WRF precipitation. These studies illustrate 
the diverse abilities of high-resolution simulations for vari-
ous weather systems over High Asia, but that model skill 
(in particular that of WRF) in simulating the observed pre-
cipitation varies with location and atmospheric conditions.

Most relevantly, Maussion et al. (2014) generated the 
High Asia Reanalysis (HAR), a 12-year dataset of WRF 
downscaling over High Asia at 10-km grid spacing, show-
casing the inter-seasonal and inter-annual variability of 
flow patterns and precipitation in the region. When compar-
ing mean station observations over the Tibetan Plateau to 
the nearest WRF grid points over 11 years, there was an 
excellent agreement, with WRF almost always within 10 
per cent of the mean of the station measurements. How-
ever, that study did not assess the performance over the 
Himalaya. Over the Tibetan Plateau, the terrain is less het-
erogeneous than the Himalaya and so averaging observed 
and simulated measurements across large areas is reason-
able. Over the Himalaya, on the other hand, precipitation 
magnitudes vary considerably within short distances (10s 
to 100s of km) and at different elevations as a result of con-
vective, localized storms (Barros et al. 2006; Bookhagen 
and Burbank 2006). Thus, the reliability of mesoscale sim-
ulations to reproduce the true patterns of precipitation over 
the Himalaya remains poorly understood for the various 
weather systems affecting the region throughout the year. 
A comprehensive analysis of a model’s ability to capture 
the actual spatiotemporal precipitation distribution over the 
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Himalaya over the course of the year at different grid spac-
ings is therefore sought.

This study simulates a full year over the Himalaya at 
6.7-km grid spacing to investigate WRF’s ability to simu-
late the full annual range of mesoscale precipitation in the 
region. Although the HAR is available for 12 full years 
over roughly the same domain, the grid spacing in this 
study is small enough that convective parameterization may 
be switched off. Even over the Tibetan Plateau, Sato et al. 
(2008) found that 7-km grid spacing or less is required to 
simulate diurnal cycles of cloud formation. Over the more 
complex terrain of the Himalaya, smaller grid spacings lead 
to large improvements of near-surface temperature, and 
to a lesser extent precipitation, when compared to high-
elevation stations (Collier and Immerzeel 2015). Like this 
study, Collier and Immerzeel (2015) performed a full year’s 
WRF simulation over the Himalaya, but at higher resolu-
tion than in this study (their simulation used domains of 
25, 5, and 1-km grid spacing) and with WRF interactively 
coupled to a glacier climatic mass balance model (WRF-
CMB). However, their 5 and 1-km domains (those with-
out parameterized convection) only spanned a small area 
within Nepal (their Fig. 1b). In contrast, the current study 
simulates a full year over the full Himalayan arc. This 
study investigates the differences in precipitation patterns 
between the HAR and the 6.7-km simulation in both winter 
and summer months, comparing them to available observa-
tions. However, because 6.7-km grid spacing does not in 
fact explicitly resolve convection and is at the coarse end 
of the scale of grid spacings for which convective param-
eterization may be switched off, shorter simulations at 2.2-
km grid spacing are also presented to illustrate the potential 
improvements resulting from higher-resolution simulations 
over the Himalaya in both winter and summer.

Despite the many model studies over High Asia, there 
has yet to be a model study examining the interaction of 
various types of weather system with the full Himalaya 
on an interseasonal timescale, at resolution capable of 
simulating complex orographic precipitation patterns, and 
assessing the model’s performance in doing so. This study 
examines the skill of WRF in representing local flows and 
precipitation variability over the course of a year, with 
focus on areas with steep slope in the Himalaya, where the 
region’s most important rivers, including the Indus, Brah-
maputra and Ganges, originate. A diverse set of observa-
tional data is used for comparison to the model over vari-
ous sections of the Himalaya.

2  Model set up

Version 3.7.1 of the Advanced Research Weather Research 
and Forecasting (ARW–WRF, hereafter WRF) model 

(Skamarock et al. 2008) was used to simulate one full year 
from 00 UTC 1 April 2005 to 00 UTC 1 April 2006. The 
year was simulated from April through March, as opposed 
to a full calendar year, in order to simulate a full winter 
season and a full summer season. The synoptic background 
and justification for this particular 12-month period are 
given in Sect. 4. The nested domains of 20 and 6.7-km grid 
spacing shown in Fig. 1a, b were configured with 50 ver-
tical levels (nearly double the number used for the HAR) 
up to 50 hPa and the spatial domains were chosen to avoid 
intersection with the main topographic features. Unlike 
the HAR, the model was run continuously for the full 12 
months (in that study, the model was re-initialized daily). 
In the current study, the model was initialized at 00 UTC 1 
March, with the initial March’s output discarded as model 
spin up, hence 12 months of retained output.

Climate Forecast System Reanalyses (CFSR, Saha 
et al. 2010) from the National Oceanic and Atmospheric 
Administration (NOAA)’s National Centers of Environ-
mental Prediction (NCEP) were used at 0.5° (pressure 
levels) and 0.31° (surface variables) lat–lon grid spacing 
for initial and lateral boundary conditions. Evaluation of 
different reanalyis datasets has been performed by previ-
ous studies over the Tibetan Plateau, which for the current 
study is the most relevant area for reanalysis evaluation 
(since global reanalyses cannot be expected to be accurate 
over the complex terrain of the Himalaya). Bao and Zhang 
(2013) found CFSR and the Interim European Centre for 
Medium-Range Weather Forecasts (ECMWF) Re-Analy-
sis (ERA-Interim) to compare best to sounding data over 
the Tibetan Plateau, indicating that these two are the most 
accurate reanalyses in simulating the three-dimensional 
structure of the atmosphere over High Asia. However, 
Maussion et al. (2014) tested ERA-Interim as initial and 
boundary conditions for WRF simulations, and found less 
agreement to in-situ precipitation observations than for the 
NCEP Global Forecasting System (GFS) that was used 
for the HAR. No testing of alternative initial and bound-
ary conditions was performed for the current study and it 
is possible that otherwise-equivalent simulations forced by 
different reanalyses may compare better to observations 
than shown in this paper.

The parameterization schemes employed in these simu-
lations are given in Table 1. Experiments were performed 
for a few days at a time, both during winter storms and the 
monsoon, to test the model’s configuration. In these experi-
ments, various boundary-layer, microphysics, and cumulus 
(outer domain only) schemes were performed, changing 
just one parameterization scheme from those in Table 1 per 
experiment. Subtle differences were evident between simu-
lations in the distribution and intensity of precipitation in 
the mountains, but consistent with Maussion et al. (2011) 
no single scheme consistently outperformed all others. 
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Fig. 1  a, b The two model domains at 20 and 6.7-km grid spac-
ings, mapped with a Mercator projection, showing elevation in each 
domain. Blue indicates water bodies. In the inner domain (b), the 
domains at 2-km grid spacing mapped for separate 6-day simulations 
in winter and summer are shown, as well as the areas in which the 

locations of the surface stations in Pakistan, Himachal Pradesh, and 
Nepal are shown in panels (c–h), on the <1-km SRTM (left panels) 
and 6.7-km WRF (right panels) grids. The full names and eleva-
tions of the stations are given in Table 2. Note different color scale 
between top row and bottom 3 rows
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Dimri and Chevaturi (2014) found that the Eta microphys-
ics scheme consistently had smaller precipitation errors 
when compared to observations than other schemes in the 
simulation of winter storms over the Himalaya, but the 
more sophisticated Thompson scheme employed in the cur-
rent study was not tested.

Unlike the boundary-layer, microphysics, and cumulus 
schemes, WRF is highly sensitive to the choice of land-
surface model (LSM) over the Himalaya, due to the differ-
ent treatment of snowpack between schemes. Thomas et al. 
(2014) showed that the choice of LSM in WRF markedly 
changes circulation patterns in the lower troposphere over 
the Himalaya. This is relevant for the current study, since 
this may affect the orientation, location, and magnitude of 
moisture transport into the mountains. This study employs 
the Noah-MP LSM, which more accurately simulates ter-
restrial moisture processes and the evolution of snowpack 
on the timescale of months than other LSMs (Niu et al. 
2011). To test sensitivity to spin-up of the Noah-MP LSM, 
a two-year simulation was also performed. This simulation 
was initialized on 00 UTC 1 April 2004, otherwise identi-
cal to that analyzed in this paper, and the final 12 months 
(April 2005 through March 2006) compared to the same 12 
months in the simulation presented in this paper (i.e., com-
paring one month of spin-up to one year of spin-up). There 
was much more snowpack in the simulation with a year of 
spin up and consequently some differences in circulation 
and precipitation magnitudes from month to month (both in 
the mountains and over the plains). However, all the same 
precipitation features described in the current study over 
the Himalaya were also exhibited in the simulation with a 
year of spin up, and the conclusions of this study were not 
impacted. The two-year simulation is not presented.

Spectral nudging (Stauffer and Seaman 1990; Stauffer 
et al. 1991) of zonal and meridional wavenumbers 1–5 and 
1–4, respectively, was applied to temperature, winds, and 
geopotential height in the outer domain at all vertical lev-
els, to keep the inner domain as close to the reanalyses as 
possible. Sensitivity tests were performed for spectral and 
grid nudging with no qualitative or significant quantitative 
differences in the precipitation distribution. Switching off 

the nudging altogether, however, resulted in spurious pre-
cipitation features and generally more intense precipitation 
in the mountains.

WRF output was saved every 3 h to showcase diurnal 
cycles and to compare with TRMM data (see Sect. 3). 
Because of the known wet bias over the Himalaya in 
regional climate simulations, it is uncertain whether the 
grid spacing employed in this study is small enough to 
overcome the shortcomings of coarser simulations. In 
particular, 6.7 km is a large grid spacing if switching off 
convective parameterization. To test whether 6.7 km is 
too large to simulate the orographic processes of interest, 
additional simulations were also performed with a 2.2-km 
domain nested within the 20 and 6.7-km domains. Because 
of the greater computational cost of a higher-resolution 
domain, these simulations were performed for just 6 days 
during the year simulated in this paper, one during winter 
and one during summer. The winter simulation was from 
12–18 January 2006 (initialized at 00 UTC 12 Jan), when 
the full-year simulation showed extreme precipitation at 
high elevations associated with the passage of an extrat-
ropical cyclone. The summer simulation was from 16–22 
July 2005 (initialized at 00 UTC 16 Jul) when the full-year 
simulation showed a diurnal monsoon pattern in the moun-
tains that was representative of the summer. Different 2.2-
km domains were nested for the winter and summer simu-
lations, as shown in Fig. 1b. These locations were chosen 
according to where the precipitation of interest was dis-
tributed in each case, according to the full-year simulation. 
For both of these simulations, the model configuration was 
identical to that of the full-year simulation, with the 2.2-km 
domains using all the same options as the 6.7-km domain.

3  Observations and gridded estimates 
of precipitation used for comparison to model 
output

In this study, the WRF output is compared to three sets 
of surface stations, in the central and western Himalaya 
(Fig. 1b). For each set of stations, the locations are shown 
on <1-km resolution terrain represented by the Shuttle 
Radar Topography Mission (SRTM) topography and on the 
WRF grid, where the center of the “X” marks the precise 
location. The station elevations are given in Table 2.

The first set of stations is in Pakistan, with stations oper-
ated by the Pakistan Meteorological Department (PMD) 
and the Pakistan Water and Power Development Authority 
(WAPDA) in the western Himalaya and Karakoram, rang-
ing from 1250–4440 m elevation. These stations record 
various daily meteorological variables, but in this study 
only precipitation is used. The locations of these stations 

Table 1  Parameterizations employed in the WRF simulation

Microphysics Thompson et al. (2008)

Surface layer MM5 Monin and Obukhov (1954)

Land surface Noah-MP (Niu et al. 2011)

Longwave radiation RRTMG (Iacono et al. 2008)

Shortwave radiation RRTMG shortwave (Iacono et al. 2008)

Boundary layer Yonsei University (Hong et al. 2006)

Cumulus Kain (2004, outer domain only)
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are shown in Fig. 1c, d in the area indicated in Fig. 1. As 
shown on the SRTM grid, the stations gradually wind up 
the Indus and Hunza valleys (the confluence where Bunji 
(Bun) is located is where the Hunza rises to the northwest 
and the Indus rises to the southeast), while some are on 
nearby slopes or in nearby valleys. The measurements from 
PMD and WAPDA stations have been successfully used in 
previous studies to characterize various meteorological and 
hydrological features of the western Himalaya and Karako-
ram—for example, the inter-annual variability of precipi-
tation (Archer and Fowler 2004), the relationship of sum-
mer temperatures and runoff (Fowler and Archer 2006), the 
annual cycle of precipitation (Palazzi et al. 2015), and the 
relationship between precipitation and glacier mass balance 
in the area (Tahir et al. 2011).

The second set of stations is in Himachal Pradesh, north-
west India, operated by the Bhakra Beas Management 
Board (BBMB), ranging from 1938–3588 m. These sta-
tions distinguish between rain and snowfall, as detailed in 
Bookhagen et al. (2005) and Wulf et al. (2010). The loca-
tions of these stations on the SRTM and WRF grids are 
shown in Fig. 1e, f, in the area indicated in Fig. 1b (eleva-
tions in Table 2), as they rise up the Sutlej valley and its 
tributaries.

The third set of surface stations used in this study is the 
Stations at High Altitude for Research on the Environment 
(SHARE, http://www.evk2cnr.org/cms/en/share/project/
intro) network in Nepal, operated by Ev-K2-CNR, ranging 
from 2660–5035 m. The locations of these stations are shown 

in Fig. 1g, h in the area indicated in Fig. 1b (elevations in 
Table 2). See Ueno et al. (2008) for a comprehensive descrip-
tion of the station locations and Bonasoni et al. (2008) for 
details of the Pyramid measuring site. These stations record 
hourly data, which was aggregated to 3-h data to match the 
frequency of WRF output, allowing for comparisons to the 
simulated diurnal cycle. For these stations, temperature, 
meridional wind speed, specific humidity, and incoming 
shortwave radiation were also used.

For all three sets of stations, rainfall is measured with a 
tipping bucket and (in the case of the stations in Himachal 
Pradesh only) snowfall is converted from snow depth and 
density measurements into snow water equivalents. As 
noted by Ueno et al. (2008), a tipping bucket does not 
record snowfall until it melts. There is therefore a delay of 
a few hours or more in some of the precipitation measure-
ments, particularly in the winter, with increasing elevation, 
and at nighttime. Furthermore, much of the precipitation 
that falls is blown out of the gauge or does not fall in the 
gauge at all, particularly at the more exposed (i.e., higher-
elevation) stations, as noted by Bollasina et al. (2002). This 
is a particular issue with snow, which almost all winter pre-
cipitation is at these high elevations. In the summertime, 
this is likely to be less of an issue because most high-eleva-
tion precipitation falls as rain and winds are weaker. In the 
winter, however, as explained by Tahir et al. (2011) regard-
ing the stations in Pakistan, the highest-altitude stations 
only catch 20–30% of precipitation. In winter, the PMD 
and WAPDA stations in Pakistan suggest a climatological 

Table 2  Surface stations employed in this study

PMD Pakistan Meteorological Department, WAPDA Pakistan Water and Power Development Authority, BBMB Bhakra Beas Management Board

Chilas Bunji Gilgit Chitral Gupis Astore Skardu Naltar Ziarat Ushkore Yasin Khunjerab

Pakistan stations

 Shorthand Chl Bun Gil Cht Gup Ast Skd Nal Zia Ush Yas Khu

 Elevation (m) 1250 1372 1479 1498 2156 2168 2210 2898 3020 3051 3280 4440

 Operated by PMD PMD PMD PMD PMD PMD PMD WAPDA WAPDA WAPDA WAPDA WAPDA

Kilba Nichar Bahli Purbani Moorang Narkandar Pooh Sangla Namgia Giabong Rakchham Chhitkul Malling

Himachal Pradesh stations

 Shorthand Kil Nic Bah Pur Moo Nar Poo San Nam Gia Rak Chh Mal

 Elevation 
(m)

1938 2189 2249 2499 2545 2668 2699 2740 2831 2941 3046 3462 3588

 Operated 
by

BBMB BBMB BBMB BBMB BBMB BBMB BBMB BBMB BBMB BBMB BBMB BBMB BBMB

Lukla Namche Pheriche Pyramid

Nepal stations

 Shorthand Luk Nam Phe Pyr

 Elevation (m) 2660 3570 4260 5035

 Operated by Ev-K2-CNR Ev-K2-CNR Ev-K2-CNR Ev-K2-CNR

http://www.evk2cnr.org/cms/en/share/project/intro
http://www.evk2cnr.org/cms/en/share/project/intro
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precipitation maximum at about 3000 m (Palazzi et al. 
2015), when in reality the maximum is at about 5000 m 
(Hewitt 2014), illustrating the undercatch at the highest-
elevation stations. As will be shown, this leads to very 
large discrepancies between simulated precipitation and 
observations at high elevations during winter months. Thus, 
we refrain from drawing conclusions from the stations in 
terms of the vertical distribution or intensity of precipita-
tion. The station measurements are not perfect, but are the 
best available high-elevation stations in the region. As will 
be shown, they are useful in the wintertime for comparing 
to the model’s timing of winter storms. In the summertime, 
the stations in Nepal are useful for comparison to the mod-
el’s diurnal cycle.

For all three sets of stations, although not resolving the 
subtleties of the terrain, the 6.7-km WRF grid mostly cap-
tures where the stations are distributed, relative to the ter-
rain (Fig. 1). However, there are subtle differences between 
WRF and SRTM in terms of how high up a peak or how far 
down in a valley stations are, leading to differences in eleva-
tion between the stations’ true locations and the nearest WRF 
grid point. Comparisons are also made in this paper between 
the HAR at 10-km grid spacing and station measurements. 
Therefore, comparisons between the station measurements 
and the nearest point on the WRF grid were not considered 
to be representative. Instead, for each station, the mean WRF 
precipitation was taken of at least 10 grid points within a 
radius of 10 grid points (66.7 km, or, in the case of the HAR, 
100 km) of the station’s true co-ordinates that were within a 
certain range of the station’s true elevation. If at least 10 grid 
points within the given radius were within 100 m of the sta-
tion’s true elevation, then the mean precipitation was taken 
from these grid points. Otherwise, the elevation range was 
increased by 100 m until 10 grid points were found and the 
mean precipitation or other variable was taken from the grid 
points identified. No stations required an elevation range of 
more than 400 m. The justification for this method was an 
attempt to search a small number of grid points as close as 
possible to the station’s true elevation. Requiring grid points 
to have similar aspect and slope to the station locations did 
not change the results markedly.

TRMM 3B42V7 (Huffman et al. 2007) (TRMM) was 
used for comparison to WRF’s precipitation distribution 
over High Asia, and to evaluate the inter-seasonal and diur-
nal evolution of model precipitation. TRMM is available 
on a 0.25◦ × 0.25

◦ lat–lon grid (50◦S−50
◦
N; 0−360

◦
W). 

The product is obtained by combining infrared and micro-
wave data from multiple satellites to estimate precipita-
tion rates every three hours. Station data is used for bias 
correction.

Because TRMM is itself an estimate of precipitation 
distribution, we do not present it as a validation of WRF, 
particularly because TRMM is unreliable in estimating 

snowfall (e.g., Lang and Barros 2004; Barros et al. 2006; 
Anders et al. 2006), which is of primary interest to this 
study. While we acknowledge TRMM’s limitations, as dis-
cussed in the introduction, it is the most reliable decadal 
dataset of gridded-precipitation estimates in the Himalaya 
that is independent of model simulations. However, due 
to the shortcomings of TRMM, the Moderate Resolution 
Imaging Spectroradiometer (MODIS) Cloud Mask prod-
uct (http://modis-atmos.gsfc.nasa.gov/MOD35_L2/) is 
also used in this study for validation of WRF’s cloud-cover 
distribution. These data are obtained from visible imagery 
from the daily passes of the Terra (which passes over High 
Asia at about 5 UTC) and Aqua (which passes over High 
Asia at about 8 UTC) satellites.

The APHRODITE (Yasutomi et al. 2011; Yatagai et al. 
2012) precipitation dataset, generated by interpolating 
available surface station data, was also considered. How-
ever, this data set is mostly based on low-elevation stations, 
hence is useful on the plains, but not for the high elevations 
of interest in this study. The distribution of high-elevation 
stations contributing to the data changed a great deal over 
the course of the year, implying an inconsistency in the 
product. APHRODITE was therefore not used in this study 
as it is was not deemed a reliable dataset for comparison to 
the model over the given year.

4  Overview of atmospheric conditions 
during April 2005–March 2006

The particular year simulated in the current study was char-
acterized by the negative phase of the El Niño Southern 
Oscillation (ENSO) with intraseasonal variability associ-
ated with the Madden–Julian Oscillation (MJO). A weak 
La Niña event occurred in the winter (http://ggweather.
com/enso/oni.htm), which is associated with reduced win-
ter precipitation over the Himalaya (Cannon et al. 2016). 
However, strong extratropical cyclones do still deposit 
large amounts of precipitation in La Niña years, including 
in March 2006 (Norris et al. 2015), which is within the year 
simulated in this study. A 45-day MJO event of about aver-
age amplitude occurred through January and early Febru-
ary, according to the Jones (2009) index. This MJO event 
included enhanced convection over both the Indian Ocean/
Maritime Continent and western Hemisphere, associated 
with widespread descent and ascent, respectively, over 
southwest Asia (Barlow et al. 2005). However, both these 
MJO phases can enhance winter precipitation in the west-
ern Himalaya and Karakoram by differing mechanisms 
(Cannon et al. 2016). This summer was only slightly below 
average in monsoon intensity, but almost as close to an 
average monsoon as has occurred since 1979, according 
to the Large-Scale Index for the Indian Monsoon (LIMS, 

http://modis-atmos.gsfc.nasa.gov/MOD35%5fL2/
http://ggweather.com/enso/oni.htm
http://ggweather.com/enso/oni.htm


2186 J. Norris et al.

1 3

Carvalho et al. 2016; their Fig. 7). The June–September 
All India Monthly precipitation, obtained from the Indian 
Meteorological Department (http://www.imd.gov.in/) indi-
cated that the 2005 monsoon season was nearly average 
(−1.3% departure from the mean). However, precipitation 
was not uniformly distributed throughout the wet season. 
The early part of the monsoon season was anomalously 
dry (−9.5% departure from the mean in June), transition-
ing to wet conditions in July (+14.72% departure from the 
mean). Dry conditions prevailed again in August (−28%) 
while rainfall was above normal in September (+20%).

To offer some perspective on each month investigated 
in this study, monthly CFSR (first and third columns) and 
TRMM (second and fourth columns) anomalies are shown 
in Fig. 2. Most anomalies were short-lived and there were 
not many consecutive months with the same anomaly, indi-
cating that large departures from average conditions gener-
ally did not persist anywhere over south Asia for prolonged 
parts of the year. The only exception was a prolonged dry 
anomaly (low precipitable water) over northern India from 
April to June (Fig. 2, CFSR panels). Correspondingly, the 
TRMM panels in Fig. 2 show that there was anomalously 
low precipitation over the Himalaya during these months. 
In particular, a low-moisture anticyclonic anomaly over 
northern India occurred in June, associated with a negative 
precipitation anomaly shown by TRMM. These synoptic 
features explain the anomalous dry pre-monsoon period. 
July and August, the core monsoon months, were closer to 
average, although there was a dry (low precipitable water) 
anti-cyclonic anomaly over northern India in August with 
an associated dry (low precipitation) anomaly in TRMM 
over part of the Himalaya. However, there was not a sus-
tained dry or wet anomaly in any particular area through 
the summer.

A moist cyclonic anomaly in September (Fig. 2, CFSR 
panel), is due to a series of tropical cyclones (as illustrated 
by individual CFSR reanalyses, not shown), with the corre-
sponding TRMM panel showing the consequent wet anom-
aly along parts of the western Himalaya. Because of the 
very different physical processes between the monsoon and 
tropical cyclones, September is excluded from the analysis 
of the monsoon in Sect. 7.

The winter contained mostly negative preciptable-water 
anomalies near the western Himalaya (where most winter 
precipitation falls in the region), likely due to the La Niña 
episode, although these were very weak compared to posi-
tive and negative anomalies in most other years. According to 
TRMM, this winter’s precipitation anomalies over the west-
ern Himalaya were mostly negative, but the anomalies for 
the total winter were as close to zero as any other year in the 
TRMM data period (not shown). March shows positive pre-
cipitation anomalies due to the strong extratropical cyclone 
discussed above and so March is included in the analysis of 

winter in Sect. 6. As discussed, TRMM is deficient in detect-
ing snowfall, and the HAR in fact shows a slightly positive 
anomaly at high elevations in the western Himalaya and 
Karakoram for total winter precipitation (not shown).

Considering both summer and winter circulation and 
large-scale precipitation in the region, this year simulated 
was as close to average as possible in the region during 
years for which all observational data used in this study 
were available (2003 onward).

5  Inter‑seasonal evolution of precipitation 
distribution across the Himalaya

This section provides an overview of the inter-seasonal 
evolution of the precipitation distribution over the Hima-
laya from April 2005 through March 2006, comparing 
WRF to observational data on a month-by-month basis. 
Comparisons are also made between the model configura-
tion in the current study (6.7-km grid spacing with no con-
vective parameterization) and the HAR (10-km grid spac-
ing with convective parameterization) to gauge what model 
setup is necessary to simulate accurately different times of 
year over the Himalaya.

Figure 3 shows the monthly accumulated precipita-
tion from WRF from April 2005 through March 2006, 
together with the differences between WRF and TRMM, 
and the spatial correlation of total precipitation each month 
between WRF and TRMM. WRF simulates the annual 
cycle of precipitation over the Himalaya, with a correlation 
most months of above 0.6 with TRMM, as follows.

In April and May (pre-monsoon), a stratiform precipita-
tion maximum lies over the eastern Himalaya and over low 
elevations, associated with moisture advection from the 
Bay of Bengal. In April there is little orographic enhance-
ment, but as summer progresses a band of enhanced precip-
itation develops over the eastern Himalaya and gradually 
extends further west. By July, widespread monsoon rain 
falls over the Gangetic Plain (south of the Himalaya) with 
a near-continuous band of enhanced precipitation along 
the full Himalayan ridge and lighter (about 10% of the 
magnitude) but widespread precipitation over the Tibetan 
Plateau. In winter months, precipitation is confined to the 
western Himalaya and the highest elevations in conjunction 
with extratropical cyclones. As winter progresses, the band 
of orographic precipitation extends further east along the 
Himalaya.

All the precipitation features described above, are also 
exhibited by the HAR’s 12-year climatology (see Fig. 2 
of Maussion et al. 2014 and Fig. 6 of Curio et al. 2015), 
indicating that the year simulated in the current study is 
representative of the climatology. Curio et al. (2015) also 
showed the climatology of moisture transport for each 

http://www.imd.gov.in/
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Fig. 2  Monthly anomalies from April 2005 through March 2006 
from the 1979–2013 CFSR (first and third columns) and 1998–2012 
TRMM (second and fourth columns) climatologies. CFSR panels 
show precipitable water (mm, blues positive, reds negative) and vec-

tors of column-integrated moisture transport (kg m−1
s
−1). TRMM 

panels show precipitation (colors, mm). All panels also show the 
3-km elevation contour in bold, indicating the location of High Asia. 
The area shown in TRMM panels is indicated in CFSR panels
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calendar month (their Fig. 4), which very closely resem-
bles that of the simluation in the current study (not shown). 
Therefore, the HAR at 10-km grid spacing is sufficient 
to investigate the climatology of precipitation and drivers 
of precipitation, and with 12 years of data can also show-
case interannual variability, as shown in Maussion et al. 
(2014). However, by zooming into sub-regions within the 
domain, important differences in precipitation exist for this 
12-month period between the HAR and the simulation in 
the current study (Fig. 4).

The distribution of accumulated precipitation in DJFM 
over the western Himalaya and Karakoram, where almost 
all precipitation fell in this winter, is very similar between 
the HAR and the 6.7-km simulation (Fig. 4, top row). In 
both cases, the distribution is almost entirely defined by 
elevation, with all the same precipitation features morpho-
logically very similar between both simulations, albeit with 
slightly less detail in the HAR, due to the coarser topog-
raphy. In both simulations there is a maximum of total 
winter precipitation between 5000 and 5500 m elevation 
(only slightly decreasing with elevation above 5500 m) (not 
shown), consistent with Hewitt (2014) who states the level 
of maximum winter precipitation over the Himalaya to be 
about 5000 m. Furthermore, the magnitudes of precipita-
tion maxima are similar between the two, with the maxima 
in the 6.7-km simulation just a few hundred mm greater 
than in the HAR, likely due to slightly steeper terrain and 
hence stronger updrafts. The breakdown between rain and 
snow is also almost identical (not shown). Given all the 
other differences in model configuration between the HAR 
and the simulation in this study (GFS vs. CFSR forcing, the 
number of vertical levels, the daily reinitialization of the 
HAR, various different parameterizations), the similarity 
of the two simulations’ precipitation distribution implies a 
very low sensitivity of simulated winter precipitation over 
the Himalaya to model configuration.

A simulation at 2.2-km grid spacing was also per-
formed during this winter (see Sect. 2) over the area shown 
in Fig. 1b (“2-km winter” box), which is the area plotted 
in the top row of Fig. 4. There was no meaningful differ-
ence between the 6.7 and 2.2-km domains in the distribu-
tion and negligible difference in the magnitude of maxima 
(not shown). As with the 6.7-km domain, the precipita-
tion distribution was almost entirely defined by elevation, 
but showing finer-scale features, due to the more complex 
topography at the higher resolution. Due to the complexity 
of the terrain in the Himalaya, any reduction in grid spac-
ing may be made to investigate finer-scale flow and precipi-
tation patterns. However, these simulations show that for 
winter precipitation, little meaningful difference is made 
from 10 km to lower grid spacings. From a hydrological 
perspective, including the breakdown between rain and 

snow, this result implies that the HAR may be used to esti-
mate water resources from winter precipitation virtually as 
well as higher-resolution simulations.

Conversely, in summer months, the 6.7-km simulation 
shows 1000–1500 mm greater seasonal accumulation than 
the HAR, both in the foothills (roughly 1000–3000 m ele-
vation) and over the Himalayan peaks (north of the 3000-m 
elevation contour) (Fig. 4, bottom row). The area shown 
is roughly that covered by Nepal, but other sub-regions 
within the domain show similar differences. This difference 
between the simulations means that the 6.7-km simulation 
overestimates summer precipitation, while the HAR under-
estimates summer precipitation at high elevations, accord-
ing to the Nepal stations (Fig. 5). The stations, the HAR, 
and the 6.7-km simulation all show that summer precipita-
tion at Lukla (which at 2660 m may be considered to be in 
the foothills) is much greater than at the higher-elevation 
stations. This result is consistent with the findings of Put-
konen (2004), namely that there is a maximum of mon-
soon precipitation at about 3000 m in the central Himalaya. 
However, at all stations, the HAR generally only shows 
about half of the station-measured monthly totals, while the 
6.7-km simulation generally shows 1.5–2 times the station-
measured amounts. Unlike with winter precipitation, the 
difference in magnitude between the two simulations is not 
a simple case of the same precipitation features existing in 
both but of lower magnitude in the HAR, as will be shown 
in Sect. 7.

6  Daily winter precipitation

This section focuses on whether WRF is accurate in repro-
ducing the timing, intensity, and coverage of winter daily 
precipitation. This analysis is performed in the western 
Himalaya and Karakoram, where the vast majority of the 
winter precipitation falls (Fig. 3).

To investigate the accuracy of WRF’s winter precipita-
tion distribution at a finer scale than TRMM is available 
for comparison, satellite and station data are now used 
for comparison to WRF’s winter snowfall over the west-
ern Himalaya and Karakoram. Due to the shortcomings of 
high-altitude surface stations discussed previously, satellite 
cloud-cover data from MODIS (Sect. 3) are now compared 
to those of WRF as a proxy for precipitation amount. Fig-
ure 6 shows the daily correlation from December through 
March of total cloud fraction between WRF and MODIS. 
Each MODIS pixel is correlated in time with the coarser 
WRF grid point in which it lies (i.e., the figure is at MODIS 
resolution). This figure illustrates that over this region, 
WRF is reasonably accurate at the timing of cloud cover, 
with large areas attaining a correlation coefficient of more 
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than 0.6 between WRF and MODIS. The correlation is gen-
erally worse, however, over the Karakoram (the northeast-
ern part of the area shown). Therefore, WRF is accurate in 
the timing of winter storms on the windward slopes of the 
Himalaya, but the more complex flow patterns forming fur-
ther into the mountains are not so well represented by the 
model.

To relate this local variability of winter cloud cover to 
local variability of precipitation, Table 3 shows the accu-
mulation through winter at each of the stations in Pakistan 
and Himachal Pradesh, according to both the station meas-
urements and WRF (using the method of finding appro-
priate grid points detailed in Sect. 3 for each station loca-
tion), as well as the correlations of daily precipitation. The 
comparisons of total winter precipitation are highly vari-
able between stations, with some showing about the same 
amounts between WRF and the stations and some showing 
more than 5 times more according to WRF than the sta-
tion. Likewise, the correlations of the timeseries of daily 
precipitation through winter vary between 0.82 and −0.13, 
although most are above 0.4. Given the highly heterogene-
ous spatial precipitation patterns arising from the complex 
terrain, as well as the errors that may occur with both the 
model and the stations, comparisons are difficult between 
the model and individual stations located on the order of 10 
km apart.

Averaging over stations below and above 3-km elevation 
separately, and, for WRF, grid points below and above 3 
km, generates more meaningful comparisons (Fig. 7). For 
the lower-elevation timeseries, WRF is averaged over all 
grid points below 3 km, but above the elevation of the low-
est station, within the areas shown in Fig. 1. For the high-
elevation timeseries, WRF is averaged over all grid points 
above 3 km, but below the elevation of the highest station. 

Separate timeseries are shown for the stations in Pakistan 
and Himachal Pradesh, where WRF is averaged over all 
grid points in the given elevation range within the areas 
shown in Fig. 1d, f, respectively. Constructing equivalent 
time series for the HAR shows no meaningful difference 
to the 6.7-km WRF timeseries shown (just slightly lower 
daily values, not shown), further illustrating the sufficiency 
of the HAR for simulating winter precipitation.

WRF and the stations both show that precipitation 
is more frequent in the area containing the Pakistan than 
Himachal Pradesh stations (Fig. 7). This is because the 
Pakistan stations are more within the area of maximum 
winter precipitation (Fig. 3). However, certain storms that 
lead to the largest accumulations in Pakistan also generate 
large accumulations in the mountains in Himachal Pradesh 
(in particular those between 30–35 days and 40–50 days).

The station measurements and WRF are generally well 
correlated for daily precipitation. However, for the Paki-
stan stations, there is a large difference between low- (cor-
relation of 0.78) and high-elevation (correlation of 0.41) 
stations (Fig. 7, left panels). At low elevations (<3 km) in 
Pakistan, there is almost never a day in which precipitation 
was recorded at the stations, but not simulated by WRF at 
the given location (or vice versa). This was also the case 
in the daily winter-precipitation timeseries of Collier and 
Immerzeel (2015) when averaging across stations (their 
Fig. 3a). Also, the heaviest days of precipitation shown by 
WRF are also the days on which significant precipitation 
was recorded by the stations. Hence, there is a correlation 
of 0.78 in the daily timeseries, although WRF shows nearly 
three times the total winter accumulation as the stations. 
At high elevations (>3 km) in Pakistan, although WRF 
and the stations agree that precipitation was more frequent 
through the winter than below 3 km, the comparison is 

Table 3  Precipitation comparisons between WRF and surface stations in Pakistan and Himachal Pradesh in winter months

The given values for WRF and the stations are the accumulations from 1 Dec 2005 through 31 Mar 2006. The given “r” values are the Pearson 
product-moment correlation coefficients of times of daily precipitation between WRF and the stations over the same period

Chl Bun Gil Cht Gup Ast Skd Nal Zia Ush Yas Khu

Pakistan stations

 Elevation (m) 1250 1372 1479 1498 2156 2168 2210 2898 3020 3051 3280 4440

 Stn. total (mm) 72 35 24 215 27 216 142 213 30 52 81 37

 WRF total (mm) 142 136 140 278 130 115 79 199 200 267 163 200

 r 0.57 0.81 0.45 0.60 0.16 0.58 0.63 0.28 0.21 -0.13 0.37 0.38

Kil Nic Bah Pur Moo Nar Poo San Nam Gia Rak Chh Mal

Himachal Pradesh stations

 Elevation (m) 1938 2189 2249 2499 2545 2668 2699 2740 2831 2941 3046 3462 3588

 Stn. total (mm) 576 418 143 219 307 103 86 201 126 197 344 437 62

 WRF total (mm) 186 216 224 236 254 293 305 264 323 330 321 367 367

 r 0.53 0.65 0.29 0.69 0.57 0.40 0.22 0.38 0.48 0.57 0.72 0.82 0.45
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much poorer. WRF shows nearly ten times the accumula-
tion shown by the stations and there is less agreement about 
which days were the heaviest.

For the stations in Himachal Pradesh, which measure 
rain and snow separately, the comparisons between WRF 
and the stations are much better than for the Pakistan sta-
tions, both below and above 3 km (cf. left and right panels 
of Fig. 7). Above 3 km in Himachal Pradesh, the WRF total 
for winter is less than double that of the stations (Fig. 7, 
bottom right) (as opposed to ten times the station total in 
the case of the Pakistan stations above 3 km) and there are 
almost no days of WRF precipitation not shown by the sta-
tions (or vice versa). There is thus a correlation of 0.85 
between WRF and the stations. The contrast between the 
Pakistan and Himachal Pradesh stations (particularly above 
3 km) in terms of the comparison with WRF suggests that 
WRF compares much better to observations which more 
reliably record snowfall. However, a breakdown between 
rain and snow for the Himachal Pradesh stations and WRF 
grid points (showing all elevations spanned by the stations) 
highlights that even with these stations there is a superior 
comparison for rain than snowfall, in terms of total amount 
(Fig. 8). The correlation for snowfall (0.81) is in fact higher 
than for rain (0.63), but WRF consistently shows nearly 
double the station-measured amount for each day of snow-
fall. The extent to which this is an overestimate of the 
model or an underestimate of the stations is uncertain.

The fact that the Pakistan stations above 3 km show so 
much less winter precipitation than the Himachal Pradesh 
stations, which measure snow separately (cf. bottom pan-
els of Fig. 7) strongly suggests a significant undercatch 
of snow. As discussed, the Pakistan stations lie within the 
area of maximum winter precipitation in High Asia and 
so should not be showing so much less precipitation than 
the Himachal Pradesh stations. The superior comparison 
in Pakistan between the stations and WRF for lower- than 
higher-elevation stations is likely due to a much greater 
component of rainfall, which the rain gauges can measure 
more accurately.

The existence of glaciers at high elevations (above 4 km) 
in this region indicates that significant snowfall does occur at 
high elevations in winter. For example, Batura Glacier in the 

Karakoram requires 1000–2000 mm snowfall (snow water 
equivalent, SWE) per year to be sustained, with 1034 mm 
precipitation measured in one year (not the same year as 
the current study) at 4840 m elevation (Batura Investiga-
tions Group 1979). Also, in the 1980s, annual precipitation 
accumulations were recorded on the Biafo Glacier by dig-
ging snow pits, and studied by Hewitt et al. (1989) and Wake 
(1989). At 9 different locations on the glacier, ranging from 
4650 to 5660 m elevation over 5 different years, almost all 
annual-accumulated measurements exceeded 1000 mm, with 
most measurements either just below or exceeding 2000 mm 
(see Fig. 3 of Hewitt 2011). From visual inspection of this 
figure in Hewitt (2011), we calculate the mean of those meas-
urements as about 1400 mm. Since Biafo glacier is very 
near the Pakistan stations used in this study (Fig. 1c, d), the 
annual accumulation from WRF was averaged over all grid 
points within the area shown in Fig. 1d within the elevation 
range 4650–5660 (the range of elevations measured on Biafo 
Glacier). The mean annual accumulation from April 2005 
through March 2006 simulated by WRF is 1237 mm (99% 
of which being snow), of which 562 mm was during DJFM. 
By contrast, Khunjerab, the highest of the Pakistan stations 
used in this study, which is very close to the Batura Glacier 
and, at 4440 m, only slightly lower in elevation, recorded 
197 mm during the year simulated, of which 37 mm was dur-
ing DJFM. Although the glacier snowfall measurements were 
in the 1980s, the very similar magnitudes of WRF in 2005–06 
and the glacier snowfall measurements suggest that WRF is 
in fact much closer than the rain-gauge measurements to the 
true precipitation amounts at these high elevations.

Although we cannot assert that the model is accurate 
and the stations are not, the station-to-model comparisons 
highlight the need for reliable permanent stations measur-
ing daily snowfall in the western Himalaya and Karako-
ram (the snow-measuring stations in Himachal Pradesh 
being too far from the area of maximum winter precipita-
tion). Daily measurements are required in order to meas-
ure the accumulations from individual storms and gauge 
whether models are simulating them accurately. Measuring 
snowfall in the western Himalaya is particularly important 
because such a large proportion of precipitation falls dur-
ing the winter and at high elevations, as snow, and so rain 
gauges are not adequate. Further east along the Himalaya, 
where almost all precipitation falls during summer (Fig. 5), 
as rain, rain gauges are much more able to represent pre-
cipitation patterns and be reliably compared to simulated 
amounts, as will be shown in Sect. 7.

7  Diurnal cycle of monsoon precipitation

This section focuses on the monsoon months and WRF’s 
ability to simulate the observed diurnal patterns. Both the 

Fig. 3  First and third columns: The total WRF precipitation (colors, 
mm) falling in the inner domain each month from April 2005 through 
March 2006. Second and fourth columns: TRMM total precipitation 
each month over the same area, subtracted from the WRF monthly 
total (bilinearly interpolated onto the coarser TRMM grid). The given 
“r” values are, for each month, the Pearson product-moment cor-
relation coefficient of the spatial distribution of total precipitation 
between TRMM and interpolated WRF, indicating the level of agree-
ment between WRF and TRMM each month over the area covered by 
the inner WRF domain. Also plotted in all panels is elevation (grays, 
km)

◂
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station measurements and WRF indicate that, at high eleva-
tions during the monsoon, precipitation falls every day (not 
shown) with a fairly repetitive diurnal cycle. Therefore, the 
challenge for the model is to simulate accurately the diurnal 
flow patterns shown by observations and the diurnal evolu-
tion of precipitation distribution over the Himalaya. This 
section compares WRF’s diurnal precipitation evolution in 
the summer months with the available observations—with 
TRMM and MODIS in terms of how the spatial distribu-
tion changes through the day, and also with the high-eleva-
tion station measurements in Nepal in terms of the diurnal 
range of precipitation rate and other atmospheric variables 
at specific locations.

7.1  Diurnal cycle over the Himalaya

In June–July–August (JJA), a diurnal evolution in pre-
cipitation is evident in the WRF simulation, with most 3-h 
interval precipitation composites correlated above 0.5 with 
TRMM (Fig. 9). From 0900–2100 (UTC+6, roughly local 

time over the whole domain), precipitation is fairly evenly 
distributed along the full Himalayan range, but from 2100–
0900, precipitation becomes more concentrated and intense 
in the eastern Himalaya. The persistent precipitation across 
all hours in the eastern Himalaya occurs because the large-
scale cyclonic monsoon circulation over northern India 
remains quasi-stationary and does not undergo any marked 
diurnal evolution (diagnosed from diurnal composites 
of low-level winds, not shown). This circulation induces 
strong southerly moisture advection from the Bay of Ben-
gal against the eastern Himalaya, generating precipitation 
in that region.

As investigated by Houze et al. (2007) and Medina et al. 
(2010), monsoon precipitation in the western Himalaya 
is driven by southwesterly monsoonal flow from the Ara-
bian Sea (just southwest of the area shown in Fig. 9) and 
undergoes much more of a diurnal evolution than over the 
eastern Himalaya. Medina et al. (2010) showed that this 
flow travels about 1000 km over northwest India and, dur-
ing daytime hours, is subject to strong sensible heat flux 

Fig. 4  Total DJFM (top row) and JJA (bottom row) precipitation 
(colors, mm) for the year simulated, comparing the 6.7-km simula-
tion and HAR. The areas shown are the western Himalaya and Kara-
koram for winter (roughly the area of the 2-km winter domain shown 

in Fig. 1b) and the central Himalaya (roughly the area of the 2-km 
summer domain shown in Fig. 1b). Also plotted in all panels is eleva-
tion from the relevant domain (labeled contours every 1000 m)
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(>300 W m−2) from the Thar Desert, increasing its buoy-
ancy. Upon reaching the foothills of the western Himalaya, 
the moisture from this monsoon flow is trapped by the con-
cave orographic barrier formed by the western Himalaya 
and Hindu Kush, and the foothills trigger intense, relatively 
small-scale convective cells, which are well represented by 
the model without a convective parameterization (in par-
ticular from 1200 to 1800, Fig. 9).

By contrast, from 2100 to 0900, when precipitation is 
concentrated in the concave barrier of the eastern Hima-
laya, this precipitation takes the form of more widespread 
stratiform convection, reflecting the lack of modification 
of the monsoonal flow over land. As described by Medina 
et al. (2010), the southerly flow from the Bay of Bengal 
generating this precipitation travels over much less land 
before encountering the orography than the flow from the 
Arabian Sea that generates precipitation in the western 
Himalaya. Also, the land over which this air flows is the 
wetlands of Bangladesh, as opposed to the Thar Desert, so 
that the flow continues to be subject to strong latent heat 

flux. Therefore, the maritime airmass is less modified over 
land than in the western Himalaya case and there is less of 
a diurnal signature of precipitation. Consequently, precipi-
tation falls all day in the eastern Himalaya. The nighttime 
and early morning distribution of precipitation in the east-
ern Himalaya in Fig. 9 is very similar to Fig. 14 of Medina 
et al. (2010), which shows the precipitation accumulated 
in one night in a WRF simulation, and consistent with the 
diurnal cycle of mesoscale convective systems discussed in 
Yang et al. (2015). However, although not investigated by 
Medina et al. (2010), daytime precipitation in the eastern 
Himalaya is morphologically similar to the intense small-
scale convection in the western Himalaya. TRMM also 
captures this contrast in precipitation morphology in the 
eastern Himalaya between day and nighttime (not shown). 
Therefore, daytime heating over Bangladesh is sufficient to 
form smaller-scale convection. Unlike the intense convec-
tion in the western Himalaya, this convection persists into 
the nighttime as the small-scale convective elements merge 
and form more widespread convective systems, which are 

Fig. 5  Time series of monthly-accumulated precipitation at each of 
the Nepal surface stations, comparing WRF (both the 6.7-km simula-
tion and HAR) to the station measurements, with the simulated val-

ues calculated as detailed in Sect. 3. The locations of the stations are 
shown in Fig. 1g, h



2194 J. Norris et al.

1 3

described as persistent convective systems (PECS) in Yang 
et al. (2015).

During 2100–0900 when precipitation is concentrated fur-
ther east, the correlation between WRF’s and TRMM’s pre-
cipitation distributions is the best over the diurnal cycle (above 
0.6). This is largely because WRF and TRMM agree on a 
number of locations downslope of major orography where 
precipitation maxima form (not shown for TRMM). These 
precipitation maxima occur where the foothills of the eastern 
Himalaya trigger the large-scale monsoonal flow to form mes-
oscale convective systems on the slopes of the mountains and 
on the Meghalaya Plateau (Houze et al. 2007; Medina et al. 
2010), which is one of the rainiest places on Earth (Bookhagen 
et al. 2005; Bookhagen and Burbank 2010). This nocturnal 
precipitation was also investigated by Sato (2013), who used 
WRF to identify a summer noctural westerly-to-southwesterly 
low-level jet in the region, which enhanced precipitation from 
midnight to early morning, particularly in the Himalaya and 
upwind of the relatively small mountains to the south.

The fact that WRF accurately represents mesoscale 
convective features that have been identified by previous 
observational studies is a further testament to its abilities 
in simulating the region’s complex climate. For the same 
summer, the HAR also shows a near-continuous line of pre-
cipitation along the Himalayan range in the afternoon, then 
becoming more stratiform and concentrated over the east-
ern part of the domain, as in Fig. 9 (not shown). However, 
there is a distinctive lack of nocturnal precipitation at high 

elevations in the HAR, as is investigated in the following 
subsection.

7.2  Local mountain and valley diurnal cycles

The analysis in Sect. 7.1 shows that on the scale of the full 
Himalayan range, WRF simulates diurnal monsoon patterns 
observed and simulated in previous studies, and shows the 
same essential diurnal evolution as TRMM. WRF’s simula-
tion of the interaction of the monsoon circulation with indi-
vidual peaks and valleys during the day is now investigated 
at a scale for which higher-resolution satellite and station 
data are required for comparison. A much smaller-scale 
diurnal plot is presented in Fig. 10 in the area indicated by 
the black boxes in Fig. 9, roughly covering Nepal, showing 
precipitation and 850-hPa winds every 3 h.

Up to 0900 in JJA, WRF simulates moisture transport 
along the Himalayan front from east to west as part of 
the cyclonic monsoon circulation over northern India, as 
described by Bookhagen et al. (2005). There is widespread 
precipitation at low elevations, but almost none at high 
elevations. Then, from 0900, the moisture transport begins 
to be diverted northward. As captured by the HAR and 
described by Curio et al. (2015), meridionally oriented val-
leys channel some of this abundant moisture across the oro-
graphic barrier. This effect generates precipitation maxima 
at each individual mountain top. Pronounced precipitation 
maxima also form at low elevations, upwind of each moun-
tain peak. Then, after 1800, cross-barrier moisture transport 
decays and the dominant along-barrier large-scale monsoon 
circulation resumes. The orographic-forced precipitation 
maxima thus decay until about 0300.

WRF’s build up of convection in the afternoon at high 
elevations is validated by cloud cover from MODIS during 
JJA of the summer simulated (Fig. 11). During the sum-
mer, meridionally oriented cloud bands along valleys are 
enhanced from 1100 (the pass of Terra satellite) to 1400 
(the pass of Aqua satellite) local time at high elevations 
(immediately north of the 3-km elevation contour). Cloud 
enhancement also occurs along high-elevation tributaries 
north of the 3-km elevation contour. Kurosaki and Kimura 
(2002) also noted the tendency for the build up of cloud 
on the windward slopes of the Himalaya during the mon-
soon from 0900 to 1500. This enhanced cloud cover shown 
by MODIS verifies the afternoon channeling of moisture 
up the valleys shown by WRF in Fig. 10. Perhaps the 
most distinctive afternoon enhancement of cloud cover in 
Fig. 11 is along the Khumbu Valley (highlighted by the 
blue box), which is the valley up which the SHARE sur-
face stations in Nepal rise (Fig. 1g). The diurnal evolution 
in JJA from the perspective of these stations is very similar 
to WRF for temperature, meridional wind speed, specific 
humidity, and incoming shortwave radiation (Fig. 12). 

Fig. 6  Pearson product-moment correlation coefficients between 
daily timeseries of WRF and MODIS cloud fraction (1 indicates 
cloud cover at a given pixel, 0 indicates no cloud cover) from 1 
December 2005 to 31 March 2006 over the western Himalaya and 
Karakoram. The MODIS timeseries is the Cloud Mask product from 
the daily Aqua pass (about 08 UTC). The WRF timeseries is at 09 
UTC each day (the closest output time to the time of the Aqua pass). 
The given value at each MODIS pixel comes from the temporal cor-
relation at that location, with each MODIS pixel compared to the 
WRF grid box in which it lies. The blue line marks the Indus river 
and the black lines indicate international borders
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Fig. 7  Time series through winter (1 December–31 March) of daily 
precipitation for the Pakistan (left column) and Himachal Pradesh 
(right column) stations, comparing the 6.7-km WRF simulation with 
the station measurements. For the station timeseries, the mean is cal-
culated of all stations above or below 3 km in Pakistan or Himachal 
Pradesh (see Table 2). For the WRF timeseries, the mean is calculated 
of all grid points above or below 3-km elevation in the area covered 
by the Pakistan (the area plotted in Fig. 1d) or Himachal Pradesh (the 

area plotted in Fig. 1f). However, for the below-3-km timeseries, only 
grid points above the elevation of the lowest station were averaged, 
and for the above-3-km timeseries, only grid points below the eleva-
tion of the highest station were averaged. For each panel, the total 
accumulation is shown for both WRF and the stations over the time 
period plotted, as well as the Pearson product-moment correlation 
coefficient of the two timeseries

Fig. 8  As Fig. 7, but just for the Himachal Pradesh stations and showing the mean of all stations and, for WRF, the mean of all grid points in the 
range between the lowest- and highest-elevation stations. Separate time series are shown for rain and snow
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Although there are slight differences in the magnitudes of 
some variables at some locations, WRF is almost exactly 
in sync with the stations in terms of the diurnal cycles. In 
particular, the afternoon maxima of southerly wind speed 
and moisture content illustrate the channeling of moisture 
from low elevations.

Although the Himalayan peaks show the strong after-
noon maximum precipitation, in the valleys, the precipi-
tation maximum in fact occurs at nighttime. As described 
by Barros and Lang (2003), the daytime upslope flow 
enhances moisture content and convectively available 
potential energy (CAPE), leading to a secondary rainfall 
peak. However, in the absence of strong convergence, much 
of the advected moisture is carried over the mountains. 
At nighttime, when the upslope flow decays, convergence 

is enhanced at the foot of the mountains. Combined with 
the high moisture and CAPE that has been building in the 
mountains during the day, this leads to the greatest rainfall 
around midnight. The Nepal stations in the Khumbu Val-
ley show this nocturnal precipitation maximum during the 
summer simulated in this study (with an almost identical 
diurnal cycle to that shown by Barros and Lang 2003, i.e., 
with a maximum at midnight, their Fig. 2b), but WRF does 
not in this location, neither in the 6.7-km simulation, nor 
in the HAR (Fig. 13—the given values are the 3-h accu-
mulation up to the given times on the x-axis). However, 
the 6.7-km domain does show a nocturnal maximum in 
other valleys nearby (Fig. 14, which shows the 3-h period 
in which each grid point receives its diurnal precipitation 
maximum). Nocturnal maxima are particularly evident in 

Fig. 9  Composites of 3-h accumulated precipitation for each of the 
given time intervals in JJA. First and third columns show WRF pre-
cipitation, second and fourth columns show TRMM subtracted from 
WRF rainfall (bilinearly interpolated onto the coarser TRMM grid). 
The given times of day are UTC+6, which is roughly local time over 
the whole domain. The given “r” values are, for each 3-h period, the 

Pearson product-moment correlation coefficient of the spatial dis-
tribution of total TRMM and interpolated WRF rainfall, as for the 
monthly-precipitation maps in Fig. 3. Equivalent correlations but 
comparing WRF total precipitation are marginally lower. Also plotted 
in all panels is the 1-km elevation contour. The smaller boxes drawn 
in the WRF panels show the location of the finer-scale plots in Fig. 10
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valleys that are inlets into the orogen, which the Khumbu 
Valley (highlighted by the white box) is not.

WRF shows a strong maximum between 1500 and 
1800 in the 6.7-km simulation (and between 1200 and 
1500 in the HAR) (Fig. 13) that the stations do not show, 
before rapidly decreasing into the evening. However, 
the 6.7-km simulation, particularly at the higher eleva-
tions, is fairly well in sync with the stations during the 
night and early morning. The 6.7-km simulation is also in 
good agreement with the stations in the rate of decrease 
of precipitation rate with elevation during these hours 
(note the difference in scale between panels). Thus, this 
simulation does capture the nocturnal precipitation cycle, 
despite a late-afternoon maximum in the Khumbu Valley 
(Fig. 14) that the stations do not show. The HAR, on the 
other hand, shows near-zero nocturnal precipitation in the 

Khumbu Valley (Fig. 13) or other valleys (not shown). 
Thus, the apparent overestimate of the 6.7-km simulation 
of high-elevation summer precipitation, shown as monthly 
totals in Fig. 5, is due to excessive afternoon precipita-
tion, while the HAR’s underestimate is due to a failure to 
simulate nocturnal precipitation. Therefore, the 6.7-km 
simulation has a shortcoming during the monsoon in over-
estimating afternoon convection at high elevations, but 
otherwise accurately simulates the diurnal cycle at various 
elevations. The HAR with convective parameterization, 
on the other hand, does not capture the diurnal pattern in 
the mountains.

The comparisons in Fig. 13 are at odds with Collier 
and Immerzeel (2015) whose 5-km domain (their closest 
grid spacing to ours) underestimated monsoon precipita-
tion over the Himalaya all day (their Fig. 3c). The different 

Fig. 10  First and third columns: As Fig. 9, but in the smaller area 
indicated in Fig. 9. Second and fourth columns: JJA composites of 
850-hPa winds (m s−1) over the same area at the beginning of the 

given time interval, e.g., the pair of panels labeled 0000–0300 shows 
precipitation accumulated during those 3 h and winds at 0000. Also 
plotted in all panels is elevation (labeled contours every 1000 m)
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comparison between WRF and the observations in their 
study to ours may be because their comparisons were made 
by taking the nearest WRF grid point to each station’s loca-
tion, whereas the current study compares grid points with 
similar elevation. In fact, the diurnal cycle of their 1-km 
domain (which is more likely to match the elevations of 
the stations) more closely resembles that of our 6.7-km 
domain, i.e., overestimating in the afternoon and underes-
timating at night. In this instance, the station measurements 
are taken to be more accurate than the station measure-
ments shown in winter in Sect. 6 because, even at Pyramid 
at 5035-m elevation, the mean diurnal temperature is above 
freezing all day (Fig. 12), hence almost all precipitation 
falls as rain. Also winds are weaker during the monsoon 
than during winter storms, so that less undercatch occurs. 
Because the grid spacing employed in this study is coarse 
in terms of explicitly resolving convection, the following 
subsection investigates to what extent this is responsible for 
the overestimate of afternoon convection in the Himalaya 
during the monsoon.

7.3  Influence of grid spacing and convective 
parameterization on monsoon precipitation in the 
Himalaya

In order to investigate whether the diurnal cycle of mon-
soon precipitation in the mountains could be simulated 
more accurately than the model setup employed in this 

study is able, different WRF simulations are now com-
pared. A smaller grid spacing, more able to resolve con-
vection explicitly, may be more accurate. Therefore, a 
third domain of 2.2-km grid spacing was nested within the 
existing 6.7-km domain at the location shown in Fig. 1b 
(the “2-km summer” box) for 6 days during the summer, 
as described in Sect. 2. The accumulation of precipita-
tion in the area covered by the 2.2-km domain is shown in 
Fig. 15 for the 20, 6.7, and 2.2-km domains for this 6-day 
simulation. Also shown is the accumulation of precipitation 
shown by the HAR at 10-km grid spacing during these 6 
days. Although there are many higher-resolution features 
shown in the 2.2-km domain, the distribution shown by 
the 6.7-km domain is similar to that of the 2.2-km domain. 
Namely, a maximum in the Himalayan foothills (just south 
of the 3-km elevation contour in black) is qualitatively very 
similar between both domains, and lesser maxima lie over 
individual peaks (just north of the 3-km elevation contour). 
However, the high-elevation maxima are generally smaller 
and cover less area in the 2.2 than 6.7-km domain, imply-
ing less total precipitation at high elevations.

Mean diurnal cycles of precipitation during this 6-day 
period are shown in Fig. 16, comparing the 4 domains. 
These timeseries are obtained by taking the mean of all 
grid points within two separate areas: 100 km south (<3 
km) and 50 km north (>3 km) of the 3-km elevation con-
tour. The bounding lines of the area over which grid points 
are averaged are shown in red in Fig. 15. These areas are 

Fig. 11  Mean cloud fraction for JJA from the MODIS Cloud Mask 
product, comparing the once-daily passes of the Terra and Aqua sat-
ellites. The area shown is roughly the same as in Fig. 10. The given 
times of day are UTC+6 (roughly local time). For a given satellite 
pass, 1 indicates cloud cover at a given pixel, 0 indicates no cloud 

cover. Therefore, the given values are the fraction of days over the 
summer on which there was cloud at the time of the pass. The 3-km 
elevation contour is also plotted from SRTM data. The Khumbu Val-
ley is highlighted by a blue box, which is where the SHARE stations 
in Nepal lie (data plotted in Fig. 12)
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taken as a proxy for the Himalayan foothills (<3 km) and 
the windward high elevations (>3 km). As in Fig. 13, the 
given times of day show the 3-h accumulation up to that 
time. For both the foothills and high elevations, the 20-km 
domain and HAR are similar (those with convective param-
eterization), while the 6.7 and 2.2-km domains (those with 
no convective parameterization) are similar. In the foothills, 
the 6.7 and 2.2-km domains show near-constant precipi-
tation with a slight maximum in the early morning, while 
the 20 and 10-km domains show a strong early-afternoon 
maximum with very little falling at night or in the morning. 
At high elevations, all 4 domains show an afternoon maxi-
mum, but the 6.7 and 2.2-km domains show about 2 mm 
per 3 h (a very high rain rate considering this is the average 
over a large area) persisting through the night. Conversely, 
the coarser domains show a rapid decrease of precipitation 
rate in the late afternoon and early evening, with near zero 

through the night. In the coarse domains, there is in fact 
little difference in the diurnal monsoon cycle between the 
foothills and high elevations, which as documented in pre-
vious studies and discussed in Sect. 7.1, is not the case in 
reality.

The reduction of accumulated high-elevation precipi-
tation in the 2.2-km, relative to 6.7-km, domain (Fig. 15) 
is largely due to a reduction of the afternoon maximum 
(Fig. 16, right panel). For these 6 days, the 2.2-km domain 
reduces this maximum in the 6.7-km domain by about a 
third. From Fig. 13, this would still imply an overestimate 
of high-elevation afternoon precipitation, according to the 
stations, and the 2.2-km domain also fails to show the noc-
turnal maximum. However, without having simulated a 
full monsoon season at 2.2-km grid spacing, we cannot say 
for certain how it would compare to the stations in Nepal. 
Therefore, decreasing the grid spacing from 6.7 to 2.2 km 

Fig. 12  Diurnal mean timeseries in JJA of temperature, meridional 
wind speed, specific humidity, and incoming shortwave radiation for 
each of the surface stations in Nepal, comparing the station measure-

ments and WRF. The given times of day are UTC+6. The locations 
of the stations are shown in Fig. 1g, h
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Fig. 13  As Fig. 12, but just showing 3-h accumulated precipitation, 
comparing WRF (both the 6.7-km simulation and HAR) to the station 
measurements. The given values represent the accumulation in the 3 h 

up to the given time (e.g., the value at 0 local time is the accumula-
tion from 21 to 00)

Fig. 14  A spatial map over 
Nepal for the 6.7-km domain 
of the 3-h period (UTC+6) in 
which the diurnal maximum of 
precipitation falls during JJA. 
Labeled contours of elevation 
are also plotted every 1000 m. 
The Khumbu Valley containing 
the SHARE stations is high-
lighted by the white box
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likely improves the simulation of monsoon mountain pre-
cipitation but does not fundamentally change the diurnal 
pattern. The critical change from low to high resolution 
is when a grid spacing is employed that does not require 
convective parameterization. However, it should be noted 
that both the 20-km domain and the HAR use the Kain–
Fritsch cumulus scheme and other schemes may perform 
better, which this study has not investigated. Regardless, 
although the 6.7-km grid spacing employed in this study 
is at the very coarse end of the scale of grid spacings for 
which convective parameterization may be switched off, it 
captures the essential diurnal pattern, as well as the rate of 
reduction of precipitation with elevation (Fig. 13). Given 
computational constraints, future studies may use such a 
grid spacing to investigate monsoon precipitation over 

the Himalaya, appreciating that afternoon precipitation is 
overestimated.

8  Summary and conclusions

A WRF simulation was performed for a full 12-month 
period (April 2005 through March 2006) at 6.7-km grid 
spacing to investigate inter-seasonal, intra-seasonal, and 
diurnal precipitation cycles over the Himalaya. April-
through-March was chosen in order to simulate full uninter-
upted winter and summer seasons, and the particular year 
selected was very close to average in terms of regional-
scale circulation (according to reanalyses) and precipitation 
(according to satellite estimates of precipitation (TRMM)).

Fig. 15  Accumulated precipitation over 6 days in a separate WRF 
simulation from 00 UTC 16 July to 00 UTC 22 July 2005 (i.e., within 
the full year simulated in this study) with three WRF domains shown 
in Fig. 1 (20, 6.7, and 2.2-km, where the 20 and 6.7-km domains are 
the same as for the full year’s simulation). The accumulation in the 
HAR over the same time period is also given. The 3-km elevation 
contour in the relevant domain is also plotted in black. The pink con-
tours either side are obtained by, for each x co-ordinate, moving 100 
km south and 50 km north (rounding up to the nearest multiple of the 

relevant grid spacing) of the 3-km elevation contour in the relevant 
domain. For x co-ordinates where the 3-km elevation contour passes 
through multiple y co-ordinates, the southernmost y co-ordinate was 
selected (so that in some cases the northernmost pink contour inter-
sects the 3-km elevation contour). The areas bound by these contours 
south and north of the 3-km elevation contour are taken as a proxy 
for the Himalayan foothills and windward Himalayan high elevations, 
repsectively, and are used for the time series shown in Fig. 16
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When compared to the mean of high-elevation surface 
stations in Pakistan and Himachal Pradesh, WRF’s daily 
precipitation timeseries through winter is very well corre-
lated with that of the stations. Therefore, WRF is skilful in 
the timing and relative intensity of precipitation from extra-
tropical cyclones. However, at particularly high elevations, 
where all winter precipitation falls as snow, WRF shows 
far greater daily and total-winter accumulations than the 
stations, but this discrepancy is reduced for stations that 
estimate snowfall amount from snow depth and density. 
Although we cannot say for sure that the model is more 
accurate than the stations, these comparisons highlight the 
need for reliable permanent stations measuring daily snow-
fall in the western Himalaya and Karakoram (where almost 
all winter precipitation falls in the region).

For winter precipitation, the resolution employed in 
this study is not required to capture the essential pre-
cipitation patterns. Coarser simulations show no funda-
mental difference in the distribution or timing of win-
ter precipitation, with a maximum between 5000 and 
5500 m elevation and no difference in the breakdown 
between rain and snow. There are just slightly lower pre-
cipitation magnitudes in coarser simulations on account 
of less steep slopes. However, for summer precipita-
tion, the nocturnal precipitation in the foothills and val-
leys of the Himalaya requires an explicit resolution of 
convection. Although very coarse in terms of resolving 
convection, the 6.7-km simulation’s diurnal precipitation 
cycle is mostly well in sync with that of station meas-
urements from 2660–5035-m elevation in Nepal. The 
only discrepancy is in the afternoon when WRF shows 
a large daily maximum not shown by the stations. A 

shorter simulation with a 2.2-km domain nested shows 
no fundamental difference to the 6.7-km domain in the 
diurnal cycle of precipitation, but shows a reduction of 
this afternoon maximum in the 6.7-km domain by about 
a third. Therefore, the 6.7-km grid spacing employed 
in this study is appropriate for investigating the diurnal 
cycle of monsoon precipitation over the Himalaya, but 
appears to overestimate afternoon precipitation at high 
elevations.

This study serves as an overview of the ability of WRF 
to simulate accurately the spatiotemporal distribution of 
precipitation on the mesoscale, arising from the interaction 
of various weather systems with the Himalaya and through-
out seasons. These analyses provide a greater understand-
ing of the reliability and limitations of WRF simulations 
that can be useful to investigate climate change in High 
Asia and thus predict future water resources in south Asia 
at the regional scale.
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Fig. 16  Timeseries of diurnal mean 3-h precipitation from 16–22 
July in the 3-domain simulation shown in Fig. 15, comparing the 3 
domains, as well as the HAR over the same time period. For each 
domain, separate timeseries are shown for the Himalayan foothills 
(from the mean of all grid points 100 km south of the 3-km eleva-

tion contour) and the windward Himalayan high elevations (from the 
mean of all grid points 50 km north of the 3-km elevation contour), 
as detailed in the caption of Fig. 15. For the 20, 6.7-km, and HAR 
domains, only grid points within the area covered by the 2.2-km 
domain (plotted in Fig. 15) were considered
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