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Abstract High-altitude meteorological processes in the Himalaya are influenced by complex interactions
between the topography and the monsoon and westerly circulation systems. In this study, we use the
Weather Research and Forecasting model configured with high spatial resolution to understand seasonal
patterns of near-surface meteorological fields and precipitation processes in the Langtang catchment in
the central Himalaya. Using a unique high-altitude observational network, we evaluate a simulation from
17 June 2012 to 16 June 2013 and conclude that, at 1 km horizontal grid spacing, the model captures the
main features of observed meteorological variability in the catchment. The finer representation of the complex
terrain and explicit simulation of convection at this grid spacing give strong improvements in near-surface
air temperature and small improvements in precipitation, in particular in themagnitudes of daytime convective
precipitation and at higher elevations. The seasonal differences are noteworthy, including a reversal in the
vertical and along-valley distributions of precipitation between the monsoon and winter seasons, with peak
values simulated at lower altitudes (~3000m above sea level (asl)) and in the upper regions (above 5000m asl)
in each season, respectively. We conclude that there is great potential for improving the local accuracy of
climate change impact studies in the Himalaya by using high-resolution atmospheric models to generate the
forcing for such studies.

1. Introduction

Mountain meteorology is complex, in particular in the Himalayas, owing to intricate interactions between the
atmosphere and local topography, synoptic-scale weather systems, and the monsoonal and westerly circula-
tion systems. The central Himalayan region is dominated by a monsoonal climate, in which most of the
precipitation falls during summer (June to September) [Bookhagen and Burbank, 2010], while winters are
rather dry. The interplay between topography and precipitation is complex and manifests itself at various
scales ranging from a synoptic scale of several hundreds of kilometers to an orographic mesoscale of less
than 30 km [Barros et al., 2004]. From east to west, the monsoon influence decreases and midlatitude wester-
lies become more important in the western part of the Greater Himalaya (Pamir and Karakoram Ranges).
Precipitation from the westerlies is highest in winter, when low-pressure systems reach the western margin
of the Greater Himalaya. This supply of moisture reaches higher elevations than the summer monsoon, which
might be related to the higher tropospheric extent of the westerly airflow [Scherler et al., 2011].

Accurate information about high-altitude meteorological conditions is essential for understanding regional
differences in the Himalaya. In particular, spatially distributed precipitation and air temperature data are
key inputs for glacio-hydrological studies. However, observations at high elevations are scarce. Moreover,
commonly used gridded precipitation products are grossly inaccurate at these altitudes and are too coarse
for high-resolution hydrological assessments [Palazzi et al., 2013]. A common approach for addressing the
lack of suitable data is to extrapolate from station data using assumed vertical and horizontal gradients to
derive spatial fields of precipitation and air temperature [Immerzeel et al., 2013; Ragettli et al., 2014]. Such rates
are commonly calibrated, uncertain, and vary in time and space. Furthermore, while this approach may be
appropriate for air temperature under well-mixed free atmospheric conditions, recent work [Lundquist
et al., 2008; Minder et al., 2010; Immerzeel et al., 2014] showed that it is inadequate in glacierized catchments
in regions of complex topography, since katabatic winds, cold air pooling, and seasonal differences in relative
humidity strongly influence the air temperature distribution.

High-resolution atmospheric modeling has the potential to compensate for spatial and temporal gaps in
observational networks, to improve the understanding of atmospheric variability in Himalayan catchments,
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and to provide more accurate distributed temperature and precipitation forcing data for glacio-hydrological
studies. Recently, several studies have used the advanced research version of the Weather Research and
Forecasting (WRF) model [Skamarock and Klemp, 2008] successfully in high mountain Asia. For the High
Asia Refined analysis, WRF was applied over the entire Greater Himalayan region at 10 km horizontal grid
spacing, and results matched well with precipitation magnitudes and patterns as derived from satellite
imagery [Maussion et al., 2014]. The model also reproduced the large-scale interaction between topography
and precipitation [Bookhagen and Burbank, 2006] and the monsoon and westerly circulation systems. This
data set helped to reveal that midlatitude westerlies affect precipitation variability in May and June, which
is in turn a key factor in the annual mass balance of glaciers on the Tibetan Plateau [Mölg et al., 2014]. WRF
has also been used to (i) study atmosphere-glacier feedback in the Karakoram over an ablation season,
revealing that coupling with a process-based glacier model improved the simulation of land surface tempera-
ture and snow albedo [Collier et al., 2013], and (ii) analyze precipitation processes during winter extratropical
cyclone events [Norris et al., 2015]. These studies join a growing number using mesoscale atmospheric
models for glacio-hydrological applications in high mountain Asia [e.g., Kumar et al., 2015] and demonstrate
the usefulness of WRF for this region. However, to date studies that integrate high-altitude observations with
high-resolution simulations to investigate drivers of catchment-scale meteorological variability in the
Himalayas are lacking but highly needed by the glaciological and hydrological communities.

In this study, we use the coupled WRF and glacier climatic mass balance (CMB) model of Collier et al. [2013],
configured with telescoping nested domains down to 1 km grid spacing, to investigate atmospheric dynamics
in a glacierized catchment in Nepal over the period of 17 June 2012 to 16 June 2013. We evaluate the model
performance using a high-altitude observational data set and investigate the impact of horizontal resolution
on simulated variability in local meteorological conditions. Focusing on the two most contrasting periods,
the monsoon and winter seasons, we then assess drivers of precipitation and spatial patterns in the valley, in
particular elevational gradients of air temperature and precipitation.

2. Methods
2.1. Study Area and Observational Data

The study area is the Langtang catchment (Figure 1a), which is located in the central Himalaya (Figure 1b).
The catchment has an area of 584 km2, of which 24% is glacier covered. The altitudinal range of the
Langtang is 1406 to 7180m above sea level (asl), with the glacierized altitudes located from 4040m asl
upward. Supraglacial debris is prevalent, with 40% of the glacier area covered. The Langtang River flows
through the valley, which is V-shaped in its downstream part and U-shaped in the upper part. Below
3000m, the catchment is densely forested, while at higher altitudes forest is found at the slopes directly
adjacent to the river. Boulders and scree cover are dominant above an altitude of 4000m asl. We note that
debris cover is not accounted for in this study. In addition, the extent of forested areas in the Langtang

a b c

Figure 1. (a) The spatial extent of the Langtang catchment, delineated by the outer black contour. The locations of the 11 observational sites are marked in red. The
locations of one along-valley and two cross-valley sections used for computing transects in sections 3.3 and 3.4 are also shown. (b) The spatial extents and modeled
topographic height of all three WRF-CMBmodel domains, which are configured with horizontal grid spacings of 25, 5, and 1 km. (c) A zoom-in of the finest resolution
domain, D3, which shows (i) the wider geographic location of the Langtang catchment; (ii) the glacier outlines [Pfeffer et al., 2014], shaded in light grey; and (iii) the
location of Kathmandu, indicated by the black circle marker. Figures 1a and 1c show modeled topographic height in D3 (1 km grid spacing) shaded in units of km.
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catchment is underestimated by ~60% in the default U.S. Geological Survey (USGS) land use data in WRF
compared with the GlobCover data set [Leroy et al., 2007], with these areas instead categorized mainly as
cropland, grassland, and shrubland.

A number of field campaigns have been conducted in this region to understand meteorological variability
[e.g., Morinaga et al., 1987; Seko, 1987; Ueno and Yamada, 1990; Seko and Takahashi, 1991; Ueno et al.,
1993; Fujita et al., 1997]. More recently, a high-altitude observational network of temperature and precipita-
tion was established, which provides data from mid-2012 to present (Figure 1a and Table 1) [Immerzeel et al.,
2014]. The network consists of eight tipping buckets, seven temperature loggers, and two pluviometers,
which include snow depth and temperature sensors. The details of the sensors, preprocessing, and data
quality checks are described in Immerzeel et al. [2014]. In the analysis, we made four seasonal divisions based
on these data, similar to Immerzeel et al. [2014]: the monsoon season from 17 June to 17 September 2012, the
postmonsoon season from 18 September to 31 December 2012, the winter season from 1 January to 1 March
2013, and the premonsoon season from 1 March to 16 June 2013. The definition of the monsoon season
differs slightly from Immerzeel et al. [2014] and is selected based on a marked increase in precipitation in
the Langtang and surrounding region, as well as the onset of periods with strong correlation between
precipitation and lower level meridional winds.

2.2. Modeling Tool

The simulations were performed using an interactively coupled atmosphere and glacier climatic mass
balance model, WRF-CMB [Collier et al., 2013]. The atmospheric component of the coupled model is version
3.6.1 of WRF [Skamarock and Klemp, 2008], while the CMB component is based on the model of Mölg et al.
[2008, 2009]. For this study, the coupled model was configured with three nested domains, with horizontal
grid spacings of 25, 5, and 1 km (Figures 1b and 1c). The model has 50 vertical levels between the surface

Table 1. Observational Site Information

Site Latitude Longitude Elevation (m asl) Sensor (% Missing)

1 28.1574 85.3322 1406 TB(2.4), TL(18.2)
2 28.1621 85.4307 2370 TB(0), TL(11.4)
3 28.214 85.5275 3539 TB(16.2), TL(10.1)
4 28.211 85.5669 3857 TB(0), TL(57.4)
5 28.1956 85.613 3875 TB(0), TL(15.8)
6 28.2022 85.6428 3981 TB(0), TL(15.8)
7 28.2176 85.6631 4312 TB(92.2)
8 28.2027 85.6862 4452 TB(93.5)
9 28.2401 85.6974 4617 TL(44.2)
10 28.229 85.597 4831 PLU(0), UDG, TS
11 28.253 85.6815 4919 PLU(92.2), UDG, TS

Table 2. WRF Configuration

Domain Configuration

Horizontal grid spacing 25, 5, and 1 km (domains 1–3)
Grid dimensions 125 × 105, 111 × 111, 171 × 171
Vertical levels 50
Model top pressure 50 hPa
Nesting approach One way
Model physics
Radiation Community Atmosphere Model Collins et al. [2004]
Microphysics Morrison Morrison et al. [2009]
Cumulus Kain-Fritsch (none in D2 or D3) Kain [2004]
Planetary boundary layer MYNN level 2.5 Nakanishi and Niino [2006]
Atmospheric surface layer Monin-Obukhov (revised MM5) Jiménez et al. [2012]
Land surface Noah-MP Niu et al. [2011]
Dynamics
Top boundary condition Rayleigh damping
Diffusion Calculated in physical space
Lateral boundaries
Forcing ERA-Interim 0.75° × 0.75°, 6 hourly Dee et al. [2011]
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Figure 3. (a) Annual time series of daily total precipitation (cm), averaged over all available observational sites and plotted as
a 3 day running average. (b) Accumulated precipitation (cm) over the monsoon period at each observation site. The marker
legend for Figure 3b is the same as Figure 2a. (c) Themean diurnal cycle of precipitation during themonsoon period inmmd�1

for eachmodel domain, averaged over the sites where observational data are available (sites 1–6 and 10). Note that the diurnal
cycle in D1 is divided into its convective (parameterized) and nonconvective (grid scale) components. (d) A time series of
snow accumulation during winter at the site with available data, station 10 (black curve), compared with the simulated snow
depth at the closest grid point in D1, D2, and D3 (solid curves). Snow depth averaged over the entire catchment in D3 during
winter is also shown (dashed curve).

Figure 2. (a) A comparison of real terrain height (black circle markers) with modeled values in D1 (grey circles), D2 (purple
squares), and D3 (blue asterisks) for all observations sites with less than 50% of missing data, which are used for point com-
parisons. The site numbers increase approximately with distance downvalley, with the exception of upslope sites 8, 10, and 11.
(b) Annual root-mean-square difference (RMSD) between observed and simulated air temperature (°C) at a height of 2m. R2

values are given for each station andmodel domain as a text string above the panel. For all panels of Figures 2 and 3, data from
the stations, D1, D2, and D3 are shown in black, grey, purple, and blue, respectively.
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and 50 hPa, including 11 located on average in the lowest 1 km above ground, with the first model level
specified at ~35m.

The model physics were selected on the basis of short test simulations in both the summer and winter
seasons (1–10 July 2012 and 10–20 January 2013, respectively) and are outlined in Table 2. No cumulus
parameterization was used in WRF D2 and D3, since the consistency of using such a scheme is uncertain
for grid distances of 1–10 km as convection is increasingly explicitly resolved [Kain, 2004]. The simulations
used the adaptive time stepping scheme, in which the time step is adjusted during runtime depending on
the stability of both vertical and horizontal motions [Hutchinson, 2009]. This scheme greatly decreased the
completion time, since time steps up to 4 s could be used in the finest resolution domain compared with a
stable fixed time step of only 1 s.

In the default USGS land use data, glaciers in the Langtang catchment are almost absent. Therefore, the
glacier mask in all domains was updated using the Randolph Glacier Inventory v. 3.2 [Pfeffer et al., 2014], using
a 40% threshold to define a grid cell as glaciated (see Collier et al. [2013, 2015]. The CMBmodel computes the
column specific mass balance from solid precipitation, surface and subsurface melt, refreezing and liquid
water storage in the snowpack, and surface vapor fluxes. The model solves the surface energy balance to
determine the energy available for surface melt and resolves the glacier subsurface down to a depth of
9.0m. For glacier pixels, the CMB model updates surface and subsurface fields (e.g., temperature, roughness,
albedo and snow depth, extent, and bulk density), while for nonglaciated grid cells, prognosis of the surface
and subsurface fields and fluxes is performed by the Noah-multiparameterization (MP) land surface model
[Niu et al., 2011]. Further information about the interactive coupling between the CMB model and WRF are
given in Collier et al. [2013]. For this study, we employ the coupled model because it shows improved perfor-
mance in glacierized catchments [Collier et al., 2013]; however, we focus our analysis on simulated meteoro-
logical variability and precipitation processes.

a

b

c

Figure 4. Annual time series of (a) upper level zonal wind (m s�1), averaged from 300 to 150 hPa; (b) lower level air temperature
(°C) and specific humidity (g kg�1), averaged over the lowest 100 hPa; and (c) vertically integrated lower level cloud and
rainwater mixing ratios (g kg�1), summed over the lowest 100 hPa, and upper level solid hydrometeors (snow, ice, and
graupel), summed from 500 to 100 hPa. Data are area averaged over D3 and plotted as 3 day running averages.
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The outer WRF domain (D1; 25 km grid spa-
cing) was forced at its lateral boundaries
by the full-resolution ERA-Interim reanalysis
[Dee et al., 2011], which has spatial and
temporal resolutions of 0.75° × 0.75° and
6h, respectively. Grid analysis nudging was
used on the horizontal winds, potential
temperature, and water vapor mixing ratio
fields in WRF D1 only. We employed this
technique because it has been found to
improve simulated means, variability, and
extremes [Otte et al., 2012] and reduce errors
in the large-scale circulation [Bowden et al.,
2013] over longer reanalysis-driven simu-
lations. However, nudging was only applied
outside of the planetary boundary layer and
above the lowest 15 model levels, and we
used coefficients for winds, temperature,
and humidity of 1.e-4, 1.e-4, and 5.e-5 s�1,
respectively, which are one third of both
the default values in WRF and those used by
Otte et al. [2012]. These modifications gave
improved agreement with observed mon-
soon precipitation during the test simulations.

The initial snow condition obtained from
ERA-Interim has unrealistic depths over the
Karakoram (more than 20m), as a result of
the reanalysis’ initialization procedure over
large glaciers and interpolation by the WRF
preprocessing programs [Collier et al., 2013],
which cause model instability. Therefore,
we limited the initial snow depth in the
Karakoram to 1m and assumed an initial
density of 300 kgm3. We include 2weeks of
model spin-up, from 1 to 16 June 2012, over

which period subsurface soil moisture fields stabilize prior to the onset of the monsoon, followed by the annual
simulation from 17 June 2012 to 16 June 2013. The simulations were one-way, for clearer comparison of model
performance in all three domains with the observational network. The run was performed on 192 processors of
the Cartesius cluster of the SURFsara Supercomputing Center (www.surfsara.nl) and required approximately
15 days to complete.

2.3. Analysis Methods

For comparing the simulations with the observations, model data were taken from the closest grid point to
each station without interpolation or height correction. Missing time periods in the observations were also
discarded in the simulation data. Snow depth data from stations 10 and 11 (measured with a Campbell
SR50A sonic ranging sensor) were averaged daily and corrected for 2% of the maximum distance measured
between the sensor and the surface to remove noise in the data set.

For data analyses, we denote vertical averages of meteorological fields between 300 and 150 hPa and over
the lowest 100 hPa as upper level and lower level, respectively. Spectral analyses of the valley winds are per-
formed using the specx_anal function in National Center for Atmospheric Research Command Language
(www.ncl.ucar.edu), after removing the series mean and using smoothing and tapering options of 5 and
0.10, respectively. The spectra were normalized by the maximum variance in the monsoon and winter sea-
sons, considering a period of up to 5 days. Vertical lapse rates were computed as temporal and areal averages

Figure 5. (a) Accumulated precipitation (cm) over the monsoon season
in the Langtang catchment and surrounding area. (b) Cross correlation
between daily total precipitation and daily mean lower level meridional
winds, which were averaged over the lowest 10 model levels or 65 hPa.
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in 200m elevation bins, while the cross- and
along-valley profiles were computed using seaso-
nal mean or total fields along the transects shown
in Figure 1a. The daily air temperature lapse
rates were computed using linear regression of
hourly data [Petersen and Pellicciotti, 2011] over
the catchment, from which daily minima, means,
and maxima were computed.

3. Results

In section 3.1, we first evaluate simulated meteor-
ological fields in the Langtang catchment in all
three model domains using the observational
data set outlined in section 2.1. In section 3.2,
we present a brief overview of annual conditions
in the finest resolution domain, D3. Finally, in sec-
tions 3.3 and 3.4, we discuss meteorological varia-
bility in the catchment during the monsoon and
winter seasons, respectively, as represented in D3.

3.1. Model Evaluation

In Figure 2, we compare modeled and observed (i) terrain height and (ii) daily mean near-surface air tempera-
ture over the year for all three domains. D3 provides the most realistic representation of the terrain, while D1
and D2 strongly overestimate topographic height, by 1.5 and 1.1 km on average because many of observa-
tional sites are located in the valley (Figure 2a). As a result, there is a strong bias in near-surface air tempera-
ture (T2 m), which is highest in the two coarsest-resolution domains (Figure 2b). Increasing the grid spacing to
1 km greatly improves both the root-mean-square deviation (RMSD) in T2 m and the simulated daily variability
(cf. numbers provided above Figure 2b).

The model captures the strong seasonal variability in the frequency and magnitude of precipitation events
over the year, as well as the rapid transition between the monsoon and the postmonsoon seasons
(Figure 3a). During the monsoon season, however, the simulations underestimate precipitation at all sites
where data are available (Figures 3a and 3b). In particular, the model has difficulties in capturing the strong
increase in accumulated precipitation between stations one and two at any resolution, since this area coin-
cides with a strong rise in elevation over a short horizontal distance (mean and 95th percentile gradients
of 11 and 35%) in a narrow and curved part of the valley. Aside from this feature, the along-valley variability
in accumulated precipitation is best represented in D3, since the catchment is represented by only three grid
points in D1, and D2 simulates a decrease in precipitation both upvalley and upslope (e.g., between sites 5
and 6 and site 10). At the highest-altitude station (10), D3 captures part of the observed upslope increase
in precipitation and provides the best correlation with observed daily totals (R2 = 0.02, 0.09, and 0.24 in
D1–D3, respectively). Simulated precipitation in D3 also has the lowest annual RMSD (cf. numbers in Figure
3a) and mean deviation over the monsoon period (MD; observed minus modeled; MD=32, 43, and 29 cm
in D1–D3, respectively).

The mean observed diurnal cycle of precipitation confirms the importance of both daytime convective and
nighttime stratiform components during the monsoon season (Figure 3c) [e.g., Ueno and Yamada, 1990;
Ueno et al., 1993]. While all domains underestimate the amount of precipitation during the night and early
morning, D3 provides better agreement in the magnitudes of convective precipitation in the afternoon
and early evening (Figure 3c). We note that the aforementioned underestimate of forested areas in the
Langtang could contribute to the discrepancy in nocturnal precipitation, through either overestimation of sur-
face radiative cooling or erroneous representation of moisture-convection feedbacks, which can significantly
impact diurnal cycles of precipitation in cloud-resolving simulations in alpine terrain [Hohenegger et al., 2009].

The poorer performance of D2 during the monsoon season compared with D1 despite the increased spatial
resolution may in part result from neglecting a cumulus parameterization, as the explicit simulation of

Figure 6. Normalized spectral density functions of wind speed,
taken from the lowest model level at 15 points on the along-
valley profile shown in the map in the upper right corner. Note
the logarithmic y axis.
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nonhydrostatic motions in deep convection may be
inadequate at 5 km grid spacing [Weisman et al., 1997].
However, a brief test simulation of the monsoon season
indicates that the inclusion of a cumulus parameter-
ization in D2 worsens the agreement with observa-
tions in the Langtang catchment (the mean deviation
increases to 48 cm and precipitation decreases strongly
between stations one and two), in contrast to the find-
ings of Langhans et al. [2013]. This feature appears to
be related to an overestimate of convective precipita-
tion and thus moisture removal on the slopes to the
south of the Langtang when a cumulus parameteriza-
tion is included (not shown).

Precipitation during winter is accumulated during four
events associated with the passage of midlatitude
cyclones (Figure 3a; see section 3.4; approximate peri-
ods are 16–20 January, 3–9 February, 14–18 February,
and 21–25 February). In contrast to the monsoon
season, precipitation is mainly overestimated, in particu-
lar for the two events on 18 January and 15 February
(Figure 3a). However, a contributing factor to the
disagreement is likely the undercatch of snowfall in
windy conditions [e.g., Goodison et al., 1997]. Based on
the correction of Gobulev [Goodison et al., 1997,
equation (1), p. 132], we estimate a mean snow under-
catch of 20% during the four events, which is consistent
with a slightly closer agreement between modeled and
observed snow depths (Figure 3d). The timing of winter
precipitation is well captured, as is the evolution of snow
depth (R2 = 0.78, 0.86, and 0.85 in D1–D3). The smaller
differences in modeled precipitation between model
domains but higher magnitudes of snow accumulation
for D2 and D3 are consistent with previous studies in
complex terrain in winter [Rasmussen et al., 2011; Prein
et al., 2013b]. Accumulation at site 10 is representative
of the variability andmagnitude of the catchmentmean
(dashed line in Figure 3d), since the forcing in this
season is synoptic-scale and the elevation of the site is
close to the modeled catchment mean (4831 versus
4930m asl, respectively).

3.2. Annual Contrasts inMeteorological Conditions

Figure 4 shows the strong contrast in simulated atmo-
spheric conditions in D3 over the year. The monsoon
period is characterized by minimal upper level wes-
terly circulation (e.g., low or slight negative upper level
zonal winds), the warmest and most humid conditions,
and the highest mixing ratios of microphysical tracers.
These conditions are consistent with the daily intense

precipitation events (cf. Figure 3a). The postmonsoon period is characterized by an increasing influence of
the westerlies, strong cooling and drying of the atmosphere, and a near absence of hydrometeors. As a result,
precipitation is rare during this period. During the winter season, a small number (~4) of synoptic dis-
turbances passed over the Himalaya, which are associated with positive spikes in meridional velocity, air

Figure 7. Gradients of simulated mean 2m air tempera-
ture (black curve; [°C]) and accumulated all-phase precipi-
tation (grey curve, [cm]) during the monsoon season,
computed (a) as a function of elevation in 250m height
bins (glaciated elevations are shaded in light grey) and on
the (b) along-valley and (c) cross-valley sections whose
locations are delineated in Figure 1a. The x axis labels of
Figures 7b and 7c correspond to the section start and end
points (in Figure 1a). Note that the scale for accumulated
precipitation starts above 0 cm in all panels. For Figure 7c,
the short and long dashed curves show data from the
east and west cross sections, respectively.
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temperature, and microphysical tracers. Finally, the premonsoon period shows a transition back toward
monsoon-dominated conditions and an associated increase in the frequency of precipitation events.
Further analysis of meteorological conditions in the Langtang catchment will focus on the two seasons with
the most contrasting conditions, the monsoon and winter periods.

3.3. Monsoon Season

Precipitation during the monsoon season mainly accumulates on the slopes to the south of the Langtang
catchment and at the valley entrance, with a clear drying trend upvalley (Figure 5a). Variations in daily pre-
cipitation show strong positive correlations with precipitable water over the region indicated in Figure 5a
(not shown). In addition, this region is strongly influenced by monsoon activity, with positive correlations
between daily total precipitation and daily mean lower level meridional winds along the slopes of the
valley and south of the catchment (Figure 5b). Precipitation is primarily accrued during active phases of
the monsoon (spatially averaged value of 93 cm compared to 150 cm in total over the monsoon season,
with active days computed following Prasad and Hayashi [2007] using ERA-Interim data between 2004
and 2014).

Spectral analysis of the valley wind speeds indicates that, along most of the valley profile, the circulation dur-
ing the monsoon season is dominated by flows with diurnal and half-day periods (Figure 6), a feature that is
not exhibited by the winds aloft. Thus, in these regions of the catchment, thermally driven regional and local
valley circulations act as the drivers of precipitation. The precipitation maximum near the entrance is likely

produced by channeling of such flows over the
aforementioned steep topography between sites 1
and 2, as supported by a strong negative (positive)
correlation with relative humidity (upslope winds)
in this area. The improvements in simulated preci-
pitation in D3 compared with D1 and D2 (cf.
section 3.1) are likely related to better representa-
tion of the along-valley winds contributing to con-
vective precipitation where atmospheric stability
conditions are favorable [Langhans et al., 2013]. On
the other hand, the point located furthest upvalley
has more variance at superdiurnal and synoptic-
scale periods, from which we infer that this site is
primarily exposed to the large-scale flow.

Mean-modeled 2m air temperature in the Langtang
ranges linearly from ~20 to �7°C between 1750
and 6500m (Figure 7a). Accumulated precipitation
during the monsoon, averaged over the entire

Figure 8. A time series of the simulated elevational lapse rate in 2m air temperature (°C km�1) over the monsoon period.
The black curve indicates the daily mean value, while the grey band shows the daily range.

Figure 9. Accumulated precipitation (cm) over the winter
period in the Langtang catchment.
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catchment, peaks at an elevation around 3000m and decreases almost linearly at higher and lower alti-
tudes. The along-valley variation of monsoon precipitation ranges from around 100 cm near the entrance
of the valley to less than 10 cm in the most upstream part (Figure 7b). Below ~4500m, frozen fraction is
~0%, and above this level, the frozen fraction increases linearly up to 50% (not shown). The cross-valley
profiles of precipitation show that the valley floor is the driest and precipitation increases significantly
upslope by approximately a factor of 2 (Figure 7c). Mean near-surface air temperature is strongly related
to topographic height (R2 = 0.96), which gives a cooling trend upvalley and between the valley floor and
surrounding ridges (Figures 7b and 7c).

Temporal variability in daily mean air temperature corresponds with that of net radiation along the valley
floor and at both the entrance and north ridges and with that of downwelling longwave radiation along
the slopes and in the upper valley (not shown). During the monsoon season, the lapse rate (LR) of
near-surface air temperature varies from �6.5 to �4.5°C km�1, with an average value of �5.6°C km�1

(Figure 8). The mean-simulated LR at the observational sites (�5.1°C km�1) is slightly steeper than the
measured value (�4.6°C km�1). However, the difference may be attributed in part to an overestimation
of the high-altitude temperature observations due to the use of unaspirated temperature sensors
[Immerzeel et al., 2014].

3.4. Winter Season

Total precipitation in winter is highest along the southern ridge of the catchment and, in contrast to the
monsoon season, at higher elevations, while the valley entrance and floor are much drier (Figure 9).
Precipitation accumulates during four distinct and relatively large events associated with the passage of
midlatitude low-pressure systems (cf. four peaks in Figure 2a and section 3.1). The cyclonic circulation asso-
ciated with these systems produces (i) positive thermal and moisture advection northward, with the latter
originating primarily in the Arabian Sea (Figure 10), and (ii) lower level winds that are more perpendicular
to the orographic arc. Higher precipitation intensities over Nepal, in particular during the first three events,
are associated with greater moisture advection into the region (Figure 10) and stronger cross-barrier winds

Figure 10. Total precipitation shaded in (cm) and vertically integrated average moisture fluxes in (kg m�1 s�1), for each
of the four winter precipitation events associated with midlatitude cyclones. The approximate dates of events 1–4 are
16–20 January, 3–9 February, 14–18 February, and 21–25 February, respectively. The location of Nepal is shown by the
green contour.

Journal of Geophysical Research: Atmospheres 10.1002/2015JD023266

COLLIER AND IMMERZEEL MODELING OF HIMALAYAN METEOROLOGY 10



(Figure 11). Events 1–3 are driven by a relatively deeper trough west of the Himalayas, with the 5700m
geopotential height contour at the 500 hPa level extending below 23°N, compared with ~25°N in the fourth
event and its mean latitudinal position of ~30°N in winter (not shown). The precipitation magnitudes and
processes are consistent with the findings of WRF simulations of two dynamically driven winter cyclone
events [Norris et al., 2015] and with hypothesized drivers of accumulation in this season [Lang and
Barros, 2004]. Consistent with these processes, the power spectra of valley wind speeds in winter do not

show a single, pronounced diurnal peak and
have higher spectral densities at longer periods
(Figure 12). Thus, as expected, superdiurnal and
synoptic-scale motions are the dominant part
of the valley circulation, and the contribution
to the wind speed variance by such flows
increases upvalley.

Averaged over the Langtang catchment, simu-
lated mean 2m air temperature ranges linearly
from ~9 to �24°C between 1750 and 6500m
(Figure 13a). Total precipitation is greatest at
higher (and glaciated) elevations, increasing from
~15 to 30 cm between 3000 and 6500m, which
is in contrast to the monsoon season and con-
firms the seasonal differences indicated by Seko
[1987] on the basis of four observational stations.
In these simulations, the elevation range of peak
precipitation extends approximately 1 km higherFigure 12. Same as Figure 6 but for the winter season.

Figure 11. Scatterplots of precipitation intensities (cm 6 h�1) versus maximum lower level upslope winds in (m s�1)
considering the lowest 12 model levels (~100 hPa above the surface) in Nepal for each of the four winter events.
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than the range reported by Norris et al.
[2015]; however, the difference is con-
gruent with the lower grid spacing in
their study (6.7 km). The frozen fraction
increases linearly from ~10% below
2000m to 90% above 3500m (not
shown). Along valley, there is a large var-
iation in precipitation ranging from
around 14 cm near the entrance to
32 cm in the upper parts of the valley.
Congruent with the elevational distribu-
tions, air temperature decreases while
accumulated precipitation increases
both along the valley transect and
between the valley floor and surround-
ing ridges (Figures 13b and 13c). The LR
of air temperature varies from �10.0 to
�5.1°C km�1 over the winter season, with
an average value of �7.9°C km�1 (Figure
14). During precipitation events, the LR is
less negative (highlighted in blue), due
to positive thermal advection by the
cyclonic circulation. However, immedi-
ately following such events, it becomes
more negative, as a result of differential
snow accumulation with altitude (cf.
Figure 13a). At the observational sites,
the model again overestimates the
LR (�6.7°C km�1 compared with �5.8°
C km�1 measured), with the stronger bias
in winter likely related to the overestima-
tion of snowfall that is concentrated at
higher elevations (cf. Figures 3d and 3a).

4. Discussion and Conclusions

In this study, the WRF-CMB model, con-
figured with three nested domains of
25, 5, and 1 km grid spacing, was used
to perform a 1 year simulation of atmo-
spheric dynamics in the high-altitude
Langtang catchment in the Nepalese

Himalaya. The simulations were evaluated using a unique high-altitude observational data set, which showed
that local meteorological variability in the catchment was best captured in the 1 km domain, with the finer
representation of orography and explicit simulation of convection in this domain yielding strong improvements
in near-surface air temperature and smaller improvements in precipitation (in particular at the highest-
altitude station).

Subsequent analysis focused on high-resolution patterns of near-surface meteorological fields and precipita-
tion processes between the contrasting monsoon and winter seasons, which revealed

1. a reversal in the vertical gradient of precipitation, with peak values at ~3000m located near the valley
entrance during the monsoon compared with ~5000–6000m located along the ridges in winter, and

2. a stronger lapse rate of near-surface air temperature and greater diurnal variability associated with synop-
tic disturbances in winter compared with the monsoon season.

Figure 13. Same as Figure 7 but for the winter season.
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The simulations also confirmed the dominance of thermally driven regional and local valley winds that
produce near-daily precipitation during the monsoon season, compared with a largely synoptic-scale
influence in winter and accumulation magnitudes linked to moisture advection and cross-barrier winds
during the passage of midlatitude low-pressure systems. The simulated patterns are congruent with pre-
vious observational studies in the Langtang catchment [e.g., Seko, 1987] and of high relevance for the
ongoing glacio-hydrological research in the Langtang catchment and Himalayas in general.

The improved representation of meteorological variability in alpine terrain, in particular during summer, in
cloud-resolving simulations (Δx~O(1 km)) compared with coarser ones, is consistent with numerous pre-
vious studies [e.g., Rasmussen et al., 2011; Horvath et al., 2012; Langhans et al., 2013; Prein et al., 2013a,
2013b]. However, even in the 1 km domain, significant biases in precipitation were found during the mon-
soon season and the key feature of the strong increase in accumulation between stations 1 and 2 was not
captured. Although Langhans et al. [2012] demonstrated convergent behavior in kilometer-scale real-case
simulations of moist convection in complex terrain, other idealized studies have found that a grid spacing
much smaller than 1 km is needed to adequately resolve the characteristic length scale and evolution of
the moist convective elements studied (Bryan et al. [2003] and Craig and Dörnbrack [2008] suggest as
low as 10–100m). In addition, we suggest that the representation of the terrain at 1 km may be insufficient
in this case to resolve certain topographic features, such as the peak gradient (35%) between sites 1 and 2
and the narrowest parts of the valley (<~2 km). Thus, future work should assess the potential of subkil-
ometer resolution simulations in the Langtang for improving the overall monsoon precipitation statistics,
as well as the representation of terrain-associated processes, such as the local enhancement of precipita-
tion by steep windward ridges [Medina and Houze, 2003; Garvert et al., 2007] and daytime mountain valley
wind system [Schmidli and Rotunno, 2010; Schmidli et al., 2011]. Finally, the impact of errors in the surface
fields mentioned in section 2.1 should be investigated through the incorporation of higher-resolution
topographic and land use data sets.

In our simulations, we identify a strong underestimation of orographic precipitation over the central
Himalayas in D1, with a particularly erroneous representation of variability in local meteorological con-
ditions in the Langtang. The grid spacing of this domain (25 km) is comparable to the resolution of
gridded observed data products available for the Himalaya (e.g., Tropical Rainfall Measuring Mission
[Huffman et al., 2007] and Asian Precipitation–Highly Resolved Observational Data Integration Towards
Evaluation [Yatagai et al., 2012]) and much finer than general circulation models and commonly used
atmospheric reanalyses [Uppala et al., 2005]. Nonetheless, all of these data sources have, in the absence
of higher-resolution products, been used to analyze high-altitude meteorological conditions in High Asia
without statistical corrections for orographic effects [e.g., Bookhagen and Burbank, 2010; Kapnick et al.,
2014; Lutz et al., 2014]. We therefore conclude that using high-resolution atmospheric models to gener-
ate meteorological forcing data, in combination with high-altitude observational data for evaluation,
provides great potential for improving the quality and local accuracy of climate change impact studies
in the Himalaya.

Figure 14. Same as Figure 8 but for the winter season. The blue lines highlight the days where daily total area-averaged
precipitation in the catchment exceeds 0.1 cm.
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