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Abstract South Asian monsoon crosses the Himalayan Mountains (HMs) and brings moisture for
precipitations in the South Tibetan Plateau. A distinct dry‐belt was found in the north of the central
HM region, where there are the highest and steepest mountains in the world. Through in situ and
remote‐sensing observations and convection‐permitting numerical experiments, the current study
demonstrates that the formation of the dry‐belt is mainly due to the depletion of water vapor when the
monsoonal flow climbs the steep south slope of the HMs. The foehn phenomenon is notable over
the north slope of the HMs, but the hot and dry downslope flow does not significantly reduce the
amount of the precipitation; instead, it can delay the peak of the diurnal precipitation in the north side
of the HMs.

Plain Language Summary The central Himalaya Mountains (HMs) possess the highest and
steepest mountains. Recent in situ and remote‐sensing observations show a dry‐belt in the north side of
the central HMs. Although it is plausible to speculate that the dry‐belt results from the foehn wind on the
leeside of the HMs, this study shows that the formation of the dry‐belt is mainly caused by the drastic
depletion of water vapor along the south slope of central HMs. The foehn wind mainly delays the diurnal
peak of precipitation but hardly reduces the amount of precipitation.

1. Introduction

Precipitation in mountains directly affects hydrological processes and water resources downstream (Curio &
Scherer, 2016). The central Himalayas possess the world highest and steepest mountains (e.g., Mt. Everest),
where local precipitation and its variability may be influenced by many factors, such as the monsoon
variability, mountain‐valley winds, and local evaporation (Dai et al., 2002; Dai & Deser, 1999). Previous
studies (Bookhagen & Burbank, 2006; Shrestha et al., 2012; Yang et al., 2018) show that mesoscale‐to‐
microscale terrain variability in the Himalayan Mountains (HMs) can result in intensive spatial variability
of precipitation.

In addition, the HMs may exert two effects on the spatial variability of precipitation in this region. First, the
high HMs act as a barrier of the water vapor transport into the Tibetan Plateau (TP) during the monsoon
season, resulting in much less precipitation in the TP than in its south region (Lin et al., 2018). Moreover,
the microscale complex terrain variability in the south can induce strong turbulent orographic form drag,
which weakens wind speed and associated water vapor transport over the HMs and thus reduces the
precipitation over the TP (Zhou et al., 2017; Zhou et al., 2018). Second, foehn wind might be another factor
that affects precipitation in the leeside. A foehn wind is characterized by the dry and hot downslope flow
over the leeside of mountains that is caused by a dry adiabatic temperature lapse rate (Brinkmann, 1971).
The foehn wind can influence variabilities of local and surrounding temperature and winds at temporal
scales from hourly to seasonally (Cape et al., 2015; Speirs et al., 2013), which can influence agriculture,
ecosystem natural disaster, and so forth (Langford et al., 2015). Nevertheless, theories about foehn wind
are mostly based on sporadic cases and those studies mainly focus on air temperature and humidity
(Armenta Porras, 2013; Cape et al., 2015; Gaffin, 2007; King et al., 2017; Turton et al., 2018). As far as we
know, few studies have been performed on the features of foehn wind and its impact on precipitation over
the HMs.
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In this study, a dry‐belt in the northside of central HMs was first identified
based on a satellite product of precipitation. Then, a numerical model
(Weather and Research Forecasting [WRF] version 3.7) and in situ obser-
vations were used to explore the cause of the formation of the dry‐belt. We
conclude that it is the water vapor depletion over the south slope of the
central HMs that causes the dry‐belt in the northside, and the primary
effect of foehn wind is reflected only in the diurnal variation of precipita-
tion but not in the total amount of precipitation.

2. Data and Method
2.1. Data

The terrain of the region of interest is shown in Figure 1. It shows very
complex terrain, with many mountains and valleys along the HM
Ranges. The south slope of the HMs is very steep, and the elevation ranges
over several hundred meters to more than 8 km above sea level (asl). The
north slope is less steep, with an elevation drop about 4 km.

Three types of observational data were used in the analysis: (1) the
National Aeronautics and Space Administration Global Precipitation
Measurement (GPM) mission product (Hou et al., 2014; Huffman et al.,

2014; Huffman et al., 2015), with a temporal resolution of 30 min and a spatial resolution of 0.1°. In this
study, the GPM data during the summers of 2014–2017 were used to analyze the spatial pattern of precipita-
tion over the south TP. (2) Precipitable water vapor (PWV) observed at two GPS stations. One is located at
the HMs south slope (named as XYDX: 88.94°E, 27.42°N, 2,993 m asl) and the other at the north (named
as DNLG: 89.26°E, 27.90°N, 4,494 m asl). We set up the two stations to observe the difference of PWV before
and after the monsoonal water vapor crosses the central HMs and to evaluate WRF performance. (3)
Precipitation data at four China Meteorological Administration (CMA) stations that are at the north slope
of the HMs. The four stations are: Dingri site (87.08°E, 28.83°N, 4,300 m asl), Jiangzi site (89.60°E,
28.92°N, 4,040 m asl), Lazi site (87.60°E, 29.08°N, 4,000 m asl), Rikaze site (88.88°E, 29.25°N, 3,826 m asl).
The focused period covers the summer (1 June to 31 August, JJA) in 2015, with a sampling interval of
30 min, and the accumulated precipitation in three h is obtained. These high temporal resolution data were
used to analyze the diurnal variations of precipitation. The locations of two GPS stations and four CMA sta-
tions are shown in Figure 1.

2.2. Method

We use the advanced research version of WRF model to investigate water vapor depletion in the south and
the foehn wind in the north side of the HMs. According to Maussion et al. (2014), high‐resolution WRF
simulations can better capture the precipitation pattern over the HMs and the surrounding areas than the
satellite retrieved precipitation products such as from the Tropical Rainfall Measurement Mission
(TRMM), especially for light intensity of precipitation. High‐resolution WRF simulations have advantages
in depicting the effects of steep terrain on precipitation and water vapor transport toward the TP (Collier
& Immerzeel, 2015; Gao et al., 2015; Ma et al., 2015; Maussion et al., 2011). And, Armenta Porras (2013) used
WRF to investigate foehn wind and its impact in the upper Magdalena. These studies demonstrate the use-
fulness of using WRF as a diagnostic tool used in the current study.

In this study, the ERA‐interim (Dee et al., 2011) produced by the European Centre for Medium‐Range
Weather Forecasts (ECMWF) was used to drive the WRF model. Two one‐way‐nested domains of WRF
simulations were designed, as indicated by D1 and D2 in Figure A1. The simulations for D1 and D2 use a
spatial resolution of 30 km and 10 km, respectively. The model configurations for D1 and D2 simulations
can be referred to Lin et al. (2018). The simulation period is from 00:00 26 May to 00:00 1 September
2015, and the first six days are treated as the spin‐up time. The 10‐km resolution WRF simulation for D2
(the same as in Figure 1) was analyzed.

In order to understand the dominant driving factor of the dry‐belt in the north side of the HMs, we designed
two WRF sensitivity experiments (named as the control case and filled case, respectively) in D2 to compare

Figure 1. The terrain height (m) of south Tibetan Plateau in simulation of
Weather and Research Forecasting (WRF) control case. The black line
denotes the contour of 3,000 m asl, the blue triangles denote the locations of
China Meteorological Administration stations (Dingri site: 87.08°E,
28.83°N, 4,300 m asl; Jiangzi site: 89.60°E, 28.92°N, 4,040 m asl; Lazi site
87.60°E, 29.08°N, 4,000 m asl; Rikaze site: 88.88°E, 29.25°N, 3,826 m asl),
and the red triangles denote the locations of Global Positioning System sta-
tions (XYDX site: 88.94°E, 27.42°N, 2,993 m asl; DNLG site: 89.26°E,
27.90°N, 4,494 m asl).
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the precipitation and water vapor transport between them. In the control
case, the default orography was used, which comprises the valley in the
north side of the HMs; while in the filled case, the valley was filled so as
to remove the foehn phenomena over north slope of the HMs. In the filled
case, the terrain height (point P) between the two highest points (A and B)
along the same longitude (Figure A2) was interpolated according to the
following equation,

HPF ¼ HAc þHBc−HAc

N
×i

� �
×0:8þ HPc×0:2 (1‐1)

where HPF and HPc are the terrain heights of the filled case and the con-
trol case, respectively; HAc and HBc are the terrain heights at point A and
point B in the control case, respectively; N is the total grid number from
point A to point B; and i is grid number from point A to point P, along
the direction toward point B.

3. Results
3.1. Observed Dry‐Belt in the North

In order to understand the water cycle in the HMs, field campaigns were
organized in every year since 2012 by our research team and collaborators.
Through the field work, we found that the north side of the HMs is hotter
and dryer than its surrounding area. The dry‐belt can be demonstrated by
the GPM data. In the north side of the central HMs, precipitation in the
dry‐belt is much less than its south and north during the summer of
2015 as shown in Figure 2a. The dry condition causes much sparser vege-
tation coverage in this region (not shown).

The control case WRF simulation can reproduce the observed dry‐belt
(28.5°—29.5°N; 86°—93°E), as shown in Figures 2a and 2b. And the simu-
lated spatial pattern is broadly consistent with the GPM retrieval. Besides,
we compared the PWV between the simulation and GPS observations at
the south and north slopes of the central HMs, respectively. As shown in
Figure 2c, the simulated PWV is similar to the GPS observations at the two
stations in terms of both the magnitude and variations. Thus, the WRF
simulation could also describe the spatial and temporal patterns of PWV
well. Therefore, it is reasonable to use the WRF model to investigate the
formation of the dry‐belt.

Before investigating the formation of the dry‐belt, the WRF model
performance is first assessed. The model configuration (including the
simulating period, domain, and dynamical/physical schemes) in control
case of the current study is exactly the same as in Lin et al. (2018). They
had compared the simulated precipitation against the in situ observa-
tions and detected systematic wet biases over TP (section 3.1 in Lin

et al., 2018). Meanwhile, the dry‐belt in GPM is less clear than that in WRF. This could be attributed
to its low detection skill at high altitude over TP and its surrounding (Wang & Lu, 2016; Xu et al.,
2017). Thus, it tends to underestimate the amount of light rain events. Nevertheless, the precipitation
in WRF control case and GPM differs in the amount but generally consistent in the spatial pattern with
respect to the dry‐belt detected region. Besides, other studies also support the finding that WRF is cap-
able of depicting the spatial pattern of precipitation over the TP (Maussion et al., 2014; Curio &
Scherer, 2016; Ma et al., 2015; Collier & Immerzeel, 2015; Bookhagen & Burbank, 2006, Bookhagen &
Burbank, 2010).

Figure 2. (a) Spatial pattern of Global Precipitation Measurement (GPM)
daily precipitation (mm/day) averaged over the summers (June–August) of
2014–2017. (b) Spatial pattern of the simulated precipitation (mm/day) in
the Weather and Research Forecasting (WRF) control case. In panels
(a) and (b), the black lines denote the contour of 3,000 m asl, and the red
ovals in panels (a) and (b) denote the target of dry‐belt. (c) Comparison of
precipitable water vapor (PWV; mm) between the control case simulation
and Global Positioning System observations at XYDX station located at the
Himalayan Mountain south slope and DNLG station located at the
Himalayan Mountain north slope.
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3.2. Foehn Wind and Its Effects on Precipitation in the Dry‐Belt

The dry‐belt is located in a valley, with the central HMs to its south and Gangdise Mountains to its
north, as indicated by the control case of Figure 3a. In the control case, the foehn features over the north
slope are very distinct after the South Asian monsoon crosses the HMs: a prevailing downslope flow

Figure 3. Comparisons between the control case simulation and the filled case simulation, averaged over 86–93°E during
the simulation period (June‐July‐August 2015). (a) The terrain height (km), (b) vertical wind (mm/s), (c) air temperature
(K) near the surface, (d) relative humidity (%) near the surface, (e) precipitation (mm/day), (f) total column water
vapor transport (WVT; kg · m−1 · s−1). The dashed rectangles in panels (a)–(f) denote the focus area of dry‐belt.
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(Figure 3b), higher temperature (Figure 3c), and lower relative humidity (RH; Figure 3d) than those over
its adjacent regions. As the simulation in the control case, the temperature lapse rate over the south
slope of central HMs is 4.8 ± 0.2 K/km, which is close to the typical value of the moist adiabatic lapse
rate (Kittel & Kroemer, 1980); while that over the north slope is 9.6 ± 0.2 K/km, which is approximately
equal to the constant dry adiabatic lapse rate (9.8 K/km; Minder et al., 2010). The average RH simulated
in the control case in the dry‐belt region (~65–75%) is lower than the one in the south slope of the
HMs (>90%).

In the filled case (the valley is filled), however, the features of foehn wind over the dry‐belt disappear: the
downward speed over the dry‐belt is close to zero (Figure 3b), the near‐surface temperature is close to that
in its adjacent region (Figure 3c), and the RH rises by about 5–15% relative to that in the control case
(Figure 3d). Moreover, we compared the temperature and RH at the same altitude between the two cases
and found that the temperature in the filled case is very close to that in the control case (not shown) and
the RH in the filled case is still apparently higher than that in the control case (Figure A3). Therefore, it is
confirmed that the foehn wind causes low RH values over the dry‐belt region.

Nevertheless, there is no significant difference in the total amount of simulated precipitation in this dry‐belt
region between the two cases (Figure 3e), both of which are less than 10 mm/day. According to Figure 3d,
the simulated RH in both cases is lower than 85% after crossing the central HMs. Therefore, it would be hard
for water vapor to condense without appropriate air uplift, even in the filled case.

In short, foehn wind in the north side of the central HMs is clearly produced by the control case simula-
tion, but the amount of precipitation in this region is not particularly sensitive to the existence of the
foehn wind.

3.3. Water Vapor Attenuation When Crossing the Mountains

Water vapor condensation is a prerequisite of the generation of precipitation. There has been many studies
in the water vapor transport (WVT) and precipitation over the TP. For example, Curio and Scherer (2016)
indicated that the WVT from outside the region can contribute to about 40% precipitation over the TP.
Bookhagen and Burbank (2006, 2010) showed that the high terrain is a barrier that rarely permits the water
vapor to enter the TP and only the valleys over HMs are the primary vapor channels. The process of WVT is
vital to the precipitation over the HMs (Curio & Scherer, 2016; Lin et al., 2018; Yang et al., 2018). Because of
the high and steep topography along the south slope of the HMs, the water vapor depletes severely when
crossing over the HMs (Lin et al., 2018; Yang et al., 2018). However, all of them did not elucidate the effect
of vapor depletion on the formation of the foehn wind and the precipitation in the northside of the HMs. As
shown in Figure 3d, the simulated RH in the control case over the south slope is more than 90% and often
approaches 100% during JJA (not shown), which is consistent with observed one in Yang et al. (2018).
When monsoonal warm and moist flow is forced to move upward along the south slope of the HMs, inten-
sive precipitation occurs. As shown in Figure 3e, precipitations simulated in both cases are more than
20 mm/day in the whole south slope and can even reach more than 40 mm/day; in other words, a large
amount of water vapor depletes over the south slope of the HMs.

In response to the water vapor condensation, the PWV decreases drastically along the south slope. As
shown in Figure 2c, the mean value of PWV at DNLG site (4,494 m asl) is about 11.3 mm, less than half
of that (24.8 mm) at XYDX site (2,993 m asl). Moreover, column‐integrated WVT drops rapidly over the
south slope of the HMs (Figure 3f). The WVT value averaged from 86 to 93°E through the cross section at
27.0°N with a mean elevation of about 1,000 m asl is 1.14 kg · m−1 · s−1. When the water vapor reaches
the ridge of the HMs (through the section of 28.07°N with a mean elevation of about 5,000 m asl), the
total column of WVT is only 0.34 kg · m−1 · s−1 left. Therefore, more than 70% of water vapor attenuates
when it moves from the foothills to the ridge of the central HMs. When water vapor enters the dry‐belt,
the total column WVT further decreases to 0.30 kg · m−1 · s−1 in both cases, as shown in Figure 3f. As
both PWV and WVT are at a low level, it is not surprising that the precipitation in the dry‐belt region
is low.

In summary, both the observations and simulations indicate that only a small portion of water vapor can
cross the central HMs. It is difficult to turn this much‐below‐saturation‐point water vapor into precipitation
if no significant synoptic‐scale disturbances pass the dry‐belt region.
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4. Discussion on the Role of Foehn Wind

Although the downslope flow over the north slope has limited impacts on the amount of precipitation in the
dry‐belt, it still plays a role in the diurnal cycle of precipitation.

According to the CMA station data and GPM products, the precipitation in the dry‐belt regionmainly occurs
from late‐afternoon tomidnight (Figure A4). There is still system bias in depicting the diurnal water cycles of
climate models (Yang & Slingo, 2001; Dai, 2006; Walther et al., 2013; Wang et al., 2017) and similarly 3 hr
advance of precipitation in WRF simulation than CMA observation appears. But the pattern of diurnal var-
iation (precipitation occurs from late afternoon to midnight) is well reproduced by the WRF simulation.
Therefore, the difference between the two cases of WRF simulations can reflect the effect of the foehn wind
on the diurnal variation of precipitation in the dry‐belt.

As shown in Figure 4a, the amplitude of the precipitation diurnal cycle in the dry‐belt is very similar in the
two cases (~0.3 mm), but the peak of precipitation diurnal cycle in the control case (21:00 local time) is
delayed about 3 hr, compared with the filled case (18:00 local time). Possible causes for the delay of precipi-
tation peak are discussed below.

The precipitation diurnal cycle is controlled by multiscale orographic land‐atmosphere interactions (Barros
et al., 2004). Diurnal peaks of precipitation in mountainous regions are highly regulated by the thermally
driven mountain‐plain or mountain‐valley circulations all over the world (e.g., He & Zhang, 2010; Bao
et al., 2011). The first possible cause of the diurnal precipitation peak difference between the two simulations
is the difference in the mountain‐valley circulations. In the control case, solar heating on the north slope
tends to drive the upslope flow, which may lift the water vapor and advance the precipitation peak instead
of delaying it. So the mountain‐valley circulations associated with the southern slope of the HMs is likely not
a dominant factor for the difference in the precipitation peak shown in Figure 4a.

The second possible cause is the difference in the diurnal cycle of WVT between the two cases. We compared
the total column WVT between the two cases at the cross‐section of 27.9°N (Figure 4b), through which the
vapor enters the dry‐belt region. As shown in Figure 4b, the diurnal variation ofWVT due to the terrainmod-
ification advances slightly but does not follow that of precipitation. Thus, the delay of precipitation peak in
the control case is not due to the change in the WVT.

The third possible cause is that the foehn wind that exists in the control case but disappears in the filled case.
We compared the precipitation diurnal cycle of the two WRF cases between the southside and northside of
central HMs (Figure A5). Because the south side is very steep, we chose the region with the average height
above 4,000 m to analyze the diurnal cycle. The precipitation over the southside occurs earlier than that over
the north side. The simulated precipitation peak over high altitudes of the south side occurs in the afternoon
(Figure A5a), which is consistent with the results of Barros et al. (2000) and Barros and Lang (2003). Besides,
there is no distinct difference between the control case and filled case over the south side (Figure A5b). Over
the southside, there is strong upslope flows during daytime associated with the strong thermal effect due to
radiative heating. However, over the northside in dry‐belt region, the strong attenuation of air water vapor

Figure 4. Comparison of the diurnal variations between the control case simulation and filled case simulation, averaged
during the simulation period (June‐July‐August 2015). (a) Precipitation (mm/hr) after removing daily mean, averaged
in dry‐belt region; (b) total columnWVT (kg · m−1 · s−1) after removing dailymean, averaged over 86–93°E along the cross
section at 27.9°N, where the water vapor through the section into the dry‐belt region.
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associated with the HMs leads to very limited water vapor during daytime. The foehn wind moves down-
slope, and it can suppress the lifting of water vapor and delay the occurrence of precipitation. Therefore,
the foehn wind may be the cause of the delayed occurrence time of maximum precipitation in the north
of the HMs.

5. Conclusions

In this study, a dry‐belt in the northside of the central HMs is found with a satellite‐retrieved precipitation
product and is further reproduced byWRF simulations. The formation of the dry‐belt is investigated with the
WRF simulations. It is found that water vapor can be severely attenuated by the condensation process when
crossing the central HMs into the TP. This process leads to the humidity being much below the saturation
point and thus plays a more important role than the foehn wind in the formation of the dry‐belt.
Nevertheless, the foehn wind over the north slope can delay the occurrence of the diurnal precipitation in
this region.
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