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ABSTRACT: The diurnal features of rainfall over the Himalayas have been widely investigated, but their triggers remain
unclear. In this work, we divided the Himalayas and surroundings into four regions, including the plains, foothills, slopes,
and plateau, and investigated the above issues. The results show that the rainfall total is controlled by large-scale monsoon
flows while its meridional distribution is regulated by terrain circulations. The afternoon rainfall peak in the plains and
foothills is linked with the intersection of two monsoon flows. The southward-shifting rainfall peak, which occurs from mid-
night to early morning in the slopes and foothills, is affected by the nighttime downslope flow and the strong Bay of Bengal
monsoon flow in the morning. The evening rainfall peak in the plateau and high-altitude slopes is thought to be a result of

the atmospheric layer being at its moistest at that time.

SIGNIFICANCE STATEMENT: During the South Asian summer monsoon season, the Himalayas are affected by
two large-scale monsoon flows as well as unique topographic circulations. We want to understand how these complex
circulations act on diurnal variations of orographic precipitation. The diurnal cycle of rainfall over the Himalayas and
surroundings shows three prominent south-to-north peaks, which are caused by significantly different thermodynamic
conditions. The southward-shifting diurnal rainfall peak over the Himalayan slopes and foothills, which contributes the
most to the arc-shaped orographic rain belt, is triggered by the nighttime downslope flow and strengthened by the
strong Bay of Bengal monsoon flow in the morning. The result highlights the entangled impact of monsoon and terrain

circulations on orographic precipitation.
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1. Introduction

Orographic precipitation has regional, seasonal, and com-
plex characteristics, and plays an important role in the global
water cycle and energy budget (Kingsmill et al. 2016; Kumar
et al. 2019). The Himalayas are the highest mountain range in
the world, characterized by dramatic variations in altitude at
its southern slopes, and has long been a key area for research
on topographic precipitation (Gadgil and Sajani 1998; Fu et al.
2018). During the South Asian summer monsoon season, two
large-scale monsoon flows—from the Bay of Bengal (BOB)
and the Arabian Sea, respectively—travel toward the Himala-
yas, forming a unique arc-shaped precipitation belt near the
Himalayas (Bhatt and Nakamura 2005; Pang et al. 2012).
Under the influence of heavy precipitation, major disasters
such as floods and mudslides occur frequently over this
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region, causing severe economic losses and human casualties
(Rasmussen and Houze 2012).

Benefiting from the development of observational methods
and numerical models in the past 20 years, much progress has
been made in the study of precipitation over the Himalayas.
However, there is continued debate regarding the dominant
trigger of the Himalayan rain belt. Wu et al. (2007) proposed
that it is the summertime “heat pump” effect of the Tibetan
Plateau, which drives local ascent and causes low-level moist
air to converge over the Tibetan Plateau, while Boos and
Kuang (2010) argued the mechanical isolation of the Himala-
yas is the key factor. Moreover, the mountain—valley wind cir-
culation and local thermal forcing can also be triggers of
precipitation over the Himalayas (Houze et al. 2007, Wang
et al. 2016). In terms of the features of precipitation, Bookhagen
and Burbank (2006) pointed out the existence of two distinct
rainfall peaks, at elevations of around 0.9 and 2.1 km, respec-
tively, based on 8-yr Tropical Rainfall Measuring Mission
(TRMM) Precipitation Radar (PR) observations. Shrestha et al.
(2012) further revealed that the former rain peak is attributed to
fewer heavy rainfall events while the latter is caused by frequent,
weak, but persistent rainfall events. This is because the fre-
quency of precipitation increases while the intensity of rainfall
decreases with increasing altitude over the Himalayas (Fu et al.
2018). By analyzing the surface wind of precipitation systems,
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Zhang et al. (2018) further explored the impact of various pre-
cipitation mechanisms on the structures of Himalayan
precipitation.

Diurnal variation is an important aspect of precipitation
research. In land areas, late afternoon is usually the peak
time of precipitation because of the surface heating (Nesbitt
and Zipser 2003; Yu et al. 2014). However, this conclusion
is not always applicable. For instance, controlled by the
sea—land breeze circulation, coastal regions often present a
morning peak (Johnson 2011; Chen et al. 2018). During
summertime, the diurnal cycle of rainfall in the Yangtze
River basin shows obvious eastward propagation, character-
ized by a midnight peak in the upper reaches, an early
morning peak in the middle reaches, and an afternoon peak
in the lower reaches, which may be linked with the eastward
movement of cloud systems from the Tibetan Plateau
(Yu et al. 2007). The diurnal variation of mei-yu precipita-
tion over the Yangtze Plain appears as a unique morning
peak in normal mei-yu years (Xue et al. 2018), whereas it
shows two diurnal peaks—one in the morning and one in
the afternoon—in atypical mei-yu years, such as 2018
(Zhang et al. 2020).

Generally, under the influence of the mountain—valley
wind circulation, orographic precipitation peaks in the
afternoon over slopes, but in the early morning over
valleys (Barros et al. 2000). Using TRMM 3B42 data on
0.25° X 0.25° grids with a time interval of 3 h, Sahany et al.
(2010) found that the rainfall diurnal cycle peaked at mid-
night in the foothills of the Himalayas. Pan et al. (2021)
used multiyear TRMM PR 2A25 data to further point out
two distinct rainfall peaks—one in the afternoon and one at
midnight—over the slopes of the Himalayas. By using spa-
tiotemporal TRMM PR and ERAS data, Fujinami et al.
(2021) also revealed the double peaks and suggested that
the upslope flow drives the daytime peak and the monsoon
nocturnal jet creates the nighttime peak. Based on a combi-
nation of JRA-55 and TRMM 3B42 data, Chen (2020) pro-
posed that the nocturnal speedup of the summer monsoon
(nocturnal jet) is key for the nighttime rainfall peak around
the Himalayas, and the location of the Himalayan rain belt
is regulated by both the background monsoon intensity and
its diurnal amplitude.

Previous studies have summarized the features of rainfall
diurnal variations over the Himalayas well. However, the
physical triggers for the diurnal variations of rainfall remain
unclear owing to the low temporal resolution of environ-
mental data. Specifically, during the summer monsoon
season, the Himalayas are affected by two large-scale mon-
soon flows, as well as unique topographic circulations, and
more attention needs to be paid to how these complex cir-
culation conditions affect diurnal cycles of rainfall over the
Himalayas.

In this paper, we use the Integrated Multisatellite Retriev-
als for GPM (IMERG) half-hourly precipitation product and
ERAS5 hourly reanalysis data to conduct in-depth analysis on
the above issues. After introducing the data and methods
employed in this study in the next section, the main body of
this work is presented in section 3 and comprises two aspects.
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First, the sensitivity of the distribution of precipitation over
the Himalayas to various circulation intensities is tested in
section 3a. And second, the diurnal variation of precipitation
over the Himalayas and its relevant triggers are further dis-
cussed in section 3b. Conclusions and a summary are provided
in the final section.

2. Data and methods

As a continuation of previous work, we followed the
regional division used in Chen et al. (2017). Since the topogra-
phy of the Himalayas and its southern rain belt are arc
shaped, we divided the Himalayas and surrounding areas into
four regions by concentric arcs (Fig. 1). The four regions are
the flat Gangetic Plains (plains), the foothills of the Himalayas
(foothills), the steep slopes of the Himalayas (slopes), and the
Himalayan-Tibetan Plateau tableland (plateau). The study
period is that of the summer monsoon season (June-Septem-
ber) from 2014 to 2018.

We used IMERG version 6 precipitation data provided by
the Precipitation Measurement Mission website (https:/pmm.
nasa.gov). IMERG combines the precipitation retrievals from
multiple satellite microwave- and infrared-based instruments as
well as rainfall measurements from ground-based rain gauges,
providing half-hourly rain rates on 0.1° X 0.1° grids (Huffman
et al. 2019). According to the calculation time and usage data,
IMERG is subdivided into three products—namely, “early
run,” “late run,” and “final run.” The IMERG “final run” prod-
uct was used in this study.

Tan et al. (2019) compared precipitation diurnal cycle
derived from IMERG and ground measurements over dif-
ferent regions around the globe, and suggested a slight lag
in the diurnal phase of only +0.59 h. However, the quality
index of IMERG is low over the Himalayas and Tibetan
Plateau due to discarded microwave estimates (Huffman
et al. 2020). In other words, IMERG estimates are highly
sensitive to information from infrared data over there.
Note that there are more high-level cirrus clouds over the
Himalayas during nighttime (Chen et al. 2017), IMERG
may underestimate the proportion of daytime precipitation
over the slopes and Tibetan Plateau. In addition, the esti-
mate threshold employed in IMERG is about 0.03 mm h™!
(Huffman et al. 2020), which is smaller than the minimum
detectable rain rate of GPM 2ADPR (about 0.2 mm h™')
and TRMM PR (about 0.7 mm h™!). At higher altitudes of
the slopes and Tibetan Plateau, the rain rate can be weak
due to low water-vapor conditions. Thus, higher rainfall
rates are estimated by IMERG in areas above 3000 m MSL
than those estimated by TRMM PR, especially during
nighttime (Fujinami et al. 2021).

We therefore compared the precipitation diurnal varia-
tions derived from IMERG and rain gauge data of nine sta-
tions in the east portion of the slopes (Figs. S1 and S2 in the
online supplementary file). The results are consistent with
Ouyang et al. (2020) that IMERG data generally reproduce
both the afternoon and nighttime peaks observed from
the rain gauges. Thus, IMERG data are still applicable for
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FiG. 1. Horizontal distributions of (a) terrain height overlapped with average 10-m winds derived from ERAS,
(b) average near-surface rain rate, including nonprecipitation grid cells, derived from IMERG. and (c) the average
total column water vapor derived from GPM 2AGPROFGMI for June-September 2014-18. The dashed lines and

arcs indieate our study regions.

revealing the diurnal variations of precipitation over the
Himalayas.

In addition, we also used the total column water vapor
information from the Global Precipitation Mission (GPM)
2AGPROFGMI product. The wind, specific humidity, geo-
potential, and other environmental data used in this study
were provided by ERAS, which is the latest generation of
reanalysis data produced by the European Centre for
Medium-Range Weather Forecasts (Hersbach et al. 2020).
ERAS data are provided on 0.25% X 0.25° grids with 37
vertical levels and a temporal interval of 1 h, which can
well meet the needs of research on diurnal variation of
precipitation,

Figure 1 shows the horizontal distributions of topography,
near-surface flow at 10 m above ground level, rain rate, and
precipitable water over the study region. The average near-
surface airflow in the slopes appears as upslope flow, while
that in the foothills appears as easterly circumfluent flow
(Fig. 1a). The horizontal distribution of average rain rate
from IMERG shows consistency with previous studies,
which are derived from TRMM PR (Bookhagen and Bur-
bank 2006; Shrestha et al. 2012) and GPM Dual-Frequency
Precipitation Radar (DPR) (Zhang et al. 2018), The arc-
shaped rain belt is mainly located in the slopes and foothills
(Fig. 1b). Due to the difference in terrain height, the aver-
age precipitable water in the four regions presents a stepped
distribution (Fig. 1¢). In addition, the average precipitable
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water, as well as the near-surface rain rate. are higher in the
east portion of the study region than in the west, indicating
the monsoon flow from the BOB is much moister than that
from the Arabian Sca.

Since the near-surface airflow direction in the slopes is
dominated by slope flow while that in the foothills is mainly
circumfluent flow (Zhang et al. 2018; Pan et al. 2021), the
average slope wind speed of the slopes (Fyope) and average
circumfluent wind speed of the foothills (Fraomm) were defined
as follows:

Nitope
Froomin = : Z (U;cos B+ V; sin 6), (1
=
Nighit
Froothil = ——— (— U;sin 68+ V; cos #). 2)
' Nioottinl 4=

where Nyope and Ny represent the total grid number of
the ERAS data within the slopes and foothills, respectively;
the subscript *i” stand for different ERAS grid in the study
region; UJ and V are the zonal and meridional components of
near-surface flow, respectively: and # indicates the angle
between the eastward direction and the direction of ERAS
grid cell to the concentric arc center (0 < # = 00.57 within the
study region). A positive Fyape indicates upslope flow in the
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FIG. 2. PDFs of (a) average circumfluent flow over the foothills (Fiomin) and (b) average slope flow over the slopes
(Fiope), derived from ERAS data for June-September 2014-18. The intervals on the x axis are 0.2 and 0.1 m s~ ! for
(a) and (b), respectively. The solid blue lines indicate the thresholds for classification, while the dash blue lines indi-

cate the wind speed of 0 ms™ ™.

slopes, whereas a positive Fioomin indicates easterly circumflu-
ent flow in the foothills.

3. Results
a. Sensitivity of precipitation to near-surface flow

The sensitivity experiment, which involves studying the
relationship between two parameters while controlling other
variables, is an important method in scientific research (Wang
et al. 2019). In this section, we focus on the sensitivity of the
precipitation distribution over the Himalayas to the two types
of near-surface flow through classification and statistics.

First, the probability distribution functions (PDFs) of Fioomin
and Fyope are given in Fig. 2. Figure 2 shows that Fioothin is
mainly distributed in the interval of —4 to 5 m s~' (Fig. 2a).
The PDF of Fioomin presents a unimodal distribution with a
peak at 1.5 m s~ !, which indicates that the average circumflu-
ent flow in the Himalayan foothills is about 1.5 m s™! from
the east. We used 1 and —1 m s~ as thresholds to classify
Froomin into three categories: westerly circumfluent, weak
flow, and easterly circumfluent. The sample sizes of the three
classes of Fioomin account for 9.2%, 34.9%, and 55.8%, respec-
tively, of all samples. This indicates that the easterly monsoon
flow from the BOB is the main source of near-surface flow in
the foothills.

The Fgope is mainly distributed in the interval of —1.2 to
1.7 m s~ indicating that the average slope flow in the slopes
is usually between —1.2 (downslope flow) and 1.7 m s~ !
(upslope flow) (Fig. 2b). The PDF of Fyop. shows a bimodal
structure with peaks at —0.15 and 1.35 m s~ ', Similarly, we
used —0.5 and 0.5 m s~ ! as thresholds and divided Fyope into
three classes: downslope flow, weak flow, and upslope flow.
These classes account for 13.0%, 46.8%, and 40.2%, respec-
tively, of all samples.
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Figure 3 shows the horizontal distributions of near-surface
flow and rain rate for different classes of Fioomin- The Stu-
dent’s ¢ test values of rain rate differences between any Fioonin
class and the other samples exceeds 2 in the west-to-middle
portion of the study region (Fig. S3), indicating robust statisti-
cal differences (p value > 95%) of average rain rates there.
Since the samples are categorized according to the ERAS 10-m
winds, the significance levels of wind field differences are
higher than that of precipitation rate (Fig. S4). When Frootnin
shows as easterly flow, the BOB monsoon flow is strong and
dominates the foothills and plains (Fig. 3a). At this time, pre-
cipitation is distributed relatively uniformly from east to west
in the study region, and the highest near-surface rain rate
occurs at the junction of the foothills and slopes with a value of
~0.6 mm h™! (Fig. 3b). When Fioomi appears as weak flow, the
west portion of the foothills and plains is controlled by the
Arabian Sea monsoon flow, while the east portion is domi-
nated by the BOB monsoon flow (Fig. 3c). The two flows con-
verge at about 85°E, forming a weak convergence field
there. At this time, the near-surface rain rate in the west por-
tion of the study area decreases significantly, whereas the near-
surface rain rate in the east increases slightly with a value of
08mmh™! (Fig. 3d). When Fioomin shows as westerly flow, the
middle and west portion of the foothills and plains are domi-
nated by a strong Arabian Sea monsoon flow, while the BOB
monsoon flow is weak in the east (Fig. 3e). The average precip-
itation is the weakest among all types of Fyomin (Fig. 3f), with
a near-surface rain rate of less than 0.1 mm h ™! in most regions
except the east portion of the foothills and plains. The precipi-
tation is concentrated to the east of the study region with a
peak near-surface rain rate exceeding 1 mmh~.

Similarly, Fig. 4 shows the horizontal distribution of near-
surface flow and rain rate for different classes of Fyope. The
Student’s ¢ test showed that the rain rate differences between
Faope classes and the other samples are significant in the
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slopes and northern foothills (Fig. 83). For the upslope Fygpe
class, precipitation is distributed quite uniformly in the study
region with an average near-surface rain rate of ~0.3 mm h™'
(Fig. 4b). The arc-shaped rain belt at the boundary of the
slopes and foothills is insignificant. For the weak Fyope class.
the average rainfall intensity is strongest, with a signilicant

arc-shaped rain belt (Fig. 4d), which is different from the tra-
ditional mountain—valley wind circulation where precipitation
in the valley often occurs under downslope winds (Yuan ct al.
2012). We think it is resulted from the convergence of weak
Faope flow and strong BOB monsoon flow (Figs. 7. 9a. and
L1a). For the downslope Fype class (Fig. 4f), precipitation is
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FIG. 4. As in Fig, 3, but for different classes of Figpe.

concentrated at the junction of the slopes and foothills; the aver-
age near-surface rain rate in the plateau is less than 0.1 mm h™",

In addition, Figs. 3 and 4 also show that Fyape and Froomin
are not independent. For instance, when Fi, iy shows as
westerly circumfluent flow, the upslope flow over the slopes is
significantly stronger than in the two other classes of Fioomin
(Figs. 3ace). When Fyp. appears in the upslope class, the
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casterly circumfluent flow is the weakest among all Fijp. clas-
ses (Figs. 4a.c.e). The coupling between Froomin and Fyope I8
likely to be the internal cause of the unique diurnal cycle of
rainfall over the Himalayas and surrounding areas (Chen 2020),

For a more intuitive understanding of the relationship
between rainfall distributions and Himalayan topography, the
south-to-north distributions of average rainfall for various
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along the south-to-north cross sections of the study region. The shadowed area indicates the relative terrain height.

Froowin and Fyope classes are presented in Fig. 5. Specifically,
the south-to-north distributions were taken by averaging the
IMERG grid cells along the radial of the concentric arcs over
the study region. Generally, the south-to-north peak of pre-
cipitation occurs at the junction of the foothills and slopes,
which is the location of the arc-shaped precipitation belt men-
tioned above (Fig. 1b). The south-to-north distributions for
different Fioomin classes are quite similar, except for the values
(Fig. 5a). The rainfall peaks are 0.47, 0.41, and 0.25 mm h™!
for the easterly circumfluent, weak, and westerly circumfluent
classes of Froomin, respectively. Thus, the large-scale monsoon
flows mainly affect the total precipitation rather than the
meridional distribution of rainfall: when the BOB monsoon
flow prevails, the foothills are controlled by easterly moist
flow and the total precipitation increases; whereas the oppo-
site is the case when the Arabian Sea monsoon flow prevails.
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In terms of Fyope, the south-to-north distributions are sig-
nificantly different among the three classes (Fig. 5b). The
average precipitation is generally strongest for the weak flow
class, while it is weakest for the downslope class, which
resulted from the convergence of weak Fyope flow and strong
BOB monsoon flow (Figs. 7, 9a, and 11a). However, this order
is not always true for each subregion. For instance, the aver-
age rain rate of the upslope class is larger than the weak flow
class over the plains, and the precipitation of the downslope
class is stronger than the upslope class at the boundary of the
slopes and foothills. The locations of the south-to-north rain-
fall peaks also differ: the peak occurs at a lower altitude in the
slopes for the upslope class, but at the boundary of the slopes
and foothills for the downslope class; while for the weak flow
class, the south-to-north distribution peaks at the boundary of
the slopes and foothills with a northward extension to the
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FIG. 6. Diurnal variations of the percentage of different (a) Fioomin classes and (b) Fyope classes.
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higher altitude of the slopes. These results suggest that the
slope winds over the slopes are responsible for the two dis-
tinct rainfall peaks at the altitudes of ~0.6 and 2.1 km
reported in Bookhagen and Burbank (2006). In addition, as
suggested in Fujinami et al. (2021), the IMERG may underes-
timate afternoon precipitation and hence the average rainfall
in case of upslope winds.

In conclusion, the total rainfall amount of the Himalayas is
controlled by the large-scale monsoon flows (indicated by
Fioomin), while the meridional distribution of precipitation is
dominated by terrain circulations (indicated by Fyjope), such as
the “heat pump” effect and mountain—valley wind circula-
tions. However, there are still many problems to be solved.
For instance, the Fi,omin can in reality only affect the east—
west distributions of moisture and cannot transport moisture
to the plateau. Why, then, does the total rainfall amount of
the plateau seem to be affected by Fioomin? The Froomin and
Fgope are not independent, so how do they interact with each
other to affect precipitation? Considering that Fgqp is highly
dependent on the regional thermal differences and can
change drastically within a day, the above issues are investi-
gated from the perspective of diurnal variations in the follow-
ing section.

Specifically, the diurnal variations of the proportions of the
different Fyope and Fioomin classes are shown in Fig. 6. In
terms of the Fioomin classes (Fig. 6a), the diurnal variations
are mainly caused by the zonal differences of solar heating,
which makes the pressure gradient that results in the change
of wind directions diurnally. In the morning, as the sun shines
directly on the east portion of the study region, the BOB
monsoon flow becomes strengthened while the Arabian Sea
flow is suppressed; the proportion of the easterly circumfluent
class reaches its daily peak of ~70% at 0830 LST (UTC + 6 h).
The situation is just the opposite in the afternoon, when the
proportion of the westerly circumfluent flow reaches its daily
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peak of ~30% at 1600 LST. With the weakening of the Arabian
Sea monsoon flow and the rebounding of the BOB flow, the
proportion of the weak Foomin class reaches its peak of ~55%
at 1930 LST.

In terms of the Fyop. classes (Fig. 6b), the diurnal variations
are much more dramatic. From 1000 LST (morning) to 1800
LST (evening), under the summertime “heat pump” effect of
the Tibetan Plateau (Wu et al. 2012), the near-surface airflow
continuously converges into the Tibetan Plateau region, and
Fgope always appears as upslope flow. On the other hand,
from evening to early morning, when the cooling efficiency of
the plateau surface is faster than the upper layer of the plains
with the same altitude, the downslope flow gradually increases
(Egger et al. 2000). The proportion of the downslope class of
Fgope Teaches its diurnal peak of ~50% at 0600 LST. Influ-
enced by the above two factors, there are two diurnal peaks
for the proportion of weak Fyjop.—at around 0800 and 2100
LST, respectively.

b. Diurnal variations

Benefiting from the development of satellite observations,
there has been good progress made in understanding rainfall
diurnal cycles over the Himalayas (Hirose and Nakamura
2005; Sahany et al. 2010). By using TRMM 2A25 orbital data,
Pan et al. (2021) investigated the diurnal variation of rainfall
frequency as well as average rainfall intensity along the south-
to-north cross section of the study region. Following this
work, we adopted IMERG gridded precipitation data with
high spatiotemporal resolution and calculated the percentage
of hourly rainfall to daily rainfall totals along this same south-
to-north cross section (Fig. 7).

The hourly rainfall percentage results are consistent with
those of the precipitation frequency or average rainfall inten-
sity (Pan et al. 2021), although IMERG may underestimate
the proportion of daytime precipitation over the slopes and
Tibetan Plateau. Generally, the diurnal variation of the
hourly rainfall percentage shows three major south-to-north
centers. In the plateau, as well as the northern slopes, the
diurnal rainfall peak appears at about 2000 LST, with the
hourly rainfall accounting for more than 9% of the daily rain-
fall. From the slopes to foothills, there is a clear precipitation
peak from midnight to early morning; the peak time gradually
transitions from 0200 to 0600 LST, with the hourly rainfall
accounting for 6%-8% of the daily rainfall, indicating a south-
ward movement of precipitation from the slopes to the foot-
hills during this period. In the south portion of the foothills
and in the plains, the diurnal rainfall peaks at around 1600
LST, with the hourly rainfall accounting for ~5%-7% of the
daily total. Specifically, due to the overlapping areas of the
three diurnal centers, there are two diurnal rainfall peaks in
the south portion of the foothills and in the north portion of
the slopes.

Despite numerous investigations into the diurnal features
of Himalayan precipitation, the specific triggers for the three
diurnal centers of precipitation remain to be revealed. In the
following analysis, we use the ERAS hourly data to analyze
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the causes from the perspectives of the large-scale monsoon
flows and the terrain circulation.

First, the horizontal distributions of 100 m wind at different
local times are shown in Fig. 8. The results are consistent with
Fig. 6. At 0000 1o 0400 LST (Figs. 8a b), affected by the moun-
tain winds, the slopes are dominated by weak downslope
winds; maost of the foothills and plains are controlled by the
BOB monsoon flow. At 0800 LST (Fig. &), the BOB flow
becomes further strengthened owing to the zonal difference
in solar heating. and the near-surface flow over the slopes is

Brosght to you by Sun Yat-Se

weak with the fading of mountain winds. At midday (Fig. 8d},
the “heat pump” effect of the Tibetan Plateaw is strong,
resulting in most of the slopes and plateau being dominated
by upslope Aow. AL 1600 LST (Fig. Se). the ronal difference
in solar heating 18 opposite o that of the morning: the
Arabian Sen monsoon flow, which is relatively dry, strength-
ens and controls the west portion of the plaing and foothills,
and it converges with the BOB monsoon flow at the midlongi-
tudes of the plains and foothills, which is consistent with the
afternoon rainfall peak there. Ap 2000 LST (Fig. 80), the near-
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Firo. 10. As in Fig. 9. but for vertical velocity anomalies overlapped with anomalous equivalent potential temperature (umits K).

surface flow in the slopes s weak owing 1o the fading of the
“heat pump” effect; the Arabian Sea monsoon fow also
weakens without solar heating.

The South Asan summer monsoon 15 the most important
moisture souree for the Tibetan Platean, which suggests that
the diurnal rainfall peak in the plateau is associated with
waler vapor transporl. To provide evidence for this hypothe-
sis, the south-to-north distributions of water vapor anomalies
with anomalous streamlings at different local times are given
m Fig. 9. In the daytime (Figs. 9d.e), due 1o the “heat pump™

Brought to you

effect of the Tibetan Plateau, the upslope fow continues o
transport moisture into the plateau area, and the low-level
specific humidity of the plalean rises rapidly. The moist con-
vection forced by atmosphernc buovancy during the daytime
further humadifies the middle and upper laver of the slopes
and plateau. On the contrary, at might (Figs. %a—c), due 1o
mountain-valley wind cireulations, the specific humidity of
the platean area slowly decreases owing Lo the lack of mois-
ture transport and moist convection. Therefore, the total col-
umn water vapor over the platean reaches its divrnal peak at
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Fri. 11. As in Fig. %, but for the average westerly drcumfluent flow anomaly. The dashed lines indicate the bound-
aries of the study regions.

about 1600 to 20000 LST, with a nearsurface specific humidity
anomaly of more than 0.2 g kg™ (Figs, 9¢.f). In this context, iso-
lated comvection frequently occurs in plateau aréas (Fu et al
2006), which results in the divmal minfall peak in the plateau
and in the northemn shopes.

In addition, there 13 no olvious correlation between the
diurnal cyele of precipitation and moisture over the plains
and foothills, as well as the southern slopes. This is because
the average total column water vapor in these regions is 10
times higher than that of the plateau and thus the subdaily
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moisture variation s less important. Forced by the decreased
surface [miction over the nocturnal atmospheric boundary
layer due to surface cooling (Fig. 9a), there are strong inflow
anomalies over the foothills and plains, which is a representa-
tion of the nocturnal jet (Fujinami et al 2017, 2021}

Figure 10 shows the vertical velooaty anomaly in the south-
to-iorth cross section of the study region. From midnight to
early morming (Figs. 10ab), there is an updrafi above a thin
near-surface downdralt faver in the slopes and foothills, How-
ever. the anomalous equivalent potential lemperature appears
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FIG. 12. (a)-(c) Conceptual diagram of the three prominent diurnal rainfall peaks over the study region during the
summer monsoon season. The gray contours indicate the topography of the study regions. The arrows indicate air
flows of different categories (black: local air motion; gray: downslope flow; colored: large-scale monsoon flows), and
the light-blue ® symbols in (a) represent inward easterly BOB monsoon flow (nocturnal jet). The deep-blue cylinders
represent variant precipitation systems, while the light-blue shaded area in (b) indicates moist low-level layer.

to be increasing/stable with height, which is not conducive to
the triggering of convection. Therefore, it is concluded that this
updraft should be caused by the downslope winds and the noc-
turnal jet that forces large-scale water vapor flux convergence
around the slopes and foothills (Figs. 9a and 11a ). In this con-
text, precipitation first forms over the slope region due to down-
slope winds and then gradually develops toward the foothills
due to the water vapor flux convergence, which well reflects the
southward movement of the rainfall diurnal peaks in the slopes
and foothills. At 0800 LST, since both the dynamic and thermal
structures are stable, the vertical velocity shows consistent
descending motion in the study regions (Fig. 10c). At 1600 and
2000 LST (Figs. 10e,f), the anomalous equivalent potential tem-
perature on the plateau shows a reduction with height, with
dense contours, indicating the Tibetan Plateau is thermally
unstable. There is a significant updraft in the plateau, which fur-
ther promotes the occurrence of isolated convection. Similarly,
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there is also a strong, yet narrow, updraft associated with the
upslope-flowing air just along the sloping terrain at 1200 and
1600 LST (Figs. 10d,e). On the other hand, due to the “heat
pump” effect of the Tibetan Plateau, there exists a downdraft
over the foothills, despite the unstable layer. The downdraft
suppresses the afternoon precipitation in the foothills.

In addition, because the heating and cooling efficiency of
the slope is even higher than that of the plateau, the updraft
and downdraft in the slopes occurs earlier than in the plateau;
at 1200 and 2000 LST (Figs. 10d.f), the air motions over the
slopes and plateau are opposite.

Figure 11 shows the average south-to-north distributions of
the westerly circumfluent flow anomaly. During nighttime,
driven by the decreased surface friction over the stable bound-
ary layer due to surface cooling (Figs. 10a—), the BOB mon-
soon flow accelerates and is interpreted as a nocturnal jet in
previous studies (Chen 2020; Fujinami et al. 2017, 2021). The
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nocturnal jet is most pronounced at around 925-hPa level,
which is related to the nocturnal stable boundary layer near sur-
face. The nocturnal jet promotes precipitation over the foothills
and southern slopes, and it is the main reason for the south-
ward-moving diurnal rainfall peaks there (Fig. 7). At 1600 LST
(Fig. 1le), the bottom layer of the plains presents easterly
anomalous airflow, whereas the middle—upper layer presents
westerly anomalous airflow, which corresponds to the intersec-
tion of the two large-scale monsoon flows (Fig. 8e¢). Thus, the
convergence in the central plains triggers deep convection with
relatively weak rainfall intensity (Houze et al. 2007).

4. Conclusions and summary

Using ERAS hourly data and IMERG half-hourly precipi-
tation data, we investigated the distributions of precipitation
over the Himalayas under various circulation fields. We also
analyzed the specific triggers for the diurnal cycles of rainfall
over the Himalayas from the perspectives of the large-scale
monsoon flows and terrain circulations.

As a follow-up piece of work to Chen et al. (2017), the
Himalayas and surroundings were divided into the same four
subregions represented by the plains, foothills, slopes, and
plateau, respectively. During the summer monsoon season,
the arc-shaped topographic rain belt is mainly located in the
foothills and slopes. The Himalayas are affected by two large-
scale monsoon flows—namely, the Arabian Sea flow and the
BOB flow. When the moist BOB flow dominates, the lower
layer of the foothills shows strong easterly circumfluent wind,
and the rain belt is distributed relatively uniformly from east
to west in the study region. Conversely, when the dry Arabian
Sea monsoon flow dominates, the lower layer of the western
foothills presents westerly circumfluent wind, and precipita-
tion is concentrated on the east portion of the study area. The
terrain circulations of the Himalayas mainly include the “heat
pump” effect and mountain—valley wind circulations. Under
the “heat pump” effect, the slopes are dominated by strong
upslope flow; while under the nighttime mountain—valley
wind circulation, the slopes are controlled by downslope
winds. However, the precipitation intensity of the study
region is strongest when the slope winds present as weak flow,
which is different from normal mountain—valley precipitation.
In addition, the large-scale monsoon flows are not indepen-
dent of the terrain circulations, and both present significant
diurnal variations. Their entangled impacts on the diurnal
cycles of rainfall were studied.

Generally, the Himalayas have three prominent diurnal
rainfall peaks with overlapped areas (Fig. 12). The one most
closely related to the arc-shaped rain belt is the midnight-to-
early-morning rainfall peak over the slopes and foothills,
which presents obvious southward movement (Fig. 12a). At
about 0200 LST, precipitation first occurs in the high altitudes
of the slopes, affected by the downslope flow. The precipita-
tion subsequently develops southward. In the early morning,
with decreased surface friction above the nocturnal atmo-
spheric boundary layer and the zonal differences in solar heat-
ing, the BOB moist monsoon flow reaches its daily maximum,
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which is known as the nocturnal jet in previous studies (Terao
et al. 2006; Fujinami et al. 2017, 2021); the nocturnal jet pro-
motes the development of intense convection over the bound-
ary of the slopes and foothills, and the precipitation intensity
reaches its diurnal peak there.

Another rainfall diurnal peak occurs in the evening over
the plateau and at high altitudes of the slopes, which is linked
with the moisture transport to the plateau (Fig. 12b). Affected
by the “heat pump” effect, the slopes show strong upslope
flow during daytime and the moisture of the plateau rises rap-
idly. On the other hand, the slopes show downslope flow at
nighttime because of the mountain—valley wind circulation,
and the specific humidity of the plateau slowly decreases.
Thus, the evening is the moistest time within a day for the pla-
teau, when isolated convection frequently occurs over the pla-
teau and at high altitudes of the slopes because of the high
total column water vapor as well as surface heating, forming
the diurnal rainfall peak at about 2000 LST.

In addition, there is an afternoon rainfall peak in the plains
and southern foothills (Fig. 12¢). Our analysis shows that this
rainfall diurnal peak is a result of the intersection of the two
large-scale monsoon flows. In the afternoon, the zonal differ-
ence in solar heating promotes the hot and dry westerly mon-
soon flow from the Arabian Sea, whereas the moist flow from
the BOB is suppressed, and the two monsoon flows thus con-
verge in the central plains to form deep convection. However,
because the moisture flux is relatively small at this moment,
the precipitation intensity should be weak, as pointed out in
Houze et al. (2007).

In summary, we suggest the interaction of large-scale mon-
soon flows and the terrain circulations to be the internal trig-
gers of rainfall diurnal cycle over the Himalayas. The results
are important for understanding orographic precipitation
under monsoon environments. We summarized three major
triggers for orographic precipitation over the Himalayas.
Their impacts on rainfall microphysics and evolution should
be further investigated using high-quality rainfall observations
and model simulations.

Some of the uncertainties and limitations of the study include
the following. The quality of ERAS5 data, especially near-sur-
face wind at 10 m above ground level, highly depends on the
numerical model due to the lack of observations around the
Himalayas and Tibetan Plateau. Although Huai et al. (2021)
suggested that ERAS outperforms the other reanalysis datasets
over the Tibetan Plateau, the near-surface wind speed may still
be slightly underestimated by ERAS. Future use of a better
environment dataset, such as observations from the Aeolus mis-
sion, will add robustness to the results presented here.
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