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ABSTRACT: The processes underlying heavy rainfall in the higher elevations of the Himalayas are still not well known
despite their importance. Here, we examine the detailed process causing a heavy rainfall event, observed by our rain gauge
network in the Rolwaling valley, eastern Nepal Himalayas, using ERAS and a regional cloud-resolving numerical simula-
tion. Heavy precipitation (112 mm day ') was observed on 8 July 2019 at Dongang (2790 m above sea level). Most of the
precipitation (81 mm) occurred during 1900-2300 local time (LT). The synoptic-scale environment is characterized by a
monsoon low pressure system (LPS) over northeastern India. The LPS lifted moisture upward from the lower troposphere
and then horizontally transported it into the eastern Nepal Himalayas within the middle troposphere, increasing the con-
tent of the water vapor around Dongang. A mesoscale convective system passed over Dongang around the time of the in-
tense precipitation. The numerical simulation showed that surface heat fluxes prevailed under the middle tropospheric
(~500 hPa) southeasterly flow associated with the LPS around a mountain ridge on the upwind side of Dongang until
1900 LT, enhancing convective instability. Topographic lifting led to the release of the enhanced instability, which triggered
the development of a mesoscale precipitation system. The southeasterly flow pushed the precipitation system northward,
which then passed over Dongang during 20002200 LT, resulting in heavy precipitation. Thus, we conclude that the heavy
precipitation came from the multiscale processes such as three-dimensional moisture transport driven by the LPS and the
diurnal variation in heat fluxes from the land surface.

SIGNIFICANCE STATEMENT: Precipitation in the Himalayas is closely related to the hydrological cycle, floods,
and landslide disasters in South Asia. Thus, elucidating the features of precipitation in the Himalayas is important. This
study explored multiscale processes leading to a heavy precipitation event that was observed on 8 July 2019 at Dongang
in the Rolwaling valley of the eastern Nepal Himalayas. We identified new processes producing heavy precipitation in
the Himalayas: the three-dimensional synoptic-scale moisture transport driven by a monsoon low pressure system and
the effect of the diurnal variation in heat fluxes from the land surface on the development and movement of a meso-
scale precipitation system causing heavy precipitation. These findings broaden our understanding of heavy precipitation
in the Himalayas.

KEYWORDS: Atmosphere-land interaction; Mesoscale systems; Monsoons; Precipitation; Cloud resolving models

1. Introduction Some previous studies have examined the mechanism of
heavy precipitation in Nepal (Bohlinger et al. 2017, 2019).
Bohlinger et al. (2017) conducted a statistical investigation of
synoptic atmospheric conditions and moisture sources related
to heavy precipitation in Nepal using reanalysis and daily pre-
cipitation data obtained from meteorological stations of the
Department of Hydrology and Meteorology in Nepal. They
showed that middle tropospheric troughs and low pressure
systems (LPSs) produced a synoptic atmospheric circulation
that was favorable for heavy precipitation in Nepal. More-
over, they detected the presence of positive water vapor
anomalies around Nepal on the day of heavy precipitation
and suggested that the moisture that evaporated from the
land around India, Pakistan, and Nepal significantly contrib-
uted to their formation. Bohlinger et al. (2019) examined the
multiscale meteorological conditions of a heavy precipitation
event in central Nepal that occurred in July 2007. They ana-
Corresponding author: Hidetaka Hirata, hirata@ris.ac.jp lyzed synoptic and mesoscale conditions using reanalysis data

Precipitation in the Himalayas feeds the three major rivers,
the Ganges, Indus, and Brahmaputra, of the Indian subconti-
nent (Immerzeel et al. 2010) and controls the behavior of
Himalayan glaciers (Sakai et al. 2015; Sakai and Fujita 2017).
In addition, precipitation around the Himalayas causes floods
and landslides (Houze et al. 2011, 2017; Rasmussen and
Houze 2012; Bohlinger et al. 2019). Thus, examining the fea-
tures of precipitation in the Himalayas is valuable for an un-
derstanding of the mechanisms of the hydrological cycle and
associated disasters in the South Asian monsoon region.
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FI1G. 1. (a) Topographic map based on NASA Shuttle Radar Topography Mission Global 30-arc-s elevation data
(SRTMGL30; Rodriguez et al. 2006). (b) Topographic map around the Rolwaling valley in the eastern Nepal Himalayas
shown within a red rectangle in (a). Closed circles indicate the locations of rain gauge stations (see details in Table 1).
The numbers in this figure correspond to the station numbers listed in Table 1.

and a high-resolution numerical simulation, respectively. The
numerical simulation showed that a system consisting of sev-
eral convective cells caused this heavy precipitation event.
Moreover, their results derived from reanalysis data indicated
that the development of the mesoscale convective system was
related to several synoptic-scale conditions, including moist
air supply associated with a typical Indian monsoon break,
moisture sources due to prior precipitation events, an upper-
tropospheric trough, and an upslope flow. However, detailed
analyses on the causes of heavy rainfall events in the higher
elevations of the Himalayas are limited. The roles of monsoon
LPSs in enhancing the mesoscale convection system over the
slopes of the Himalayas are still poorly understood, although
the statistical relationship between the LPSs and Himalayan
precipitation is well known (e.g., Barros et al. 2004; Ueno et al.
2008; Bohlinger et al. 2017).

To better understand summer precipitation, including
heavy rainfall events at higher elevations in the Himalayas
and the mechanisms of its variability, we carried out an inter-
national collaborative research project (between Japan and
Nepal) on precipitation in the Himalayas [Himalaya Precipi-
tation Study (HiPRECS)]. We installed six rain gauges
around the Rolwaling valley in May 2019 (Fig. 1 and Table 1;
Fujinami et al. 2022a) to understand the detailed features of
summer precipitation in the eastern Nepal Himalayas. Details
of this observational project are presented in section 2a.
Figure 2 shows the time series of daily precipitation observed
at these six rain gauges between June and September 2019.
For instance, at an altitude of 2790 m (shown by a green
closed circle in Fig. 1b) at Dongang, daily precipitation of
112.4 mm day ! was observed on 8 July 2019. This daily pre-
cipitation value was the maximum across all measurements
during the summer of 2019. Here, we focus on the heavy pre-
cipitation at Dongang and examine the mechanism behind
this event.

The objective of this study was to explore the mechanism of
the heavy precipitation observed at Dongang on 8 July 2019. As

with the heavy precipitation event highlighted by Bohlinger
et al. (2019), multiscale meteorological processes might be
responsible for the occurrence of the heavy precipitation at
Dongang. Thus, we performed multiscale analyses of the heavy
precipitation at Dongang. In section 3, we provide an overview
of the basic features of precipitation at Dongang on 8 July
2019, using the observations obtained from our rain gauge
network and infrared images from a geostationary satellite.
In section 4, we investigate the synoptic-scale atmospheric
environmental field of the heavy precipitation using reanalysis
data. In section 5, we examine the mesoscale processes related
to the generation of a precipitation system resulting in the heavy
rainfall using a regional cloud-resolving simulation.

2. Data and numerical simulation
a. In situ observation

We installed rain gauges in Singati, Gongar, Simigaun,
Dongang, Beding, and Na along the Rolwaling valley of the
eastern Nepal Himalayas, leading to the Trambau/Trakading
glaciers in mid-May 2019 under the HiPRECS project (Fig. 1)
(Sunako et al. 2019; Fujinami et al. 2021, 2022a). The rain
gauge stations were located at different altitudes, ranging from

TABLE 1. List of rain gauge stations installed by the international
collaborative research teams (between Japan and Nepal) for
recording precipitation in the Himalayas (HiPRECS: Himalaya
Precipitation Study).

Station Latitude Longitude Altitude
No. Name (°N) (°E) (m)

1 Singati 27.74 86.16 1001

2 Gongar 27.84 86.22 1311

3 Simigaun 27.87 86.23 2024

4 Dongang 27.90 86.29 2790

5 Beding 27.90 86.38 3761

6 Na 27.88 86.43 4183
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FI1G. 2. Time series of daily precipitation observed at (a) Singati, (b) Gongar, (c) Simigaun, (d) Dongang, (¢) Beding, and (f) Na from June
to August 2019. Daily precipitation corresponds to the accumulated precipitation from 0001 to 2400 LT.

~1000 to ~4200 m above sea level (Table 1). All rain gauges
were located in the valley bottom, except at Simigaun, which is
positioned on the south-facing slope. Precipitation was measured
using a tipping-bucket rain gauge with 0.2-mm resolution; this sys-
tem has been previously used in the Himalayas by Ouyang et al.
(2020). The total quantity of precipitation during the preceding
hour was considered as the hourly precipitation. We used the uni-
fied local time (LT; UTC + 6 h) at 90°E instead of the Nepal
standard time (UTC + 5 h 45 min). We successfully observed
precipitation at all stations from mid-May to early October in
2019 without missing values. As the hourly air temperature was
always greater than 0°C at all stations during June-September in
this period (not shown), precipitation was in the form of rain.

b. Satellite data

We used infrared (channel 9: 10.8 um) brightness tempera-
ture from the spinning enhanced visible and infrared imager
of Meteosat Second Generation-1 (MSG1: Meteosat-8) Indian
Ocean Data Coverage (IODC) in order to examine cloud ac-
tivity related to precipitation events. Data were given on a
0.04° latitude X 0.04° longitude grid with a 15-min interval.

We also utilized the Integrated Multi-satellitE Retrievals
for GPM (IMERG) V06 B Level 3 final run precipitation
product during 2000-20 (Huffman et al. 2019; Tan et al. 2019).
The spatial and temporal resolution of this dataset is 0.1°
latitude X 0.1° longitude and 30 min, respectively. The vari-
able used in this study is “precipitationCal.” IMERG was
used for estimating the 99th percentile of daily precipitation
(i-e., 24-h accumulation at LT; Fig. 3).

¢. European Centre for Medium-Range Weather
Forecasts fifth generation reanalysis (ERAS)

To examine the synoptic-scale atmospheric environmental
field of the heavy precipitation event, we employed hourly
data from the ERAS dataset (Hersbach et al. 2020) provided

by the European Centre for Medium-Range Weather Fore-
casts. The horizontal resolution of the ERA5 data used in this
study was 0.25° longitude X 0.25° latitude. Daily mean ERAS
data (shown in Figs. 6 and 8) correspond to the time average
of the hourly data from 0000 to 2300 LT on any day.

d. Cloud Resolving Storm Simulator

We used the Cloud Resolving Storm Simulator (CReSS;
Tsuboki and Sakakibara 2002) to perform a numerical simula-
tion of a precipitation system causing heavy precipitation. For
cloud microphysics, we applied a bulk cold rain scheme, which
predicts the mixing ratio of water vapor, cloud water, cloud
ice, rain, snow, and graupel, and the concentrations of cloud
ice, snow, and graupel (Murakami 1990; Tkawa and Saito
1991; Murakami et al. 1994). We employed a 1.5-order turbu-
lent kinetic energy closure scheme (Deardorff 1980) for the
parameterization of subgrid-scale turbulent eddies.

99th percentile precipitation in JJAS

B4E 86E 88E 90E 92€ 94E 96E

FIG. 3. The 99th percentile of daily precipitation during June—
September, estimated using IMERG data during 2000-20.
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FIG. 4. Time series of hourly precipitation observed at (a) Singati, (b) Gongar, (c) Simigaun, (d) Dongang, (¢) Beding, and (f) Na from
8 to 9 Jul 2019.

We used ERAS hourly data as the initial and lateral boundary
atmospheric conditions and the daily National Oceanic Atmo-
spheric Administration (NOAA) optimal interpolation (OI)
sea surface temperature (SST) with a spatial resolution of
0.25° X 0.25° at the initial time of the simulation (Reynolds
et al. 2007) as the SST conditions. We assumed that the SST field
was fixed with time as the initial condition in the simulation.
The terrain height in the simulation was based on National
Aeronautics and Space Administration (NASA) Shuttle Radar
Topography Mission Global 30-arc-s elevation data (SRTMGL30;
Rodriguez et al. 2006).

The spacing of the horizontal grid was 0.02° for both longi-
tude and latitude. We designated 45 vertical layers, with the
lowest layer of 150 m and the height of the top level at 22 500 m.
The model domain was 81.01°-88.91°E, 26.51°-29.37°N, includ-
ing the Rolwaling valley (which is given in detail in Fig. 11).
We set the initial and end times of the simulation at 1800 LT
7 July 2019 and 0000 LT 9 July 2019, respectively. The integral
period included the day (8 July 2019) on which the heavy precipi-
tation event was observed at Dongang.

3. Overview of the heavy precipitation event

First, to see how rare the precipitation event at Dongang on 8
July 2019 is, we estimated the 99th percentile of daily precipita-
tion during June-September based on IMERG during 2000-20
(Fig. 3). The 99th percentile at a grid nearest Dongang was
54.5 mm dayfl. Moreover, the maximum 99th percentile around
the rain gauge stations (domain of Fig. 1b corresponding to the
blue rectangle in Fig. 3) was 66.8 mm day'. Thus, the precipita-
tion event highlighted in this paper (1124 mm day™!) can be
regarded as an extreme event.

Next, to examine the diurnal cycle of the observed precipi-
tation around the day of the heavy precipitation event, we
plotted the time series of hourly precipitation observed at the
six rain gauge stations from 8 to 9 July 2019 in Fig. 4. First, we
checked the diurnal variation in precipitation at Dongang

(Fig. 4d). We did not observe any precipitation between 0000
and 1200 LT 8 July 2019; however, it started from 1200 LT
8 July 2019. We then noticed that the precipitation rapidly
increased at approximately 1800 LT 8 July 2019. Between
2000 and 2200 LT 8 July 2019, we observed intense precipita-
tion continuously exceeding 15 mm h™!. More specifically, we
found that the maximum value of hourly precipitation was re-
corded at 2100 LT (accumulated precipitation from 2001 to
2100 LT; 24.0 mm h™') 8 July 2019. Interestingly, the cumula-
tive 4-h precipitation value between 1901 and 2300 LT was
81 mm, accounting for 72% of the daily precipitation on
8 July 2019. Thus, we concluded that most of the precipita-
tion on 8 July 2019, occurred between 1900 and 2300 LT.

Next, we checked the time variation in the precipitation re-
corded at rain gauges other than that at Dongang. We noticed
an increase in precipitation (<5 mm h™') at Beding (Fig. 4e)
and Na (Fig. 4f) between 1900 and 2300 LT 8 July 2019. De-
spite being weaker, the time variation in the precipitation at
Beding and Na resembled that at Dongang. Since the linear
distance from Dongang to Beding and Na is 8.85 and 13.95 km,
we can speculate that a core of convective cells within a precipi-
tation system just passed over Dongang and its stratiform por-
tion passed over Beding and Na considering the structures of
mesoscale convective systems (e.g., Parker and Johnson 2000).
In contrast, the time variation in the precipitation at Singati
(Fig. 4a), Gongar (Fig. 4b), or Simigaun (Fig. 4c) was not similar
to that at Dongang.

To examine the features of a cloud system causing precipi-
tation at Dongang, we analyzed the horizontal distribution of
infrared brightness temperature from Meteosat from 1700 LT
8 July 2019 to 0000 LT 9 July 2019, as shown in Fig. 5. We
found that just before the time of intense precipitation at
Dongang (1800 LT 8 July 2019), a zonally elongated cloud
system appeared on the southern side of Dongang (Fig. 5b).
This cloud system was characterized by convective towers
(brightness temperature < 232 K). Moreover, we can see the
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F1G. 5. (a)~(h) Maps of infrared brightness temperature derived from Meteosat from 1700 LT 8 Jul 2019 to 0000 LT 9 Jul 2019.
The black cross indicates Dongang.

relatively high brightness temperature region (=232 K), which
corresponds to the stratiform portion of the system, around the
convective towers. This system moved northward from 1900 LT
8 July 2019 (Figs. 5c—f). Interestingly, the convective towers
passed over Dongang around the time (Figs. 5d,e) when the
maximum hourly precipitation was observed at Dongang
(2001-2100 LT). Thus, we believed that the convective tow-
ers brought the heavy precipitation at Dongang, and its strat-
iform portion resulted in the weaker precipitation at Beding
and Na. The cloud system dissipated after 2300 LT (Figs. S5g,h).
Precipitation exceeding 5 mm h™! was observed at Dongnag
from after 2300 LT 8 July to 0300 LT 9 July (Fig. 4d), although
significant cloud systems were not seen around Dongang in
Fig. 5. Local enhancement of precipitation near Dongang or
lower clouds along the valley may be related to the precipita-
tion after 2300 LT.

Our analysis of the hourly precipitation data revealed that
intense precipitation between 1900 and 2300 LT accounted
for 72% of the daily precipitation on 8 July 2019 at Dongang
(Fig. 4d). The horizontal distribution of the brightness tem-
perature from Meteosat demonstrated that the convective
towers within the zonally elongated cloud system passed over
Dongang during the time of intense precipitation at Dongang
(Figs. 5c-g). In section 5, we examine the features of this
system using a cloud-resolving simulation.

4. Synoptic-scale environment of the heavy
precipitation event

We investigated the synoptic-scale atmospheric environ-
ment of heavy precipitation at Dongang using ERAS. Figure 6
shows the horizontal distribution of total column water vapor
(TCWYV) anomalies as well as the geopotential height and
horizontal wind at 500 hPa on 6, 8, 10, and 17 July 2019. We
selected these days because 6 and 10 July are the days of the

genesis and dissipation of a monsoon LPS, 8 July is the day
of the heavy precipitation, and 17 July is the driest day in
July 2019 around the Rolwaling valley, as mentioned in detail
later. We observed that a monsoon LPS was present to the
southwest of the Rolwaling valley region (orange rectangle in
Fig. 6b) on 8 July 2019, when heavy precipitation occurred at
Dongang (Fig. 6b). The track of this LPS is also shown in
Fig. 6. The track data were derived from the global track
dataset of monsoon low pressure systems (Vishnu et al. 2020a,b).
This LPS appeared over the eastern part of India at 0900 LT
8 July 2019 (Fig. 6a). Then, it migrated northwestward
(Figs. 6a—c), finally dissipating at 1700 LT 10 July 2019
(Fig. 6¢c). Of note, the features of the genesis, dissipation,
and migration of this LPS roughly corresponded to those of
LPSs indicated in previous studies (Hatsuzuka et al. 2014;
Hunt et al. 2016; Vishnu et al. 2020a).

We detected the presence of positive TCWV anomalies
around the center of the LPS (Figs. 6a—c). This suggested that
humid air was transported into the Rolwaling valley region
by southeasterly winds over the northeastern quadrant of the
LPS on 8 July 2019 (Fig. 6b). Indeed, the northwestward
moisture fluxes were evident to the south of the Rolwaling
valley region. The TCWV anomalies exceeded 2 kg m™~ 2 around
the Rolwaling valley on 8 and 10 July 2019 (Figs. 6b,c).

To assess the time variation in the content of water vapor
around the Rolwaling valley, we explored the day-to-day vari-
ation in TCWYV regionally averaged over the open orange box
in Fig. 6 in July 2019, as illustrated in Fig. 7. We found that
the regionally averaged TCWV was increased from ~24 to
~26 kg m~2 between 7 and 8 July. As shown in Fig. 6b, this
increase in the quantity of water vapor appeared to be caused
by the transport of LPS moisture. The maximum value of
TCWYV in July 2019 was recorded on 8 July. The relatively
high TCWYV values continued until 13 July, whereas they rap-
idly decreased after that date. Subsequently, the minimum
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FIG. 6. (a)—(d) Maps of total column water vapor (TCWV) anomalies (shading; kg m™~2), vertically integrated hori-

zontal moisture fluxes (arrows; kg m™!

s71), and 500-hPa geopotential height (contours; m) on 6, 8, 10, and

17 Jul 2019. The contour interval is 15 m. Moisture fluxes = 100 kg m ™' s~ ! are not shown. Daily mean ERAS5 data
were used to create these panels. Anomalies are deviations from the monthly mean in July 2019. An orange rectangle
and a yellow line indicate the Rolwaling valley region (area of Fig. 1b, which roughly corresponds to the location of
our rain gauge stations) and the hourly track of a monsoon low pressure system (LPS), respectively. The yellow closed
circle indicates the central location of the LPS at 0900 LT 6 Jul, 0600 LT 8 Jul, and 1700 LT 10 Jul in (a)—(c), respec-
tively. Figure 8 was created along the red lines a—a’ and b-b’ in (b).

TCWYV value in July 2019 was observed on 17 July. On
17 July, we did not observe any LPS around the South Asia
region, while westerly winds associated with negative TCWV
anomalies prevailed over the Rolwaling valley region, as
shown in Fig. 6d. Our findings suggest that the increase in the
content of water vapor in the valley was induced by the
synoptic-scale circulation associated with the monsoon LPS.
To further examine the influence of the LPS on atmo-
spheric conditions, we created vertical cross-sectional maps of
meteorological elements along the lines a—a’ and b-b’ de-
picted in Fig. 6b (Fig. 8). Line a—a’ zonally crosses the LPS
center, whereas line b-b’ meridionally crosses the Rolwaling
valley region. We observed the presence of water vapor
anomalies from the surface to 300 hPa around the LPS center
(Fig. 8a). The raw water vapor value (black contour) was
higher near the surface, while the maxima of these anomalies
(shading) were found at approximately 500 hPa. In addition,
we noticed a salient upward motion around these water vapor
anomalies (Fig. 8a). It is thus conceivable that the upward
motion, which was forced by frictional convergence near the

surface and convection organizing within the LPS system
(Hunt et al. 2016; Fujinami et al. 2020; Diaz and Boos 2021),
created water vapor anomalies in the middle troposphere by
lifting the humid air near the surface. We found that the maxima
of anomalies of equivalent potential temperature (6,) occurred
at approximately 500 hPa around the LPS center (Fig. 8b). The
6, value (black contour) was also higher around the positive 6,
anomalies. As the locations of the maxima of 6, anomalies
(Fig. 8b) well matched those of water vapor anomalies (Fig. 8a),
the increase in the water vapor quantity seemed to be respon-
sible for the formation of these positive 6, anomalies.

The features of water vapor and 6, anomalies shown in the
vertical cross-sectional maps along line a-a’ (Figs. 8a,b) were
also seen in the vertical cross-sectional maps along line b-b’
(Figs. 8c,d). Moreover, Figs. 8c and 8d show that the southerly
winds associated with the LPS were dominating around the
positive water vapor and 6, anomalies to the south of the ob-
servation stations in the middle troposphere (400-600 hPa).
Of note, the light blue dashed line in Figs. 8c and 8d is drawn
along the latitude of the rain gauge at Dongang. These results
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FIG. 7. Time series of daily TCWV averaged over the open orange box in Fig. 6 during July 2019.

suggested that the LPS circulation advected the air associated
with the positive water vapor and 6, anomalies into the
Rolwaling valley region in the middle troposphere.

To verify the role of the LPS circulation in transporting air
into the region around the rain gauge stations, we conducted
a backward trajectory analysis using the ERAS dataset. We

set the initial points of air parcels around the observation sta-
tions between 400 and 550 hPa. White dots in Figs. 8c and 8d
correspond to the initial points. The initial time of the trajec-
tory analysis was 2100 LT 8 July 2019, at the time of increased
precipitation at Dongang (Fig. 4d). The modified Euler
method was adopted as the time integration scheme, and

ERAS on JUL 8, 2019
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FIG. 8. (a) Longitude-height cross-sectional map of water vapor mixing ratio (contours; g kg™"), its anomaly

(shading; g kg 1), and zonal and vertical winds (arrows) on 8 Jul 2019, along the red dashed line a—a’ in Fig. 6b.
Reference arrows for zonal and vertical winds are 10 m s~ and 1 Pa s™!, and the contour interval is 2 g kg~ .
Daily mean ERAS data were used to create this map. Anomalies are deviations from the monthly mean in July 2019.
(b) As in (a), but for equivalent potential temperature 6, (contour; K) and its anomaly (shading; K). The contour
interval is 2 K. (c),(d) As in (a) and (b), but for latitude-height cross-sectional map along the red dashed line b-b’
in Fig. 6b, with meridional and vertical winds (arrows). The light blue dashed line illustrates the latitude of Dongang,
and white closed circles indicate the initial locations of air parcels of a backward trajectory analysis.
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FIG. 9. Backward trajectories of air parcels calculated from
2100 LT 8 Jul 2019. Closed circles indicated the location of the parcels
at 1700 LT 5 Jul 2019. The initial locations of parcels correspond to
the closed white circles in Figs. 8c and 8d. The color of lines and
circles denotes the heights (m) of air parcels. This map also shows
geopotential height (contours; m) and horizontal wind vector
s(arrows; m s~ ') at 700 hPa of ERAS averaged from 6 to 7 Jul 2019.

linear interpolation was used for the spatiotemporal interpo-
lation of the data. The time integration of this analysis was ex-
ecuted in 1-min intervals.

Figure 9 illustrates the results of our backward trajectory
analysis. We found that most air parcels moved from the
Arabian Sea to the Bay of Bengal via large-scale monsoon cir-
culation, and then northwestward from the head of the Bay of
Bengal to the LPS, where they were trapped. Most parcels as-
cended from lower (<3000 m) to higher altitudes (>4500 m)
around the center of the LPS. As shown in Fig. 8, the ascen-
sion of these parcels was caused by the upward motions in the
vicinity of the LPS center. Finally, we noticed that the parcels
migrated northward over the northeastern quadrant of the
LPS, reaching the region around the observation stations.

Next, to understand the moisture transport relevant to the
air parcels, we examined the time evolution of the water vapor
content of typical parcels. We regarded parcels located within

(a)Ensemble—mean trajectory of air parcels
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the green open box (89°-91°E, 20°-24°N) in Fig. 9 at 1700 LT
5 July 2019. Consequently, 16 parcels were extracted as typical
parcels (24 parcels in total). Figures 10a and 10b show the en-
semble-mean trajectory of the typical parcels and the time evo-
lution of the ensemble mean of their moisture content. When
the parcel migrated from the Arabian Sea to the Bay of Bengal,
the moisture content was about 16 g kg™ '; its variability was
small (A—C in Fig. 10). As the parcel approached the continent,
the moisture content decreased (C-D in Fig. 10). Moreover,
while the parcel was incorporated into the LPS and then as-
cended, its moisture content further dropped (D-F in Fig. 10).
This moisture decrease is seemingly due to condensation and
the entrainment of the dryer air from the middle troposphere
(Figs. 8a,c). Bohlinger et al. (2017, 2019) pointed out that mois-
ture supply from the continent influenced heavy precipitation in
Nepal. On the other hand, the parcels related to the heavy pre-
cipitation in question cannot receive moisture from the conti-
nent because most of the air parcels were located above a height
of 1500 m (i.e., free atmosphere) during their passage over the
continent (Figs. 9 and 10). These results suggest that the mois-
ture transport from the Indian Ocean is pivotal to the heavy pre-
cipitation highlighted in this paper.

Our trajectory analysis also showed that the circulation of
the LPS plays a vital role in the transport of moist and high
0, air into the Rolwaling valley region. Thus, the LPS likely
caused an increase in the quantity of water vapor around the
Rolwaling valley on the day of heavy precipitation through
the three-dimensional (3D) transport of moisture. In the next
section, we examine the mechanism of occurrence of a meso-
scale system that causes heavy precipitation in this synoptic-
scale environment.

5. Mesoscale precipitation system causing the heavy
precipitation event

Based on the results of the cloud-resolving numerical simu-
lation introduced in section 2d, we examined the mesoscale
features of a weather system related to heavy precipitation.

(b)Time evolution of ensemble—mean moisture content
16
14
12
10

Water vapor mixing ratio (g/kg)

5JUL

Time(LT)

6JUL

F1G. 10. (a) Asin Fig. 9, but for the ensemble-mean trajectory of typical air parcels. (b) Time series of the ensemble
mean of water vapor mixing ratio of typical air parcels. Symbols A-E in (b) correspond to the locations of the parcels

depicted in (a).
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FI1G. 11. (a) Map of infrared brightness temperature (shading; K) of Meteosat with geopotential height (contours; m)
and horizontal wind vector (arrows; m s~ ') at 500 hPa of ERAS at 2000 LT 8 Jul 2019. The model domain of the nu-
merical simulation is shown in the white rectangle. Green closed circle indicates Dongang. (b) Topographic map of the
region enclosed by the blue line in (a) in the numerical simulation. Closed circles indicate the locations of rain gauge

stations.

Figure 11a shows the simulation domain (white rectangle)
and the location of Dongang (green closed circle) along with
meteorological conditions at 2000 LT 8 July 2019. The model
domain covers the Rolwaling valley region and the region of
the generation of the cloud system mentioned in section 3
(Fig. 5). Figure 11b shows the horizontal topographic distribu-
tion in the numerical simulation in the region enclosed by the
blue line shown in Fig. 11a. The valley, in which rain gauges
were installed, was roughly resolved.

Figure 12 shows the simulation of the horizontal distribu-
tion of surface precipitation and 400-hPa horizontal wind vec-
tors from 1700 LT 8 July to 0000 LT 9 July 2019. Precipitation
occurred around a mountain ridge (cross in Fig. 11b) on the

upwind side of Dongang (green closed circle in Fig. 12) at
1700 and 1800 LT (Figs. 12a,b). The zonally extending precip-
itation system developed around the south side of the obser-
vation stations at 1900 LT (Fig. 12c). Interestingly, we noticed
that the zonally extending structure of the precipitation band
seemed to be influenced by topography, because it formed
along the slope of the mountains (Fig. 11b). The precipitation
system migrated northward and then passed over Dongang at
approximately 2000 LT 8 July. Subsequently, the system
moved farther northward and dissipated (Figs. 12e-h).

Next, we compared the time series of hourly precipitation
observed at our rain gauge stations on 8 July with the simu-
lated hourly precipitation at the grids nearest these stations,
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FIG. 12. (a)—(h) Maps of surface precipitation (shading; mm h™') and horizontal wind vectors at 400 hPa (arrows; m s~ ') in the numerical
simulation from 1700 LT 8 Jul 2019 to 0000 LT 9 Jul 2019. The green closed circle indicates Dongang.
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FIG. 13. Time series of hourly precipitation at (a) Singati, (b) Gongar,

(c) Simigaun, (d) Dongang, (¢) Beding, and (f) Na on 8 Jul 2019. Light

blue bars and red open stars indicate the simulation and observation, respectively.

to validate the reproducibility of precipitation amount in the
numerical model (Fig. 13). The simulation showed no rain
on the day at Singati, Gongar, and Simigaun (Figs. 13a—c).
Moreover, the model simulated the increase in the precipita-
tion during 1900-2300 LT at Dongang, Beding, and Na
(Figs. 13d-f). However, the simulation underestimated the pre-
cipitation at Dongang, while it overestimated the precipitation
at Beding and Na. The cumulative 4-h precipitation value dur-
ing 19002300 LT was 25.4 mm at Dongang in the simula-
tion, which is merely 31% of the value observed (81 mm) in
section 3. In the model, the maximum value of hourly pre-
cipitation (17.8 mm h™') was recorded at Na at 2000 LT
(Fig. 13f). This value is 74% of the observed maximum
(24 mm h™') at Dongang. Thus, the simulation roughly
reproduced the intense hourly precipitation in the Rolwaling
valley, although its location deviated from the observation of

rly precipitation
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FIG. 14. Maps of hourly precipitation at the surface (shading; mm)
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about 10 km (since the linear distance between Dongang and
Na is 13.95 km).

To consider the abovementioned difference in the precipi-
tation amount at Dongang, Beding, and Na in the simulation,
we indicate the horizontal distribution of hourly precipitation
at the surface at 1900 and 2000 LT and topography around
the Rolwaling valley (Fig. 14). Around 1900 and 2000 LT, pre-
cipitation was enhanced locally around the mountain ridge on
the upstream side of Beding and Na (=15 mm h™'). On the
other hand, precipitation around Dongang was relatively
weak (<10 mm h™'). Consequently, the precipitation amount
during 1900-2300 LT was lower at Dongang than at Beding
and Na in the simulation. The surface precipitation occurred
along mountain ridges all around the modeled area, suggest-
ing that topography-induced ascent triggered the occurrence
of precipitation. Thus, the structure of the topography and its

LT 08) (¢c) Topographic map
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27.6N -
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and horizontal wind vectors at 400 hPa (arrows; m s~ ') in the numer-

ical simulation at (a) 1900 LT and (b) 2000 LT 8 Jul 2019. (c) Topographic map in the numerical simulation. Closed circles indicate the lo-

cations of rain gauge stations.
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FIG. 15. (a)~(f) Vertical cross-sectional map of 6, (shading; K), winds (arrows; m s~ 1), and total mixing ratio of precipitating hydrome-
teors (contour; g kg~ ') along the red line illustrated in Figs. 11b and 12a—f from 1700 to 2200 LT 8 Jul 2019. The red dashed line illustrates
the latitude of Dongang. Reference arrows for horizontal and vertical winds are 10 and 5 m s~ 1. The contour interval is 0.3 g kg%, with
the zero contour being suppressed. (g)—(1) Magnitude of surface sensible heat fluxes (red line), latent heat fluxes (blue line), and the sum
of these fluxes (yellow shading) under the red line illustrated in Figs. 11b and 12a—f at each time.

impact on the atmosphere in the numerical simulation seems
to influence the reproducibility of the precipitation in the
simulation.

We found that the time at which the simulated precipitation
system passed over Dongang roughly corresponded to that of
intense precipitation at the rain gauge of Dongang (Figs. 4,
12, and 14). Moreover, the behavior of the simulated precipi-
tation system resembled that of the observed cloud system
passing over Dongang during the intense precipitation event
(Figs. 5 and 12). Although it was underestimated, the precipi-
tation increase during 1900-2300 LT was also simulated at
Dongang in the simulation (Fig. 13). This underestimation
may be due to the different locations of the intense precipita-
tion area between the simulated and observed data (Fig. 14).
These comparisons between the simulation and observations
suggested that the numerical simulation successfully repro-
duced the features of the precipitation system causing heavy
precipitation at Dongang. Therefore, we further explored the

processes that caused the development of the precipitation
system.

To examine the features of the precipitation system, we an-
alyzed the vertical cross section of 6, (shading), winds (ar-
rows), and total mixing ratio of precipitating hydrometeors
(contour) along the red line illustrated in Figs. 11b and 12a—f
from 1700 to 2200 LT 8 July 2019, as shown in Figs. 15a-f.
The red dashed line in Figs. 15a—f illustrates the latitude of
Dongang. Figures 15g-1 illustrates the magnitude of the sur-
face sensible and latent heat fluxes (red and blues lines) and
their sum (yellow shading) along the red line in Figs. 11b and
12a—f. The location of a mountain ridge on the upwind side of
the observation stations (Figs. 15a-f) is also confirmed in
Fig. 11b. We observed that the southeasterly flow horizon-
tally transported the air associated with a relatively low 6,
(<358 K) into the mountain ridge from the southern side
within the middle troposphere (Figs. 15a—f), while the atmo-
spheric boundary layer was modified by the heat fluxes from
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Vertical cross—sectional map of relative humidity
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FI1G. 16. (a)—(c) As in Figs. 15c-e, but for relative humidity (RH; shading; %). (d)-(f) As in Figs. 15c—e, but for potential temperature 6
(shading; K).

the land surface around the mountain ridge from 1700 to
1900 LT (Figs. 15¢-i). We further observed that the magni-
tudes of the sensible and latent heat fluxes were comparable
(~150 W m™?). As a result of the modification of the boundary
layer, the convectively unstable conditions (36,/0z < 0) were
enhanced near the surface at approximately 1800 LT (Fig. 15b).
Accordingly, the enhanced instability was released, and the
formation of precipitating hydrometeors was promoted in the
vicinity of the mountain ridge around 1900 LT 8 July 2019
(Fig. 15¢). The ascent forced by topography and thermal convec-
tion presumably brought about the release of instability. The
timing of the precipitation intensification corresponded well with
the time of increased surface precipitation (see Figs. 12c and 13).
We then noticed that the total heat flux became ~0 W m ™~ after
2000 LT (Figs. 15j-1). Moreover, we did not observe the forma-
tion of convectively unstable conditions and associated pre-
cipitation intensification after this rapid decrease in heat fluxes
(Figs. 15¢,f). Instead, we found that the precipitation system,
which developed around the mountain ridge at 1900 LT
(Fig. 15¢c), was pushed poleward by the convectively stable
layer intruding from the south from 2000 LT (Figs. 15d—f).
Consequently, the precipitation system migrated poleward and
passed around Dongang between 2000 and 2100 LT (Figs. 15d.e).

To further explore the structure of the precipitation system,
we also made the vertical cross-sectional map with respect to
relative humidity (RH; Figs. 16a—c) and potential temperature 6
(Figs. 16d-f) at 1900, 2000, and 2100 LT 8 July 2019.

Around the precipitation system, the RH exceeded 85%
from the surface to the 300-hPa level (Figs. 16a—c). The at-
mospheric condition below the 400-hPa level was almost
saturated (RH = 95%), which seems to be related to the 3D
synoptic moisture transport by the monsoon LPS as indicated
in section 4. Mesoscale convective systems occurring in the
central United States often attend gust fronts induced by la-
tent cooling due to the evaporation of precipitation, and the
fronts trigger the occurrence of new convective cells within
the systems (e.g., section 9 in Markowski and Richardson
2010). However, such a saturated condition associated with
the system in question is unfavorable for latent cooling due to
the evaporation of precipitation hydrometeors. In fact, we
cannot see the 6 structure related to the cold pool and gust
fonts under the system (Figs. 16d-f). These results also sug-
gest that topographic lifting triggers the occurrence of the pre-
cipitation system as discussed above in Figs. 14 and 15.

To explore the cause of the drastic decrease in the surface
heat fluxes after 1900 LT 8 July 2019, as shown in Figs. 15i
and 15j, we examined the time series of land surface tempera-
ture (Fig. 17a), temperature in the bottom layer of the atmo-
sphere in the simulation (Fig. 17a), and the differences
between them (Fig. 17b) at a location around the mountain
ridge on the upwind side of the rain gauge stations (cross in
Fig. 11b). We observed that on 8 July 2019, the diurnal range
of the temperature at the bottom layer of the atmosphere was
~2 K (blue dashed line in Fig. 17a), whereas that of the land
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F1G. 17. (a) Time series of air temperature in the bottom layer of the model (red line) and
land surface temperature (dashed blue line) in the numerical simulation at a location indicated by a
cross in Fig. 11b on 8 Jul 2019. (b) Time series of the difference between the surface and air tempera-
ture in the bottom layer. The difference was calculated by subtracting the latter from the former.

surface temperature was ~9 K (red line in Fig. 17a). Thus, the
diurnal range of the surface temperature was greater than
that of the air temperature. The surface temperature reached
its maximum at 1100 LT and decreased thereafter, dropping
rapidly from 1800 LT onward owing to sunset. The difference
between the surface and air temperature was also rapidly de-
creased after 1800 LT (Fig. 17b), which was attributed to the
decrease in the surface temperature. After 1900 LT, the dif-
ference was <1 K. These findings suggested that the rapid de-
cline in the land surface temperature due to sunset reduced
the difference between the surface and air temperature, even-
tually causing a rapid decrease in the surface heat fluxes after
1900 LT. Although we focused on the elements relevant to
the surface sensible fluxes in Fig. 17, the diurnal variation in
the surface latent heat fluxes was also mainly caused by the di-
urnal variation in the surface temperature (not shown).

6. Discussion

a. Synoptic-scale atmospheric environmental field of
heavy precipitation

Here, we discuss the synoptic-scale atmospheric environ-
mental field of heavy precipitation at Dongang on 8 July 2019,
based on the results shown in section 4. The monsoon LPS
was situated around northeastern India to the southwest of
Dongang on the day of the heavy precipitation event (Fig. 6b).

The results obtained from ERAS indicated that LPS played a
dual role in the formation of the environmental field suitable for
the occurrence of heavy precipitation.

The first role was to moisten the troposphere. More speci-
fically, the ascent associated with the LPS transported the
near-surface moisture vertically (Figs. 8-10). Consequently,
positive anomalies in the water vapor were evident from the
surface to the upper troposphere around the LPS (Figs. 8a,c).
Moreover, the increase in the quantity of water vapor led
to an increase in 6, (Figs. 8b,c). Therefore, the positive water
vapor anomalies and 6, were especially high in the middle
troposphere at approximately 500 hPa (Fig. 8).

The second role was to transport moist air into the region
around the rain gauge stations. The LPS created cyclonic cir-
culation in the middle troposphere over northeastern India on
the day of heavy precipitation (Figs. 6b, 8, and 9). As the at-
mospheric conditions in the middle troposphere around the
LPS were characterized by increased moisture, the cyclonic
circulation of the LPS horizontally imported moist air into the
region around the observation stations in the middle tropo-
sphere (Figs. 8-10). These successive LPS-induced processes
increased the moisture content around the observation sta-
tions (Fig. 7), creating an environmental field favorable for
the occurrence of heavy precipitation.

Bohlinger et al. (2017) pointed out that LPSs and middle
tropospheric troughs were related to synoptic-scale conditions
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September 2019.

leading to heavy precipitation events in the Nepal Himalayas.
Bohlinger et al. (2019) suggested that a Rossby wave train in
midlatitudes sustained a middle tropospheric trough around
Nepal. Consistent with Bohlinger et al. (2017), our results
showed that LPS was involved in the synoptic-scale conditions
of heavy precipitation at Dongang on 8 July 2019. However,
we did not detect the influence of a middle tropospheric
trough in our study (Fig. 6). Additionally, a Rossby wave
train was not found around Nepal on 8 July 2019 (data not
shown). Moreover, Bohlinger et al. (2017, 2019) indicated
that the zonal wind component was westerly around the
Nepal Himalayas in the middle troposphere, which is related
to the break condition of the Indian summer monsoon (e.g.,
Joseph and Sijikumar 2004), when heavy precipitation oc-
curred. In contrast, the zonal wind component was easterly
around the Nepal Himalayas on the day of heavy precipita-
tion (Fig. 6b). The synoptic condition of our event (Figs. 6
and 9) was characterized by the flow pattern of the active
condition of the Indian summer monsoon (e.g., Joseph and
Sijikumar 2004). The comparisons between our study and previ-
ous studies show the diversity of synoptic-scale atmospheric envi-
ronmental fields of heavy precipitation in the Nepal Himalayas.
Thus, to further deepen our understanding of synoptic-scale con-
ditions related to heavy precipitation in the Himalayas, we should
perform pattern classification of synoptic-scale conditions and ex-
amine the features of each pattern.

Our results suggested that heavy precipitation in the
Himalayas was related to the 3D moisture transport associ-
ated with LPSs. Dong et al. (2016) also pointed out that 3D
moisture transport influenced summer rainfall variability over
the southwestern Tibetan Plateau. Dong et al. (2016) indi-
cated that convective systems lifted moist air from the surface

over central-eastern India, which was then advected into the
southwestern Tibetan Plateau by middle-tropospheric circula-
tion (see Fig. 7 in Dong et al. 2016). They emphasized that
such processes contributed to an increase in precipitation
over the southwestern Tibetan Plateau. Moreover, they sug-
gested that monsoon LPSs were involved in the organization
and development of convective systems over central-eastern
India. Although the focus areas differ between Dong et al.
(2016) and our study, our results (Figs. 8-10) were similar to
the mechanism of 3D moisture transport in the high-altitude
region discussed by them. Moreover, previous studies (Lang
and Barros 2002; Barros et al. 2004; Ueno et al. 2008; Sugi-
moto et al. 2021) reported that precipitation in the Himalayas
was increased when monsoon LPSs were situated to the south
of the Himalayas. Increases in precipitation examined in the
aforementioned studies might have also been related to the
LPS-driven 3D moisture transport proposed in our study.
These similarities between this and previous studies suggested
that the LPS-driven 3D moisture transport has a vital role in
the occurrence of heavy precipitation and increase in precipi-
tation in the high-altitude region over South Asia, including
the Himalayas and the Tibetan Plateau.

Our rain gauge network captured heavy precipitation ex-
ceeding 100 mm day ! not only at Dongang but also at Singati
(1001 m above sea level), which is the lowest-altitude station
of the six stations (Fig. 1b and Table 1), during June-Septem-
ber 2019 (Fig. 2). Daily precipitation of 105.4 mm day ! was
observed at Singati on 11 September 2019 (Fig. 2). It may be
meaningful to compare the synoptic features of the heavy pre-
cipitation at Dongang with those at Singati. Thus, we, here,
briefly introduce the synoptic environment of the heavy pre-
cipitation at Singati (Fig. 18). The TCWV anomalies exceeded
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2 kg m~? around the Rolwaling valley on the day of the heavy
precipitation at Singati. The magnitude of the TCWV anom-
aly is comparable with that of the heavy precipitation that oc-
curred at Dongang (Fig. 6b). Moreover, a monsoon LPS was
located around the head of the Bay of Bengal on 11 September.
Although the center of the LPS is located far from the rain
gauge stations as compared with that on 8 July, the circulation
associated with this LPS seems to contribute to the increase in
the moisture around the rain gauge stations on 11 September.
Moisture fluxes to the south of the Rolwaling valley were weak
on 11 September, as compared with those on July 8 (Fig. 6b).
This is due to the long distance between the valley and the LPS
center. Such synoptic conditions on 11 September may favor
the occurrence of a mesoscale system producing heavy pre-
cipitation at Singati. We will examine the mesoscale system
related to the heavy precipitation at Singati in detail in a sep-
arate paper, as such analyses are beyond the scope of this
study.

b. Mesoscale precipitation system causing heavy
precipitation

Here, we discuss the mesoscale precipitation system pro-
ducing heavy precipitation at Dongang based on the results
derived from the cloud-resolving numerical simulation shown
in section 5. Heavy precipitation occurred in an environment
where the moist southeasterly winds blew against the eastern
Nepal Himalayas in the middle troposphere, as discussed in
section 6a. Atmospheric conditions were convectively stable
on the upwind side of the eastern Nepal Himalayas within the
middle troposphere (Fig. 15). However, the bottom of the con-
vectively stable layer received heat and moisture from the land
surface around the mountain ridge on the upwind side of Don-
gang (Figs. 15a—). Consequently, convectively unstable condi-
tions were formed and enhanced over the mountain ridge until
1800 LT 8 July 2019 (Fig. 15b). Owing to the release of en-
hanced convective instability, the mesoscale precipitation system
rapidly developed after 1900 LT 8 July 2019 (Figs. 15c,d). The
topography-induced ascent seems to trigger the release of the
instability (Figs. 14-16). The land surface temperature was
drastically decreased after 1800 LT 8 July 2019, owing to
sunset (Fig. 17), suppressing heat fluxes from the land surface
to the atmosphere (Figs. 15g-1). Because of the weakening of
heat fluxes, the enhanced convective instability was not observed
around the eastern Nepal Himalayas (Figs. 15¢f). As a result,
the southeasterly winds associated with the convectively stable
layer pushed the mesoscale precipitation system poleward,
which then passed over Dongang around 2000-2200 LT
8 July 2019 (Figs. 15d-f). The timing of the passage of the
system over Dongang roughly corresponded to the timing of
the increase in precipitation observed at Dongang during
1900-2300 LT 8 July 2019 (Figs. 4d and 13d). Thus, we con-
cluded that the mesoscale precipitation system caused the
heavy precipitation at Dongang.

We highlight that the diurnal variation in surface heat fluxes
over the Himalayas is a key factor driving the development
and migration of mesoscale precipitation systems. Although
some previous studies reported that mesoscale precipitation
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systems brought precipitation in the Himalayas (Romatschke
and Houze 2011; Rasmussen and Houze 2012) and Nepal
(Bohlinger et al. 2019), they did not consider the influence of
diurnal variation of surface heat fluxes over the Himalayas on
these systems. Our study suggested that the role of surface
heat fluxes is important for a better understanding of the
mechanism behind the occurrence of mesoscale precipitation
systems in the Himalayas.

Similar to Dongang, a less intense increase in precipitation
during 1900-2300 LT 8 July 2019, was also observed at Beding
and Na (Figs. 4e.f). However, such an increase in precipitation
was not observed at Singati, Gongar, and Simigaun (Figs. 4a—).
The observed features of the precipitation were well simu-
lated by our simulation (Fig. 13). Considering the mechanism
of the precipitation system and the width of the valley might
help us understand the regional differences in precipitation
variations. The width of the valley floor in which Dongang,
Beding, and Na are situated is narrow. Thus, a precipitation
system developing over the mountain ridges on the upwind
side will reach these stations before it dissipates as shown in
Fig. 14. On the other hand, the width of the valley is wider
around Singati, Gongar, and Simigaun. Because the distance
from Singati, Gongar, and Simigaun to the mountain ridges
on the upwind side is greater, a precipitation system growing
around the mountain ridges will likely dissipate before reach-
ing these points. Although precipitation exceeding 5 mm h™!
was simulated around the mountain ridge on the upstream
side of Singati at 1900 LT July 2019 (Fig. 14a), the precipita-
tion at Singati was very weak (<0.5 mm h™'; Fig. 13a). Thus,
we believe that the width of the valley is the key factor lead-
ing to the regional differences in precipitation variations.

As shown in Fig. 4, heavy precipitation was mainly ob-
served at night, consistent with the nighttime peak of the diur-
nal precipitation cycle in the Nepal Himalayas (Fujinami et al.
2021). The climatological mean diurnal precipitation cycle
around the higher-elevation stations such as Dongang, Be-
ding, and Na showed two peaks: one is at 1500-1700 LT, and
the other is at 2300-0200 LT (Fujinami et al. 2021). The up-
slope flow due to the heated slope surface is responsible for
the precipitation peak in the afternoon, while the nocturnal
acceleration of low-level monsoon flow from the Gangetic
Plain causes large-scale moisture convergence around the
slopes leading to the nocturnal precipitation peak (Fujinami
et al. 2021, 2022b). On 8 July, precipitation was suppressed in
the afternoon, whereas precipitation reached its maximum
earlier than the climatological nocturnal precipitation peak
at Dongang (Fig. 4). Stronger synoptic-scale wind conditions
by the LPS might suppress thermally driven slope winds in the
daytime more than usual, enhancing the large-scale nocturnal
monsoon southerlies from the lower to middle troposphere re-
sulting in an earlier and larger maximum of precipitation at
Dongang. The mechanism by which the interaction between the
diurnal cycle and LPS promotes heavy precipitation events re-
mains an important issue for future research.

The behavior of the simulated precipitation system effec-
tively explains the time variation in the precipitation observed
at Dongang. However, this cannot explain the particularly in-
tense precipitation occurring at Dongang relative to Beding
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and Na. Our simulation also cannot reproduce the stronger pre-
cipitation at Dongang than at Beding and Na (Figs. 13 and 14).
There are two possible explanations for this. First, it might be
difficult to reproduce the behavior of individual convective cells
within a precipitation system in a numerical simulation. Second,
a more local effect, which cannot be resolved in our simulation
with a horizontal resolution of 0.02°, might have caused the
local enhancement of precipitation at Dongang. Further under-
standing the precipitation features around the Rolwaling
valley region, which is characterized by complicated geogra-
phy, will require more high-resolution numerical simula-
tions and highly dense observations. We plan to address this
issue through a new Asian regional hydroclimatological pro-
ject, termed the Asian Precipitation Experiment (AsiaPEX;
Terao et al. 2023).

7. Summary

We conducted in situ observations of surface precipitation
along the Rolwaling valley in the eastern Nepal Himalayas in
the summer of 2019 under an international collaborative re-
search project between Japan and Nepal, HIPRECS. Our re-
search captured a heavy precipitation event (112.4 mm day ')
at Dongang at an elevation of 2790 m (Figs. 1 and 2). This
event can be regarded as an extreme event (Fig. 3). Here, we
attempted to reveal some aspects of this heavy precipitation
event and explore the multiscale processes leading to this
event by utilizing observations, reanalysis data, and a regional
cloud-resolving numerical simulation. The main findings of
this study are summarized as follows.

e Especially intense precipitation (81 mm) was observed at
Dongang during 19002300 LT 8 July 2019 (Fig. 4). Infrared
imagery showed that a south-originating zonally elongating
cloud system passed over Dongang at the time of intense
precipitation (Fig. 5).

¢ Results obtained from ERAS revealed that a monsoon LPS
existed around the northeastern part of India on the day of
heavy precipitation (Fig. 6b), playing a dual role in forming
the synoptic-scale environment favorable for heavy precipita-
tion. The first role was to humidify the atmosphere through
the vertical transport of moisture from the surface to the
upper troposphere (Figs. 8-10). In particular, positive
water vapor anomalies were evident within the middle tro-
posphere at ~500 hPa (Fig. 8). The second role was the hori-
zontal transport of moisture into the region around Dongang
within the middle troposphere by the cyclonic circulation of
the LPS (Figs. 8-10). Owing to these effects, the quantity of
water vapor was increased around the Rolwaling valley on
the day of heavy precipitation (Figs. 6 and 7).

e A cloud-resolving numerical simulation with a horizontal
resolution of 0.02° demonstrated that the diurnal variation
of surface heat fluxes drove the development and migration
of a mesoscale precipitation system, resulting in heavy pre-
cipitation. Sensible and latent heat fluxes from the land sur-
face were enhanced under the southeasterly flow around
the mountain ridge on the upwind side of the Rolwaling
valley until 1900 LT 8 July 2019, in turn enhancing
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convective instability around the mountain ridge (Fig. 15).
Topographic lifting caused the release of the instability
(Figs. 14 and 15). This release led to the development of a
mesoscale convective system around 1900 LT 8 July 2019
(Fig. 15c). After 1800 LT 8 July 2019, heat fluxes were
suppressed by the decline in the land surface temperature
due to sunset (Figs. 15 and 17). The heat flux became
~0 W m™2 after 2000 LT 8 July 2019. Consequently,
the southeasterly winds associated with the convectively
stable layer pushed the mesoscale precipitation system
poleward (Figs. 15d-f), passing over the Rolwaling valley
and causing intense precipitation at Dongang around
2000-2200 LT 8 July 2019 (Figs. 12-15).

The findings of this study established the involvement of
multiscale meteorological processes in heavy precipitation
events in the Himalayas, which is in agreement with Bohlinger
et al. (2019). Moreover, we found new processes relevant to
heavy precipitation in the Himalayas: the 3D synoptic-scale
moisture transport induced by the monsoon LPS and the ef-
fect of the diurnal variation in heat fluxes from the land sur-
face on the intensification and migration of the mesoscale
precipitation system. We aim to examine whether such multi-
scale processes are involved in other heavy precipitation
events. Although extratropical influence on our case was not
found as discussed in section 6a, it may play an important role
in other heavy precipitation cases (e.g., Vellore et al. 2016;
Bohlinger et al. 2017, 2019). Further investigation on the role
of extratropical influence is required to comprehend processes
underlying heavy precipitation events in the Himalayas. As the
activities of monsoon LPSs are influenced by low-frequency
phenomena, such as tropical intraseasonal oscillations (Fujinami
et al. 2014; Hatsuzuka et al. 2014; Hatsuzuka and Fujinami
2017) and El Nifio-Southern Oscillation (Vishnu et al. 2020a),
these phenomena might modulate precipitation variability in
the Himalayas by varying LPS activities. We will discuss this
issue in a separate study.
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