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Abstract The diurnal cycle of precipitation is important to the hydroclimate in the Himalayas in
summer; however, features of the diurnal cycle that affect precipitation from the foothills to glacierized,
high-elevation areas are poorly understood. We investigated the diurnal cycle of precipitation using

3 years of in situ observations recorded close to a glacier at 4,806 m asl, and 17 years of data from the
Tropical Rainfall Measuring Mission (TRMM) precipitation radar (PR) and the Integrated Multi-satellitE
Retrieval for Global Precipitation Measurement (IMERG). The mechanisms that drive the diurnal cycle
were examined using hourly European Center for Medium-Range Weather Forecasts Re-Analysis fifth
generation (ERAS) data. In situ observations showed that the diurnal precipitation cycle has daytime and
nighttime peaks, which both consist of high rainfall frequency and low rainfall intensity. In addition,
twice-daily maxima exist in the TRMM PR data, particularly over two rain bands at around 500-1,000 m
asl, and at ~2,000 m asl. Convective-type rainfall, with a lower rain-top height, occurs in the daytime,
whereas stratiform-type rain, with a higher rain-top height, occurs at night, particularly over terrain at
elevations above ~1,500 m asl. Land surface processes likely cause the two peaks in the diurnal cycle.
Daytime surface heating drives upslope flows that promote condensation. At night, surface cooling over
the plain to the south of the Himalayas causes low-level monsoon flows to accelerate, creating a nocturnal
jet, which results in large-scale moisture flux convergence over the southern slopes.

Plain Language Summary Orographically induced precipitation and meltwater from
glaciers in the Himalayas feeds into the headwaters of major rivers such as the Indus, the Ganges, and
the Brahmaputra, and provides water resources for the large population of South Asia. Glaciers from
the central to the eastern Himalayas are sustained by summer precipitation, and the diurnal cycle is an
important part of the climate system there. However, the features of the diurnal cycle, which stretches
from the foothills to the glacierized high-elevation area in the Nepal Himalayas, are poorly understood.
In this study, we investigated the diurnal cycle of precipitation in summer using data from 3 years of in
situ observations (recorded close to a glacier at 4,806 m asl) and 17 years of space-borne precipitation
radar observations. We identified twice-daily precipitation maxima, corresponding to daytime and
nighttime peaks, in the diurnal cycle across much of the Nepal Himalayas. The two maxima are the result
of different land surface effects. The daytime peak results from upslope flows that are driven by surface
heating of the slopes, whereas the nighttime peak is caused by the acceleration of low-level monsoon
flows toward the Himalayas as the surface cools over the plain to the south of the Himalayas.

1. Introduction

The hydrological cycle in the Himalayas is characterized by large amounts of precipitation over slopes and
the existence of glaciers in high-elevation areas. The cycle maintains the headwaters of major rivers such
as the Indus, the Ganges, and the Brahmaputra, and provides water resources for South Asia’s large pop-
ulation (Immerzeel et al., 2010). Changes to the hydrological cycle in the Himalayas can affect global sea
level through glacier mass loss, and may thus also affect the global hydrological cycle under future cli-
mate-change scenarios (Marzeion et al., 2020).
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Figure 1. (a) Topography (shading) and climatological mean (1998-2014) vertically integrated water-vapor flux
(vectors) in summer (June-September) around Nepal. The topography comes from the Global Multiresolution Terrain
Elevation Data 2010 (GMTED2010) product, developed collaboratively by the United States Geological Survey (USGS)
and the National Geospatial-Intelligence Agency (NGA). (b) As in (a), but for the Rolwaling Valley and without

the water-vapor flux vectors; (b) was produced from the Advanced Space-borne Thermal Emission and Reflection
Radiometer (ASTER) Global Digital Elevation Model Version 3 (GDEM3) product, developed collaboratively by
National Aeronautics and Space Administration (NASA) and Japan's Ministry of Economy, Trade, and Industry (METI).
The red circles in (a) and (b) mark the location of the automatic weather station (AWS) in Rolwaling Valley, in the
eastern Nepal Himalaya. The square, triangle, and diamond in (a) mark the locations of rain gauges at Yala Glacier,
Langtang Valley, and Pyramid Station, near a glacier in the Khumbu Valley, and at Rambrong, in the Marsyandi River
basin, respectively. See the text for rain gauge stations.

In boreal summer, the Asian monsoon circulation system becomes established and southeasterly winds
blow toward the Himalayas (Figure 1), carrying warm, humid air masses from the South Asian monsoon
and creating conditions that are favorable for orographically induced precipitation over the Himalayan
slopes. The Himalayas themselves significantly influence the South Asian monsoon circulation system
through the effects of orographic insulation (Boos & Kuang, 2010).

The hydrological cycle differs from the western to the eastern Himalayas. In the central-eastern Himala-
yas, most of the total annual precipitation falls in summer (Bookhagen, 2010; Salerno et al., 2015; Shea
et al., 2015; Yang et al., 2018), which makes summer precipitation a crucial part of the high-elevation hy-
droclimate in the Nepal Himalayas (i.e., the central Himalayas), including for glacier mass balance (Sakai
& Fujita, 2017). Observations from the Tropical Rainfall Measuring Mission (TRMM) precipitation radar
(PR), which operated continuously from 1998 to 2014, provide useful information about summer precip-
itation around the Himalayas, including detailed information about the spatial distribution and vertical
structure of precipitation systems, and their topographic dependency (Barros et al., 2004; Bhatt & Nakamu-
ra, 2005, 2006; Bookhagen & Burbank, 2006; Fu et al., 2018; Houze et al., 2007; Medina et al., 2010; Shrestha
et al., 2012). There are two peaks in the spatial distribution of summer (June-August) precipitation over
southern slopes in the Nepal Himalayas, and these are oriented along the strike directions. The peaks are
associated with the two-step topography, which comprises the Sub-Himalayas at 500-1,000 m above sea lev-
el (asl), and the Lesser Himalayas at ~2,000 m asl (Bookhagen & Burbank, 2006; Shrestha et al., 2012). The
peak over the Sub-Himalayas represents strong convective-type rainfall, whereas the peak over the Lesser
Himalayas corresponds to frequent, but less intense, stratiform-type rainfall.

Meteorological observations at elevations of >4,000 m asl over the Himalayas are still extremely scarce
(Shea et al., 2015). Therefore, in situ observations with high temporal resolution remain essential for a basic
understanding of meteorological data in such areas, and to obtain true surface data for remote sensing ob-
servations from space (Barros et al., 2000, 2004; Salerno et al., 2015; Shea et al., 2015; Ueno et al., 2001, 2008;
Yang et al., 2018). The diurnal cycle constitutes the building blocks that form the hydrological cycle in
mountainous regions. In situ measurements from automatic weather stations (AWSs) located on and
around Yala glacier in Langtang Valley, central Nepal Himalayas, at 4,831, 4,919, and 5,090 m asl show that
the diurnal cycle of summer precipitation has two peaks, which correspond to daytime and nighttime (Shea
et al., 2015). A similar feature can be seen in observations from a weather station at Rambrong at 4,400 m
asl and other stations above 2,100 m asl in the Marsyandi river basin in the central Nepal Himalayas (Barros
et al., 2000), and from the Pyramid Station at 5,035 m asl in Khumbu Valley in the eastern Nepal Himalayas
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(Ueno et al. 2008; Yang et al., 2018), and from five surface stations at altitudes ranging from 3,341 to 4,321 m
asl along a valley in the Himalayas at around 89°E (Ouyang et al., 2020). In contrast, in situ observations
made at 3,570, 3,833, and 4,260 m asl in Khumbu Valley, and at Khudi at 780 m asl and other stations below
1,500 m asl in the Marsyandi river basin, show a single peak for precipitation, which corresponds to night-
time (Barros et al., 2000; Ueno et al., 2001, 2008; Yang et al., 2018).

In general, daytime precipitation results from thermally induced upslope air flow (anabatic slope flow) that
is driven by surface heating during the day (Potter et al., 2018). Upslope flows move moist air to higher alti-
tudes as the ground elevation increases, and condensation therefore occurs over the slopes (Bhatt & Naka-
mura, 2006; Kurosaki & Kimura, 2002; Ohsawa et al., 2001; Ouyang et al., 2020; Shrestha et al., 2012; Ueno
et al., 2008; Yang et al., 2018). In contrast, precipitation is more frequent during the night over the foothills
of the Himalayas and over the southern slopes of the Meghalaya Plateau (Bhatt & Nakamura, 2006; Fuji-
nami et al., 2017; Hirose et al., 2008). Bhatt and Nakamura (2006) proposed that downslope flows (gravity
currents) driven by nighttime precipitation at higher elevations enhance nocturnal moist convection over
the Himalayas, and that this convection is enhanced by cloud-top radiative cooling. Fujinami et al. (2017)
described the detailed diurnal cycle of precipitation around the Meghalaya Plateau in northeastern India,
to the south of the Himalayas, using diurnal (hourly) climatology based on TRMM PR data with high spa-
tial resolution. Low-level, southerly monsoon flow with a jet-like structure intrudes the land-covered area
from the Bay of Bengal. The strength and vertical structure of the low-level flows are strongly affected by
atmospheric boundary layer processes over the land, particularly by the nocturnal acceleration and daytime
deceleration of low-level southerly winds. Low-level convergence is enhanced by the nocturnal acceleration
of the low-level jet (i.e., the nocturnal jet), which results in a nocturnal maximum for precipitation over the
southern slopes of the Meghalaya Plateau. Note that onshore southerly flows may also reach the Himalayas
(Figure 1). Chen (2020) used 3-h precipitation and 6-h atmospheric reanalysis data sets to highlight the rela-
tionship between nocturnal precipitation over the foothills of the Himalayas and the nocturnal low-level jet.

The diurnal cycle of precipitation and how it changes from the foothills through to areas of high eleva-
tion is poorly understood, and its driving mechanisms remain unknown. To improve our understanding
of meteorology in high-elevation areas, and of how it relates to glaciers, it is important to understand the
mechanisms that drive precipitation variability in glacier catchment areas, and it is particularly important
to understand the diurnal cycle. In this study, we first present evidence for the diurnal cycle of precipitation
using hourly observations recorded at an AWS at 4,806 m asl in the Rolwaling Valley in the eastern Nepal
Himalayas. We then use accumulated diurnal (hourly) climatology from TRMM PR data with high spatial
resolution to show how the diurnal cycle varies spatially across the Nepal Himalayas, and how precipitation
varies with altitude over the rising slopes. We propose a mechanism that may drive the diurnal cycles over
the Himalayas by considering hourly atmospheric reanalysis data, focusing particularly on the effects of
land-atmosphere interactions. In this study, we consider spatial scales sufficient to cover the entire Nepal
Himalayas and South Asian monsoon domain, rather than determining mechanisms that are effective over
regional scales of less than ~10 km.

2. Data and Methods
2.1. In Situ Observations

We used in situ observation data recorded at 4,806 m asl in the Rolwaling Valley in the eastern Nepal Hima-
layas (Figure 1b; Fujita et al., 2021). In May 2016, an AWS was installed close to the terminal of Trakarding
Glacier and Tsho Rolpa Lake, the largest glacial lake in Nepal, to investigate glacier mass balance (Sunako
et al., 2019). Precipitation was measured using a tipping-bucket rain gauge with 0.1 mm resolution. Hourly
precipitation is the total precipitation amount of the preceding hour. The AWS also recorded other stand-
ard meteorological elements, including air temperature, relative humidity, wind speed, and direction, and
radiation. Detailed information on the AWS is provided in Sunako et al. (2019). The hourly air temperature
(i.e., mean temperature of the preceding hour) is always greater than 0°C during summer (June-September;
figure not shown), and summer precipitation therefore falls as rain at the AWS. We used data from three
summers: 2016, 2017, and 2018. There are no values missing during the analysis periods. Considering mul-
tiyear data is useful for determining what is typical and common for the diurnal cycle of precipitation and
other meteorological variables in the glacierized high-elevation area in the central Himalayas.
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We calculated hourly means and standard deviations for each local time to show the robustness of the
3-year mean diurnal cycles of air temperature, relative humidity, solar radiation, wind speed, and direction.
We calculated the lower (25 percentile) and upper (75 percentile) quartiles for hourly precipitation. Sea-
sonal mean diurnal cycles of rainfall rate were calculated using all data at each local time, irrespective of
whether or not it was raining (i.e., unconditional rain rate).

2.2. TRMM PR

We used TRMM PR 2A25 version 7 data (Iguchi et al., 2000) for 17 summers (1998-2014) to examine the
long-term mean properties and diurnal cycle of precipitation over slopes in the Nepal Himalayas. The
TRMM satellite has a nonsun-synchronous orbit and can observe three-dimensional structures of pre-
cipitation systems at all local times. Therefore, the accumulation of instantaneous precipitation proper-
ties in long-term periods can provide accurate statistics (i.e., climatology) for their diurnal cycles (Hirose
et al., 2017a). The PR is an active phased-array system operating in the Ku band (13.8 GHz). The minimum
rainfall rate that the PR can detect is ~0.7 mm h™' (Kummerow et al., 1998). The original horizontal resolu-
tion was 4.3 km at nadir but was increased to 5.0 km after an orbital-boost maneuver in 2001. We used the
near-surface rainfall rate to examine the spatial distribution of rainfall and to calculate rainfall frequency
(the number of rainfall events as a percentage of the total number of observations from a grid for TRMM
PR observation) and conditional rain rate (the mean near-surface rainfall rate during rain events). We used
the rain flag from the TRMM PR product, 2A25, to classify samples as rain. The PR algorithm classifies rain
pixels into three categories: convective, stratiform, and other. Storm-height data were also used to examine
convection characteristics, such as depth. We remapped all data from each individual swath to a regular grid
with spacing of 0.05° in both longitude and latitude, which is equivalent to the PR footprint. The gridded
data were then averaged for each local time during June-September over all years to produce summer mean
diurnal (hourly) climatologies of precipitation properties. The hourly data are the mean value of the preced-
ing hour. All variables from TRMM PR were smoothed as 3-h running means to reduce sampling errors. Pre-
cipitation was generally underestimated in the TRMM PR data, relative to the rain gauge observations made
over land (Bookhagen & Burbank, 2006; Fujinami et al., 2017; Terao et al., 2017), but the TRMM PR data
did successfully capture the fine-scale spatial distribution for precipitation, which depends on topographic
features (Biasutti et al. 2012; Bookhagen & Burbank, 2006; Fujinami et al. 2017; Hirose et al., 2008, 2017b).

The Global Precipitation Measurement (GPM) core observatory supersedes the TRMM mission which end-
ed in 2014. The space-borne GPM observatory carries a dual-frequency phased-array precipitation radar
(DPR), operating in the Ku and Ka bands (13.6 and 35.5 GHz, respectively). The DPR is sensitive to light
precipitation intensities, down to around 0.2 mm h™, which may be effective for observing precipitation
over high-elevation areas. Unfortunately, the lower frequency of the GPM observations than that of TRMM
means that they cannot be used to construct a climatological mean diurnal cycle at present. Therefore, we
used TRMM PR diurnal climatology in the preset study.

We applied cluster analysis to objectively classify patterns in the diurnal cycle of precipitation frequency
based on TRMM PR diurnal climatology and to show their spatial distribution over the Nepal Himalayas.
Ward's method was applied to the data (Wilks, 2011); this is a widely used hierarchical clustering method
that does not operate on the distance matrix. Seven subjectively chosen clusters well capture regional fea-
tures of the diurnal cycle derived from TRMM PR data.

2.3. IMERG

We also used the Integrated Multi-satellitE Retrievals for GPM (IMERG) V06 B Level 3 final run precip-
itation product, complementary to TRMM PR, which was provided on a 0.1° X 0.1° horizontal grid with
30-min temporal resolution (Huffman et al., 2019; Tan et al., 2019). The variable name used is “precipita-
tionCal.” The data may also aid the understanding of diurnal cycles based on studies of in situ observations.
We used data for the period 2000-2014, corresponding to the TRMM era. The IMERG uses precipitation es-
timates derived from passive microwave radiometer (MWR) data using as many low-Earth-orbit satellites as
possible. The best TRMM and GPM estimates of precipitation were used as calibration standards: the GPM
Combined Radar-Radiometer algorithm using GPM Microwave Imager (GMI) and DPR during the GPM
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era (2014-present; CORRA-G), and an equivalent computation using a TRMM Microwave Imager (TMI)
and PR during the TRMM era (1998-2014; CORRA-T), collectively referred to as CORRA. The IMERG
algorithm combines CORRA and the other passive microwave data with microwave-calibrated infrared
(IR) geosynchronous-orbit satellite and monthly data from the Global Precipitation Climatology Center to
estimate precipitation (Huffman et al., 2019). Data were averaged over consecutive 30-min periods during
June-September for all years to produce summer mean diurnal (30 min) climatology.

2.4. Comparison and Validation of Rainfall Data Sets

Active microwave sensors such as TRMM PR have an advantage in detecting fine-scale features of precipi-
tation around mountains because retrievals are less sensitive to the background environment than those of
passive MWR or infrared radiometers (Hirose et al., 2017b). However, TRMM PR has a minimum detectable
rain rate of ~0.7 mm h™". At higher elevations, the rain rate can be less than this threshold because of low
water-vapor conditions. In contrast, the Goddard profiling algorism (GPROF) estimates have thresholds
of 0.03 mm h™', as employed in IMERG to retrieve precipitation rate (Huffman et al., 2020). The MWR
algorithms used for estimating rainfall rate over land are based on the scattering effect of solid hydrome-
teors above the freezing level, in the high-frequency channels. However, in high-elevation areas such as
the Himalayas, the microwave estimates are replaced with IR estimates over snowy/icy surfaces (Huffman
et al., 2020). Either way, IMERG may be able to retrieve precipitation at higher elevations if there are pre-
cipitating clouds of high cloud-top height. A comparison of the precipitation reported by the two different
products may provide insights into the properties of precipitation across the mountain slopes, since the
products may have different sensitivities to vertical structure and specific stages in the evolution of a precip-
itation system (Yamamoto et al., 2011, 2017).

It is not easy to directly compare diurnal cycles of precipitation among in situ data and satellite-derived
precipitation data sets because of problems such as the spatial representativeness of one-point rain gauge
measurements, the footprint size of precipitation radar, and the grid size of data. Most in situ precipitation
data are for single or a few years. In contrast, TRMM PR provides diurnal climatology from the accumu-
lation swath data. We attempted to compare features of diurnal cycles in terms of frequency and value of
precipitation maxima for previous in situ measurements, and TRMM PR and IMERG diurnal climatologies.
We referenced the results from in situ observation networks (Barros et al., 2000, 2004) over the summers of
1999 and 2000 from elevations of 510 m to 4,400 m asl in the Marshandi River Basin in the central Nepal
Himalayas (Figure 1 in the present study and Barros et al., 2000). Latitude-local time cross-sections in sum-
mer precipitation based on TRMM PR and IMERG at longitudes closely corresponding to the observation
network are shown in Figure S1. TRMM PR can capture two maxima in the afternoon and at nighttime
above ~1,000 m asl, whereas only nighttime maximum appears below ~1,000 m. Maximum values range
from1to2mmh™ (Figure S1b), which is generally consistent with the results of Barros et al. (2000, 2004).
In contrast, the precipitation rate tends to be lower above 3,000 m asl relative to in situ measurements.
Therefore, TRMM PR can generally capture the observed diurnal pattern of precipitation in the region and
is applicable to the Nepal Himalayas. IMERG exhibits a single nighttime peak only in the area shown in
Figure Slc, with no daytime precipitation peak above 1,000 m. Higher rainfall rates are estimated above
3,000 m asl during nighttime than with TRMM PR. Further discussions of the comparison, particularly with
regard to higher elevations, are provided in Section 3.1.

2.5. ERA5 Reanalysis

We used hourly European Center for Medium-Range Weather Forecasts ReAnalysis fifth generation (ERAS)
data on a 0.25° X 0.25° grid for the period covered by the TRMM PR data (Hersbach et al., 2020). ERAS pro-
vides high-quality global data for atmospheric circulation and land surface parameters such as surface heat
fluxes (Martens et al., 2020). The data were very useful here in examining land-atmosphere interactions in
terms of explaining diurnal cycles. The high spatiotemporal resolution of this data set also allows us to ex-
amine detailed features of the diurnal cycles of meteorological variables around the Himalayas more easily
than would be possible using only the 6-h and coarse-grid reanalysis data. The overall slope gradient in the
Himalayas in ERAS5 is similar to that of the actual topography. However, local topography (<30 km in the
horizontal scale) cannot be resolved even by fine-scale reanalysis. Therefore, it cannot reproduce local-scale
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mountain-valley circulation. Moreover, upper-air sounding data assimilated in the reanalysis are scarce
over the Himalayas and Tibetan Plateau. Therefore, atmospheric circulation and its variability around the
Himalayas in ERA5 reanalysis may be strongly influenced by the performance of the numerical model
employed in ERAS5. Nevertheless, fine spatiotemporal reanalysis can provide useful insights into the mech-
anisms that drive diurnal variations around the Himalayas, as shown in Section 3.2. Zonal wind, meridional
wind, specific humidity, air temperature, vertical velocity, and surface sensible heat flux were used in this
study. Potential temperature and equivalent potential temperature were calculated from air temperature
and specific humidity (Bolton, 1980). The vertically integrated water-vapor flux from the surface to 100 hPa
was calculated from the zonal wind, meridional wind, and specific humidity. Hourly data were used to
construct a composite diurnal cycle (or other temporal pattern) for meteorological variables related to the
diurnal cycle of precipitation.

We used the unified local time (LT; UTC + 6 h) at 90°E instead of Nepal Standard Time (UTC + 5 h 45 m),
because the ERA5 and gridded TRMM PR data are provided in UTC time coordinates. Throughout this pa-
per, the axis for time in the diurnal cycle starts from 06:00 LT (i.e., approximately sunrise) instead of 00:00
LT. This makes precipitation peaks clear, including during nighttime, and enables a consideration of their
driving mechanisms because the peaks are largely associated with the development of the atmospheric
boundary layer owing to radiative heating and cooling of the surface.

3. Results
3.1. Bimodal Diurnal Cycle of Precipitation
3.1.1. In Situ Observations

We used in situ meteorological observations recorded at the AWS at 4,806 m asl to assess the properties of
precipitation over a high-elevation area with a glacier (Figure 1b).

Figures 2a, 2c and 2e show how the precipitation measured at the AWS varied over 24-h periods, and how
this changed through the summer in 2016, 2017, and 2018. This allowed us to examine the diurnal cycle
of the AWS-measured precipitation, and to assess its seasonal variation. The total June-September precip-
itation was 603 mm in 2016, 513 mm in 2017, and 468 mm in 2018. In July and August in all 3 years, most
precipitation occurred between 12:00 and 05:00 LT the following day, and there was a period around 20:00
LT when precipitation was suppressed, although the start and end dates for the period of continuous pre-
cipitation (the rainy season) differed from year to year (Figures 2b, 2d and 2f). Most precipitation during the
summer was weak. Precipitation events with rainfall rates of <0.5 mm h™" accounted for 63% of all precipi-
tation events in 2016, 66% of events in 2017, and 69% of events in 2018 (Figures 2g-2i). More than 80% of the
total precipitation fell with an intensity less than 1.0 mm h™". Higher-intensity precipitation (>1.5 mm h™)
occurred intermittently, and rarely persisted for more than 3 h.

In all 3 years, the mean diurnal cycle of summer precipitation included double peaks of both precipitation
rate and precipitation frequency, corresponding to daytime (13:00-18:00 LT) and nighttime (23:00-04:00 LT;
Figure 3). Precipitation frequency is calculated for each hour as the number of days for which precipitation
measured for that hour during summer exceeded 0.1 mm, and is expressed as a percentage of the total
number of observations available for that hour in summer that year (122). Precipitation amounts at the two
peaks are almost the same for all 3 years. The diurnal cycle of precipitation frequency is similar to that of
precipitation amount, and peaks at ~50% at the two maxima. The precipitation frequency determines the
shape of the diurnal cycle of precipitation.

The surface meteorological variables show features that are related to the two precipitation peaks. The
3-year mean diurnal cycle of precipitation is characterized by a minimum at 10:00 LT, by two maxima at
around 14:00-16:00 and 00:00-02:00 LT, and by a break in precipitation at around 20:00 LT (Figure 4a).
Incoming solar radiation warms the surface after sunrise, causing the surface air temperature to rise (Fig-
ure 4b). The warmed slope surface induces west-northwesterly or northwesterly upvalley flows in the Rol-
waling Valley from 12:00 to 17:00 LT, with a peak wind speed that exceeds 2.5 m s™" at 13:00-14:00 LT
(Figure 4c). These upvalley flows carry moist air along the valley that cools adiabatically as it travels up the
slope, promoting condensation. A high relative humidity of around 95% and weak southerlies with wind
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Figure 2. Hourly precipitation observed at the Rolwaling automatic weather station (AWS) for summer (June-September), shown by date and local time for (a)
2016, (c) 2017, and (e) 2018. Time series of daily total precipitation (mm day™"), defined as the total precipitation from 06:00LT to 05:00LT of the following day,
for (b) 2016, (d) 2017, and (f) 2018. Note that the axis range is different in (b), (d), and (f). Frequency distribution for hourly precipitation (mm h™) in (g) 2016,
(h) 2017, and (i) 2018. The y-axis values in (g-i) are the number of precipitation events, expressed as a percentage of the total number of summer precipitation

events for that year.

speeds less than 1 m s~ were observed around the time of the nighttime precipitation peak, indicating
that the surface air was almost saturated at this time. However, the surface meteorological variables do not
explain why precipitation reaches a maximum in the middle of the night, which suggests that a change in
large-scale atmospheric circulation may be responsible for the nighttime precipitation peak, rather than a
change in the surface meteorological variables.
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Figure 3. Mean diurnal cycles of precipitation (mm h™; line with open circles) and precipitation frequency (%; line
with closed circles) in summer (June-September) at the Rolwaling automatic weather station: (a) 2016, (b) 2017, and
(c) 2018.
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Figure 4. Three-year (2016, 2017, and 2018) mean diurnal cycles of variables measured during summer (June-
September) at the Rolwaling automatic weather station: (a) Unconditional precipitation rate (mm h™"; red line with
open circles) and relative humidity (%; blue line with closed circles); (b) Downward shortwave radiation (W m™> red
line with open circles) and surface air temperature (°C; blue line with closed circles); and (c) wind speed (m s™%; red line
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in precipitation indicate the range between lower (25 percentile) and upper (75 percentile) quartiles, and +1 standard
deviation for other variables.

Our results provide evidence for twice-daily precipitation maxima over the high-elevation glacierized area
from multiyear observations. The observational evidence from our study, and evidence of similar diurnal
cycles presented in previous studies (Barros et al., 2000, 2004; Ouyang et al., 2020; Shea et al., 2015; Ueno
et al. 2008; Yang et al., 2018), suggests that the double diurnal peaks of precipitation are probably common
to high-elevation areas in the Nepal Himalayas.

3.1.2. Diurnal Cycles Across the Nepal Himalayas

To investigate the relationship between the precipitation peaks observed at the AWS in Rolwaling Valley
and the distribution of precipitation, we show the spatial distribution of precipitation across the Nepal
Himalayas in the TRMM PR and IMERG data in Figure 5. The minimum precipitation at the Rolwaling
AWS was 0.05 mm h™", which occurred between 08:00 and 11:00 LT. At this time, precipitation amount is
large over elevations of less than 500 m asl in the foothills of the Himalayas, along Nepal's national border
(Figures 5a and 5d). The same patterns appear in the spatial distribution for precipitation in the TRMM PR
and IMERG data sets. Precipitation in the grid cell closest to the AWS is 0.1 mm h™" in the TRMM PR data,
and 0.11 mm h™" in the IMERG product. The AWS recorded a daytime peak in precipitation of 0.26 mm h™"
between 14:00 and 17:00 LT, at which point there is a double band of rainfall that falls on ground at ~500
and ~2,000 m asl on the southern slopes of the Himalayas in the TRMM PR data (Figure 5b). This spatial
distribution is structurally similar to the mean June-August distribution presented in Shrestha et al. (2012).
In contrast, the two rainbands are not present in the IMERG data. This difference between the two products
suggests that the daytime precipitation system is low in height and small in horizontal scale (i.e., con-
vective-type precipitation), because the IMERG precipitation estimates are highly sensitive to information
from infrared data. Precipitation estimates for the grid cell closest to the AWS in the TRMM PR and IM-
ERG data are 0.08 and 0.24 mm h™", respectively. Values in the TRMM PR data are much smaller than
the in situ observations recorded at the AWS. The nighttime precipitation peak of 0.28 mm h™" occurred
between 00:00 and 02:00 LT at the AWS, at which time the TRMM PR and IMERG data are dominated by
a rainband at higher elevations (>1,500 m asl). The rainband is indicative of higher cloud-top heights and
a wider precipitation system (i.e., stratiform-type precipitation), compared with daytime conditions; how-
ever, precipitation amounts at the grid cell closest to the AWS in the TRMM PR and IMERG data at this
time are 0.09 and 0.48 mm h™", respectively. Precipitation around the AWS is not detected in the TRMM PR
product (Figures 5a-5c). In fact, the number of precipitation events in the Rolwaling Valley in the TRMM
PR product over the 17 summers considered in this study is too small to construct a climatological mean
diurnal cycle (53 events are detected from a total of 1530 summer TRMM PR observations for the grid cell
closest to the AWS). In contrast, the IMERG rainfall amount of 0.48 mm h™" at the AWS location is an over-
estimate, relative to the 3-year mean of the precipitation observations at the AWS, which was 0.28 mm h™".
The comparison of the diurnal precipitation cycles among the three data sets is shown in Figure S2. Rainfall
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Figure 5. Composites of precipitation in the Tropical Rainfall Measuring Mission (TRMM) precipitation radar (PR)
data for (a) 08:00-11:00 LT (02:00-05:00 UTC), (b) 14:00-17:00 LT (08:00-11:00 UTC), and (c) 23:00-02:00 LT (17:00-
20:00 UTC) in summer (June-September) for 1998-2014 (17 years). LT is local time at 90°E. (d—f) As in (a-c), but for
precipitation in the Integrated Multi-satellitE Retrieval for Global Precipitation Measurement (IMERG) data.

rate from TRMM PR shows significant underestimation compared with that from the AWS, except in the
early morning, although it seems to show two weak peaks in daytime and nighttime, and the rainfall rate
from IMERG shows a single nighttime peak with overestimation during nighttime. Note that the IMERG
product detected precipitation that was part of a rainband that developed during the night over terrain
above 4,000 m asl. This means that there were patterns of cloud cover that brought precipitation to the AWS
location during the night.

Figure 5 shows that the TRMM PR product may struggle to capture precipitation over the high-altitude
areas of the Himalayas, where the elevation exceeds around 4,000 m asl. However, precipitation over ter-
rain at altitudes below around 4,000 m asl is captured more reasonably in the TRMM PR data than in the
IMERG data, as in the results shown in Figure S1. We present results here from the cluster analysis of the
diurnal cycle of rainfall frequency in the TRMM PR data, to investigate whether the twice-daily maxima
are features unique to glacierized high-elevation areas, such as where the Trakarding and Yala glaciers are
located, or whether these maxima occur in other areas of the Nepal Himalayas. Note that the TRMM PR
footprint is ~5 km, so the spatial distribution of the clusters may not capture spatial information at scales
smaller than 5-10 km. This means that Figure 6b does not reflect diurnal signals that are related to narrow
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Figure 6. (a) Relief map of Nepal (from GMTED2010 data). The circle, triangle, square, and diamond mark the
locations of the Rolwaling automatic weather station (AWS), Yala Glacier AWS, Pyramid Station, and Rambrong rain
gauge station, respectively. See the text for the AWSs. (b) Spatial distribution of the seven clusters of the diurnal cycle
in precipitation frequency, calculated from the Tropical Rainfall Measuring Mission (TRMM) precipitation radar (PR)
data. Thin solid lines are topographic contours at 4,000 m. Lower panels (c-i): the mean diurnal cycle of precipitation
frequency in: (c) cluster 1, (d) cluster 2, (e) cluster 3, (f) cluster 4, (g) cluster 5, (h) cluster 6, and (i) cluster 7.
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valleys, or to ridges that are less than ~10 km wide. One striking feature in the cluster analysis results is
a band of high-frequency precipitation with peaks at 16:00 and 00:00 LT, consistent with the peaks in the
Rolwaling AWS (Figure 4a), which are classified as cluster 7 (Figures 6b and 6i). This corresponds to the
band of high rainfall that was observed in the daytime and nighttime over areas at around 2,000 m asl (Fig-
ures 5b and 5c). The area occupied by cluster 7 is surrounded by an area classified as cluster 5, which also
has a bimodal diurnal cycle, although the rainfall frequency is lower than for cluster 7 (Figure 6g). Cluster
5 also appears at around 500 m asl. Below 500 m asl, the diurnal cycle has a single peak, which occurs at
06:00 LT (cluster 4, Figure 6f). There is a midnight-to-early morning peak in the diurnal precipitation cycle
over areas between 500 and 2,000 m asl in central Nepal, and over the area between 88°E and 89°E in India,
and the rainfall frequency is high in these areas (cluster 6, Figure 6h). Precipitation for most grid cells over
areas at elevations of >4,000 m asl (thin contour in Figure 6b) in the Nepal Himalayas is categorized into
clusters 2 and 3 (Figures 6d and 6e), including precipitation for the grid cells that are closest to the AWSs
at the Trakarding Glacier, the Yala Glacier, and the Pyramid Station. Precipitation frequency for these cells
is much lower than that recorded at the AWSs (Figure 3 in this study and Figure 8 in Shea et al., 2015).
Precipitation over the Tibetan Plateau to the north of the Himalayas is characterized by an afternoon peak
(Figure 6d), similar to the findings presented in other studies (Fujinami et al., 2005; Hirose et al., 2008).
The twice-daily peaks in the diurnal precipitation cycle occur widely over the southern slopes of the Nepal
Himalayas. The minimum rainfall rate that the TRMM PR sensor can detect is ~0.7 mm h™%, which is higher
than the rate for many precipitation events recorded at the AWS (Figure 2). The width of Rolwaling Valley is
~5 km around the AWS location, which is equivalent to the footprint for the TRMM PR sensor. Many valleys
become narrower in high-elevation areas of the Himalayas than in lower elevation areas. The surface clut-
ter in the PR observations from the complex deep valley system affects the precipitation measurements for
high-elevation areas (Hirose et al., 2017b). These factors may limit the precipitation detection over higher
elevations (>4,000 m) for the TRMM PR product.

Hereafter, we consider the areas of the Nepal Himalayas below and above ~1,500 m asl as lower and higher
elevations, respectively. The lower elevations include the Sub-Himalayas (500-1,000 m), and the higher
elevations include the Lesser and Greater Himalayas. Figure 6 shows that the higher elevations contain
clusters 5 and 7 (each with two precipitation peaks), and the lower elevations contain clusters 4 and 6 (each
with a single precipitation peak).

3.1.3. Precipitation Properties of the Two Precipitation Maxima

Precipitation properties can provide information that is useful for understanding the mechanisms that drive
a precipitation system. Figure 7 shows how the properties of precipitation in the TRMM PR data vary with
latitude and time-of-day around Rolwaling Valley. Precipitation occurs to the south of 27.2°N, where the
surface elevation is less than 500 m asl, until 10:00 LT. After 12:00 LT, precipitation occurs widely over
slopes that are between 500 and 4,000 m asl (from 27° to 28°N), with maxima at around 27.3° and 27.6°N
(Figure 7a). Precipitation seems to start earlier in the day at lower elevations than at higher elevations. At
the peak around 2,000 m asl, precipitation decreases at around 18:00 LT, increases again afterward, and has
a maximum at around 23:00-00:00 LT. This clear nighttime precipitation enhancement at around 2,000 m
asl extends from 27.5°N to 28.0°N. The precipitation continues until 03:00 LT, after which the area of high
precipitation shifts rapidly south of 27.2°N. The diurnal pattern of precipitation is similar to that for pre-
cipitation frequency (Figure 7b). The conditional rain rate is higher over lower than higher-elevation areas,
and tends to be higher in the nighttime than daytime (Figure 7c). One striking feature in Figure 7 is that
the area where convective rain accounts for a high proportion of the precipitation (>50%) spreads from low-
er-to-higher-elevation terrain during the day, and stratiform rain increases at night over higher-elevation
terrain (Figures 7d and 7e). The height of the precipitation system is less than 6,500 m asl during the day,
whereas it exceeds 7,000 m asl at night (Figure 7f). These results support our interpretation of the spatial
and temporal differences between precipitation patterns in the TRMM PR and IMERG products (Figure 5).

We can determine which features are common to the diurnal precipitation cycle throughout the Nepal
Himalayas, and which patterns are region-specific, by looking at how precipitation varies with latitude
and time-of-day in different 1° longitude bands (Figure 8). Features common to the diurnal precipitation
cycle throughout the Nepal Himalayas are the double peaks in precipitation rate that occur in two zones of
rapidly increasing relief and at steps in the topographic profile between 500 and 1,000 m asl, and at around
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2,000 m asl (Figures 8a-38f), which is similar to the results of Bookhagen and Burbank (2006). The diurnal
patterns of precipitation rate (Figures 8g-8l) are similar to those of rain frequency (Figures 8m-8r) for all
longitudes, which indicates that the precipitation amount is determined primarily by rainfall frequency.
The proportion of precipitation that is accounted for by convective-type rain is higher in the daytime at
higher elevations but decreases during the night, meaning that stratiform-type precipitation is enhanced
over terrain at higher elevations (Figures 8g-8l). This suggests that different mechanisms may be responsi-
ble for the daytime and nighttime peaks in precipitation. The difference over the longitude bands shows that
precipitation rate and frequency over the central Nepal Himalayas, between 83.5° and 85.5°E, are highest
over higher elevations (Figures 8c and 8d).

3.2. Diurnal Cycle of Atmospheric Circulation

The in situ observation and TRMM PR data show that twice-daily maxima occur for precipitation through-
out the Nepal Himalayas, including over the high-elevation glacierized area, as described above. The
twice-daily maxima observed at AWSs that are located higher than 4,000 m asl (in our study and others) are
likely generated by the same mechanism as the maxima in the TRMM PR data. The bimodal shape of the
diurnal cycle for different precipitation properties suggests that there is a common driving force for the two
maxima across the Nepal Himalayas.

The topography in the ERAS5 data set captures slope angles and elevations well, except regional-scale topog-
raphies (Figure 9). Southeasterly moisture fluxes directed toward the southern slopes of the Himalayas can
be seen throughout the day at longitudes around Rolwaling Valley (Figures 9a and 9b). The moisture flux
strengthens twice a day, once during the day and once at night, creating maxima in the southerly compo-
nent of the flux at 12:00 and 00:00 LT, and a minimum at around 17:00 LT from the foothills to the southern
slopes of the Himalayas (Figure 9a). The timing of the strengthening of the moisture inflow toward the
southern slopes corresponds closely to the twice-daily maxima observed at the AWS in Rolwaling Valley
(Figure 3) and in the TRMM PR data (Figure 6i). The area over which the southerlies are enhanced extends
from the foothills to higher-elevation areas of the Himalayas during the day, and extends up to the Gangetic
Plain at night. The easterly component of the moisture flux also has two maxima, at 09:00 and 00:00 LT
(Figure 9b). A local maximum occurs in the easterly moisture flux over the foothills of the Himalayas. The
twice-daily strengthening of the moisture flux that flows toward the Himalayas drives moisture flux conver-
gence over the southern slopes twice a day (Figure 9c), providing conditions favorable for condensation over
the slopes. The same features can be found at other longitudes in the Nepal Himalayas (figures not shown).

To determine which pressure levels control the diurnal variations in the vertically integrated moisture flux
in Figure 9, the vertical distribution of the wind fields over the windward plain immediately in front of
the Himalayas is plotted against time-of-day in Figures 10a and 10b. Both the meridional and zonal wind
components fluctuate diurnally in the lower atmosphere below 800 hPa. The diurnal variations in wind
speed and direction reflect the development of the atmospheric boundary layer. From 10:00 to 18:00 LT, the
vertical gradient for potential temperature becomes small below 900 hPa, because of active dry convection
that is driven by daytime surface heating (Figure 10c). Simultaneously, the surfaces of the southern slopes
in the Himalayas are heated by solar radiation and the heated slope surfaces induce upslope flows. This
causes the northward component of the wind to accelerate over the plain in front of the Himalayas, leading
to the maximum meridional wind speed at around 14:00 LT (Figure 10a). Both the meridional and zonal
components of the wind are at a minimum between 16:00 and 17:00 LT. After 18:00 LT, surface cooling
after sunset generates a stable surface layer during the night (Figures 10a-10c). Then, both components of
the wind accelerate to reach their maximum speed at around 00:00 LT at 925 hPa (~700 m asl). After 03:00
LT, when precipitation weakens over the terrain above 500 m asl and enhances below 500 m asl (Figures 7
and 8), the meridional component of the wind, which flows toward the southern slopes, becomes weaker
relative to its strength at the two peak times, but the easterly winds remain strong (Figure 10b).

In the downslope side of the maximum rainfall at ~2,000 m asl over the slopes, the southerly component of
the horizontal moisture flux also has two maxima, at around 12:00 and 23:00 LT (Figure 10d). The value for
the daytime peak is larger than that of the nighttime peak, which reflects a gentle upslope flow at nighttime.
The maximum wind speed at the daytime peak appears close to the surface, whereas the nighttime peak
occurs higher up. The different vertical position of the meridional wind maximum at night may explain the
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Figure 9. (a) Latitude-time (local time at 90°E) cross-sections of vertically integrated water-vapor flux (vectors;

kg m™" s7") and the meridional component of water-vapor flux (shading; kg m™ s™") averaged over 85.5°-86.5°E. (b)
and (c) As in (a) but for the zonal component of water-vapor flux (shading; kg m™" s™) and divergence of water-vapor
flux (shading; 107> kg m™> s™"), respectively. Panels to the left of each plot show the average elevation for 85.5-86.5°E
(km asl) from ERAS5 data. The composite diurnal cycle was constructed by averaging ERAS reanalysis data for each
hour during summer (June-September) for 17 years (1998-2014).

nighttime precipitation maximum under weak surface wind conditions at the Rolwaling AWS (Figure 4).
Daytime surface heating causes greater instability in the near-surface atmosphere (Figures 10d and 10e),
which suggests that convective-type rainfall dominate precipitation during the day. In contrast, the degree
of instability reduces at night due to the decrease in surface heating, and the near-surface atmosphere is
nearly neutral, or weakly stable in moist convections.

The meridional wind circulation and convergence of horizontal moisture fluxes at different pressure levels
is shown in Figure 11. During the day, upslope flows are evident near slopes from lower to higher elevations
in the Himalayas. Moisture flux convergence occurs within a thin atmospheric layer along the surface of
the slopes (Figures 11a-11f). At night, the near-surface upslope flows weaken, and the southerly airflow
toward the Himalayas is enhanced at 950-900 hPa (500-700 m asl) over the foothills. Large-scale moisture
flux convergence occurs over terrain stretching from the foothills to higher elevations in the Himalayas, and
is associated with the intrusion of stronger low-level monsoon flows (Figures 11g-111). A local maximum
for moisture flux convergence occurs at around ~800 hPa (~2,000 m asl) on slopes at every longitude, corre-
sponding to the band of high nighttime precipitation (Figures 5c, 5f and 8). The strengthening of moisture
flux convergence results in a bimodal temporal distribution of upward motion over the southern slopes of
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Figure 10. (a) Height-time cross-section of meridional wind (shading;

m s™') and potential temperature (contours at 2 K intervals) over the plain
in front of the Himalayan slopes at 26.5°N, averaged over 85.5°-86.5°E. (b)
As in (a) but for zonal wind (shading; m s™") and potential temperature
(contours at 2 K intervals). (c) Time series of surface sensible heat flux

(W m™) over the plain, averaged over 25.5°-26.5°N and 85.5°-86.5°E.

(d) Height-time cross-section of meridional component of the horizontal
moisture flux (shading; g kg™' m s™") and equivalent potential temperature
(contours at 1 K intervals) over the slopes at 27.5°N, averaged over
85.5°-86.5°E. Note that the latitude in (d) is different from that in (a) and
(b). (e) As in (c) but for 27.5°N, averaged over 85.5°-86.5°E.

the Himalayas (Figures 11m-11r). Heaviest precipitation occurs in the
central Nepal Himalayas (Figure 8c) with strong upward motion (Fig-
ure 110) because the large southeasterly moisture flux meets terrain with
southern-southeastern-facing slopes (Figure 1a).

Large-scale moisture flux anomalies are related to the double diurnal
peaks of precipitation, and highlight the different spatial scales that cre-
ate the twice-daily maxima (Figure 12). In the daily mean fields, a mon-
soon trough over the Indian subcontinent drives southeasterly moisture
fluxes toward the Nepal Himalayas (Figure 12a). Moist onshore winds
from the Bay of Bengal can intrude toward the Nepal Himalayas over the
Gangetic Plain. At the daytime peak of precipitation, northward moisture
flux anomalies occur only over and around the Himalayas, reflecting the
daytime upslope flows over the southern slopes (Figure 12b). The break
period between the two peaks is characterized by large northwesterly
moisture flux anomalies over the southern slopes and the Gangetic Plain,
which represent the deceleration of upslope flows over the southern
slopes and onshore monsoon flows over the Gangetic Plain (Figure 12c).
At the time of the nighttime peak, strong southwesterly moisture flux
anomalies appear along the eastern coast of the Indian subcontinent
(Figure 12d). The southwesterly moisture flux anomalies encounter the
Meghalaya Plateau and become a major source for nocturnal precipita-
tion over the southern slopes of the plateau (Fujinami et al., 2017). Part
of the anomalous southwesterly moisture flux turns northwestward to-
ward the southern slopes of the Nepal Himalayas. The southerly anoma-
lies reach the foothills of the Himalayas, and the weak northerly anom-
alies appear over the southern slopes. The anomaly fields mean that the
onshore south-southeasterly monsoon flow of moist air from the Bay of
Bengal toward the Himalayas is enhanced up to the foothills of the Him-
alayas relative to the daily mean total fields, with southeasterly moisture
flow weakening slightly over the southern slopes (Figure 9). This situa-
tion is favorable for inducing large-scale moisture flux convergence over
the southern slopes during nighttime, as shown in Figures 11g-111.

4. Discussion

4.1. Generation Mechanisms for Twice-Daily Precipitation
Maxima

This study suggests that the twice-daily precipitation maxima are typical
features of the diurnal cycle of precipitation over the Nepal Himalayas,
particularly for high-elevation areas, which includes the glacierized area.
Upslope flows over the mountainsides during the day, and acceleration

of the low-level monsoon flow to the south of the Himalayas at night, may be the major drivers of the
twice-daily precipitation maxima. Land surface effects such as surface heating and cooling regulate low-lev-
el wind speed and wind direction above the ground through the atmospheric boundary layer over both the
Himalayan slopes and the Gangetic Plain to the south.

During daytime, upslope flows occur across entire slopes from the foothills to high-elevation areas due to
daytime heating of slope surfaces (Figures 4b, 4c, Figures 10d and 10e). The double bands of rainfall occur
along strikes between ~500 and 1,000 m asl, and at ~2,000 m asl (Figures 5-8). These altitudes correspond
to areas where slope gradients become drastically steep and comprise the “steps” for the two-step orogra-
phy of the Nepal Himalayas (Figure 8). The upslope flows frequently decelerate (i.e., converge) at around
500-1,000 m asl and at ~2,000 m asl, resulting in two clear rainbands with a dominance of convective-type
precipitation during daytime (Figures 7 and 8). Valleys and ridges at regional scales of <10 km can modu-
late the phase and amplitude of the daytime precipitation peak. Further detailed investigation is required
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Figure 11. (a-f) Latitude-height cross-sections of meridional and ve

rtical winds (vectors; vertical wind is multiplied by 10) and the horizontal water-vapor

flux divergence (shading; x10™” kg kg™ s™*) for 13:00-16:00 LT (07:00-10:00 UTC), averaged over 1° longitude bands between 81.5° and 87.5°E in the Nepal

Himalayas. LT is local time at 90°E. Black shading shows the topogra

phy from ERAS data. (g-1) As in (a—f) but for 23:00-02:00 LT (17:00-20:00 UTC). (m-r)

Latitude-time (local time) cross-sections of the vertical velocity (w; Pa s™') at 600 hPa, averaged over 1° longitude bands between 81.5°E and 87.5°E. Panels in

the same vertical column show data from the same longitude band.

to elucidate the regional

because vertical mixing i
(Figures 9 and 10).

After sunset over the slopes, upslope winds that promote condensation near the surface during day-
time are weakest at 20:00 LT (Figures 4c and 10d), resulting in a break in precipitation. In contrast,
th of the Himalayas, low-level winds toward the Himalayas start to accelerate
at 950-900 hPa (500-950 m asl) and are strongest at 00:00 LT (Figure 10). This nocturnal wind accel-
eration can be interpreted as a nocturnal jet over the Gangetic Plain, driven by the decreased surface
nocturnal boundary layer due to surface cooling (Blackadar, 1957; Fujinami
2006; Van de Wiel et al., 2010). Thus, moist low-level monsoon flows from the
Himalayas at night, causing large-scale moisture flux convergence around the
southern slopes. As the flows move toward the high-elevation Himalayas, they become subject to gentle
hances stratiform-type rainfall. The rainfall peak is clearer at higher elevations
(~2,000 m asl) than at lower elevations (500-1,000 m asl). A single nighttime peak of precipitation
vations below ~1,500 m asl, with the exception of areas between ~500 and
1,000 m asl. This means that nighttime precipitation occurs widely over the slopes from plain in front of
the Himalayas to higher-elevation areas. The moist monsoon flows have a jet-like vertical structure; at
night, these may pass over the first range of the Himalayas (i.e., Sub-Himalayas), which is at ~500 m asl,

over the plain to the sou

friction over the stable
et al., 2017; Terao et al.,
Gangetic Plain reach the

orographic lift, which en

occurs over areas at ele

difference in the diurnal cycle. In contrast, over the plain, the vertically well-
mixed layer (due to surface heating) decelerates the low-level horizontal wind speed toward the Himalayas
n the mixed or sub-cloud layers provides frictional drag on the horizontal wind
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Figure 12. (a) Daily mean vertically integrated water-vapor flux (vectors; kg m

50 (kg m-' s7)

~'s71) in summer (June-September) for 1998-2014 (17 years). Shading

represents topography from ERAS reanalysis. Locations of terrains in the Himalayas, the Tibetan Plateau, the Meghalaya Plateau (MEP), and the Gangetic Plain
are also shown. (b) Composite anomalies in vertically integrated water-vapor flux (vectors) between the mean value in 13:00-16:00 LT (07:00-10:00 UTC) and
the daily mean. (c and d) As in (b), but for 18:00-21:00 LT (12:00-15:00 UTC) and 23:00-02:00 LT (17:00-20:00 UTC), respectively. LT is local time at 90°E.

without strongly impinging on the terrain, resulting in less precipitation there than at higher elevations
(Figure 7). After 02:00 LT, the decrease in the southerly moisture flux suppresses the orographic lift of
the flow at higher elevations (Figure 10a). Meanwhile, the easterly moisture flux remains strong, possi-
bly allowing it to interact more easily with low-level monsoon flows around the Sub-Himalayas, which
may drive the southward shift of high precipitation areas in the foothills of the Himalayas (<~500 m
asl; Figures 7 and 8).

The enhancement and southward movement of nocturnal rainfall might result from downslope flows (grav-
ity currents) caused by radiative cooling on the slope surface and downdraft owing to evaporative cooling
and precipitation drag from moist convection over the slopes, alongside the interactions of these factors
with preexisting southerly monsoon flows from the plain (e.g., Bhatt & Nakamura, 2006). However, there
is no evidence of nighttime downslope flows in the summer AWS observations (Figure 4), whereas upslope
flows can be clearly seen in daytime. This asymmetry is consistent with results from in situ observations
in other studies (Barros & Lang, 2003; Shea et al., 2015; Ueno et al., 2001, 2008). The downslope flows may
be agents for local precipitation enhancement, but these results suggest that it is not the primary diver for
the nighttime peak in precipitation at higher elevations. Cloud-top radiative cooling may enhance night-
time precipitation (Bhatt & Nakamura, 2006), since tall and wide precipitation systems and cloud-systems
develop at night over terrain at higher elevations (Figures 5c and 5f). Cloud-resolving numerical model
simulations with a high spatial resolution of at least 1-2 km may help to explain these detailed precipitation
processes, and may also provide insights for the nighttime precipitation. Investigation of a diurnal cycle in
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the vertical wind structure over the plains and higher-elevation areas by in situ observations is necessary to
confirm that the proposed mechanisms explain the twice-daily precipitation maxima in the ERAS5.

4.2. Precipitation Over Higher-Elevation Terrain Near the Glacier

Our study shows that twice-daily maxima occur over the glacierized high-elevation area (Figure 3). The
diurnal cycle is controlled by atmospheric circulation at scales large enough to encompass all Himalayan
slopes and the South Asian monsoon. Local wind systems mean that valleys, such as the Rolwaling Valley
(Figure 1b), can act as channels that transport moisture to higher elevations (Lin et al., 2018). During the
day, upslope flows along the valley also promote condensation. Potter et al. (2018) showed that glaciers
in the Himalayas cause upvalley flows to decelerate around the glacierized area, owing to the daytime re-
duction in pressure gradient, which is the gradient that drives the upvalley flows. Without the glacier, the
upvalley wind would continue to higher elevations. The deceleration of upvalley flows can induce a local
moisture convergence, which suggests that precipitation in the glacierized area is enhanced by the existence
of glacier itself. Daytime precipitation at the Rolwaling AWS may be enhanced by such a glacier-valley wind
system because the AWS is located at the terminal of Trakarding glacier, resulting in the distinct daytime
precipitation maximum. In addition, in the downslope side of the AWS, Tsho Rolpa Lake, the largest glacial
lake in Nepal, is located close to the AWS (Figure 1b in the present study and Figure 1 of Sunako et al., 2019).
Evaporation from the lake surface may supply water vapor to upvalley flows during daytime as an elevated
humidifier, enhancing precipitation around the Trakarding-Trambau glacier system. Himalayan glaciers are
debris-covered (Fujita & Sakai, 2014), so their surfaces are darker-colored with lower albedo compared with
bright debris-free glaciers (not considered by Potter et al., 2018). This means the Himalayan glaciers sup-
ply sensible heat flux to the atmosphere (e.g., Nicholson & Stiperski, 2020; Steiner et al. 2018), promoting
water-vapor transport to higher elevations, up to the upper parts of the glaciers. Study of such systems will
improve the understanding of the persistence mechanisms of Himalayan glaciers that are strongly affected
by the South Asian monsoon.

Nocturnal precipitation is primarily induced by the gentle orographic uplift of moist monsoon flow from
the south. The precipitation systems probably rise gradually as they travel along the valleys. Radiative cool-
ing at higher elevations at night can also induce in situ condensation under weak surface wind conditions.
Figure 4b shows that the rate of decrease for surface temperature became gradual after sunset at ~19:00 LT.
This may be due in part to the release of latent heat from near-surface condensation processes. Understand-
ing the vertical structure of the precipitation system, from the bottom of the valley to higher elevations, can
provide insights into nocturnal precipitation.

Our results show that in situ observations are still important for capturing precipitation, and other mete-
orological data, over the high-elevation glacierized area of the Himalayas. However, a single rain gauge is
unlikely to be spatially representative. To address this, observations from space-borne precipitation radar
are necessary, although the TRMM PR product may fail to accurately detect precipitation at elevations of
>4,000 m asl. Further climatology studies into diurnal precipitation cycles, and research into the vertical
structure of precipitation in the Himalayas, are expected to be undertaken by using GPM DPR in the future.
However, it might be difficult to observe vertical precipitation structure, even from GPM DPR, because
of surface clutters created by the deep valley system. If precipitation systems traveling close to the valley
bottoms are widespread in the high Himalayas, then space-borne radar observation systems will fail to
detect precipitation accurately. Ground-based precipitation measurements and precipitation/cloud radar
observations are also required so that the detailed vertical structure of precipitation throughout the day can
be understood.

5. Summary

This study investigated the diurnal cycle of summer precipitation over the Nepal Himalayas, from the foot-
hills to the high-elevation glacierized area, using AWS observations recorded close to the glacier between
2016 and 2018, and 17 years (1998-2014) of TRMM PR and 15 years (2000-2014) of IMERG data. The mech-
anisms that drive the observed diurnal cycle were investigated using ERAS.
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We found twice-daily maxima in the diurnal precipitation cycle observed at an AWS, which was located
at 4,806 m asl, close to Trakarding Glacier in Rolwaling Valley, eastern Nepal Himalayas. Precipitation in-
creased twice daily, with a daytime peak between 14:00 and 16:00 LT, and a nighttime peak between 00:00
and 02:00 LT. The precipitation amounts were similar for the two peaks, with a break between the peaks at
around 20:00 LT. A minimum in the diurnal precipitation cycle occurred at 10:00 LT. More than 80% of the
total precipitation fell with a weak intensity of <1 mm h™", but had a high occurrence frequency of around
50%. The daytime peak in precipitation resulted from upslope flows along the valley that were driven by
surface heating from incoming solar radiation, whereas the nighttime peak occurred when surface air flows
were weak and almost saturated.

The TRMM PR and IMERG data sets have fine spatial and temporal resolution. TRMM PR showed a dou-
ble band of rainfall over the southern slopes of the Himalayas when the daytime precipitation peak was ob-
served at the AWS in Rolwaling Valley. The two rainfall bands were over terrain between 500 and 1,000 m
asl, and at ~2,000 m asl. These altitudes correspond to two zones where the slope gradients steepen rap-
idly, creating steps in the topographic profile of the Himalayas. The rainfall band at higher elevations
(>1,500 m asl) strengthened at the time the nighttime peak was recorded at the AWS. Cluster analysis of the
diurnal cycles of precipitation frequency in the TRMM PR data showed that a diurnal precipitation cycle
with two maxima occurred widely across the Nepal Himalayas. The twice-daily precipitation maxima that
were observed at the AWS in Rolwaling Valley were probably driven by similar factors to those that drove
the precipitation maxima seen at ~2,000 m asl. Precipitation in the daytime was mostly convective-type
rain, with a lower rain-top height over terrain at both lower and higher elevations, whereas nighttime pre-
cipitation was more likely to be stratiform-type rain, with a higher rain-top height over higher-elevation
terrain.

ERAS5 shows diurnal cycles in atmospheric circulation that may offer reasonable explanations for the
twice-daily precipitation maxima. Monsoon air flows into the Himalayas from the southeast in summer.
The moisture fluxes toward the southern slopes of the Himalayas were enhanced twice a day, with a day-
time peak at around 12:00 LT and a nighttime peak at around 00:00 LT. This suggests that the moisture
fluxes were likely to converge twice a day over the slopes, resulting in the twice-daily precipitation maxima
that were observed at the AWS in Rolwaling Valley, and which also occur in the TRMM PR data. The di-
urnal cycle of the vertically integrated moisture flux is controlled by horizontal winds in the atmospheric
boundary layer.

Daytime surface heating, caused by incoming solar radiation, created upslope flows, which led to conden-
sation over the slopes and a daytime peak in precipitation. The Gangetic Plain, which is windward of the
Himalayas, also experienced surface heating. The development of the atmospheric mixed layer during the
day reduced the horizontal wind speeds over the plain, because the vertical motion in the layer acted as a
frictional drag. The moisture flux toward the Himalayas therefore weakened after 15:00 LT. After sunset
(~19:00 LT), a stable nocturnal boundary layer formed over the surface over the plain, owing to the radi-
ative cooling. The horizontal wind at 950-800 hPa (500-2,000 m asl) accelerated toward the Himalayas as
the frictional drag from vertical mixing over the windward plain decreased. The nocturnal jet enhanced
precipitation over the southern slopes of the Himalayas by promoting gentle orographic uplift of the
moist onshore monsoon flows. To summarize, interactions between the land and atmosphere over the
Himalayas and the Gangetic Plain create two maxima in the diurnal precipitation cycle over the Nepal
Himalayas.

Day-to-day fluctuations (Figures 2b, 2d and 2f) are actually effects of synoptic-scale atmospheric circulation
at midlatitudes and in the tropics in summer. The diurnal cycles of summer precipitation are modulated
by synoptic-scale low-pressure systems, such as monsoon depressions (Fujinami et al., 2020) and mid-lat-
itude troughs (Bohlinger et al., 2017, 2019), and by intraseasonal oscillations that occur in many places in
the midlatitudes and tropics (Fujinami & Yasunari, 2004; Fujinami et al., 2011, 2014). Understanding how
diurnal precipitation cycles are modulated by these patterns on multiple spatiotemporal scales is essential
for full understanding of precipitation variability, and warrants further investigation.
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Figure S1. (a) Mean surface elevation averaged over 84.2°E-84.4°E in Marshandi River Valley
where the rain gauge network was located (Barros et al., 2000). (b) Latitude-local time cross-
section of precipitation (shading, mm h™") in the Marshandi River Valley from TRMM-PR hourly
climatology. (c) As in (b) but for IMERG 30-minute climatology.
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Figure S2. Diurnal cycles of precipitation in TRMM-PR diurnal climatology (solid line with
closed circles) and IMERG diurnal climatology (solid line with open circles) around the
Rolwaling AWS (27.84°N, 86.49°E). The solid red line represents the diurnal precipitation cycle
at Rolwaling AWS as in Figure 4a. The values in TRMM-PR are averaged over a 0.1° x 0.1°
rectangular grid centered on 27.85°N, 86.5°E, and the values in IMERG are based on a grid-
point at 27.85°N, 86.45°E.



	Twice-Daily Monsoon Precipitation Maxima in the Himalayas Driven by Land Surface Effects
	Abstract
	Plain Language Summary
	1. Introduction
	2. Data and Methods
	2.1. In Situ Observations
	2.2. TRMM PR
	2.3. IMERG
	2.4. Comparison and Validation of Rainfall Data Sets
	2.5. ERA5 Reanalysis

	3. Results
	3.1. Bimodal Diurnal Cycle of Precipitation
	3.1.1. In Situ Observations
	3.1.2. Diurnal Cycles Across the Nepal Himalayas
	3.1.3. Precipitation Properties of the Two Precipitation Maxima

	3.2. Diurnal Cycle of Atmospheric Circulation

	4. Discussion
	4.1. Generation Mechanisms for Twice-Daily Precipitation Maxima
	4.2. Precipitation Over Higher-Elevation Terrain Near the Glacier

	5. Summary
	Data Availability Statement
	References


