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Abstract
On 26–28 September 2024, torrential rainfall struck Nepal during the late monsoon season, causing flooding, landslides 
and extensive damage. This study examined the multiscale processes contributing to this extreme precipitation event, 
focusing on intraseasonal oscillations, synoptic-scale circulations, and mesoscale cloud/precipitation systems. A quasi-
biweekly intraseasonal oscillation dominated over South Asia during the event, featuring a monsoon low-pressure system 
over the Indian Peninsula and an anticyclone to its east, both propagating westward. The pressure gradient between them 
sustained strong southerly moisture transport toward the Himalayas, establishing a persistently humid environment and 
orographic lift along the southern slopes. In contrast to reports of previous extreme precipitation events in Nepal, the 
atmospheric circulation responsible for the 2024 event was primarily of tropical origin, with minimal influence from the 
midlatitudes. Characteristic mesoscale cloud/precipitation systems also developed around the Himalayas. The highest daily 
precipitation during the event was recorded on 27 September; stratiform systems with relatively modest storm top heights 
developed over the southern slopes, generating surface precipitation rates of > 100 mm h− 1 through warm-rain processes. 
Rain gauges across the glacierized basin (3500–5000 m asl) recorded exceptionally high daily and hourly precipitation 
rates, highlighting the extension of intense rainfall to unusually high elevations.

Keywords  Himalayas · Extreme precipitation event · Intraseasonal oscillations · Low pressure systems · Mesoscale 
convective systems
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1  Introduction

On 26–28 September 2024, devastating late monsoon pre-
cipitation resulted in severe flooding and landslides across 
Nepal, causing 250 fatalities and losses exceeding 1% of the 
country’s Gross Domestic Product (Lamichhane et al. 2025). 
On 27 September, new 24-h precipitation records were set 
across 25 rain gauge stations (Department of Hydrology and 
Meteorology 2024).

Low pressure systems (LPSs) forming over the Bay of 
Bengal, midlatitude troughs and their interactions have been 
identified as primary factors causing heavy rainfall events 
in the Himalayas during summer; these elements in the syn-
optic-scale circulation result in the concentration of strong 
low-level winds toward the Himalayan slopes, enhanc-
ing the forced uplift of humid air (Bohlinger et al. 2017, 
2019; Fujinami et al. 2025; Hirata et al. 2023; Houze et al. 
2017; Vellore et al. 2016). However, the primary cause of 
the extreme precipitation event in September 2024 remains 
unclear.

Typically, heavy rainfall over the Himalayas is associ-
ated with vertically extensive convective systems such as 
mesoscale convective systems and cloudbursts (Bohlinger 
et al. 2019; Das et al. 2006; Dimri et al. 2017) as well as 
stratiform-type precipitation systems (Houze et al. 2017). 
The characteristics of these systems vary with atmospheric 
conditions and can be studied effectively using continu-
ous observations from ground-based precipitation radars. 
Although such radars have been installed in Nepal in recent 
years (Talchabhadel et al. 2022), the data are not yet publicly 
available for research purposes. Conversely, observations 
from space-borne precipitation radars are readily available 
and can be used to study the three-dimensional structure of 
these event-based precipitation systems.

In Nepal, most rain gauges are located at low–mid eleva-
tions (Bohlinger et al. 2017; Sharma et al. 2020); very few 
are at high elevations (> 3000 m asl). Data from gauges in 
high-elevation areas, including in the vicinity of glaciers, 
are critically important because estimates of precipitation at 
high elevations based on satellites and spaceborne precipita-
tion radars are associated with large uncertainties (Fujinami 
et al. 2021).

In this study, we investigated multiscale features—intra-
seasonal oscillations (ISOs), synoptic-scale circulation, and 
mesoscale cloud/precipitation systems, including terrain-
induced convection—to identify the causes of the extreme 
precipitation event that occurred over Nepal during the late 
monsoon period of 2024. We analyzed the extreme precipi-
tation at high-elevation areas (> 3000 m asl), including in 
the vicinity of glaciers, using data from a rain gauge network 
in the Himalayas in eastern Nepal. While various human 
factors may have contributed to the floods and landslides 

triggered by this torrential rainfall event (Lamichhane et al. 
2025), analysis and discussion of these factors are beyond 
the scope of this study.

2  Data and Method

To investigate the spatial distribution of precipitation across 
Nepal during 26–28 September 2024 we obtained data col-
lected at 343 rain gauge stations from the Department of 
Hydrology and Meteorology (DHM) in Nepal. The defini-
tion of DHM’s daily precipitation for Day N is the cumula-
tive amount for 03:00 UTC of Day N − 1 to 03:00 UTC of 
Day N. To ensure temporal consistency with other datasets, 
the 24-h cumulative precipitation value from the DHM was 
referred to as the 24-h precipitation value for Day N − 1 in 
this study. To study extreme precipitation at high elevations, 
we employed data from rain gauges at Simigaun (2024 m 
asl), Beding (3761 m asl), Na (4183 m asl), and Trakarding 
Glacier (4806 m asl), deployed by the authors in the Rolwal-
ing region (Hirata et al. 2023), and from one rain gauge at 
the Pyramid observatory (5035 m asl) in the Khumbu region 
of the Himalayas of eastern Nepal (Fig. 1b). Hourly (total 
precipitation in the preceding hour) and daily (total precip-
itation from 00:00–24:00 UTC of the same day) data are 
available from these five stations.

We used infrared (channel 9: 10.8 μm) brightness tem-
perature from the Spinning Enhanced Visible and Infrared 
Imager (SEVIRI) of Meteosat Second Generation-2 (MSG-
2; Meteosat-9) (Schmetz et al. 2002) Indian Ocean Data 
Coverage (IODC) to examine cloud systems associated with 
the extreme precipitation event. Data were provided on a 
0.04° latitude × 0.04° longitude grid with 15-min intervals. 
We also used the US National Oceanic and Atmospheric 
Administration (NOAA) Climate Prediction Center’s daily 
blended outgoing longwave radiation (OLR) data on a 2.5° 
× 2.5° grid to detect large-scale convective activity.

To investigate precipitation characteristics, including 
vertical structure during the extreme precipitation event, 
we used near-surface precipitation rate, precipitation rate 
profile, storm top height, and precipitation type from the 
Global Precipitation Measurement (GPM) Dual-frequency 
Precipitation Radar (DPR) Ku-band (KuPR; 13.6  GHz) 
V07 product. The KuPR algorithm classifies rain pixels 
into three types: convective, stratiform, and other (Awaka 
et al. 2021; Seto et al. 2021). The horizontal resolution of 
the GPM KuPR is 5 km. For each swath, vertical distribu-
tion data were remapped onto a regular 0.05° × 0.05° grid 
with a vertical resolution of 125 m and horizontal data were 
remapped onto a 0.1° × 0.1° grid.

We used hourly European Centre for Medium-Range 
Weather Forecasts Reanalysis fifth-generation (ERA5) data 
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on a 0.25° × 0.25° grid (Hersbach et al. 2020) to analyze 
atmospheric circulations during the event. Equivalent poten-
tial temperature was calculated following Bolton (1980). 
We also calculated streamfunction from horizontal winds.

We used a Rossby wave filter that is a bandpass filter 
in the frequency–wavenumber domain to detect n = 1 equa-
torial Rossby (ER) waves (Kiladis et al. 2009; Masunaga 
2007). We applied the ER wave filter used by Masunaga 
(2007) to detrended OLR anomalies with the seasonal cycle 
removed. To extract 10–20-day/quasi-biweekly (QBW) 
ISO, an 8–25-day Lanczos bandpass filter (Duchon 1979) 
was applied to the detrended anomalies (Fujinami et al. 
2014).

3  Results and Discussion

3.1  Precipitation, Synoptic Conditions and ISOs 
During 26–28 September 2024

During 26–28 September, cumulative precipitation of 
> 200 mm was recorded across central–eastern Nepal, partic-
ularly along the concave slopes at 83°–86° E; rainfall totals 
reached 300–500 mm at some locations (Fig. 1). At higher 
elevations, precipitation reached 187  mm at Simigaun, 
193 mm at Beding, 168 mm at Na, 193 mm at the terminus 
of Trakarding Glacier, and 128 mm at the Pyramid observa-
tory (triangles in Fig. 1c). Heavy precipitation moved from 
central to eastern Nepal between 26 and 28 September (Fig. 

Fig. 1  (a) Topography around Nepal based on Global Multi-resolution 
Terrain Elevation Data (GMTED2010). The rectangle indicates the 
location of the Rolwaling and Khumbu regions in the Himalayas in 
eastern Nepal. (b) Topography and locations of the rain gauge stations 
in the Rolwaling and Khumbu regions. Green triangles represent tip-

ping bucket rain gauge stations. Red triangles indicate stations with 
weighing rain gauges. (c) Total precipitation (mm) during 26–28 Sep-
tember 2024 based on surface rain gauge observations. Circles rep-
resent rain gauges of the Department of Hydrology and Meteorology 
(DHM) in Nepal. Triangles indicate rain gauges in (b)
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S1). It was concentrated around the concave slopes on 27 
September and observed daily rainfall was 300–400 mm.

The extreme precipitation event of 26–28 September 
coincided with the transition from an LPS to an anticyclone 
over South Asia to the south of the Himalayas (Fig.  2b), 
creating a pressure gradient that sustained strong souther-
lies toward the Himalayas throughout the duration of the 
event. The slow westward movement of the pair of LPS and 

anticyclone throughout the troposphere (i.e., a barotropic-
like structure) was a key feature during this extreme precipi-
tation event; it led to a continuous massive inflow of water 
vapor onto the lower–upper southern slopes of the Himala-
yas, which sustained precipitation up to higher elevations 
(Figs. 2c–h and S2). Associated with this change, the water 
vapor flux (WVF) shifted from southeasterly to south-
westerly. Cloud activity reached its maximum around the 
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Fig. 2  (a) Average surface elevation between 84° and 85° E from Euro-
pean Centre for Medium-Range Weather Forecasts Reanalysis fifth-
generation (ERA5) data (km asl). (b) Latitude–time section of infrared 
brightness temperature (shading; K), vertically integrated water vapor 
flux (vectors; kg m− 1 s− 1), and 850-hPa geopotential height (contours; 
gpm) between 84° and 85° E. Contour interval for geopotential height 
is 10 gpm. The y-axis is the same as in (a). Horizontal distributions 
of infrared brightness temperature (shading; K), vertically integrated 

water vapor flux (WVF) (vectors; kg m− 1 s− 1), and 850-hPa geopo-
tential height (contours; gpm) are shown for (c) 26 September, (d) 27 
September, and (e) 28 September 2024. Contour interval for geopo-
tential height is 10 gpm. Height–longitude sections of geopotential 
height anomalies from seasonal mean (June–September 2024) (con-
tours; gpm) and meridional wind component (shading; m s− 1) between 
19° and 21° N for (f) 26 September, (g) 27 September, and (h) 28 
September
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southern slopes of the Himalayas on 27–28 September when 
the southwesterly WVF was perpendicular to the Himala-
yas. On 27 September, WVF from both the Arabian Sea and 
Bay of Bengal converged over the southern slopes of the 
Himalayas, creating extremely humid conditions with total 
column water exceeding 70 mm to the south of the Hima-
layas (Fig. S3a). The convergence of WVF over the con-
cave Himalayan slopes resulted in heavy rainfall (Fig. S3b). 
Clouds formed around the Himalayas and extended as far as 
the northeastern Tibetan Plateau (Fig. 2b and d). Southward 
intrusion of a midlatitude trough or quasi-stationary Rossby 
waves along the Asian jet around the Himalayas/Tibetan 

Plateau were primary causes of past extreme rainfall events 
in the Himalayas; in 2024, these phenomena were absent 
from the middle–upper troposphere and fluctuations in the 
atmospheric circulation south of the Himalayas were domi-
nant (Fig. S2).

The occurrence of the pair of synoptic-scale LPS and 
anticyclone over South Asia appears to be strongly influ-
enced by ISOs, which originated in the Pacific and were on 
larger spatiotemporal scales (Fig. 3a). An area of active con-
vection with a negative OLR anomaly around 80° E on 26 
September was associated with the LPS to the south of the 
Himalayas, while an area of suppressed convection with a 
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Fig. 3  (a) Time–longitude section of outgoing longwave radiation 
(OLR) anomaly (shading; W m− 2) and Rossby-wave-filtered OLR 
anomaly (contours; W m− 2) averaged over 15°–22.5° N, which is 
shaded in gray on the map in (b). The OLR anomaly was calculated by 
subtracting the seasonal cycle from the raw time series. Contour inter-
val for the filtered OLR anomaly is 5 W m− 2. See the text for details 
of the Rossby wave filter. (b) A map of 0°–30° N, 40°–180° E. Details 

for the area shaded in gray are shown in (a). (c) 8–25-day filtered 
OLR anomaly (shading; W m− 2), 850-hPa streamfunction anomaly 
(contours; m2 s− 1), and horizontal wind anomaly (vectors; m s− 1) for 
19–27 September at 2-day intervals. Contour interval for streamfunc-
tion is 1 × 106 m2 s− 1. Only vectors with wind anomalies of 2 m s− 1 or 
greater are shown. For 23 September, C and A denote cyclonic and 
anti-cyclonic anomalies of interest, respectively
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positive OLR anomaly around 100° E corresponded to the 
area of the anticyclone (Fig. 2). The pair of OLR anoma-
lies can be traced back to the area around 160° E. Similar 
westward movements of areas of active and suppressed con-
vection occurred repeatedly with a 10–20-day period (i.e., 
QBW ISO) from mid-August to the end of September. They 
were associated with ISO signals with a ~ 10-day period, 
which were particularly active in September over the Bay of 
Bengal (Fig. S4). These signals crossed the Indian subcon-
tinent and reached the Arabian Sea only in late September 
around the time of the extreme event. There is close agree-
ment between the westward-moving and ER-filtered OLR 
anomalies (Fig. 3a). Moreover, the streamfunction and wind 
anomaly field exhibit the typical structure of n = 1 ER waves 
with a wavenumber of ~ 4, which is characterized by west-
ward propagating twin vortices (i.e., twin lows or highs) 
with centers around ~ 15° N and ~ 0° at 60°–150° E (Fig. 3c) 
(Chatterjee and Goswami 2004; Fujinami et al. 2014). The 
QBW ISO appears to have promoted the occurrence of the 
LPS around the Bay of Bengal and the subsequent anticy-
clone (Hatsuzuka and Fujinami 2017) although a discus-
sion of the detailed mechanisms is outside the scope of this 
study. Meanwhile, the boreal summer intraseasonal oscilla-
tion (BSISO) with a 25–90-day period (Kikuchi 2021) did 
not show a pronounced northward progression into the Bay 
of Bengal during summer 2024 and thus had little impact on 
the extreme precipitation event (Fig. S5). It has been noted 
that heavy rainfall in Nepal occurs during the break phase of 
BSISO (Bohlinger et al. 2017, 2019),  but reports of heavy 
rainfall events in Nepal involving QBW ISO are extremely 

rare. By contrast, QBW ISO strongly influences precipita-
tion variability and extreme rainfall events in the Bay of 
Bengal and Bangladesh region (Fujinami et al. 2014, 2017; 
Murata et al. 2017).

3.2  Mesoscale precipitation/cloud systems and 
precipitation characteristics

Mesoscale cloud/precipitation systems are embedded 
within the synoptic-scale convective activity shown in 
Fig.  2. Figure  4 shows the mesoscale cloud/precipita-
tion systems on 27–28 September, when heavy rainfall 
occurred over central–eastern Nepal, including the Rolwal-
ing/Khumbu regions. At 09:00–12:00 UTC on 27 Septem-
ber, tall convective clouds with brightness temperatures of 
< 220  K developed on the windward side away from the 
Himalayan slopes (Fig. 4a and b). Lower-level broad areas 
of cloud with brightness temperatures of < 240 K covered 
the Himalayan slopes. Between 12:00 and 18:00 UTC, the 
convective cloud cluster that was at approximately 25° 
N, 80° E at 12:00 UTC evolved into a single widespread 
convective cloud shield as it approached the Himalayan 
slopes (Fig. 4b–d). The shield further extended toward the 
southern end of the concave slopes over approximately 4 h 
(18:00–22:00 UTC) (Fig. 4e). During this period, WVF was 
perpendicular to the Himalayan slopes. Subsequently, the 
shield broke up and part of it moved northward over the 
slopes (Fig. 4f). At 00:00 UTC on 28 September, when the 
WVF shifted from southwesterly to west-southwesterly, a 
new area of convective cloud formed immediately west of 

Fig. 4  (a)–(e) Distribution of infrared brightness temperature from Meteosat-9 (shading; K) and integrated water vapor flux (vectors; kg m− 1 s− 1) 
at 3-h intervals from 09:00 UTC on 27 September to 12:00 UTC on 28 September 2024
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the shield. The two relatively extensive areas of convective 
cloud then advanced eastward during 03:00–06:00 UTC 
(Fig.  4g and h). The convective clouds appeared to pass 
over the Rolwaling/Khumbu regions between 03:00 and 
12:00 UTC. After 09:00 UTC, the convective clouds were 
aligned linearly, extending along an east–west axis away 
from the Himalayas (Fig. 4i and j).

On 27 September, the GPM core observatory passed 
over Nepal twice (Fig.  5). According to GPM data, scat-
tered convective cloud systems that were around 25° N, 80° 
E at approximately 12:00 UTC were associated with rainfall 
of > 20 mm h− 1 (Fig. 5a and b). These areas of intense pre-
cipitation exhibited a high convective rain fraction (> 80%), 
with storm top height exceeding 10 km asl (Fig. 5c and d). 
Over the Himalayas, intense precipitation of > 10 mm h− 1 
was observed in some areas, although storm top heights 
were below 10 km asl and convective rainfall fraction was 
low (i.e., high stratiform rain fraction). At 21:00 UTC, when 
the extensive convective cloud shield appeared south of the 
Himalayas, precipitation of > 100  mm h− 1 was observed 
over the concave slopes in central Nepal. However, this 
extremely heavy rainfall was not associated with a par-
ticularly high storm top height; it was associated with a 

stratiform-type system with a storm top height of < 10 km. 
Furthermore, precipitation on the slopes was not provided 
by the precipitation system associated with the convective 
cloud shield. This cloud shield was an anvil cloud that was 
associated with a tall convective precipitation system near 
26° N, 83° E, which was far from the Himalayan slopes 
(Fig. 5e and f).

Differences between the precipitation systems over the 
Himalayas and those over the plain south of the Himalayas 
can be seen in vertical cross sections of precipitation rate 
(Fig. 6). The precipitation systems over the plain south of 
the Himalayas involved deep convection, with storm top 
heights reaching 15 km (Fig. 6a and b). By contrast, over 
the Himalayan slopes, heavy precipitation was confined to 
elevations of < 5 km, and storm top heights were lower than 
those associated with deep convection. The most striking 
feature is the increase of precipitation rate with decreasing 
elevation, which indicates efficient generation of heavy pre-
cipitation by warm rain processes (Hamada et al. 2015). As 
shown previously, the synoptic-scale atmospheric circula-
tion created very moist conditions around the Himalayas 
during this event. The substantial WVF continuously sup-
plied large amounts of water vapor toward the Himalayas. 

(a)         12:00 UTC 27 Sep 2024 (b) KuPR         11:46 UTC (c) Convective rain fraction (d) Storm top height 

(e)         21:00 UTC 27 Sep 2024 (f) KuPR          21:36 UTC  (g) Convective rain fraction (h) Storm top height 

900

900

(mm hr–1)(K) (km)(%)

AA

BB

CC

DD

Fig. 5  (a) Spatial distribution of infrared brightness temperature from 
Meteosat-9 (shading; K), integrated water vapor flux (vectors; kg m− 1 
s− 1), and 850-hPa geopotential height (contours; gpm) at 12:00 UTC 
on 27 September 2024. Area enclosed between the diagonal dashed 
lines indicates the swath of the Global Precipitation Measurement 
Dual-frequency Precipitation Radar Ku-band product (GPM KuPR). 
Details for the area enclosed in the box are shown in (b)–(d). (b) Near-
surface precipitation rate from GPM KuPR (mm h− 1) at 11:46 UTC 

on 27 September. Area with white shading indicates the GPM KuPR 
swath. (c) As in (b) but for convective rain fraction (shading; %). Area 
enclosed between the dashed lines indicates the GPM KuPR swath. (d) 
As in (c) but for storm top height (shading; km). (e) As in (a) but for 
21:00 UTC on 27 September. Details for the area enclosed in the box 
are shown in (f)–(h). (f)–(h) As in (b)–(d), respectively, but for 21:36 
UTC on 27 September. Lines A–B and C–D indicate the locations for 
the height–latitude sections in Fig. 6
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Owing to the deep convective activity in the windward area 
of the Himalayas, humidity increased at all elevations up to 
the mid-troposphere. These phenomena, together with the 
continuous forced uplift of very moist air over the Himala-
yan slopes suggest the existence of a moist absolutely unsta-
ble layer (MAUL) around the Himalayas (Bryan and Fritsch 
2000). Following Takemi and Unuma (2020), we identified 
MAULs as areas with a negative vertical gradient in equiva-
lent potential temperature and relative humidity of ≥ 99%. 
Figure 6c shows that the air layer rising over the Himalayan 
slopes meets the criteria for a MAUL. In MAULs, heavy 
precipitation can be maintained without very deep convec-
tion (Tsuji et al. 2020, 2021).

3.3  Extreme precipitation at higher elevations

At the higher elevations of > 3000 m, precipitation is depen-
dent on elevation and typically decreases with increasing 
elevation (Fujinami et al. 2021; Hirata et al. 2023). In the 
Rolwaling and Khumbu regions, the daily and hourly pre-
cipitation rates for 27 and 28 September (hereafter, 27/8) 
were higher than usual. Daily precipitation rates during 27/8 
far exceeded the upper whisker of the box plot in summer 
(June–September) 2024. Substantial positive deviations 
from summer precipitation values were recorded at stations 
that were higher than Beding station (3761 m) (Figs. 7a and 
S6a–e). We expressed the cumulative precipitation from 
27/8 as a percentage of the total summer precipitation in 

2024. Results show that the percentage increased with ele-
vation between Beding and Trakarding Glacier (4806  m) 
stations and exceeded 20% at Na and Trakarding Glacier 
stations (Fig. 7a).

The characteristics of hourly precipitation rate are similar 
to those of daily precipitation (Fig. 7b). At stations that were 
higher than Beding station, hourly precipitation rates during 
27/8 were higher than usual (Figs. 7b and S6f–j), exceed-
ing the upper whisker in summer 2024 at several stations. 
Elevation dependence was present across mean summer 
rates (cross marks in Fig. 7b) but absent from hourly rates 
during 27/8 (circles in Fig. 7b). Comparisons with summer 
data from 2024 (Fig. 7) and 2016–2019 (Fig. S7) from the 
Rolwaling region confirm that precipitation rates during 
27/8 were exceptionally high, especially at elevations of 
> 3761 m (Fujinami et al. 2021; Hirata et al. 2023).

4  Conclusions

This study investigated the multiscale factors contributing 
to the extreme precipitation event in Nepal at the end of 
September 2024 by examining the synoptic-scale circula-
tion fields, ISOs, and mesoscale cloud/precipitation systems 
around the Himalayas. The synoptic-scale atmospheric cir-
culation during this period was characterized by an LPS 
over the Indian Peninsula, together with an anticyclone to its 
east. The anticyclone exhibited a barotropic-like structure. 
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Fig. 6  (a) Height–latitude section of precipitation rate (shading in col-
ors except black; mm h− 1) along line A–B (Fig. 5b) from the Global 
Precipitation Measurement Dual-frequency Precipitation Radar Ku-
band product (GPM KuPR) at 11:46 UTC on 27 September 2024. 
Black shading indicates elevation from Global Multi-resolution Ter-
rain Elevation Data (GMTED2010). (b) As in (a) but for line C–D 
(Fig.  5f) at 21:36 UTC. (c) Height–latitude section of equivalent 

potential temperature (shading in colors except black; K) and meridi-
onal and vertical winds (vectors; vertical wind is multiplied by 10) 
between 83° and 83.75° E at 21:00 UTC on 27 September 2024. Areas 
enclosed by white contour meet the moist absolutely unstable layer 
(MAUL) criteria (see text for details). Black shading indicates eleva-
tion from European Centre for Medium-Range Weather Forecasts 
Reanalysis fifth-generation (ERA5) data
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The occurrence and movement of these two synoptic-scale 
systems were controlled by a QBW ISO, which originated 
in the tropics and was on a larger spatiotemporal scale. By 
contrast, the influence of the midlatitude circulation, which 
has been commonly reported as the primary cause of many 
past heavy rainfall events, remained weak throughout the 
2024 event. The involvement of QBW ISO continuously 
generated a pressure gradient that sustained a large south-
erly WVF to the southern Himalayas from the lower to 
the middle troposphere. This created an extremely humid 
environment around the southern Himalayan slopes and led 
to continuous forced uplift of humid air along the slopes 
throughout the event.

Under these synoptic-scale conditions, characteristic 
mesoscale cloud/precipitation systems appeared around the 
Himalayas. On 27 September, the wind direction became 
perpendicular to the slope, leading to enhanced WVF 
convergence along the concave slopes of central Nepal; 
the highest daily total precipitation during the event was 
recorded on this day. To the south of the Himalayas, deep 
convective-type cloud/precipitation systems brought pre-
cipitation with moderate intensity. By contrast, stratiform-
type precipitation systems with moderate storm top height 
and high precipitation intensity developed over the southern 
slopes of the Himalayas, delivering surface precipitation 
rates that exceeded 100 mm h− 1. Vertical profiles of the pre-
cipitation over the slopes indicate the increase of rainfall 
intensity with decreasing elevation. This suggests efficient 

formation of precipitation through warm rain processes 
associated with a large inflow of water vapor and continu-
ous forced uplift of a very moist layer along the Himalayan 
slopes, similar to a MAUL. On 28 September, the westerly 
component strengthened south of the Himalayas. The strong 
convective cloud/precipitation system moved northeast-
ward, bringing substantial precipitation to the Himalayas at 
higher elevations, including to glacierized areas.

Data from the rain gauge network deployed in the gla-
cierized basin in eastern Nepal show that daily and hourly 
precipitation rates were abnormally high during this event, 
particularly in areas above 3500 m asl. While both daily and 
hourly precipitation rates typically decrease with increasing 
elevation, these elevation dependencies were not observed 
during this event.

Further analysis is required to understand the mechanism 
by which QBW ISO generated the synoptic-scale LPS over 
the Bay of Bengal in this event. Detailed analysis using 
cloud-resolving models is also needed to understand how 
mesoscale precipitation systems form and develop over the 
Himalayan slopes. To assess whether events like the one 
in 2024 will become more frequent under global warming, 
further climatological studies are necessary. Assessing the 
influence of extreme precipitation events on glacier mass 
balance is also an important topic for future research.

Supplementary Information  The online version contains 
supplementary material available at ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​0​7​/​s​4​4​3​9​3​-​0​
2​6​-​0​0​0​2​4​-​0​​​​​.​​

(a) (b)
(m

m
 d

−1
)

(m
m

 h
−1

)

(2024 m) (3761 m) (4183 m) (4806 m) (5035 m) (2024 m) (3761 m) (4183 m) (4806 m) (5035 m)

Fig. 7  (a) Boxplots of daily precipitation (mm d− 1) based on rain 
gauge data from the Simigaun, Beding, Na, and Trakarding Glacier 
stations in the Rolwaling region and the Pyramid observatory in the 
Khumbu region for 1 June to 30 September 2024. The box represents 
the interquartile range (25th − 75th percentiles), with the horizontal 
line indicating the median. The cross mark denotes the mean value. 
The whiskers extend to 1.5 times the interquartile range. Gray and 
open circles above the boxplot indicate daily precipitation for 27 and 

28 September, respectively, for each station. The elevation (m asl) of 
each location is shown in parentheses below the station name, along 
with the cumulative precipitation from 27 and 28 September expressed 
as a percentage of the total precipitation from June–September. (b) As 
in (a) but based only on hourly precipitation of > 0 mm h− 1. Gray and 
open circles immediately to the right of the boxplot represent hourly 
precipitation on 27 and 28 September, respectively, for each station
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