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Abstract. In the Himalayas, the interaction between climate, orography and land cover results in a highly heterogeneous
precipitation pattern. Mountain precipitation, being the main driver of the water cycle, ultimately provides water for millions
of people downstream. Our current understanding of precipitation patterns within the Himalaya region is mainly based on
past modeling efforts and data ensemble products. Yet due to computational limitations these products either cover only a
limited time period or are unable to capture fine-scale precipitation patterns due to their resolution. Furthermore, the lack of
long-term meteorological observations due to the remoteness and inaccessibility of the terrain results in poor validation of
these products, especially above 3000 m a.s.l. We address this knowledge gap by synthesizing thirteen years (2012-2025) of
meteorological field data that spans an altitude range between 1406 and 5350 ma.s.l. in the monsoon-dominated Langtang
Valley, Nepal. We show that: (i) the diurnal precipitation cycle is bimodal during the monsoon, with an afternoon and a
nocturnal peak, but unimodal during the pre-monsoon; (ii) the relative amplitude of the afternoon (nocturnal) peak increases
(decreases) linearly with elevation, such that the monsoon precipitation—elevation gradient reverses diurnally from positive in
the afternoon to negative at night; and (iii) the nocturnal precipitation, which dominates the monsoon totals, is highly sensitive
to valley topography: under the near-saturated conditions prevailing at night, condensation rates scale directly with terrain-
forced ascent, concentrating the nocturnal maximum at the steep, confined valley entrance. This elevation gradient of the
diurnal cycle offers a simple validation tool for testing whether models capture the topography—circulation interaction, and the

observational record provides a unique reference dataset for studying valley-scale precipitation dynamics in this region.

1 Introduction

The Himalayas form one of the worlds most important water towers. Rivers that originate in the Himalayas sustain hundreds
of millions of people across downstream river basins (Immerzeel et al., 2019). These rivers are ultimately fed by mountain
precipitation, which sustains stream flow both directly, through rainfall and its runoff, and indirectly, through glaciers and

snowpacks that release meltwater outside the monsoon (de Kok et al., 2020; Bhattacharya et al., 2021; Pokhrel et al., 2026).
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At the same time, extreme precipitation events are a key trigger for natural hazards in the region. Floods and mass movement
disasters account for the majority of associated casualties and economic losses (Mal et al., 2018). Understanding precipitation
patterns is therefore key for ensuring water security, supporting risk adaptation and improving estimates of glacier mass loss.
Precipitation patterns across the Himalayas are complex, as topography and atmospheric processes interact across multiple
spatial and temporal scales (Barros et al., 2004). At the synoptic scale (hundreds of kilometers), the regional climate is defined
by a strong seasonal cycle (Yang et al., 2018). In the Central and Eastern Himalayas, the Indian monsoon provides more
than 80% of the annual precipitation (Bookhagen and Burbank, 2010). During this period, a low pressure system resides
over the Indo-Gangetic Plain and moisture from the Bay of Bengal and the Arabian Sea is transported over the plains. As it
moves inland, it traverses over the Bangladesh wetlands and Gangetic Plain region, where it undergoes continued moisture
uptake and recycling (Zhou et al., 2017; Hassenruck-Gudipati et al., 2023). Once it reaches the foothills of the Himalayas,
the flow is uplifted, where it precipitates mainly at the southern slopes of the Himalayas. These broad seasonal patterns are
further organized locally, where valley circulations interact with synoptic-scale weather systems (Bookhagen and Burbank,
2006). The interaction of valley circulations with the synoptic-scale monsoonal jet produces elevation-dependent changes in
precipitation timing and amounts during the monsoon (Barros et al., 2004). In the lower elevation (below 2500 m a.s.l.) foothill
regions on the southern slopes of the Himalayas, a nocturnal precipitation peak prevails, whereas regions above 3000 m a.s.1.
experience a bimodal precipitation pattern with a convective afternoon maximum and a nocturnal maximum (Barros et al.,
2000; Sugimoto et al., 2021; Fujinami et al., 2021). The resultant heterogeneous precipitation pattern (Immerzeel et al., 2014)
makes precipitation the primary source of uncertainty for glacio-hydrological modeling in the Himalayas (Wang et al., 2024).
Our current understanding of precipitation patterns within the Himalayas also relies on gridded datasets and data ensemble
products. Coarse gridded global reanalysis products such as ERAS5 or gauge-based products like APHRODITE (both at 0.25°,
~ 28 km) are geographically complete but are too coarse to incorporate the steep topography, leading to dry biases and an
inability to accurately resolve elevation-dependent variables (Yoon et al., 2019). More refined products like ERA5-Land and
the High Asia Reanalysis (HAR/HARV2) have been dynamically downscaled to finer resolutions (9 and 10 km) (Wang et al.,
2021; Muiioz-Sabater et al., 2021). These products simulate air temperature well, but struggle with spatially more variable
components such as valley winds (Khadka et al., 2022). As a result, they cannot reproduce the interaction between the local
valley circulation and synoptic-scale weather systems, which drives the diurnal precipitation cycle during the (pre-)monsoon.
Higher-resolution (800 to 500 m) dynamic downscaling with the Weather Research Forecast (WRF) model (Collier and
Immerzeel, 2015; Bonekamp et al., 2018) is able to resolve synoptic-scale weather patterns and their interaction with local
valley winds (Sugimoto et al., 2021) and, as a result, capture the twice-daily precipitation maxima observed at high altitudes.
Still, at slightly coarser resolutions (1 km) the model struggles to fully resolve valley-scale heterogeneity in narrow valley
systems where the topography is not properly described (Karki et al., 2017; Sugimoto and Takahashi, 2016). Furthermore,
computational limitations restrict these simulations to limited time periods of days to one year (Collier and Immerzeel, 2015;
Karki et al., 2017; Bonekamp et al., 2018).
A lack of long-term observational meteorological data, mainly due to the remoteness and inaccessibility of the terrain, limits

the effective validation of modeling- and ensemble-based products, especially above 3000 ma.s.l. (Yoon et al., 2019), (Sug-
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imoto et al., 2021). Consequently, the valley-scale climatological setting and its complex interactions with local circulation
patterns remain poorly understood. The climatology of Himalayan valleys is often determined from single meteorological
stations (Shea et al., 2015), which are typically located on the valley floors (Bharti and Singh, 2015). For precipitation in par-
ticular, such point measurements are often not representative of the catchment as a whole given the high spatial heterogeneity.
Relying on sparse valley-bottom data to extrapolate conditions at high altitude glacierized zones adds a major source of uncer-
tainty (Immerzeel et al., 2014). Multi-station networks that have been set up in selected Himalayan catchments, including the
Khumbu region through the Pyramid Meteorological Network (EvK2CNR, 2025; Salerno et al., 2025), the Rolwaling (Wei-
dinger et al., 2021) and the Langtang Valley (Immerzeel et al., 2014; Steiner et al., 2021) allow for comparative high altitude
analyzes across the region. These networks have substantially contributed to our understanding of valley-scale climatology, but
remain few in number and are unevenly distributed across the Himalayas.

This study builds on the existing Langtang Valley network and extends it, both in terms of the number of stations and the
length of the observational record. We aim to improve our understanding of precipitation dynamics in the Himalayas through
a synthesis of meteorological field data (2012-2025), collected across an altitudinal range of 1406-5350 m a.s.l. by a dense
network of meteorological stations located inside the valley. This dataset is unique due to the rare combination of its long-
term measurement period and high density of stations within a single valley. Based solely on observed ground data, we aim
to (i) document the spatial heterogeneity within the valley, (ii) provide a quantitative climatological benchmark for hourly
to monthly timescales across the full altitudinal range, and (iii) investigate how the interaction between the synoptic setting
and local topography drives the heterogeneous precipitation patterns inside the valley. Findings of this study may serve as a

reference dataset to validate how larger-scale modeling and satellite products resolve valley-scale meteorological processes.

2 Study Area

Langtang Valley is situated in central Nepal (28.2°N, 85.5°(e) and covers an area of 585 km?, spanning from 1400 ma.s.l. up
to 7234 ma.s.l. (Fig. 1). The Langtang River is the headwater of the Trishuli River in the Narayani (Gandaki) River system, one
of the major trans-Himalayan river systems that drains into the Ganges. Approximately 25% of the area is glacierized (Steiner
et al., 2021). The relative contributions of rainfall and snowmelt to streamflow vary considerably across seasons. During the
pre-monsoon, rainfall and snowmelt contribute roughly equally to total discharge, whereas the monsoon is dominated by
rainfall. In the winter and post-monsoon periods, discharge drops markedly as both rainfall and snowmelt diminish (Immerzeel
et al., 2014).

From the valley entrance at Syabru Besi (1406 m a.s.1.) to Ghoda Tabela (3040 m a.s.1.), the valley is characterized by a steep,
river-incised V-shape (Fig. 1b). Above Ghoda Tabela, the valley transforms into a glacially carved U-shape with gentler slopes
and a flat valley bottom (Fig. 1c¢).

In the study area, 70-90 % of total annual precipitation is delivered during the Indian monsoon (Immerzeel et al., 2014).
Regional daily precipitation quantities correlate with the strength of the lower level meridional winds along the slopes of

the valley and south of the catchment (Collier and Immerzeel, 2015). At the end of the monsoon and the beginning of the
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post monsoon, cyclonic storms occur. During these events, 3—6 day synoptic scale low pressure systems, developed over and
around the Bay of Bengal are diverted towards the Himalayas (Fujinami et al., 2021). These systems advect large amounts of
moisture that, when forced over steep terrain, result in high daily precipitation totals in the valley. During winter, precipitation
is governed by synoptic disturbances from the Mediterranean and Caspian Sea and has a more stratiform character (Cannon
et al., 2016).

A heterogeneous precipitation pattern exists inside the Langtang Valley (Immerzeel et al., 2014; Ueno et al., 1993). Previous
modeling efforts showed that during the monsoon, precipitation accumulates mainly at lower elevations with drying conditions
further up the valley. In winter, precipitation peaks at an altitude of 5000-6000 m a.s.1. (Collier and Immerzeel, 2015). Four
seasons are defined for this study: pre-monsoon (March to June 15), monsoon (June 15 to September), post-monsoon (October
to December), and winter (January to February). The seasons are determined by the onset and termination of the monsoonal

jet, which typically establishes around mid-June (Adhikari et al., 2022).

3 Method
3.1 Meteorological stations

Since 2012, a monitoring network has been installed and incrementally expanded through a collaboration between Utrecht
University, the Nepal Department of Hydrology and Meteorology (DHM), Eidgendssische Technische Hochschule Ziirich
(ETH Ziirich) and the International Centre for Integrated Mountain Development (ICIMOD). Stations and meteorological
variables selected for this research are quality checked based on their data coverage, outliers and number of valid measurements.
Locations of the meteorological stations throughout the valley are indicated in Fig. 1. PLU1, TB1-2, TB6—7 and TB9-10 are
located on the main valley bottom. TB8 and PLU4 are situated inside tributary valleys. TB3-5 are located on the slopes south
of Kyangjin Village, whereas PLU2 is located near the tongue of Yala Glacier on the northern slopes of Kyangjin Village.
Precipitation is measured using weighing pluviometers or tipping buckets. The pluviometers weigh the mass of liquid and
solid precipitation that fall in the bucket at 10 or 15 minute interval, and data are subsequently aggregated to hourly intervals.
Tipping buckets are event based and record a timestamp after every 0.2 mm of liquid precipitation only. For consistency, the
tipping bucket data are also aggregated to hourly totals. Single-Alter windscreens were mounted around each pluviometer to
reduce gauge undercatch (Fig. 2b).

Individual pluviometers have been further equipped with (a subset of) sensors that measure air temperature and relative
humidity (RH), wind speed, and direction, mean incoming shortwave and longwave radiation (SWj,, /LWj,,) and atmospheric
pressure (Table 1). Air temperature and RH sensors are housed in unventilated radiation shields. All data are recorded in local
time (UTC+5:45). An overview of the variables measured, instrumentation and specifications is given in Table 1, and by Steiner

et al. (2021), who provides a comprehensive description of the full sensor network present in the Langtang Valley.
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Figure 1. (a) Map of the Langtang Valley indicating the station locations. (b, c) Cross-sections at TB2 and Kyangjin Village (locations
indicated by white dotted lines in (a)); the blue dotted line indicates the valley width at 4200 m above the valley floor, and blue shading
indicates the valley cross-sectional area up to 200 m above the valley floor. (d) Elevation profile along the valley floor, indicated by the orange
line in (a). (e) Valley width at +200 m above the valley floor along the valley profile. Sources: Pléiades © CNES 2017,2022, Distribution
Airbus D&S; ESRI; SRTM | Powered by Esri

3.2 Data pre-processing
3.2.1 Precipitation phase partitioning

To distinguish between rain and snow, a temperature-based phase threshold of 1 °C was chosen. This threshold falls within the
range used by other studies in the region: (0.5 °C; Saloranta et al., 2019), (1 °C; Romshoo et al., 2023), and (< —2 °C for snow,

>2°C for rain and —2 to 2 °C for mixed precipitation; Kirkham et al., 2019). The sensitivity of changes in snowfall estimates
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Table 1. Station details, sensors, and variables monitored. Sensor thresholds and accuracies are listed in Table 2. Measurements are generally
taken at approximately 2 m above the surface. Wind sensors at PLU1, 2 and 3 are mounted at 3.3 m, 2.5 m and 1.5 m respectively. Temperature

and wind data are directly aggregated to hourly means. Precipitation is aggregated to hourly sums.

Station Variables Sampling interval Sensors
Tipping buckets (TB)

TB1,2,6 rain 0.2 mm ARG-100
TB3-5,9 rain, air temperature 0.2mm/ 1, 10, 30 min Casella; CS215
TB7 rain 0.2 mm Casella

TBS, 10 rain, air temperature 0.2mm/ 10, 30, 60 min  Casella; CS215

Pluviometers (PLU)

PLU1 rain, snow, air temperature, RH, wind, atm. 10 min OTT-2; HC2S3; CNR4; PTB330
pressure, SWi, /LWin (pre-2015) — CS106 (post-2015)
PLU2 rain, snow, air temperature, RH, wind, atm. 10 min OTT-2; HC2S3; 05103-45-L; CNR4

pressure, SWi, /LWiy

PLU3 rain, snow, air temperature, RH, wind, atm. 15 min OTT-2; CS109-L; WS500-UMB
pressure
PLU4 rain, snow, air temperature 15 min OTT-2; HC2S3

Temperature sensors (T)

T1-2,4 air temperature 60 min CS215
T3 air temperature 15 min —

T5 air temperature 15 min CS109-L
T6 air temperature 10 min HC2S3
T7 air temperature 5 min —

to the choice of commonly used temperature thresholds is illustrated in Fig. Al. For tipping buckets lacking temperature
observations, hourly air temperatures are estimated by extrapolating temperature data from PLUI, using linearly interpolated
temperature lapse rates. Temperatures measured by TB3-5, TB7 and TB9 are only used to distinguish between snow and rain
at the station site, but are excluded from further temperature analysis due to inaccurate temperature measurements at these
stations. For tipping buckets, snowfall is not recorded at the time it falls, but rather when it subsequently melts and passes
through the tipping mechanism. To avoid misinterpreting these as zero-precipitation measurements, all zero measurements for

the tipping buckets below 1 °C are removed from the time-series. Above 4000 m a.s.l. between October and May, temperatures
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Table 2. Sensor thresholds and accuracies. ARG, HC, 05103-45-L and sensors abbreviated with CS are distributed by Campbell Scientific;
the CNR4 is produced by Kipp & Zonen, the WS500-UMB by Lufft, the PTB330 and CS106 by Vaisala and the OTT-2 by OTT HydroMet,
05103-45-L by R.M. Young, ARG-100 by EML and HC2S3 Rotronic

Sensor Measures Threshold / accuracy

ARG-100 rain 0.2mm/+1%at0.5mh™"

Casella rain 02mm/£2%at1L

OTT-2 rain, snow 0.05mm/+6mmh~"

CS215 air temperature, RH +0.4°C/+2% at 25°C (10-90 % range)
CS109-L air temperature +0.2°C

HC2S3 air temperature, RH +0.1°C/+0.8%

PTB330 atm. pressure +0.20hPa at +20°C

CS106 atm. pressure +1.0hPa/—20to +45°C

CNR4 SWin/LWi, < 10%/day / 0 < SW < 2000 Wm >

WS500-UMB  wind, RH, atm. pressure ~ wind: +0.3 ms™ !/ £ 3%; dir: <3° RMSE; RH: + 0.2%; atm.
pressure: + 0.5 hPa at 0-40°C

05103-45-L wind 1-100ms~ /£ 03ms tor1 %

are frequently below 1 °C (Fig. A2), making the exact timing of hourly precipitation data for tipping buckets unreliable outside
of the monsoon season. We assume that nighttime snowfall during the pre- and post-monsoon is retained in the bucket and
melts each morning. Consequently, only daily and monthly totals are used during these seasons. Measurement periods for each

station and variable used for further analysis is presented in Fig. 2.
3.2.2 Quality control and data filtering

To ensure data reliability, several quality-control filters were applied. Pluviometer records were screened by removing flagged
data and precipitation intensities exceeding 100 mmh~1!, which is above the reported regional precipitation intensity maximum
observed by Bookhagen and Burbank (2010) (40-60 mmh~1'). In addition, all hourly observations above 40 mmh~! (n = 19)
were cross-checked against documented extreme events in Nepal (news reports and literature) and station maintenance records.
Observations that could not be corroborated were classified as outliers and discarded. For the tipping-bucket gauges, a stricter
threshold of 40 mmh~! was applied, as these stations are not used for extreme-value analysis and the threshold is assumed to
have a negligible effect on multi-year monthly and hourly means. Wind speeds of 0ms~! and above 50 ms~! are removed
based on visual inspection of the data. Because multiple refractions from surrounding snow-covered terrain and clouds results

in incoming solar radiation frequently exceeding the solar constant, a maximum SWj,, of 2000 W m~?2 was implemented (Gel-
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TB10 4617 m
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Rain Temperature Wind Sw
Precipitation (rain + snow) RH Pressure

Figure 2. (a) Overview of data availability (after pre-processing) per meteorological variable at each station. TB = tipping bucket; SW =

mean incoming shortwave radiation; LW = mean incoming longwave radiation. (b) Pluviometer (PLU3). (c) Casella tipping bucket (TBS).

sor et al., 2021). During winter, snow insulates the temperature sensors at the tipping buckets, dampening diurnal temperature
fluctuations. We identified these periods and removed them manually from the dataset. To prevent spillover error, precipitation
data from the pluviometer is excluded if the gauge reaches 95 % of its capacity. Precipitation totals are computed for monthly,
daily and hourly timescales. Monthly totals were obtained by summing hourly precipitation values recorded by the pluviome-
ters. Because pluviometers continuously measure weight differences, any missing timestamps directly lower the calculated
totals. Therefore, we applied strict data coverage thresholds for these instruments, requiring 100 % coverage for monthly and
daily totals.

A lower coverage threshold is applied for the tipping buckets to account for the freeze and melt cycles that occur during
periods of nighttime snowfall and daytime melting. Aggregated monthly sums are calculated when at least 50 % of the data

within a month is valid. Additionally, extended periods of zero precipitation were cross-checked against neighboring stations.
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Where a station recorded no precipitation over a prolonged period while nearby stations did, the data were flagged as instrument
failure and excluded from the analysis to avoid false zero measurements. Fig. 2 provides an overview of the data used for further
analysis.

Monthly precipitation means were computed with at least three months satisfying the coverage thresholds for tipping buck-
ets and pluviometers. TB1 is an exception, as it measures for a single year. This station is still considered valuable as it
provides coverage in the lower elevation but its monthly precipitation totals should be treated with caution. Annual totals for

pluviometers are produced as the sum of all monthly means.
3.2.3 Wind-induced precipitation undercatch

Undercatch of liquid precipitation for the ARG100 and Casella tipping buckets was quantified on a wind exposed site by
Pollock et al. (2018). At wind speeds similar to the Langtang Valley during the monsoon (4-5ms™1), they report a systematic
undercatch of 9 % for the Casalla bucket (mounted at 0.5 m above the ground). Under strong winds comparable to winter and
post-monsoon precipitation events (10 ms~! on average), undercatch increases to 17 % for the ARG100 (1.5 m) and 24 % for
the Casella (0.5 m). Actual undercatch at our sites is likely higher, as the undercatch of solid precipitation, which typically
exceeds that of rain, could not be quantified due to the lack of wind measurements at the tipping bucket sites. Since the
pluviometers are equipped with windshields, undercatch of liquid precipitation is considered negligible. For mixed and solid
precipitation, however, undercatch remains substantial. Therefore, this study applies the correction from Kochendorfer et al.
(2017) to account for wind-induced undercatch for mixed and solid precipitation recorded at the pluviometer. Based on their
empirical relation, we estimated undercatch of 7, 18, 15 and 32 % for the monsoon, pre-monsoon, post-monsoon and winter

respectively (Fig. A3).
3.3 Analysis of atmospheric drivers and precipitation dynamics

To analyze the precipitation dynamics in Langtang Valley, we focus on key metrics derived from the surface observations:
SWi, to LWj, ratio (SW/LW), surface temperature lapse rate (LR), zero-degree isotherm (zgoc), and albedo (SWi,/SWqyut).

SW/LW is a measure for the radiative forcing at the surface that drives the thermal valley circulation (Kirshbaum et al., 2018).
High SW/LW indicate clear-sky conditions, under which the slopes warm rapidly during the day through direct insolation and
cool rapidly at night through longwave emission. Low values are indicative of cloudy conditions, where clouds block SWi,
and re-emit LW;,, dampening daytime surface heating and nocturnal radiative cooling. The mean monthly SWj, to LWj,
ratios are calculated as the daily mean SWj,, divided by the daily mean LWj,,. The daily ratios are subsequently aggregated to
monthly mean ratios.

The valley circulation is driven by the horizontal pressure gradients that arise hydrostatically from temperature contrasts
between the valley atmosphere and the adjacent air columns (Whiteman and Doran, 1993). Because these temperature contrasts
are generated by surface heating along the terrain, the surface lapse rate derived from the station network provides a proxy for
the strength of this thermal forcing. A steep LR indicates a strong thermal gradient within the valley that drives buoyant anabatic

(upslope) winds in the afternoon and density-driven katabatic (downslope) winds at night. Hourly LR have previously been
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determined before in the study area for its use in hydrological modeling (Heynen et al., 2016; Immerzeel et al., 2014; Shea
et al., 2015) and are here extended over a longer measurement period.

Here, hourly LRs are determined by fitting a first-order linear regression between station elevation and observed hourly
temperatures for at least six stations at every hour. To show how the diurnal wind patterns shift seasonally, wind direction is
reduced to upslope and downslope directed based on the local topographic orientation of each wind station.

Atmospheric moisture availability and saturation are quantified as the mixing ratio (MR) and RH at PLU1-3, which vary
both in altitude and lateral position inside the valley. MR is calculated using the actual vapor pressure and atmospheric pressure
using the Mangus Tetens formulation (Tetens, 1930), with the optimized coefficients as defined by Bolton (1980). RH is directly
measured at these stations.

To analyze the elevation of the snowline inside the valley, elevation (z) of the zero-degree isotherm (zgo¢) is calculated daily

mean temperatures and LR according to

T,_
Zpec = — FO, (1)

where T’,—¢ is the temperature extrapolated to z = 0 and I is the daily mean LR. The resulting zyoc is constrained between 0
and 8000 m a.s.l. The presence of a snowpack is independently confirmed using surface albedo. This is quantified as the ratio
of outgoing to incoming shortwave radiation (SW oyt /SWiy; 08:00-18:00, SWi, > 150 Wm™?).

Temperature, RH, MR, LR and zyoc are analyzed on monthly timescales. Available measurements as indicated in Fig. 2,
are grouped per month to compute monthly means. Additionally, diurnal cycles for each season are analyzed for tempera-
ture, precipitation, LR, RH, MR and wind- speed and direction. To do this, observations are grouped by hour of day and by
season/month, from which hourly seasonal/monthly means are computed over a 24-hour window.

To characterize how precipitation is distributed spatially and temporally across the valley during the monsoon, two additional
analyses are performed. A Spearman correlation matrix is constructed from hourly precipitation records at all available stations,
providing a measure of spatial coherence. Low inter-station correlations are indicative of localized, convective precipitation
events, while high correlations point to widespread, stratiform precipitation affecting multiple gauges simultaneously.

Lastly, to formulate a generalized trend of how the monsoon diurnal cycle evolves across the elevational range, hourly

monsoonal precipitation is normalized as

n(s. h
ps,h) = 2T, @)

where D(s, h) is the mean precipitation at specific hour h at station s and p(s) is the seasonal hourly mean at station s. A value
of p > 1 indicates that precipitation at that hour exceeds the daily hourly mean, while p < 1 indicates it falls below. Because
normalization removes the station-specific totals imposed by the local micro-climatic setting, it isolates the shape of the diurnal

precipitation cycle allowing comparison directly across different stations.

10
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4 Results
4.1 Climatic overview
4.1.1 Thermodynamical drivers and moisture advection

Mean monthly temperatures peak in July, ranging from +9.8 °C at PLU1 to 43.7 °C at PLU2 (Fig. 3a). The coldest month
is January, with mean temperatures between —2.6 and —10.4 °C at PLU1 and PLU?2, respectively. zgoc remains consistently
above 5500 ma.s.l. during the monsoon (Fig. 3b), resulting in melt across glaciated areas inside the catchment. In October
temperatures drop rapidly and zgoc descends to 3200 m a.s.1. during winter. During the pre-monsoon, zgoc gradually increases
to 4800 m a.s.1., initiating melt in the majority of the catchment.

The pre-monsoon is characterized by steep LR (—6.9°Ckm™') and large diurnal temperature ranges (Fig. 3a,d). The
SW/LW ratios and low RH values reflect dry, largely cloud-free conditions (Fig. 3c,f). Under clear sky conditions, solar
radiation, unattenuated by clouds, drives intense daytime heating that is most pronounced at higher elevations, due to the thin-
ner atmosphere here. At night, the absence of a cloud layer reduces LW, promoting strong radiative cooling at the surface.

This combination of intense daytime surface heating and strong nocturnal radiative cooling results in large diurnal temperature

variability.
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Figure 3. Mean monthly (a) temperature, (b) zero-degree isotherm elevation, (c) SW/LW ratio, (d) temperature LR, (e) mixing ratio and (f)

relative humidity.

The monsoon onset is marked by a sharp rise in MR and RH from June onward (Fig. 3e,f), reflecting high moisture ad-

vection driven by the monsoonal jet. Mean monthly MR reaches 8-12 gkg ™! across the valley. The atmospheric moisture
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storage capacity declines with elevation, resulting in lower MR measured at PLU2 and PLU3 (+8 gkg '), compared to PLU1
(£ 10gkg™'). Despite this lower absolute moisture content, the colder temperatures at higher elevations keep the air close to
saturation, so near-saturated conditions (97-99 %) prevail throughout July and August across all stations. In addition, SW/LW
is relatively low due to a persistent cloud cover, particularly at higher elevation (PLU2), where frequent afternoon convective
clouds develop at the ridges (Ueno et al., 1993). These humid conditions promote condensation and the associated release of
latent heat, which drives an upward transfer of heat and causes a shallowing of the LR.

During the post-monsoon and winter, due to the absence of the monsoonal jet, moisture advection into the valley is strongly
reduced due to the absence of the monsoonal jet. MR at higher stations decreases to approximately 1.0 gkg ! and RH drops to
28 % in December. Consequently, LRs steepen and SW/LW ratios increase again, initiating strong surface heating and nocturnal

radiative cooling that also characterizes the pre-monsoon.
4.1.2 Valley circulation

During the pre-monsoon, the strong surface heating and steep LR drive a pronounced diurnal mountain-valley wind regime,
with anabatic winds during the day and cold, katabatic winds at night (Fig. 4). Anabatic winds peak during this season,
where mean hourly wind speeds of 7ms™! are observed during the pre-monsoon between 12:00-14:00 at PLUI (Fig. 4f). A
comparable diurnal pattern persists through winter and the post-monsoon, though nocturnal and early-morning katabatic winds
strengthen considerably during these seasons, particularly at PLU2 (5ms~') and PLU3 (3 ms ™) (Fig. 4b). This intensification
is likely attributable to the presence of snow cover at the higher elevations of the catchment (Fig. B1), resulting in strong
nocturnal radiative cooling that strengthen the density driven katabatic winds at these sites. At the onset of the monsoon,
reduced surface heating and shallower lapse rates reduce along-valley temperature gradients (Fig. 3). As a result, the valley
circulation abruptly weakens at the onset of the monsoon, indicated by the low wind speeds measured at each station. In
July and August, the south-westerly directed monsoonal flow dominates the prevailing wind direction. As a result, the flow is
directed upslope through most of the night for PLU3 and PLU1. At PLU2, the relative occurrence of katabatic winds increase,

which could be due to its proximity to the ice body of Yala Glacier.
4.1.3 Precipitation

Monthly precipitation within the Langtang Valley exhibits high spatial heterogeneity and a pronounced seasonal cycle (Fig.
5a). The monsoon accounts for 60-70 % of the annual total, followed by the pre-monsoon (20-30 %). The post-monsoon and
winter are substantially drier, together contributing less than 20 % of the annual total. Peak monthly precipitation consistently
occurs in July throughout the valley, ranging from 148 mm at TB9 to 582 mm at TB2. Winter precipitation is characterized by
high inter-annual variability as the wet day frequency is low and the amount is controlled by the magnitude of isolated events.
During the monsoon, the highest precipitation totals are observed in the lower valley measuring 353 mm at TB1 and 582 mm
at TB2 in July. At Kyangjin Village, a sharp decline in absolute precipitation is measured (PLU1: 169 mm in July). However,
substantially higher precipitation totals are measured at higher elevations on adjacent slopes near the village: Here TB3--5

measure 181, 238 and 199 mm and PLU2 measures 271 mm. On the main valley floor further up-valley from Kyangjin Village,
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Figure 4. Prevailing hourly wind direction (upslope/downslope) per month (a, ¢, e) and mean hourly wind speed per month (b, d, f) for
PLU3, PLU2 and PLU1. Color shading in the wind direction panels denotes the relative occurrence of each wind direction (dark: > 67 % of
the time; light: < 67 %).

precipitation totals are relatively constant for TB6, TB7 and TB9, which measure 158, 190, 148 mm in July, respectively. At
PLU3, located inside the tributary valley of Morimoto glacier, a slightly higher monthly total (208 mm) is observed.

During the pre-monsoon a stronger decrease in precipitation up-valley is measured. Monthly precipitation totals measured
at PLU1, TB3-5 and PLU?2 are consistently higher relative to TB7, TB6, TB9, TB8 and PLU4 (Fig. 5). This drying up-valley
trend suggests moisture depletion as air masses move further into the catchment. A near constant influx of moisture during
the monsoon results in a high wet day frequency, but generally with small rainfall intensities (Fig. 5b). The wet day frequency
during post-monsoon and winter is low, but the daily amounts can be considerable. Some of the most extreme daily totals are
recorded during the monsoon—post-monsoon transition (e.g. the cyclone events Phailin, Hudhud, Hamoon and Yaas) (Fig. 5d).
Snowfall at Kyangjin occurs primarily between November and April. In winter, snowfall mainly accumulates around Kyangjin
and its surroundings up to PLU2. Extreme snowfall events are recorded at the end of the post-monsoon and during the winter.
Overall, the highest snowfall amounts are observed between 12:00 and 14:00 at PLU1 as moisture availability is high compared
to the winter and post-monsoon, while temperatures are considerably lower compared to the monsoon (Fig. 3d). At the end
of the monsoon and at the start of the post-monsoon, a substantial part of the annual snowfall falls above 4900 ma.s.l. At
Kyangjin, no persistent snow layer forms during the year, whereas higher sites like PLU2 remain snow covered until May (Fig.
B1).
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daily events for PLU1, PLU2 and PLU4 (mm day ~!); snow events and well-known extreme events are indicated by markers.

4.2 Diurnal setting
4.2.1 Monsoon

285 During the monsoon, precipitation follows a clear diurnal cycle that is driven by weak valley winds (Fig. 6, Fig. 4). The
characteristics of the diurnal precipitation cycle vary with elevation. At lower elevations (TB1 and TB2), a single nocturnal
peak is observed (00:00-01:00), while at higher elevations (PLU1 and above), a bimodal pattern emerges with both an afternoon
(13:00-14:00) and a nocturnal maximum (00:00-01:00) (Fig. 6, Fig. B2b). Throughout the day, surface heating destabilizes the
lower boundary layer, LR slightly steepens, generating anabatic winds that peak at 14:00 (Fig. 4). Moisture advected into the

290 valley by the monsoonal jet is forced upslope by anabatic winds. During this period, maximum temperatures are measured
(+11 °C above 5000 m a.s.l. at PLU2). Afternoon surface heating drives convective-type precipitation. This results in localized
afternoon showers, indicated by the lower correlation in the precipitation signal between stations (Fig. B2a). At night, incoming
solar radiation decreases, anabatic winds weaken, the air cools, and the cloud base lowers towards the valley floor. Meanwhile,

continued monsoonal flow sustains high MR (e.g. 11 gkg ™! at PLU1) throughout the valley (Fig. 6¢4). The combination of
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Figure 6. Mean hourly (a-d) precipitation, (e-h) LR and temperature (at PLU1), blue shading indicates the 10th to 90th percentile range of

the hourly LR and (i-1) mixing ratio and relative humidity, per season (columns: post-monsoon, winter, pre-monsoon, monsoon).

high MR and radiative cooling results in a nearly saturated atmosphere, indicated by RH values approaching 100 % leading to
the nocturnal precipitation peak.

From 02:00 to 03:00 onward, further cooling results in katabatic winds dominating across the valley until 07:00 (Fig. 4).
The descent of colder, drier air associated with these katabatic flows subsequently suppresses precipitation to a minimum at
07:00-08:00.

To quantify how the shape of the diurnal monsoon precipitation cycle evolves with elevation, the afternoon (13:00-16:00)
and nocturnal (21:00-00:00) peaks are compared across the elevational range using the normalized precipitation p (Eq. 2) (Fig.
7). A linear increase (decrease) of the relative amplitude of the afternoon (nocturnal) peak with elevation is indicated in Fig. 7a.
At elevations below 3400 m a.s.l., the afternoon peak remains below the daily hourly mean (normalized value <1) and can be
considered effectively absent, while the nocturnal peak is projected to fall below this mean only at altitudes above 5700 m a.s.1.
The hourly elevation-precipitation gradient (slopes of the trendlines of Fig. 7a) shows that the gradient switches from positive

during morning and afternoon hours to negative from 17:00 onwards (Fig. 7b).
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Figure 7. (a) Normalized precipitation at the selected daytime peak hour (13:00-16:00; yellow circles) and nocturnal peak hour (21:00-
00:00; purple squares), plotted as a function of elevation. Error bars denote + 1 standard error of the mean across monsoon days. Solid and
dashed trendlines show least-squares fits for the daytime and nocturnal estimates, respectively. (b) Hourly regression slope of normalized
precipitation values against elevation (slope of trendlines of panel a). Yellow bars indicate precipitation increasing with elevation (positive
gradient, present in the afternoon) and purple bars indicate a negative gradient (present during nighttime). Normalized diurnal timeseries for

PLU4 and TB2 are also provided in Fig. B2.

4.2.2 Pre-monsoon

In contrast to the bimodal precipitation pattern observed during the monsoon, the pre-monsoon period is generally charac-
terized by a single daytime precipitation peak around 18:00 (Fig. 6), driven by localized convection resulting from intense
surface heating and strong anabatic winds. At 18:00, convective precipitation is most pronounced at PLU1 and PLU2, with
progressively smaller amounts recorded further valley inward at PLU3 and PLU4. The MR peak occurs approximately at
17:00. Following the afternoon precipitation maximum, rapid nocturnal radiative cooling increases the strength of katabatic
winds across the valley (Fig. 4), suppressing further precipitation. Katabatic winds persist until 06:00-09:00 in the morning

(Fig. 4) during which precipitation is minimal.
4.2.3 Winter and post-monsoon

During winter and the post-monsoon, MR and RH in the valley are considerably lower compared to the (pre-)monsoon, ranging
between 2—4 gkg ™! and (20-40 %), respectively. Nocturnal LR vary between -5.5 and -5°Ckm™!, steepening to —6.5 to
—7.0°Ckm~! during daytime. MR peaks at 16:00 reaching 4 gkg~! during the post-monsoon and 3.2 gkg™! during the

winter at PLU1. Similar MR values at PLU2 and PLU3 indicate a spatially uniform moisture distribution across the valley
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during these seasons. Although a strong valley wind circulation exists, under these dry conditions, no statistically significant

diurnal precipitation cycle or vertical precipitation gradient is detected.

5 Discussion
5.1 Spatial precipitation patterns

Observations from this study demonstrate that precipitation in the Langtang Valley is highly heterogeneous in both space
and time. This variability implies that validation of regional climate models or satellite products against individual station
measurements should be treated with caution, as single stations are unlikely to be representative for a catchment as a whole.
This is especially true during the (pre-)monsoon, where it is mainly local convection, rather than synoptic forcing, that governs
the spatial distribution of precipitation. Despite this heterogeneity, precipitation totals along the main valley floor correspond
reasonably well with regional elevation-precipitation trends. The observed precipitation maximum at TB2 (2370 ma.s.l.; Fig.
8) during the monsoon, which shifts to 3000—4000 m a.s.l. during the pre-monsoon, is broadly consistent with regional WRF
simulations from Karki et al. (2017). This correspondence breaks down at Yala (PLU2). The anomalously high precipitation
totals recorded at PLU2, situated near the tongue of Yala Glacier, are related to enhanced local convergence driven by glacial
surface cooling (Potter et al., 2018; Lin et al., 2021). Here upslope flows in combination with an increased presence of katabatic
winds (Fig. 4c) lead to local convergence zones, that can result in a local precipitation maximum at the front the of the glacier.
We therefore caution against applying regional elevation-precipitation relations (Sugimoto and Takahashi, 2016; Bookhagen
and Burbank, 2006) for sites located near glaciers.

The observed transition from a single nocturnal peak to a bimodal diurnal cycle above 3400 m a.s.l. confirms regional obser-
vations and modeling studies (Fujinami et al., 2025; Barros et al., 2000, 2004; Shea et al., 2015; Fujinami et al., 2021). Based
on observed ground data, we extend this research by showing that the amplitude of the monsoon precipitation peaks varies
linearly with elevation (Fig. 7). Normalization (Eq. 2) removes the local controls on precipitation totals, isolating the relative
importance of the processes that govern the diurnal cycle: thermally driven daytime convection that strengthens with elevation
(afternoon) and the orographic lifting of the monsoonal jet (nocturnal, Sect. 5.3). We therefore argue that the empirically de-
rived relation in Fig. 7 offers a quantitative tool for model evaluation. A model that reproduces the linear increase (decrease) of
the afternoon (nocturnal) peak with elevation captures the essential monsoon dynamics of the valley. Further research could test
the transferability of this relation to other valleys in the Himalayas as well as other monsoon dominated mountain regions, such
as the Andes, where a twice daily maximum occurs with similar altitudinal trends as in the Himalayas (Junquas et al., 2018).
To better understand what mechanisms drive these peaks, the following sections examine why the nocturnal peak dominates

the monsoon profile (Sect. 5.2), and how this topographic sensitivity changes across other seasons (Sect. 5.3).

17



350

355

360

https://doi.org/10.5194/egusphere-2026-5005
Preprint. Discussion started: 2 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Tiz May daily mean Valley profile 5500
—®— Monsoon daily mean Elevation profile
Monsoon daytime (12—16h) Y e  Profile station
12 —#— Monsoon nighttime (21-01h) %  Slope station location , 5000

4500
TB1

4000

3500

y/° 3000
TB7
e 2500

2000

Mean precipitation (mm)
)
c
S
Elevation (m a.s.|

N
g.’

— .

= =" 1500

0 5 10 15 20 25 30 35 40
Distance along valley (km)
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monsoon (May) precipitation (yellow), along the valley floor profile (grey). Star marker depict mean daily monsoon precipitation measured
at PLU2.

5.2 Monsoon nocturnal precipitation

While the afternoon peak is relatively more pronounced at high altitudes, its absolute precipitation contribution is insufficient
to offset the large nocturnal totals concentrated at valley entrances and lower slopes (Fig. 8). It is therefore the nocturnal
peak that ultimately determines the overall trends of the precipitation-elevation profile during the monsoon. On a synoptic
scale, Fujinami et al. (2021, 2022) argue that nocturnal peaks in the Himalayas can partly be attributed to the acceleration of
the low-level monsoon flow over the Gangetic Plain. This acceleration maximizes moisture transport toward the Himalayan
foothills between midnight and early morning. Barros and Lang (2003) state that nocturnal wind speeds decrease or even
reverse near the mountain barrier. As a result, the near-surface winds converge, leading to upward motion that can force
convection. At the valley scale, Barros et al. (2004) argue that nocturnal cooling, in combination with a steady daytime buildup
of precipitable water, drives this nocturnal maximum. This process is further aided by evaporative cooling from rainfall early
in the night and moisture input from evapotranspiration below 3000 ma.s.l. Cloud-resolving WRF simulations suggest that
katabatic winds, driven by nighttime radiative cooling and evaporative cooling by hydrometeors in the near-surface layer,
converge with the monsoonal jet to produce the nocturnal precipitation peak (Sugimoto et al., 2021). The nocturnal maximum
observed in the Andes has likewise been attributed to convergence of katabatic winds with the monsoonal flow (Junquas et al.,
2018). Although we tested the relationship between downslope wind speed and precipitation intensity across all stations, a

significant positive correlation was found only near the front of Yala Glacier at PLU2, indicating a local convergence zone
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that does not extend to Kyangjin Village (PLU1). Additional wind measurements in the lower valley are needed to study how
the interaction between katabatic winds and the monsoonal jet results in a nocturnal precipitation peak below 3000 m a.s.1. In
addition to these processes, we hypothesize that the nocturnal maximum in precipitation below 3000 m a.s.l. in the Langtang
Valley is also a result of the steep, confined valley geometry found here (Fig. 1b). Radiative cooling in combination with high
MR brings the atmosphere towards saturation (RH ~100 %) during nighttime (Fig. 6¢). Under these near-saturated conditions,
the lifting condensation level lies close to the surface and lifted air ascends along the moist adiabat. Because the LR is close
to the moist-adiabatic lapse rate, this ascent is neither inhibited nor buoyantly accelerated. The shallow monsoon LR, although
stable for unsaturated air, offers little resistance to saturated ascent (Kirshbaum et al., 2018), allowing the monsoonal flow to
be lifted over the terrain. Under these conditions the rate at which moist air is mechanically lifted and cooled is proportional to
the slope, and under fully saturated conditions the condensation rate can be approximated using the formulation from Colton
(1976)

C(l‘,y) = PGVSATO U- Vh(xay)a (3)

where p the air density and gysaTo the saturation specific humidity at the ground, which depends on temperature (7', in °C)
according to gysaTo ~ 0.0038 exp(0.068T"). The second term, U - Vh(z,y), represents the terrain-forced ascent, where U
is the mean wind vector and Vh(z,y) the terrain slope. The relatively warm temperatures and high moisture availability in
combination with sustained nocturnal upslope flow results in high values for gy saro. As a result, variation in U o Vh(x,y)
strongly modulate condensation rates. Figure 8 illustrates this, where the steep valley bottom and surrounding slopes at TB1
and TB2 (Fig. 1) result in a peak in the nocturnal precipitation. This may explain why a sudden drop in precipitation is found
between TB2 and PLUI, as between these stations, the valley widens and the slope flattens. The position of such slope breaks
along Himalayan valleys is largely set by the extent of glaciers during the Last Glacial Maximum and by region-wide tectonics,
and may therefore occur at comparable elevations across the region (Owen, 2020; Schmidt et al., 2015; Kashyap et al., 2024).
This suggests that the regional precipitation-elevation pattern during the monsoon may partly be attributed to this shared valley
morphology. Future studies could test whether sudden decreases in precipitation in other Himalayan valleys coincide with this

morphological transition.
5.3 Seasonal shifts in precipitation-topography interaction

The sensitivity of precipitation to valley topography is strongly modulated by atmospheric moisture availability. In the pre-
monsoon, the strongest valley circulation is measured (Fig. 4). Still, the terrain forced ascent mechanism (Eq. 3) does not
apply as limited moisture availability results in an unsaturated atmosphere. During this period, moisture generally originates
from regional evapotranspiration in contrast to the large scale moisture influx during the monsoon (Barros and Lang, 2003).
Due to the lower atmospheric moisture content, further cooling (or lifting) is needed for condensation (Fig. 9). As a result,
the peak in precipitation at TB2 is absent, indicating that the terrain term exerts limited control on the precipitation totals

(Fig. 8). During winter and post-monsoon, moisture resides primarily in the upper atmosphere, and valley geometry and local
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temperature fluctuations exert minimal influence on the precipitation distribution. During this period, synoptic-scale weather

systems govern precipitation patterns.
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Figure 9. Seasonal precipitation sensitivity to cooling (d7'/d¢ < 0) and warming (d7"/d¢ > 0). Hourly temperature changes are binned every
0.1°C, and the mean precipitation intensity for each bin is indicated on the y-axis. Shaded areas indicate & 1 standard error of the mean

across all hourly observations within each temperature-change bin.

6 Conclusions

During the monsoon, the spatial distribution of precipitation is primarily controlled by valley topography and the diurnal
valley circulation. Above approximately 3400 m a.s.1., a bimodal precipitation pattern emerges, comprising an afternoon max-
imum driven by convective activity and a nocturnal maximum sustained by radiative cooling and orographically forced as-
cent of moisture-laden air. At lower elevations, the steep and confined V-shaped valley geometry enhances orographic up-
lift and low-level convergence, concentrating the highest absolute precipitation totals near the valley entrance. The monsoon
precipitation-elevation gradient reverses diurnally, shifting from positive during afternoon hours to negative at night. As the
absolute contribution of the nocturnal peak consistently dominates that of the afternoon convective peak throughout the valley,
it is the nocturnal maximum that ultimately determines the shape of the monsoon precipitation-elevation profile. During the
pre-monsoon, the absence of large-scale moisture influx results in an unsaturated atmosphere where terrain-forced ascent exerts
limited control. Instead, strong surface heating and steep lapse rates drive a pronounced valley circulation, producing a single
afternoon convective precipitation peak that migrates upward along the valley during the day. In winter and the post-monsoon,
synoptic-scale weather systems govern precipitation, and no statistically significant diurnal or vertical precipitation gradients
are detected. Under the near-saturated atmospheric conditions prevailing during the monsoon, precipitation totals are sensitive
to local topography and valley circulation strength. This sensitivity diminishes outside the monsoon, when the atmosphere is

sufficiently unsaturated that additional cooling is required before precipitation is triggered. We provide a generalized gradi-

20



415

420

425

430

435

https://doi.org/10.5194/egusphere-2026-5005
Preprint. Discussion started: 2 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

ent of the monsoonal cycle with elevation that can be used as validation to evaluate model performance in reproducing the
elevation-dependent shift between afternoon and nocturnal precipitation peaks, which is a measure on how well models sim-
ulate the topography and the related valley circulation. The long-term observational record compiled here provides a unique

reference dataset to support such model development and validation.
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Appendix A: Supplemental figures method
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Figure A1. Snowfall anomaly (%) for different temperature thresholds relative to a temperature threshold of 0 °C.
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