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ABSTRACT

The topography of the Himalaya exerts a substantial control on the spatial distribution of monsoonal rainfall,
which is a vital water source for the regional economy and population. But the occurrence of short-lived and
high-intensity precipitation results in socio-economic losses. This study relies on 40 years of daily data from 204
ground stations in Nepal to derive extreme precipitation thresholds, amounts, and days at the 95th percentile. We
additionally determine the precipitation magnitude-frequency relation. We observe that extreme precipitation
amounts follow an almost uniform band parallel to topographic contour lines in the southern Himalaya
mountains in central and eastern Nepal but not in western Nepal. The relationship of extreme precipitation
indices with topographic relief shows that extreme precipitation thresholds decrease with increasing elevation,
but extreme precipitation days increase in higher elevation areas. Furthermore, stations above 1 km elevation
exhibit a power-law relation in the rainfall magnitude-frequency framework. Stations at higher elevations
generally have lower values of power-law exponents than low elevation areas. This suggests a fundamentally
different behaviour of the rainfall distribution and an increased occurrence of extreme rainfall storms in the high

elevation areas of Nepal.

1. Introduction

The water balance in the central Himalayan region depends pri-
marily on the Indian Summer Monsoon (ISM) precipitation (Hannah
etal., 2005; Bookhagen and Burbank, 2010). Solid precipitation impacts
water budgets at high elevation and glacial mass balances, while the
melting process and liquid precipitation significantly influence the
downstream water balance (Hannah et al., 2005; Smith and Bookhagen,
2018; Norris et al., 2020). More than one-sixth of the world’s population
relies on rivers originating from the Himalaya as their principal source
of water for livelihood and economic activities such as agriculture and
hydropower (Nandargi and Dhar, 2011; Subash and Gangwar, 2014).
During the ISM, high-intensity but low-frequency events occur (Wulf
et al.,, 2010; Nandargi and Dhar, 2011). Extreme precipitation occurs
during these events, which are the top 5-10% of all precipitation events
(Bookhagen, 2010; Malik et al., 2012; Karki et al., 2017).

Recent discussions about the relationship between changing tem-
perature and intensity-duration frequency of precipitation indicate the

Abbreviations: SMM, Summer Monsoon Month; WMM, Winter Monsoon Months.

increase of extreme weather (both wet and dry) events and glacial
retreat rate (Eriksson et al., 2009; Sheikh et al., 2014; Panday et al.,
2015; Norris et al., 2020). However, there is not much clarity on the
spatial patterns of extreme events (Malik et al., 2016; Stolbova et al.,
2014, 2016). Hydrometeorological extreme events exhibit first-order
control on the mass transport of water and sediment and a high rate
of denudation in the steep terrains of the Himalayas (Thiede et al., 2004;
Gabet et al., 2008; Bookhagen, 2010; Wulf et al., 2012). Therefore, the
vulnerability of the Himalayan hydrological regime and socio-economic
functions are often associated with extreme precipitation events, and
some recent studies suggest the same for non-monsoon atmospheric
rivers (Thapa et al., 2018). Nevertheless, a comprehensive overview of
monsoon precipitation extremes in the Himalayan region is rare when
compared to the rest of the world or South Asia (e.g., Barros et al., 2004;
Haylock and Goodess, 2004; Anders et al., 2006; Malik et al., 2012;
Malik et al., 2016; Karki et al., 2017; Ashcroft et al., 2019).

Extreme precipitation is associated with floods, landslides, and
associated dam ruptures (Bookhagen, 2010; Wulf et al., 2010; Sheikh
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etal., 2014). However, it is essential to note that extreme meteorological
events trigger many disasters, but not every extreme event triggers a
disaster. A recent example of dam rupture is the 2008 breaching of an
embankment in the Koshi River due to sediment influx, which displaced
about fifty-thousand people in southeastern Nepal and adjoining regions
of India (Reddy et al., 2008). Likewise, extreme precipitation brought
floods and landslides in Nepal’s central and western mid-hills and
southern plains on August 2014 and August 2017, respectively. In the
former event, more than sixty-five thousand people got displaced, while
in the latter, more than four-hundred thousand were displaced (IFRC,
2014; Bhandari et al., 2018).

Similarly, in June 2013, extreme precipitation triggered a flash flood
in Saraswati and Mandakini Rivers in the northwest Himalayan region of
India, damaging around three thousand houses (Prakash, 2018). The
most recent event of inundation in July 2019 in central and eastern
Nepal also displaced around ninety thousand people (Reliefweb, 2019).
Recent findings suggest that these and similar disasters are often asso-
ciated with increasing the intensity and frequency trend of extreme
precipitation in central and western Nepal and the western Himalaya.
For example, Karki et al. (2017) reported that extreme precipitation
events are increasing in the southern plains, western mid-mountains,
and central high mountains, along with an increase of dry days over
east and central mid-mountains of Nepal from 1970 to 2012 using daily
precipitation gauge data from 76 stations. Archer and Fowler (2004)
also find an increase of precipitation events in parts of northeastern
Pakistan (Upper Indus basin region), from the 1960s till the late 1990s,
from 17 gauged stations. Large parts from western, central, and eastern
India also show the increasing intensity and frequency trends of extreme
rainfall events from 1951 to 2007 using daily gridded data with 0.5°
horizontal resolution (Malik et al., 2016).

However, there is less consensus about precipitation trends (intensity
and frequency) in the Himalayan mountains. There have been reports of
no trends of monsoonal precipitation from 1948 to 1994 in Nepal, a
decreasing trend from 1876 to 1982 in Shimla, in the western Himalaya,
but also increasing (decreasing) trends of winter (summer) precipitation
from 1964 to 1992 in the Beas catchment in the western Himalaya (cf.
Archer and Fowler, 2004). Most studies of extreme precipitation in the
Himalayan region focus on deriving linear decadal trends but less on its
spatial pattern (cf. Malik et al., 2016). Chalise and Khanal (2002) and
Baidya et al. (2008) find an increasing extreme precipitation trend in
Nepal from 1971 to 1990 and 1961-2006, respectively. Although sta-
tistically insignificant, the trend of events in the Koshi River basin of
eastern Nepal increased from 1975 to 2010 (Shrestha et al., 2017).

These findings are critical; however, the nature and pattern of
extreme events are still underexplored in the Himalayan mountains.
Nandargi and Dhar (2011) try to explain the nature of extreme events
from Indian Himalayan states (1975-2000), Nepal (1921-1900), and
Bhutan (1989-2005). However, their findings are generalised for the
entire Himalayan range, and they report that one-day extreme rainfall
occurs mainly between the Siwalik and the Himalayan peaks. Similarly,
Panthi et al. (2015) find high precipitation days in the mountains than
the Trans-Himalaya of central Nepal between 1981 and 2012 using 35
daily gauged data.

Barros et al. (2006) and Wulf et al. (2010) describe erosion and
sediment-transport processes as a response to the catastrophic magni-
tude of flash floods and landslides associated with infrequent extreme
precipitation events. The low (high) intensity and high (low) duration
precipitation events assert different but consequential toll on various
regions of the Himalaya (Dahal and Hasagawa, 2008). The landslide
triggering and sediment runoff mechanisms are often analysed based on
the impact of rainfall intensity-duration relation (Caine, 1980; Wulf
et al., 2010; Alviolo et al., 2014). A different approach relies on esti-
mating the magnitude-frequency relation and deriving a power-law
exponent or regression coefficient of duration and magnitude (extent
of intensity in mm/day). Magnitude-frequency relation has been used in
the past to estimate the heavy tail of the rainfall distribution (i.e., rare
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and significant magnitude events) (Malamud and Turcotte, 2006; Rah-
mani et al., 2016). The power-law exponent describes the likelihood of
heavy rainfall events: a smaller power-law exponent suggests a higher
occurrence and magnitude of rare events (Wheeldon and Counsell,
2003; Clauset et al., 2009; Wulf et al., 2010; Tang et al., 2020). The
power-law exponent of rainfall magnitude-frequency relations can
describe the heavy tail of rainfall distributions and most often describes
rainfall characteristics above the 99th percentile.

Extreme precipitation is also associated with ruptures of dams of
glacial lakes, which pose a similar destructive threat. Regular satellite
photos aid in predicting such ruptures and can be used in conjunction
with rainfall prediction to identify hazardous events better. To better
describe hydrometeorological extreme events and contribute to the
current knowledge of ISM rainfall, we focus our study on the analysis of
variability of precipitation patterns. Understanding a major local factor
influencing ISM events has evolved gradually from elevation to topog-
raphy and topographic relief (Barros and Lang, 2003; Barros, 2004;
Anders et al., 2006; Bookhagen and Burbank, 2006, 2010). The variation
in precipitation is high between the ridges and valleys along the
southern face of the range. Furthermore, studies based on the Tropical
Rainfall Monitoring Mission (TRMM) data shows a broad double-band of
high precipitation in the southern slopes of central and western Hima-
laya with the first and second rise in topography (cf. Fig. 1) (Bookhagen
and Burbank, 2006; Anders et al., 2006) but no studies analyse the
consistency of the topography-precipitation relationship with in-situ
gauge data.

The eastern Himalaya, east of Nepal, has a one-step rise of topog-
raphy which shifts to a two-step rise towards the west (cf. Fig. 1a)
(Bookhagen and Burbank, 2006). Nepal includes representative topog-
raphy both of the eastern and western Himalaya. Although there are
established studies on the relationship of topography with precipitation,
the pattern of extreme precipitation events in relationship with the
topography of the Himalayan range has not been addressed yet (Anders
et al., 2006; Bookhagen and Burbank, 2006; Bookhagen, 2010). Spe-
cifically, Anders et al. (2006), Bookhagen and Burbank (2006), and
Bookhagen (2010) document the relationship of precipitation bands
with topographic steps, but the same is yet to prove in the case of
extreme precipitation. Therefore, this study focuses on the relationship
between topography and elevation with extreme precipitation in the
central Himalaya during the ISM period.

We use 204 ground stations from Nepal (cf. Fig. 1c) to analyse the
variability of extreme precipitation against the topography of the central
Himalaya. The stations have 40 years of daily precipitation data from
1975 to 2014. The commonly used indices developed by the Expert
Team on Climate Change Detection Monitoring and Indices (ETCCDMI)
team were modified and used in this study (e.g., Croitoru et al., 2016).
Indices of extreme events are percentile-based. The percentile threshold
is objective and site-specific, allows comparison between different sta-
tions or regions, and is also associated with extreme precipitation events
in the Himalayan region (Haylock and Goodess, 2004; Krishnamurthy
et al., 2009; Bookhagen, 2010). The elevation of the stations ranges
approximately from 70 m above sea level to 3 600 m. Since the stations
above 2000 m are less common in previous studies (e.g., Archer and
Fowler, 2004; Nandargi and Dhar, 2011; Wulf et al., 2012; Karki et al.,
2017), their inclusion provides additional insights into the nature of
precipitation and extreme precipitation events over the central
Himalaya.

2. Geographic and climatic setting

The landmass of Nepal stretches ~885 km east-to-west and ~200 km
south-to-north (Fig. 1a). Out of 147,181 km?, about 83% of the country’s
land are hills and mountains (Dahal and Hasegawa, 2008). Based on the
elevation ranging from ~60 m in the south to 8 848 m in the north, the
geomorphology of Nepal consists of five elevational geologic units: Terai
(<330 m), Siwalik (200-1 500 m), Lower Himalaya (500-3 000 m),
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Fig. 1. (a) Digital topography of the Himalayan arc obtained from the Shuttle Radar Topography Mission (SRTM) with nominal 90m spatial resolution through the
online portal of United States Geological Survey (USGS, 2012) and location of the study area in Nepal is outlined by the blue box. (b) Inset shows the average amount
of annual rainfall calculated from the Tropical Rainfall Monitoring Mission with a spatial resolution of ~5 km x 5 km in Nepal between January 1998 to December
2005 (adapted from Bookhagen and Burbank, 2006), including the classification of the topographic swath profile of Nepal used in this study. (c) Selected 204
precipitation stations out of the total 274 ground stations from Nepal. (d) Frequency of the number of selected stations per elevation bins. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

Higher Himalaya (>2000 m) and Trans Himalaya (2 500-4 500 m)
(Dahal and Hasegawa, 2008). The complexity of elevation zones with
overlaps further demonstrates the precipitation variability related to the
region’s topography.

The east-to-west Himalayan range extends 2 400 km and functions as
a natural barrier between the mid-latitudes and the tropics (cf. Fig. 1a).
The Tibetan plateau sits north of the Himalayan range, and its elevated
topography (average elevation ~4 km asl) faces rapid warming during
the ISM period, compared to the surrounding oceans releasing latent

heat leading to a low-pressure system which attracts the ISM onset,
especially from the Bay of Bengal (Flohn, 1957; Webster, 1986). How-
ever, Liu and Dong (2013) find that the ISM and large-scale atmospheric
circulation structures, even without the elevated Tibetan Plateau, show
similar variability as currently observed. Their study highlights the
importance of the Himalayan topography on the ISM.

At a synoptic scale, the ISM is part of the Inter-Tropical Convergence
Zone which shifts the east-west oriented zone of high precipitation from
the southern hemisphere during winter to the northern hemisphere
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during summer (Bookhagen et al., 2005; Goswami, 2005). The low-level
westerly jet from the Arabian Sea and a large-scale cyclonic vortex from
the north of the Bay of Bengal to mainland India forms the ISM trough
(Ding and Sikka, 2006). This circulation produces north to northwest
directed moisture transport from the proximate Bay of Bengal.

During the ISM season, water vapour enters Nepal through the
southern and eastern sides and exits through the northwest. The mois-
ture originating from the Bay of Bengal travels north- and north-
westwards and results in convection at the foothills of south-facing
slopes and valleys of the Himalaya (for details on South Asian precipi-
tation regime see: Webster, 1986; Barros and Lang, 2003; Barros et al.,
2004; Bookhagen et al., 2005; Anders et al., 2006; Dimri, 2012). The ISM
mainly occurs between May to October and accounts for ~80% of the
annual precipitation in the Himalaya (Shrestha, 2000; Wulf et al., 2010;
Panthi et al., 2015). On the other hand, the winter monsoon depends on
the westerly disturbances, which are low-pressure systems in the
mid-latitudes moving from the west to east (westerly) towards the
subtropical region of Asia (Dimri et al., 2006; Cannon et al., 2017). The
water vapour transported by these western disturbances converges in
the Himalayan orography and undergoes intensification until the
moisture content condenses and falls as precipitation (Barros, 2004).

As seen in Fig. 1, the topographic relationship with precipitation led
to construe the critical role of relief, as pointed out by previous studies
(Anders et al., 2006; Bookhagen and Burbank, 2010). Relief is related to
erosion in the Himalayan orogeny system (Olen et al., 2015). Topo-
graphic relief increases with elevation until the main Himalayan divide
(Fig. 2). In contrast, topographic relief in the Tibetan Plateau is low.
Strong gradients in relief are known to increase precipitation peaks
(Bookhagen and Burbank, 2006, 2010), but its relationship with extreme
events is still unclear.

Furthermore, convective processes play an active role to form pre-
cipitation in the southern slopes of the Himalaya (Barros and Lang,
2003; Barros et al., 2004; Anders et al., 2006). In the Himalayan region,
convection occurs mainly due to interaction with mountainous terrain.
The thermal gradient between the troposphere and land dictates the
diurnal (nocturnal) upslope (downslope) wind, which brings precipita-
tion over the peaks (foothills) (Norris et al., 2020). These phenomena
suggest that the precipitation is induced due to the
atmospheric-orography interactions and is different at varying topo-
graphic gradients. Observation from Barros et al. (2000) found that
elevation and the spatial arrangement of topographic gradients play an
essential role in triggering precipitation. Barros et al. (2004) report a
synoptic mode (~300 km) associated with the overall terrain envelope
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Fig. 2. The mean topographic profile and its standard deviation (c) of Nepal
and the height of 5-km radius relief from the selected ground stations (blue
crosses) plotted against the south to north distance (cf. Fig. 1c for geographic
location and swath extent). Each cross indicates the location of a gauge station.
The linear correlation coefficient between elevation and relief is 0.72. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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and the major river valleys, and a quasi-periodic succession of ridges and
valleys that constitute the Himalayan range about 5 km-150 km from
the mountain front as two distinct types of orographic controls. These
occur at different spatial scales after conducting a comparative analysis
between the collocated variability of topography and the overlying
cloud cover.

To date, researchers have identified the arrival of onset, location, and
formation of convection as significant processes responsible for precip-
itation in the Himalaya (e.g., Barros et al., 2000; Barros and Lang 2003;
Anders et al., 2006; Wulf et al., 2010; Bookhagen, 2010; Stolbova et al.,
2016). On the other hand, extreme precipitation occurs due to various
interrelated reasons such as synoptic-scale rainstorms, sudden cloud-
bursts, high winds, atmospheric rivers and snowstorms (Barros et al.,
2004; Nandargi and Dhar, 2011; Thapa et al., 2018). The extreme events
occur during the active monsoon period (Malik et al., 2012) but shows
no coupling with the annual or seasonal rainfall distribution in the high
mountainous regions (Bookhagen, 2010). These events also occur dur-
ing the synoptic-scale rainstorms, different from local convective events
(Barros et al., 2004).

3. Data and method
3.1. Data

The precipitation data from 274 stations were collected from the
Department of Hydrology and Meteorology of Nepal (DHM). The data
consist of daily (24 h) observed precipitation (starting from 9 a.m. the
previous day) in millimetres (mm). The DHM uses a US-standard 8-inch
(20.32 cm) diameter manual precipitation gauge and has a well-
accepted less than 15%-gauge error uncertainty (cf. Dulal et al., 2006;
Talchabhadel et al., 2016). In the case of snowfall, the snow water
equivalent is measured by melting the collected snow and then con-
verted to standard rainfall measurement. In addition to evaporation,
wetting and splashing error, the wind error is known to significantly
increase the uncertainty of snow record while the uncertainty for rainfall
is not high (cf. Talchabhadel et al., 2016). However, our study mainly
focuses on the summer monsoon period, where the impact of snowfall is
minimal.

In order to include all the stations with equal data length, stations
with data from 1975 to 2014 are included, while the data uncertainty
factor was not considered in station finalisation due to its uniform nature
and an accepted standard value for uncertainty (cf. Dulal et al., 2006).
Any stations with years of data gaps of more than 20% or leading to less
than 40 years of data were omitted to obtain the final list of the stations
(cf. Bohlinger and Sorteberg, 2018). This selection process led to the
removal of 70 stations, shown in Fig. 1c. Outliers in the data were not
removed because (1) the DHM controls them by removing outliers and
negative values and (2) not to miss the extreme events (cf. Bohlinger and
Sorteberg, 2018). Days with data gaps (2% out of the total data days)
were left blank during the calculation. The small amount of missing data
did not significantly affect the calculated extreme-event statistics. The
Digital Elevation Model (DEM) of Nepal was obtained from the Shuttle
Radar Topography Mission (SRTM), nominal 90 m spatial resolution
through the online portal of the United States Geological Survey (USGS,
2012).

3.2. Methods

The topography of Nepal varies from west to east. To address this, we
analyse south to north topographic swath profiles separated into west-
ern, central and eastern Nepal (cf. Fig. 1b). The swath profiles were
divided approximately by an equal distance of longitudes, taking into
account the boundary of state districts. The elevation of topography and
relief was calculated from the SRTM DEM of Nepal. Topographic relief is
the difference between the maximum and minimum elevation within a
given radius; for example, in this study, we rely on a 5-km radius area
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around the location of each station. Station statistics were calculated
based on the indices presented in Table 1.

The indices adapted from the ETCCDMI (Croitoru et al., 2016)
consist of the 95th percentile threshold, the extreme precipitation
threshold used in this study. We used three different timeseries to
analyse the collected data and calculate the indices mentioned in
Table 1: the annual and seasonal timescales. The seasonal timescales are
Summer Monsoon Months (SMM, from May to October) and Winter
Monsoon Months (WMM, from November to April). The SMM dominates
extreme precipitation events (Malik et al., 2012). While large rainfall
magnitudes do not occur during the WMM, we have included these
statistics to provide a holistic analysis. The calculated values were rep-
resented graphically or spatially. These represented values were cat-
egorised based on the stations and the study’s needs, such as the
elevation or relief. We also evaluate the station statistics within eleva-
tion bins of 500 m from <500 m to >3 000 m for comparative analysis.
The pattern of extreme precipitation was also examined visually by
calculating the difference of extreme precipitation from mean precipi-
tation events. To allow for a spatial comparison, we divide the 95th
percentile precipitation threshold by the 50th percentile threshold to
observe the distribution of precipitation intensity. We refer to this value
as the median normalised extreme precipitation value.

In a second step, we use the magnitude-frequency relation of the
rainfall time series to estimate extreme events. The magnitude is the size
of daily mean rainfall intensity, i.e., amount of precipitation in mm per
day of each rainfall event. Each event consists of the sum of at least three
or more continuous days of precipitation (at least >1 mm with the
possible inclusion of a one-day gap with no precipitation). We perform
magnitude-frequency analyses in different elevation bins and estimate
the power-law exponent and power-law fit using a maximum likelihood
method (Clauset et al., 2009). Clauset et al. (2009) argue that Pareto’s
logarithmic scale chart following approximately a straight line and
estimating power-law exponent by performing least-square linear
regression generates significant errors under relatively common condi-
tions (Arnold, 2015). Thus, they propose estimating a minimum value
(Xmin) above which a power law holds. The regression slope is denoted
by a and determined using maximum likelihood estimation. The
goodness-of-fit value is estimated by applying one thousand iterations
between the data and power-law using the Kolmogorov-Smirnov test to
find the p-value (cf. Clauset et al., 2009). The scaling parameter or
power-law exponent (@) was calculated using Equation (1).

-1
i=1

Ximin

a=1+n

Equation 1

In Equation (1), x;, i =1, ..., n, are the observed values of x where x;
> Xmin- Here, x is the available set of data and xp;, is the lower bound of
power-law behaviour in the data. The selection of xp,;j, is critical because
a too low value will bias the slope regression, and a too high value will
exclude genuine data points. Thus, the value which minimises the
Kolmogorov-Smirnov statistic is the best estimate of the xp;, calculated
using Equation (2) (Shatnawi and Althebyan, 2013). A smaller exponent

Table 1
This study used a list of indices adapted from the Expert Team on Climate
Change Detection Monitoring and Indices (ETCCDMI) (Croitoru et al., 2016).

Index Name Description

RO.1 Precipitation days Number of days with >0.1 mm
precipitation

PRCPTOT  Precipitation amount Total amount of daily cumulated
precipitation

R95 Extreme precipitation 95th percentile threshold of daily

threshold precipitation
R95d Extreme precipitation days Number of days above R95
R95p Extreme precipitation Total accumulated precipitation

amount amount > R95
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indicates negatively skewed data and suggests a higher magnitude of
rare events (Wheeldon and Counsell, 2003).

D =max|S(x) — P(x)| Equation 2
Where D denotes the Kolmogorov-Smirnov statistic. S(x) is the cumu-
lative distribution function (CDF) of the values with at least Xy, from
the observed data, and P(x) is the CDF for the best-fitted model when x
> Xmin- After estimating a and Xy, the hypothesis of power-law fit was
tested with the goodness-of-fit to calculate the p-value (Clauset et al.,
2009). If the p-value is greater than 0.1, the data are described by a
power-law behaviour. Thus, xp;j, is a vital threshold for identifying the
skewness point, suggesting higher precipitation intensity occurrences.
The uncertainties of xnin and a were also estimated to ensure the reli-
ability of the power-law behaviour, which were calculated by using a
nonparametric bootstrap method as described by Clauset et al. (2009).

4. Results

4.1. Daily seasonal extreme precipitation and its relationship with the
topography

The SMM receives more than 90% of the annual PRCPTOT and
~85% of the annual RO.1. The high proportion suggests a similar pattern
of indices between annual and SMM events. Our result and discussion
session comprise mainly of SMM except for the part concerning Fig. 6.
We find that the SMM R95p comprises approximately 25% of the annual
PRCPTOT. Contrary to that, SMM R95d is 5% of the annual RO.1,
aligning with the definition of the 95th percentile. Observations from
Fig. 3 and Fig. 4 show that the pattern of mean SMM PRCPTOT (pre-
cipitation amount) and mean SMM R95p (extreme precipitation
amount) differ in the plains compared to high elevation regions. Spe-
cifically, the percentage ratio of R95p in the lowest elevation region
(<0.5 km) is higher than the same ratio of PRCPTOT compared to other
elevation regions. Except for activity in the plains, the pattern of R95p in
central Nepal resembles that of PRCPTOT, i.e., peaks in 0.5-1 km and
1.5-2.5 km. Similarly, R95p peaks and increases at < 0.5 km and 1-1.5
km and decreases at a higher elevation than the mean PRCPTOT in
eastern Nepal.

Interestingly, SMM mean PRCPTOT and R95p in eastern and central
Nepal rise with an orographic peak, but mean R95p is higher also in the
plains (cf. Fig. 3). Importantly, there is a similarity between eastern
Nepal’'s PRCPTOT and R95p in the plains and the first rise of topog-
raphy. In addition, the higher values of R95p in the plains of Nepal
suggest a higher impact of monsoonal depression in this region. Like-
wise, the total and extreme indices in the west are lower at higher ele-
vations, with a maximum on the first rise of topography but not on the
second. These observations suggest a prominent role of topography near
the onset but not in the outlying areas from the onset.

The RO.1 is higher in higher elevations than at lower elevation areas
(cf. Fig. 3g-i). However, annual mean values of both PRCPTOT and R0.1
drop around 1.1 m and 50 days, respectively, above 2.5 km elevation
across Nepal. The lower values of all four indices from Fig. 3 in western
and central swaths represent the arid leeward side of the Himalayan
range. The peaks of PRCPTOT suggest a relationship with topography,
but when averaged, there is not much difference in higher and lower
elevation stations. In contrast, the R0.1 has a positive difference of
around 30 days between lower (<1 km) and higher elevation stations,
supporting its relationship with elevation rather than topography. As
seen in Fig. 3g-1, the occurrence and pattern of R95d are similar to that of
RO.1. The R95d is around three-fold higher than the lower elevation of
central and eastern Nepal, and the same is two-fold in western Nepal.

Fig. 5 shows that the R95 decreases with elevation during the SMM.
Our findings show that the first orographic rise receives high-intensity
precipitation in fewer days, while the second orographic rise receives
comparatively lower-intensity precipitation in more days. However,
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there is not much difference in the precipitation received at the first and
second rise of topography. In contrast, the R95 during the WMM shows
uniformity until 3 km elevation. The intensity of extreme precipitation
during the winter is, thus, similar in the plains and the hills (cf. Fig. 5).

Western Nepal is the most affected region by the winter westerly, as
it generally enters Nepal from the western direction. As seen in Fig. 6
(second row), the mean WMM R95p (extreme precipitation amount)
during the winter in western Nepal is higher, except in the trans-
Himalaya zone, which are the arid interiors of the Himalayan range.
Interestingly, central Nepal shows a similar pattern to that of the SMM.
On the other hand, the highest point in eastern Nepal shows larger
values. Our observations suggest that winter westerly storm systems

propagate into the study area and nearly equally impact mid and high
elevations. The higher altitude of these storms allows deeper penetration
into the orogen — in contrast to the summer season, where convective
storms relate to the topography.

Revisiting the SMM precipitation events compared to the topo-
graphic 5-km radius relief as seen in Fig. 7, our observations suggest that
the precipitation indices show a similar pattern compared with relief or
topography. However, some high-relief stations show higher numbers of
extreme precipitation days, while the same relationship for extreme
precipitation amount exists in central Nepal at mean elevations of ~2
km (cf. Fig. 7). As construed, the R0.1 peaks in higher elevation in all
three regions of Nepal with at least a three-fold increase compared to the
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lower elevation. The R95 shows contrasting characters compared to
R95d. Although there is a similarity in R95’s relationship with relief and
elevation, there are noticeable peaks of its high values in high relief
regions of western and central Nepal. Though, eastern Nepal shows a
comparatively higher similarity of relief and topography. The R95p
shows an identical pattern to that against topography (cf. Fig. 3), which
indicates the role of relief in the pattern of precipitation.

4.2. Daily spatial distribution of extreme precipitation events

The relationship of PRCPTOT with topography and RO.1 with
elevation is also seen in Fig. 8. In addition, higher spatial distribution is
concentrated in Nepal’s central and eastern parts. The PRCPTOT in-
creases by around 0.4 m while R0.1 increases by approximately 20 days
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from west to east. Specifically, higher R95d in the central-north and
northeastern parts indicate a high risk of erosion in the arid high Hi-
malayan regions. Furthermore, the high and almost uniform occurrence
of R95 in the southern plains of Nepal compared to hills and mountains
show a different pattern than R95p and R95d.

The higher value of indices in the south and east of Nepal indicate the
impact of monsoonal onset, which enters Nepal from southern and
eastern points and dominates the proportion of annual precipitation
events. The departure of R95 from its median, i.e., 50th percentile
precipitation threshold, shows the width of rainfall distribution and its
spatial pattern (cf. Fig. 9). The ratio of median normalised extreme
precipitation threshold, when higher, suggests the concentration of
extreme events. Fig. 9 shows that the lower elevation and relief regions
receive more extreme precipitation. However, eastern Nepal’s mid-
elevation and relief regions of 1-2 km also show higher proportions.
Interestingly, the variation of median normalised 95th percentile pre-
cipitation threshold decreases by a factor of two from the mountain front
to the orogen interior.

Our findings show an almost similar amount of extreme precipitation
in fewer extreme precipitation days in low elevation regions. In com-
parison, similar extreme precipitation occurs in a more significant
number of extreme precipitation days in high elevation regions, both
being associated with the topographic gradients. However, in Fig. 8d, we
observe that some high extreme precipitation days occur mainly in
central and northeastern regions.

4.3. Precipitation magnitude-frequency relation for three or more days

Table 2 shows that most stations below 1 km elevation do not exhibit
a power-law behaviour as indicated by a low p-value (<0.1).

Contrary to that, the magnitude-frequency relation of the stations
above 1 km exhibit a power-law behaviour. We observe that rare and
high magnitudes exhibit different scaling behaviours between lower and
higher elevations (cf. Fig. 10). We document that power-law exponents
change with elevation (cf. Table 2) and suggest that higher elevation
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Mean and Extreme (95th percentile threshold) precipitation indices during Winter Monsoon Months (WMM)
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terrain have higher numbers of high magnitude-intensity events. These
could be non-extreme events based on our percentile threshold analysis
but shows the probability to cause environmental distress in the higher
elevation regions. We note that the precipitation threshold at which we
observe a power-law behaviour (xpin) also decreases. The higher ele-
vations thus show more occurrence of the very extreme events (>99th
percentile cf. Fig. 11), which are also the rare and top events within the
95th percentile values.

Note the concentration of high extreme precipitation days in the
higher Himalaya region in Fig. 11b than that of the 95th percentile
threshold (cf. Fig. 8). Hence, higher-elevation regions experience more
of Nepal’s rarest and highest precipitation events. This finding has been
partly suggested by analysing fewer rainfall stations in the western
Himalaya (Wulf et al., 2010).

5. Discussion

Previous studies discern various patterns of precipitation in the Hi-
malayan range (Burbank et al., 2003; Barros and Lang, 2003; Archer and
Fowler, 2004; Barros et al., 2004; Anders et al., 2006; Bookhagen and
Burbank, 2006; Bookhagen, 2010; Malik et al., 2012; Panthi et al., 2015;
Norris et al., 2020). These studies use ground station data or the satellite
data from the Tropical Rainfall Monitoring Mission (TRMM) with ~5 km
or ~30 km (product 3B42) horizontal resolution or the interpolated
APHRODITE (55 km horizontal resolution) data. The presence of ridges
and steep topography in the Himalaya with lower width than data or
model grid sizes may result in under or over-representation of the pre-
cipitation amounts (Barros et al., 2006; Anders et al., 2006; Andermann
et al.,, 2011; Yatagai et al., 2012; Cannon et al., 2017). On the other
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Extreme (95th percentile threshold) precipitation indices during Summer Monsoon Months (SMM)
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hand, the studies of extreme precipitation in the Himalaya using ground
stations focus mainly on smaller regions or linear trends, while only a
few studies focus on its variability (Singh & Kumar, 1997; Barros et al.,
2006; Chalise and Khanal, 2002; Karki et al., 2017). We attempt to
decipher the extreme events’ topographical variability with a percentile
threshold, a magnitude-frequency analysis, and their respective
power-law regression.

5.1. Daily extreme precipitation

The topographic setting of Nepal represents the Himalaya range. The
western and eastern Himalaya have a one-step rise, while the central
Himalaya has a two-step rise (Bookhagen, 2010). Similarly, there is a
two-step in central, moderate two-step in western, and a one-step rise in
eastern Nepal. Importantly, our results of extreme precipitation align
with these previous studies. The extreme precipitation in eastern Nepal
shows a one-band increment while central Nepal shows a double-band
(cf. Figs. 3 and 8). On the contrary, western Nepal exhibits a weaker
two-step morphology that does not result in a double-band of extreme
precipitation (cf. topographic profiles in Fig. 3). However, the similarity
between total precipitation and extreme precipitation amounts differs in
the low-elevation plains. The 95th percentile precipitation (R95p) ratio

is more in the plains of Nepal than the mean precipitation amount
(PRCPTOT).

Likewise, the extreme precipitation threshold is high in the plains in
all three parts of Nepal and decreases with elevation. In addition, the
Himalaya mountain front at ~1 km elevation receives more than a two-
fold proportion of extreme precipitation threshold than the orogen
interior. The plains have lower topographical disturbance and higher
temperatures than the hills and mountains (Shrestha and Aryal, 2011)
and exhibit strong local convective events. Also, the extreme precipi-
tation threshold is higher in the low elevation because the warmer air
column or water vapour can store a more considerable amount of
precipitation.

Contrary to that, we find the number of days of extreme precipitation
increases with increasing elevation in Nepal, which has a similar spread
of pattern similar to the mean precipitation days. Hence, the impact on
the higher elevation region is significant in the central Himalaya. As
discussed above, the plains of Nepal receive higher extreme precipita-
tion amounts in fewer days (cf. Fig. 3). Interestingly, these events have
high 95th percentile thresholds (cf. Fig. 5). Thus, the risk of imminent
inundation is high at the plains. For example, on 11-12 July 2019, the
southern districts of Nepal (<300 m), Simara and Janakpur, received
311.9 mm and 245 mm of rainfall within 24-h, respectively. These
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localised extreme events flooded the region and resulted in twenty-nine
casualties, while more than two thousand households were temporarily
displaced (United Nations, 2019). The entire episode in south-central
and eastern Nepal in July 2019 resulted in more than one hundred ca-
sualties, while half of the households lost more than 75% of their food
stock (Government of Nepal, 2019).

Next, we test the relationship between precipitation and elevation
and between precipitation and topography, including topographic relief
in Nepal. Topographic relief is ultimately shaped by the river incision
and the geologic evolution of the Himalaya (Bookhagen and Burbank,
2006). We use a 5-km radius from the station’s location to calculate the
relief height. The relationship of maximum extreme precipitation
amount with topography in three swaths of Nepal may also suggest (cf.
Fig. 3) arelationship with topographic relief (cf. Fig. 7). Previous studies
using remotely sensed data had shown the relief effect with a sudden rise
of precipitation with an abrupt increase of relief (Bookhagen and Bur-
bank, 2006; Bookhagen, 2010).

In contrast, we do not find this relationship regarding extreme pre-
cipitation amount. It is important to note that not all reliefs at the sta-
tions’ locations are prominent enough to trigger extreme precipitation
events. However, few stations with high relief experience high extreme
precipitation days and receive high extreme precipitation, specifically in
central and eastern Nepal. Interestingly, the lower activity of extreme
precipitation concerning western Nepal’s topographical characters can
be attributed to its greater distance from the onset of a monsoonal
depression.

Moreover, the average difference between the 95th percentile pre-
cipitation amount in the first orographic rise (at ~1 km mean elevation)
and the second orographic rise (at ~2 km mean elevation) is only 12 mm
during the summer monsoon months. However, the first orographic rise
receives high-threshold precipitation in fewer days, while the second
orographic rise receives comparatively low-threshold precipitation in
more days (cf. Figs. 3 and 4). Thus, while extreme precipitation is
similar, the threshold and duration of rainfall differ.

10

5.2. Precipitation magnitude-frequency relation

In order to better investigate the behaviour of extreme rainfall
events, we have analysed the precipitation magnitude and frequency
relation. The vulnerability of high elevation is further supported by the
lower values of power-law scaling exponent () in high elevation regions
of Nepal. The findings suggest that the High-Himalaya regions experi-
ence rare high magnitude-intensity events, which are not recognised by
the pattern of extreme precipitation events defined by the 90th
percentile. We have discussed our finding of a larger number of extreme
precipitation days in high elevation regions, and we complement this
analysis by looking at the highest percentiles (>99th percentile). This
analysis indicates that higher elevation receives a larger number of very
rare, very high rainfall events as indicated by a lower slope in the power-
law relation (cf. Figs. 10 and 11). Occurrences of such rare but high
magnitude precipitation events at the mountain front and in the semi-
arid orogen interior will impact the river and sediment runoff and
lead to enhanced erosions and flash floods.

Specifically, the hills receive extreme precipitation at a compara-
tively low 95th percentile threshold but almost similar 95th percentile
precipitation over an extended period. An increase in extreme precipi-
tation events can lead to enhanced erosion and hillslope instability in the
Nepalese Himalaya (Burbank et al., 2003; Hannah et al., 2005). In
addition, the steep gradients have a steady erosion rate directly related
to the precipitation rate (Gabet et al., 2008). Bookhagen et al. (2005)
report high denudation rates in low to medium elevation parts of the
orogen during abnormally wet years or strong monsoon years. Some of
these events are instrumental in shaping the landscape in the orogen
interior by triggering debris flow (Bookhagen et al., 2005).

Plains and hills have different topographic characters, yet the impact
of the hillslope instabilities, especially landslides and severe flooding, is
imminent in both regions (Chalise and Khanal, 2002; Burbank et al.,
2003; Hannah et al., 2005; Dahal and Hasagawa, 2008; Nepal, 2016).
These are common environmental problems of Nepal and will cause
stress in the socio-economic structure of the region. For example, the
primary source of livelihood of most communities in Nepal is farming
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Table 2

Power-law regression values for magnitude-frequency precipitation of the sta-
tions from each elevation bin using a maximum likelihood estimator (cf. Clauset
et al,, 2009). Bold p-values indicate a statistically significant power-law
behaviour.

Elevation Number of Scaling o Xmin Xmin p-
Bins Stations in exponent (@)  error error value
bin

<0.5 km 69 5.25 0.58 58.33 11.26 0.00
0.5-1.0km 25 4.83 0.25 30.93  3.30 0.09
1.0-1.5km 47 5.19 0.26 36.72  4.30 0.80
1.5-2.0 km 37 5.48 0.32 34.32 3.20 0.42
2.0-25km 14 6.21 0.47 28.75  2.09 0.76
2.5-3.0 km 4.55 0.49 19.21  3.23 0.11
>3.0 km 4 4.20 0.50 10.50 2.11 0.38

(Chalise and Khanal, 2002). Thus, the land deterioration caused by
floods and landslides will significantly negatively impact the region’s
farming.

6. Conclusion

This study used 40 years of daily precipitation data from 204 ground
stations in Nepal. The stations’ elevation ranged from 72 m to 3 609 m
and were analysed by adapting the indices set by the Expert Team on
Climate Change Detection Monitoring and Indices (ETCCDMI) based on
a 95th percentile extreme precipitation threshold. We also calculated
the magnitude-frequency relationship to constraint low frequency, high
magnitude events. The key conclusions are elaborated below.

11

First and most importantly, we observe discrete peaks of extreme
precipitation values in relationship with the topographic parameters in
the Himalaya. The Himalayan topography has a moderate and promi-
nent two-step rise in western and central Nepal, respectively and a one-
step rise in eastern Nepal. The first rise occurs on the frontal regions of
the Himalaya with a mean elevation of ~1 km, while the second inner
rise occurs at around ~2 km. Simultaneously, central and eastern Nepal
show a double and single-band of peak values of extreme precipitation,
respectively, but western Nepal shows none due to its distance from the
ISM onset, which is our significant finding. On average, ~24% precip-
itation falls above the 95th percentile out of the mean annual precipi-
tation for all stations.

Secondly, the 95th percentile extreme precipitation threshold value
decreases with elevation. However, the number of extreme precipitation
days increases with elevation, and these relations are different during
the winter and summer seasons. Specifically, all analysed indices show
greater concentration in higher elevation zones of Nepal during the
winter seasons. One major significance is the non-relationship of
extreme precipitation with elevation but a negative linear relationship
of extreme precipitation threshold with elevation. In general, the
extreme precipitation peaks coincide with topographic peaks but de-
creases from south to north. Since extreme precipitation decreases in the
higher elevation zones, the threshold also decreases. To incorporate the
entire topographical feature, we did not find any significant role of
topographical aspect to influence the precipitation pattern except the
high ratio of extreme precipitation and threshold in the plains in
contrast to the total precipitation.

Third, and to better constrain rainfall distribution in Nepal, we
analysed the magnitude-frequency relation of precipitation time series
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focusing on the highest percentile. We found that the magnitude (pre-
cipitation per day) of stations above 1 km exhibit a power-law relation
with generally decreasing power-law exponents with elevation. Based
on the station data, we suggest that high-elevation stations have rela-
tively more low frequency and high-magnitude events than lower
elevation stations. We emphasise that the percentile approach did not
discern this finding, and we suggest that rare but high-magnitude events
are an essential part of the hydrologic system that is best deciphered by
long time series of rainfall station data.

Our empirical study of the variability of extreme precipitation in
Nepal provides critical evidence on the potential risk of a hydrometeo-
rological extreme event in the Nepalese Himalaya.
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