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Abstract

Changes to precipitation patterns and extremes over the Nepalese Himalayas

were examined using a high-resolution, station-based daily dataset, Asian

Precipitation-Highly Resolved Observational Data Integration Towards Evalua-

tion (0.05� × 0.05� APHRODITE) from 1951 to 2007. The annual statistics of

extreme precipitation across Nepal show a significant increase since the end of

the 20th century. However, seasonal mean precipitation shows a remarkable

decrease in western Nepal, particularly since 1980, forming an east–west division
in the precipitation change. This decreasing trend of precipitation led to a reduc-

tion to the dry-season stream flow of Karnali River, the major river in western

Nepal. At the same time, the increasing extreme precipitation produced greater

threat of flash flood in Nepal. This east–west division of the precipitation trend

agrees with the second leading mode of the mean precipitation variability, which

was traced to the interannual variability of the Indian Ocean sea surface tempera-

ture that showed a slowdown of warming. Similar to the APHRODITE trends,

precipitation simulated by the fifth phase of the Coupled Model Intercomparison

Project (CMIP5) models depicted the decreasing historical trend in western Nepal,

but future projections reverse that trend towards an all-Nepal increase. CMIP5

future climate projections depict continual warming in the Indian Ocean, poten-

tially reversing the historical decreasing trends of precipitation in western Nepal.
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1 | INTRODUCTION

The Himalayan region is warming faster than the rest of
the globe and this warming has been accompanied by an
increase of extreme weather events (Krishnan et al.,
2019). In addition to the known risk of increased extreme
precipitation in the lower elevation, the warmer atmo-
sphere acts to increase total precipitation over tall moun-
tains while decreasing snowfall (Viste and Sorteberg,
2015), hence enhancing the risk for glacier lake outburst.
While the Indian summer monsoon from June to
September contributes to the majority (~80%) of annual

precipitation in Nepal, the remaining 20% of annual pre-
cipitation received during the other 8 months has signifi-
cant impacts on agriculture. Geographically, western
Nepal receives less annual precipitation than central and
eastern Nepal and therefore responds more profoundly to
precipitation change (Wang et al., 2013). The decreasing
precipitation trend in Western Nepal poses a threat to the
people, agriculture, ecosystems, and economy (Adhikari,
2019; Sudmeier-Rieux et al., 2012).

During the last three decades, precipitation associated
with the summer monsoon over the Indian subcontinent
has seen a significant change (Roxy et al., 2015; Jin and
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Wang, 2017). However, the change in the Indian precipi-
tation pattern does not necessarily reflect the precipita-
tion change in Nepal. Topography plays a major role on
the spatial distribution of precipitation with increasing
magnitude up to the southern mountain ranges
(called the Churia range) where warm and moist
monsoonal air is orographically lifted (Kansakar
et al., 2004). Analysis of high-resolution gridded pre-
cipitation data indicates that Western Nepal has
experienced a significant decrease in precipitation

during recent years, while most part of the eastern
region shows increasing precipitation trend (Figure 1;
to be discussed later).

Despite the recent examination in extreme precipita-
tion (Bohlinger and Sorteberg, 2017; Karki et al., 2017;
Talchabhadel et al., 2018), Nepal does not yet have reli-
able weather forecasting and early warning systems and
its rainfall measurements are limited and sparse. Previ-
ous extreme precipitation studies have mostly used either
station data (Bohlinger and Sorteberg, 2017; Karki et al.,

FIGURE 1 Annual precipitation trend from 1981 to 2007 in Nepal using 5 km resolution APHRODITE data. (a) Linear trend of annual

precipitation in 27 years and hatched areas indicate significant values with p < .05. (b) and (c) show the maximum and minimum flow of

Karnali River, respectively. Similarly, (d) and (e), and (f) and (g) show maximum and minimum flow of Bagmati and Koshi rivers. Dashed

line from (b) to (g) shows the linear trend and p-value is given if there is any significance. Basin boundary and flow measurement locations

are given in (a). All data are shown only after 1980 and gap in time series plots indicates that no measurements are available for that

particular year. The flow of Karnali, Bagmati, and Koshi Rivers are measured at Chisapani, Padhera Dovan, and Chatara, respectively, and

all three rivers originate on the north and flowing to south [Colour figure can be viewed at wileyonlinelibrary.com]
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2017; Bohlinger et al., 2018; Talchabhadel et al., 2018),
satellites, and/or coarse-resolution gridded data (Houze
et al., 2007; Baidya et al., 2008; Romatschke et al., 2010;
Romatschke and Houze, 2011). While remote sensing
measurements are commonly used to supplement surface
observations, most of these platforms either underesti-
mate the amount or misrepresent the location (Palazzi
et al., 2013). The majority of extreme precipitation in
Nepal occurs in highly localized areas, which can make
quantifying the precipitation extremes difficult if that
region does not have any measurements.

To focus on the spatial pattern of extreme precipita-
tion, we used a high-resolution precipitation data set that
has not been utilized in these previous studies. A descrip-
tion of the data sets used in this study and the methodol-
ogy is provided in Section 2. Section 3 describes the
extreme precipitation analysis. Section 4 reports the
changing precipitation pattern and large-scale
teleconnections. Section 5 focuses on future climate pro-
jections and Section 6 summarizes the results.

2 | DATA SOURCES AND
EXTREME PRECIPITATION
DEFINITION

2.1 | Precipitation and river data

The daily precipitation data set used in this study is based
upon the Asian Precipitation-Highly Resolved Observa-
tional Data Integration Towards Evaluation
(APHRODITE) of the Water Resources project that
covers the Asian monsoon domain (Yatagai et al., 2012).
We used a subset of the larger-domain APHRODITE data
with a much-finer horizontal resolution (0.05� × 0.05�)
than the main set (0.25� × 0.25�). This higher-resolution
subset of APHRODITE data considered all available
(more than 200) rainfall stations across Nepal, providing
a more detailed spatial distribution of precipitation over
mountainous regions than its 0.25� counterpart. Most of
the global precipitation products (e.g., Global Precipita-
tion Climatology Center, Global Precipitation Climatol-
ogy Project, and so on) underestimate the precipitation
over the Himalayan region (Yatagai et al., 2012) even
though station-based data are used to develop these prod-
ucts. APHRODITE data considered available precipita-
tion station data, applied weighting scheme that
considers the presence of a ridge between a rain gauge
and a target cell, the presence of inclined slopes, adopted
mountain mapping, and other procedure to obtain an
observation data set as realistic as possible. Yatagai et al.
(2012) compared the APHRODITE data to other precipi-
tation dataset and show a significant improvement in

APHRODITE data compared with other products, espe-
cially in heavy rainfall. We do caution the limitation of
measurements in high-mountain Nepal, since only
7–18% of the precipitation stations are located in high
mountains (>2000 m) that cover nearly half of the total
area of Nepal (Talchabhadel and Karki, 2019). However,
the high-resolution APHRODITE data set is only avail-
able from 1951 to 2007, omitting the most recent decade.
Due to potential reliability issues in observations prior to
1960, this study further parsed APHRODITE to only
include post-1961 data for the extreme precipitation anal-
ysis. For the interannual variability analysis, the full
period (1951–2007) annual and seasonal precipitation
was used, since monthly APHRODITE data are compara-
ble with other coarser-resolution datasets (results not
shown).

To validate the observed changes in precipitation, we
also examined historical hydrological data of river flow
collected from the Department of Hydrology and Meteo-
rology, Government of Nepal. To corroborate precipita-
tion trends (discussed later), attention was placed on
rivers in three regions across Nepal; the Karnali River
(western), the Bagmati River (central), and the Koshi
River (eastern). Hydrological data representing the maxi-
mum and minimum annual stream flow of these rivers
are considered between 1981 and 2007. Dry season (mini-
mum) flow typically occurs either in March or April
while peak (maximum) flow is measured during July or
August during monsoon season. We note that Koshi
River data was only available from 1982 and all three riv-
ers contained one or two periodic missing years. The Kar-
nali River, which drains most parts of western Nepal
should reflect the decreasing precipitation trends in west-
ern Nepal, while the Bagmati River basin draining south-
central Nepal should reflect precipitation increases. With
mixed precipitation trends, eastern Nepal's Koshi River
basin should provide some guidance on how precipita-
tion is affecting water resources.

2.2 | Climate data

To assess the future of precipitation, we used the Coupled
Model Inter-comparison Project phase 5 (CMIP5; Taylor
et al., 2012), obtained from http://climexp.knmi.nl/. Each
model of CMIP5 was driven with historical forcing
(observation of aerosols, greenhouse gases, and solar irra-
diance) from 1910 to 2005, with 2006–2,100 following the
representative concentration pathway 8.5 (RCP8.5)
(Freychet et al., 2015). We used 87 ensembles from
30 Global Climate models of CMIP5 historical precipita-
tion data and 52 ensembles from 28 models for RCP8.5
future data (http://climexp.knmi.nl/). To capture the
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east–west divide shown in observations, we split the
CMIP5 annual precipitation along the 84�E meridian. We
did not apply any bias correction in CMIP5 data since the
model uncertainty is large and resolution is much
coarser, so we had to examine the simulated precipitation
time series independently.

To assess the regional teleconnections between ocean
conditions and precipitation patterns, monthly sea sur-
face temperature (SST) data were derived from the
National Oceanic and Atmospheric Administration
(NOAA)'s extended reconstructed SST [ERSST, version 4;
Huang et al., 2015). We also utilized NCEP/NCAR
reanalysis R1 data (Kalnay et al., 1996) to resolve global-
scale atmospheric circulation.

2.3 | Extreme precipitation definition

Extreme precipitation events are common during the
Indian monsoon; however, parts of Nepal have seen an
increase in the frequency and magnitude of extreme
events in recent years (Karki et al., 2017; Talchabhadel
et al., 2018). In the previous studies that computed the
extreme precipitation statistics (e.g., Baidya et al., 2008;
Karki et al., 2017; Talchabhadel et al., 2018) and con-
ducted case studies (Houze et al., 2007; Romatschke
et al., 2010; Romatschke and Houze, 2011), a broad range
of thresholds was used for the definition of extreme pre-
cipitation events; most of those were derived specifically
for the Indian monsoon region. Given Nepal's broad
range of precipitation variability (Ichiyanagi et al., 2007),
the use of a fixed threshold like those shown in
Talchabhadel et al. (2018) may not be appropriate to clas-
sify extreme precipitation events, a trait that has been
documented (Haylock and Nicholls, 2000; Manton et al.,
2001; Goswami et al., 2006; Pai et al., 2015). To account
for the series of extreme precipitation across Nepal, we
used a bin approach with bins ranging between 50 and
300 mm/day with 50 mm intervals (bin size) to quantify
the distribution of extreme precipitation.

First, for each daily time step between the summer
monsoon season (June–September), we calculated the
total number of grid points (0.05� × 0.05� resolution) that
contain daily precipitation intensity greater than the
given threshold. By summing these daily occurrences
over the entire season relative to the total number of
daily grid points possible, we established the seasonal fre-
quency of extreme precipitation occurred in both space
and time for that year. We defined these as the spatial fre-
quency. Second, we partitioned the spatial frequency for
each precipitation intensity threshold into decadal inter-
vals. Finally, we normalized each intensity threshold's
decadal intervals by the full-period frequency (decadal

frequency/total frequency) from 1961 to 2007. The nor-
malized frequency for each precipitation intensity thresh-
old was converted into a percentage and referred to as
normalized extreme precipitation frequency (%). The detail
of the frequency calculation method with mathematical
equation is provided in supplementary material. We note
that the last group of decadal frequencies (2001–2007)
contained only 7 years of data; in order to preserve con-
sistency, this period was converted into a 10-year
frequency.

3 | DISTRIBUTION OF EXTREME
PRECIPITATION

3.1 | Extreme precipitation statistics and
change

Figure 2 shows the normalized daily precipitation
extremes in each threshold accumulated in western and
eastern Nepal at the decadal interval. Both regions expe-
rienced extreme precipitation events during the last
5 decades. However, western Nepal experienced more
extreme events during the earlier period (Figure 2a) and
revealed some interdecadal variability, while eastern
Nepal shows a different distribution of extreme precipita-
tion (Figure 2b). Extreme precipitation during the early
decades (the 1960s to1970s) resembles dominant lower-
intensity precipitation events (>50, 100, and 150 mm/
day). During the 1980's, all extreme precipitation inten-
sity categories experienced an increase compared with
the previous two decades, while the greatest increases
occurred within the 100 and 200 mm/day range. During
the 1990's, precipitation continued to shift towards more
extreme events with roughly a doubling of daily precipi-
tation >300 mm/day. This finding coincides with those
found over central India (Roxy et al., 2017). Even though
recent extreme precipitation studies (Bohlinger and Sor-
teberg, 2017; Karki et al., 2017; Talchabhadel et al., 2018)
show both increasing and decreasing trends in different
parts of Nepal, these studies only utilized the fixed maxi-
mum precipitation value or station-based, 1-day maxi-
mum precipitation to represent the trend. In comparison,
by using the total number of gird points and the fre-
quency of precipitation intensity across a broad range of
intervals in eastern Nepal, we have identified the reversal
in extreme precipitation distribution that occurred in
2001–2007 (shown by the red arrows in Figure 2b); this is
a previously undocumented feature.

We further diagnosed the extreme precipitation fre-
quency in different topographical regions. By considering
five topographical regions based on elevation (above
mean sea level), lower than 1,000 m, between 1,000 and
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2000 m, between 2000 and 3,000 m, between 3,000 and
4,000 m, and above 4,000 m for the extreme precipitation
frequency analysis, the results are shown in Figure 3. The
whole-Nepal analysis considering all elevations
(Figure 3a) shows a similar result with eastern Nepal
(Figure 2b), indicating that higher intensity
(>200–300 mm/day) extreme precipitation events have
increased dramatically in recent years. The distribution
extreme for the lower elevation (<1,000 m, Figure 3b)
reveals the same distribution as for whole Nepal. The
highest intensity (>300 mm/day) precipitation extremes
between 1,000 and 3,000 m elevation regions (Figure 3c,
d) was not common in earlier years (before 2000), but
started to appear more frequently since the early 21st
century. Higher intensity (>200 mm/day) extreme events
are very uncommon over higher elevations (higher than
3,000 m, Figure 3e,f) and lower intensity precipitation
does not show any change in distribution during the last
five decades.

3.2 | Impact on stream flow

The decreasing precipitation in western Nepal is also
observed before 1981, albeit with a less pronounced east–
west contrast. To evaluate the impact of precipitation
change, three rivers are considered. Western Nepal is
home to the Karnali River; the longest river in Nepal.
Khatiwada et al. (2016) conducted a hydroclimatic study
of the Karnali basin and showed significant temperature
increases, but they did not examine the dry season flow.
To supplement the results that annual precipitation has

decreased in the region, we first examined the precipita-
tion and stream flow from the post-monsoon months
(October to February). First, precipitation during these
months shows a similar trend (results not shown) that
corresponds to the annual precipitation (Figure 1a). The
dry-season flow of the Karnali River also reveals a
decreasing trend (Figure 1c) while annual maximum flow
does not show significant change (Figure 1b) in response
to the precipitation decrease. Since western Nepal is his-
torically a drought-prone region, the decreasing precipita-
tion and associated reduction in stream flow indicates an
increase in drought risk to the region's water shortages
since 2008 (Wang et al., 2013). Such a scenario has wide-
ranging implications for the region's ability to secure
water resources for irrigation and hydropower.

Focusing on southcentral Nepal's Bagmati River, the
increasing precipitation trend resulted in a corresponding
increase to stream flow (Figure 1d,e). This region also
experienced an increase in extreme precipitation, which
translated to a compound increase in the maximum flow.
Consistent with the mixed precipitation trends through-
out eastern Nepal, the Koshi River flow does not show
any noticeable trend to either dry season or maximum
flow (Figure 1f,g).

3.3 | Longer-term variability

The spatial distribution of moderate to high intensity pre-
cipitation trend (Figure 4) shows that most of the extreme
precipitation occurred in the southern part of Nepal
where orographic lifting along the Churia mountain

FIGURE 2 Normalized extreme precipitation frequency distribution in percentage for precipitation intensity larger than 50 mm/day to

larger than 300 mm/day considering every 50 mm interval range for western (left panel) and eastern (right panel) Nepal. The frequency is

calculated as the total grid points for the given intensity of precipitation every year and calculated total grid points for every 10 years period.

The 10 years grid points are normalized (divided by the total grid points from 1961 to 2007) for each interval for given intensity of

precipitation and calculated the percentage. Red arrows in right panel show the direction of extreme precipitation frequency distribution

[Colour figure can be viewed at wileyonlinelibrary.com]
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range (green dashed line) deposits a significant amount
of rainfall. Generally, seasonal precipitation decreases
from the southern mountain ranges to the northern part
of Nepal, with some of the highest rainfall areas located
on the southern slope of the highest mountains
(e.g., Dhar and Nandargi, 2005). The moderate precipita-
tion (>100 mm/day) events show an increasing trend in
most of the southern part of the country (Figure 4a),
while heavy precipitation (>150 mm/day) events show
increasing trend in eastern Nepal and over the south-
central region. Western Nepal shows a mixed result
(Figure 4b). Very heavy precipitation (>200, >250,
and >300 mm/day) events only occurred in confined area
of southcentral region and shows significant increases in
recent years (not shown). The increasing trend to
extreme precipitation in Nepal is consistent with Roxy
et al. (2017); Pai et al. (2015); and Goswami et al. (2006),

which also reveal the increasing extreme precipitation
frequency over the northern and central India. The result
presented here adds further details to these previous
studies, especially the accelerated increase in the more-
extreme precipitation in the recent decade and the east–
west division of the precipitation pattern.

4 | DRIVERS OF THE CHANGING
PRECIPITATION

To explore the temporal variations of the aforementioned
precipitation patterns in Nepal, we applied the Empirical
Orthogonal Functions (EOFs) analysis on annual precipi-
tation anomaly during 1951–2007. EOF analysis of pre-
cipitation provides the spatial modes/patterns of
variability and how they change with time (Hannachi,

FIGURE 3 Normalized extreme precipitation frequency distribution in percentage for precipitation intensity larger than 50 mm/day to

larger than 300 mm/day considering every 50 mm interval range for whole Nepal at different altitude regions. (a) is for whole Nepal

considering all elevation, (b) is from elevation less than 1,000 m, (c) is from 1,000 to 2000 m elevation, (d) is from 2000 to3,000 m elevation,

(e) is from 3,000 to 4,000 m elevation, and (f) from elevation higher than 4,000 m regions. Colour bar represents the different intensity of

precipitation rate (given in first panel) [Colour figure can be viewed at wileyonlinelibrary.com]
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2004; Monahan et al., 2009). Since the first two modes
and corresponding principal components (PCs) account
for about 50% of the variance explained, we only consid-
ered this pair for discussion. The first mode represents
the majority of the variance (35%; Figure 5a), which dis-
plays the broad monsoonal precipitation variability that
is connected to the Indian summer monsoon (Wang and
Gillies, 2013). The second mode (EOF2) of annual precip-
itation, which displays 13% of variability (Figure 5b),
displays the east–west division corresponding to the long-
term trend pattern (Figure 1a). If the principle compo-
nent of second mode (PC2) positive phase occurs in the
first mode (PC1) neutral phase, then the net effect would
be predominantly PC2. Indeed, the PC2 shows an
increasing trend, suggesting that precipitation in western
Nepal has been decreasing. Although not shown, this pat-
tern was present throughout all seasons. This suggests a
rather uniform annual precipitation reduction in western
Nepal throughout 1951–2007 with more significant
decrease after 1981. We further investigate the seasonal
precipitation trend (figure not shown) and observed the
east west division on precipitation trend during all sea-
son. However, winter and pre-monsoon seasons experi-
enced relatively larger decrease of precipitation in
western Nepal relative to monsoon and postmonsoon
seasons. Eastern Nepal, mainly southcentral Nepal
reveals largest increase in precipitation trend during
monsoon season. Further examination of the Indian

FIGURE 4 Extreme precipitation frequency trend from 1961

to 2007 (in 47 years) for precipitation intensity (a) larger than

100 mm/day and (b) larger than 150 mm/day. Dashed green lines

in both panel shows the location of Churia range just north of

southern plain area [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 5 First two modes of Empirical orthogonal function (EOF) of total annual precipitation of Nepal from 1951 to 2007. (a) EOF1

with 35% variance, (b) EOF2 with 13% variance, (c) principal component (PC) of first mode, and (d) PC of second mode [Colour figure can

be viewed at wileyonlinelibrary.com]
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Summer Monsoon (ISM) index found that the ISM index
is decreasing during the same period (1951–2007) and
that the increasing trend of PC2 was negatively correlated
with the ISM index (Figure S1).

To investigate whether oceanic forcing plays a role in
these precipitation changes, we compare the precipitation
PC time series against the SST anomalies worldwide. To
focus on interannual variability, we removed the linear
trend of the PCs and correlated them with the detrended
annual-mean SST; the results are shown in Figure 6. PC1
is highly correlated with an apparent La Nina pattern
with a broad cold-SST anomaly over tropical eastern
Pacific and warmer SST in the western Pacific
(Figure 6a), reflecting the well-known role of the El
Nino-Southern Oscillation as a driver of the Indian sum-
mer monsoon. The SST correlations with PC2, that is, the
east–west division in precipitation anomalies, are only
significant in the southern Indian ocean (Figure 6b).
Opposite SST correlations between PC1 and PC2 are

observed over the northwest coast of Australia. These fea-
tures and the lack of broad-scale SST correspondence in
PC2 suggest that this second leading mode of precipita-
tion variability in Nepal (i.e., the east–west division) is
likely driven by atmospheric variability and possibly
modulated by the Indian Ocean (Ding and Wang, 2005).
Analysing Nepal's summer monsoon, Wang et al. (2013)
reported that the decadal-scale precipitation variation
corresponds to the transition between El Nino and La
Nina phases, which lends support to the largely insignifi-
cant SST correlations in Figure 6b with respect to the
apparent low-frequency variability in PC2. Since the
Indian Ocean is warming at a steady rate (Roxy et al.,
2014), the decreasing precipitation trend in western
Nepal may not persist in the future as the warming
Indian Ocean overcomes the interannual cold anomaly.

Nepal lies at the northern periphery of the Indian
Monsoon where the Himalayan mountains located just to
the north block the moisture-laden monsoonal winds

FIGURE 6 Temporal correlation of annual precipitation principal component (PC) to annual SST (colour filled) and to 850 mb stream

function (contour) after removing the trend of PC, SST, and height) from 1951 to 2007. (a) PC1 correlation with SST and height and (b) PC2

correlation with SST and height. Hatched areas indicate that significant values with p < .05 with SST and yellow contours show significant

values with p < .05 with stream function [Colour figure can be viewed at wileyonlinelibrary.com]
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from penetrating further inland (Choudhury and
Krishnan, 2011; Turner and Annamali, 2012). The mon-
soon moisture that contributes most to the annual precip-
itation enters first throughout eastern Nepal before
eventually moving towards western Nepal (Ichiyanagi
et al., 2007; Talchabhadel et al., 2018). In this regard, the
PC1 correlates with the low level (850 mb)
streamfunction (contours in Figure 6a) that shows posi-
tive correlation over the Indian ocean and negative corre-
lation over Indian subcontinent. However, the PC2
shows significant positive correlation over western Nepal
(yellow solid line Figure 6b), while negatively correlated
over Indian Ocean indicating opposite correlation than
the PC1. This indicates high pressure over western Nepal
and increasing dry and cold air coming from Tibetan Pla-
teau associated with the decreasing precipitation,

whereas eastern Nepal receives warmer and moist air
from the Bay of Bengal that may have helped the increase
in precipitation.

5 | CLIMATE PROJECTION OF
PRECIPITATION

To assess future change to precipitation extremes with
respect to the observed changes, we next analysed the cli-
mate model projections of CMIP5. We considered the
annual average of precipitation from multi-model ensem-
bles over the western and eastern Nepal. Precipitation
anomaly was calculated based on the 1971–2000 average
for individual ensemble members, and SD and average
were calculated by considering all members from 1910 to

FIGURE 7 CMIP5 annual precipitation anomaly (mm/day, blue line) from 1910 to 2005 for historical period and from 2006 to 2,100 for

RCP8.5 scenario considering (a) western Nepal and (b) eastern Nepal. The domain of the two region is shown in inserted map. The anomaly

is calculated based on 1971–2000 average precipitation for individual CMIP5 ensemble member and shaded area is the ±1 SD of average

value. Average and SD are calculated considering all members for each year from 1910 to 2,100 (87 ensembles from 30 models for historical

and 50 ensembles from 20 models for RCP8.5 future scenario are considered in this analysis. Red line is from high-resolution APHRODITE

data. Black and blue dashed lines in (a) and (b) show 0 line and linear trend of CMIP data, respectively [Colour figure can be viewed at

wileyonlinelibrary.com]
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2,100. Next, we separated precipitation in western and
eastern Nepal regions using 84�E as the boundary (inset
of Figure 7). The average precipitation anomaly from his-
torical CMIP5 simulations and future projections based
on the RCP8.5 scenario is shown in Figure 7. The multi-
model mean of the CMIP5 shows reasonable spatial dis-
tribution of precipitation over the South Asian monsoon
region, even though inter-model spread remains large
and the dry bias in monsoon rainfall is present in many
models (Sperber et al., 2013; Freychet et al., 2015; Hagos
et al., 2019).

CMIP5 models capture the large year-to-year variability
in eastern and western Nepal; however, when compared
with observations, the variability is noticeably smaller
(Figure 7). One other noticeable point of deviation from
observations is the greater variability CMIP5 members
produced for western Nepal (Figure 7a) compared with
eastern Nepal (Figure 7b), whereas observations are com-
parable across regions. Interestingly, the historical CMIP5
precipitation shows decreasing trend in western Nepal
(blue dashed line in Figure 7a) for the 1861–2005 period,
with a 99% confidence interval, but does not show any
significant trend in eastern Nepal. Even though both his-
torical climate model data and observation agree that
western Nepal's precipitation is decreasing, the result
should be interpreted with caution as the period of record
and the horizontal resolution are different between the
two data sets.

Consistent with Kadel et al. (2018) and Krishnan
et al. (2019), the RCP8.5 climate model ensemble projects
increasing precipitation trends in both eastern and west-
ern Nepal (Figure 7). As mentioned in Section 5, the
decreasing trend of precipitation in western Nepal could
potentially be mitigated by the ongoing warming of the
Indian Ocean and the Indian subcontinent (Jin and
Wang, 2017), as well as the accelerated warming in the
Hindu Kush Himalayan region (Krishnan et al., 2019).
Jin and Wang (2017) showed that the Indian summer
monsoon precipitation was decreasing until 2002, at
which point the trend reversed towards increasing pre-
cipitation. The increasing trend of future precipitation
becomes faster after the mid-21st century in both regions,
despite the pronounced model uncertainty for western
Nepal's precipitation projection. Comparisons between
RCP2.6, RCP4.5, and RCP8.5 indicated similar precipita-
tion trends in the future with increasing variation in pre-
cipitation with more aggressive RCP scenario.

We further looked the seasonal precipitation projec-
tion under RCP8.5 scenario over western and eastern
Nepal (result not shown) and found that the monsoon
and post-monsoon precipitation will increase continu-
ously in both regions. However, winter precipitation will
decrease in both reason and pre-monsoon precipitation

will decrease in western Nepal, while eastern Nepal does
not experience a significant change during pre-monsoon.
Since annual precipitation will increase while winter pre-
cipitation decreases in both regions, the intensity of pre-
cipitation may increase in the future warming climate.

We should note that Nepal's increasing precipitation
trend predicted under a future warming climate is differ-
ent from the precipitation trend projected for the larger
region of Hindu-Kush-Himalayan region discussed by
Palazzi et al. (2013). Palazzi et al. (2013) described an
increasing precipitation trend until the middle of the cen-
tury (2050). However, when refining the study area to the
smaller Nepal-only domain, the increasing trend is
predicted to extend until the end of 21st century. More-
over, Sandeep et al. (2018) showed that a warming cli-
mate will promote the activity of low-pressure systems
that will bring more extreme precipitation events to
northern India and Nepal.

6 | SUMMARY AND
CONCLUSIONS

Precipitation in the Himalayan region is highly variable
in both space and time with some of the most extreme
amounts on the planet. This study expands on previous
studies investigating extreme precipitation by docu-
menting the changing pattern of precipitation in Nepal
using a high-resolution (0.05� × 0.05�) subset of the APH-
RODITE daily precipitation dataset up to 2007. In gen-
eral, this study identified an east–west division in the
precipitation trends, with western Nepal experiencing a
decrease of precipitation around 1981, while eastern
Nepal experienced an increase in precipitation. Even
though locations of the decreasing trend vary in different
seasons, the east–west division of precipitation change
persists through all four seasons (winter, pre-monsoon,
monsoon, and post-monsoon). Corresponding to the
decreasing precipitation throughout western Nepal, the
dry-season flow of the region's primary river system is
found to decrease as well; this finding implies negative
impacts on the region's agriculture, ecosystems, and
socio-economic security.

Given the highly variable nature of precipitation
across the country, this study addressed the changes to
extreme events via a set of thresholds, as opposed to a
singular threshold commonly used by previous studies.
In general, extreme events have become more common
and increasingly extreme, with the expectation for this
trend to continue as a warming climate brings elevated
atmospheric humidity and greater precipitable water
(Goswami et al., 2006; Krishnan et al., 2019). To identify
the potential causes of the east–west division in
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precipitation trends, this study depicted the region's
interannual variability relationship with the Indian
Ocean SST. As the Indian Ocean warms (Roxy et al.,
2015) and the Indian sub-continent warms (Jin and
Wang, 2017), the east–west division of precipitation trend
may be overtaken by an overall increase across Nepal,
that is, a result implicated by CMIP5 future precipitation
projections under RCP 8.5.

The results presented here showcase the dramatic
change to precipitation extremes with varying geographic
distribution across Nepal. However, the limitation of the
APRODITE precipitation record that ends in 2007
negates the most recent decade of examination. There-
fore, future work should account for the most recent data
as well as a more capable model assessment utilizing
higher-resolution or regional climate simulations. Specifi-
cally, an investigation into the regional climate modelling
data such as that focused on the Indian subcontinent and
Nepal, produced by the Coordinated Regional Climate
Downscaling Experiment (CORDEX) project's downscal-
ing efforts, is needed to verify the recent trends.
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