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Abstract: As a mountainous country, Nepal is most susceptible to precipitation extremes and
related hazards, including severe floods, landslides and droughts that cause huge losses of life
and property, impact the Himalayan environment, and hinder the socioeconomic development of
the country. Given that the countrywide assessment of such extremes is still lacking, we present a
comprehensive picture of prevailing precipitation extremes observed across Nepal. First, we present
the spatial distribution of daily extreme precipitation indices as defined by the Expert Team on
Climate Change Detection, Monitoring and Indices (ETCCDMI) from 210 stations over the period
of 1981–2010. Then, we analyze the temporal changes in the computed extremes from 76 stations,
featuring long-term continuous records for the period of 1970–2012, by applying a non-parametric
Mann−Kendall test to identify the existence of a trend and Sen’s slope method to calculate the true
magnitude of this trend. Further, the local trends in precipitation extremes have been tested for
their field significance over the distinct physio-geographical regions of Nepal, such as the lowlands,
middle mountains and hills and high mountains in the west (WL, WM and WH, respectively), and
likewise, in central (CL, CM and CH) and eastern (EL, EM and EH) Nepal. Our results suggest that
the spatial patterns of high-intensity precipitation extremes are quite different to that of annual or
monsoonal precipitation. Lowlands (Terai and Siwaliks) that feature relatively low precipitation and
less wet days (rainy days) are exposed to high-intensity precipitation extremes. Our trend analysis
suggests that the pre-monsoonal precipitation is significantly increasing over the lowlands and CH,
while monsoonal precipitation is increasing in WM and CH and decreasing in CM, CL and EL. On the
other hand, post-monsoonal precipitation is significantly decreasing across all of Nepal while winter
precipitation is decreasing only over the WM region. Both high-intensity precipitation extremes
and annual precipitation trends feature east−west contrast, suggesting significant increase over
the WM and CH region but decrease over the EM and CM regions. Further, a significant positive
trend in the number of consecutive dry days but significant negative trend in the number of wet
(rainy) days are observed over the whole of Nepal, implying the prolongation of the dry spell across
the country. Overall, the intensification of different precipitation indices over distinct parts of the
country indicates region-specific risks of floods, landslides and droughts. The presented findings,
in combination with population and environmental pressures, can support in devising the adequate
region-specific adaptation strategies for different sectors and in improving the livelihood of the rural
communities in Nepal.
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1. Introduction

Precipitation extremes are one of the major factors that trigger natural disasters, such as droughts,
floods and landslides, which subsequently cause the loss of property and life, and deteriorate
socioeconomic development. Under the prevailing anthropogenic warming, the precipitation extremes
are observed to be intensified globally, exacerbating the existing problems of food and water security
as well as disaster management [1–11].

Consistent with the global pattern [4,10], the world’s most disaster-prone region of South Asia [12]
has also experienced an overall increase in precipitation extremes [11], though such a pattern is
heterogeneous across the region [5,11,13,14]. For instance, studies have found a rise in the summer
monsoonal precipitation extremes over central India and northeastern Pakistan [15–20]. In contrast,
precipitation extremes feature a falling trend over southwestern Pakistan [20], the eastern Gangetic
plains and some parts of Uttaranchal, India [21]. Further, contrary to the extremes observed at low
altitudes or over the plains, extremes observed in the high-altitude mountainous regions exhibit quite
an opposite sign of change due to the influence of local factors, and are thus less predictable [22].

Situated in the steep terrain of the central Himalayan range, Nepal is likewise more susceptible to
the developments of heavy rainfall events and subsequent flooding and droughts severely impacting
the marginalized mountain communities, as was impressively illustrated by recent events. For instance,
the cloudburst of 14–17 June 2013 in the northwestern mountainous region near the Nepalese border
killed around 5700 people and affected more than 100,000, extensively damaging the property in both
Nepal and India [23]. A heavy rain event of 14–16 August 2014 likewise caused massive flooding
and triggered a number of landslides, resulting in huge losses of life and property, affecting around
35,000 households [24]. Similarly, one of the worst winter droughts of the country in 2008/2009
reduced yield of wheat and barley by 14% and 17%, respectively, leading to severe food shortage
in 66% of rural households in the worst hit far- and mid-western hill and mountain regions [25].
Such intense precipitation and extreme dryness (droughts) negatively impact the yield of both cash
and cereal crops [26], and in turn, the livelihood of around 60% of the total Nepalese population
directly dependent on agriculture [27]. Therefore, analyzing the precipitation extremes and their time
evolution under prevailing climatic changes is of paramount importance for ensuring food and water
security in Nepal and developing a region-specific disaster management strategy.

As compared to the rest of South Asia, studies on the observed precipitation extremes over
Nepal are rare and sporadic, lacking a comprehensive picture across the country. For instance,
computing various extreme precipitation indices from only 26 stations for the period of 1961–2006,
Baidya et al. [28] have found an increasing trend in total events and heavy precipitation events from
most of the stations. In contrast, analyzing only a subset of extreme precipitation indices used in
Baidya et al. [28], from the daily interpolated gridded precipitation of APHRODITE (1951–2007)
Duncan et al. [29] concludes that the monsoonal and annual precipitation extremes are unlikely to
worsen over Nepal. Since precipitation extremes are more localized and can be smoothed over when
limited gauge data is interpolated [30], employing APHRODITE may have significantly affected the
computation of extreme statistics as it hardly incorporates any real observations from the early 1950s
west of Kathmandu [31]. Recently, analyzing the extreme precipitation indices only within the Koshi
River basin in eastern Nepal for the 1975–2010 period, Shrestha et al. [32] have reported an overall
increase in the precipitation total and intensity, though such trends were statistically insignificant.
These discordant findings of changes in the precipitation extremes over Nepal may be attributed to
employing varying datasets, analyzing different time periods, and focusing on distinct study regions,
hence lacking a countrywide picture.

In view of these limited countrywide studies with contrasting findings—and because an
understanding of the extreme precipitation events is crucial to socioeconomic development—, this
study presents an exploratory analysis of the widely adopted daily precipitation extremes across
the whole of Nepal based on the maximum number of high-quality long-term station observations.
For this, the extreme indices from the Expert Team on Climate Change Detection, Monitoring and
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Indices (ETCCDMI) along with a few additional indices are computed from the daily precipitation
observations. First, we have analyzed the spatial distribution of the most relevant precipitation
extremes as well as the seasonal precipitation patterns from 210 surface weather stations across Nepal
over the most recent period, 1981–2010. Moreover, time evolution of the computed precipitation
extremes has been analyzed by ascertaining the monotonic trends from the long-term continuous
record available at 76 stations over the 1970–2012 period. In this regard, a robust non-parametric
Mann−Kendall [33,34] trend test along with the trend free pre-whitening (TFPW) procedure has
been applied. The trends at the local stations are further assessed for their field significance over the
distinct physio-geographic regions of Nepal, in order to establish the dominant patterns of changes in
precipitation extremes.

2. Study Area

Nepal is a mountainous country that stretches between 26.36◦ N–30.45◦ N and 80.06◦ E–88.2◦ E,
encompassing an area of 147,181 km2 and an elevation range of 60–8848 m above sea level (asl).
Along the cardinal directions and altitude, the country is divided into five standard physiographic
regions, such as Terai, Siwaliks, Middle Mountains, High Mountains, and High Himalaya [35,36],
which according to Duncan and Biggs [37] are further categorized into three broader zones, namely,
Lowlands (Terai and Siwaliks), Mid-Mountains and Hills (Middle and High Mountains) and High
Mountains (High Himalayas). Owing to such unique physiographical and topographical distribution,
the country features a variety of climates that range from the tropical savannah over the southern
plains to the polar frost in the northern mountains within a short horizontal distance of less than
200 km [38]. The population density is highest in the eastern lowlands region, followed by the regions
of central lowlands, middle and eastern middle mountains, and western lowlands, respectively, while
such density is lowest for the rest of Nepal.

There are four seasons in Nepal, namely, pre-monsoon (March–May), monsoon (June–September),
post-monsoon (October–November) and winter (December–February). Pre-monsoon is characterized
by hot, dry and westerly windy weather with mostly localized precipitation in a narrow band, whereas
the monsoon is characterized by moist southeasterly monsoonal winds coming from the Bay of Bengal
and occasionally from the Arabian Sea with widespread precipitation. Post-monsoon refers to a dry
season with sunny days featuring a driest month, November. Winter is a cold season with precipitation
mostly in the form of snow in high-altitude mountainous regions. Precipitation over Nepal is received
by two major weather systems; the southwest monsoon greatly impacts the southeastern parts of
the country during the monsoon season while the western disturbances predominantly affect the
northwestern high mountainous parts during the winter season [39–43]. Similar to the monsoon
season, precipitation during pre- and post-monsoon seasons is also generally higher towards the
east [44]. In the Marsyangdi River basin (MRB) of Nepal, observed precipitation at the stations below
2000 m is mostly received in the form of rain while at the stations above this height, snowfall accounts
for 17% ± 11% of the annual totals, where such a fraction rises with altitude [45].

Classifying the precipitation regimes of Nepal based on the shape and magnitude of monthly
precipitation from 222 stations, Kansakar et al. [35] have illustrated that the precipitation patterns
are mainly controlled by the orographic effect of the complex central Himalayan terrain and the
east−west progression of the summer monsoon. Thus, owing to the intricate interaction amid the
weather systems and their alteration by the extreme topographical variations (high mountains, valleys
and river catchments), spatial distribution of precipitation in Nepal is highly heterogeneous (Figure 1a).
For instance, the annual precipitation varies from less than 200 mm for the driest regions (Mustang,
Manang, and Dolpa, located at the leeward-side north of the Annapurna) to above 5000 mm in and
around the Lumle region. Two additional wetter regions with annual precipitation greater than
3500 mm are Num and Gumthang. On the other hand, regions of low precipitation typically also reside
in the leeward-side of the Khumbu, Everest and other high mountainous regions [38,41,46]. Along the
altitudinal extent of the central Himalayan region (~74◦–88◦ E), the Tropical Rainfall Measuring
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Mission (TRMM) precipitation dataset (1998–2005) indicates two parallel significant peak precipitation
zones [47]; the first zone is at the mean elevation of ~0.95 km (mean relief of ~1.2 km) while the second
one is at ~2.1 km (mean relief of ~2 km). Barros et al. [45] have suggested a weak altitudinal gradient
of precipitation between 1000 and 4500 m altitude, whereas in deep river valleys with steep slopes,
such a gradient of rainstorm is very strong. In general, they have found the maximum precipitation
along the ridges and a strong east−west ridge-to-ridge precipitation gradient. Similar results were
obtained from station-based observations in different regions of Nepal where precipitation peaks
around 2500–3600 mm and decreases further with increase in altitude in high mountain regions [48–51].
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Figure 1. (a) Annual precipitation distribution (mm) over Nepal with precipitation pocket areas and
dry areas delineated, and the meteorological stations used for the daily extreme analysis overlaid;
(b) The three broader physiographic zones of Nepal and nine sub-regions (WL—Western Lowlands,
WM—Western Middle Mountains and Hills, WH—Western High Mountains, CL—Central Lowlands,
CM—Central Middle Mountains and Hills, CH—Central High Mountains, EL—Eastern Lowlands,
EM—Eastern Middle Mountains and Hills, EH—Eastern High Mountains).

In addition to the horizontal and altitudinal precipitation gradients, a large seasonal precipitation
gradient (~factor of 4) has also been observed over a short horizontal distance of ~10 km in MRB [52].

Precipitation does not feature long-term trends at seasonal and annual scales, except a localized
trend in some parts of the Koshi River basin [44,53,54]. However, it features a significant relationship
with the Southern Oscillation Index (SOI) [55]. Changes in the monsoonal precipitation regimes
indicate the extension of the active monsoon duration mainly due to significantly delayed withdrawal,
though the onset timing has been observed unchanged [56,57].

As the precipitation distribution is highly heterogeneous across the country, characterizing strong
north−south and east−west gradients, the whole country is divided into nine sub-regions (Figure 1b)
for regional field significance study. The latitudinal extent has been divided based on the demarcation
of three broader physiographic regions, while for the longitudinal division, longitudes of 83◦ E and
86◦ E have been taken as the demarcation points (as used in [44]), yielding western, central and eastern
regions, each containing three physio-geographic regions. For instance, the sub-regions within the
western longitudinal belt are the western lowlands (WL), western middle mountains and hills (WM)
and western high mountains (WH). The case for the central (CL, CM and CH) and eastern (EL, EM
and EH) longitudinal belts is similar.

3. Data

We have obtained daily precipitation data from all available surface weather stations in Nepal
that are being maintained by the Department of Hydrology and Meteorology (DHM), Nepal.
These observations are consistent in terms of the measurement method as the obtained stations use the
same type of US-standard 8-inch diameter manual precipitation gauges [58]. Though underestimated
as in other types of gauges, these gauges can also measure snow water equivalent. For that, the snow
deposited in the gauge is at first melted by pouring hot water and then measured as normal rainfall
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measurement. In the DHM database, the longest precipitation record available since 1946 is from only
three stations, although there are records from 23 stations since 1947, and from around 40 stations since
1950. Until 1956, the precipitation observations were available only from the stations located east of
Kathmandu and particularly within the Koshi River basin. Afterwards, the number of precipitation
stations considerably increased, reaching up to 100, 190, 240, 250, 370 and 410 by 1961, 1971, 1981, 1991,
2001 and 2010, respectively. However, all the available precipitation gauges do not feature regular
data since the time of their inception [31]. For instance, among 450 stations that have been operational
until recently, regular data of varying lengths from only around 400 stations either due to short-term
discontinuity of the stations or their relocation are available (Figure 2). In order to ensure a balanced
spatial distribution of stations across Nepal and employing the maximum common length of the
high-quality continuous data available from the maximum number of stations, we have restricted the
period of our daily extreme analysis to 1970–2012. Within such a period, the stations that feature data
gaps for more than (1) a fortnight within a year; (2) four consecutive years or (3) for six years in total
were excluded from the analysis.
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Figure 2. The number of precipitation gauges and their age in the Department of Hydrology and
Meteorology (DHM) database.

The quality control of the data from the considered stations was performed using the RClimDex
toolkit [59], which can identify potential outliers and negative precipitation values [4]. After the
quality control, testing the homogeneity is the most important step [60] as it identifies the variations
that occurred due to purely non-climatic factors, such as faults in the instruments or changes in
the measurement method, aggregation method, station location, station exposure and observational
practice [61]. The homogeneity test was performed for each station by monthly time series using
the RHtest toolkit, which can statistically identify the multiple step changes by using a two-phase
regression model with a linear trend of the entire time series [62]. Since the stations observe large
Euclidean distances in complex mountainous terrains, we have performed a relative homogeneity test,
without using a reference time series [63,64]. The inhomogeneity of a station has been decided based on
the RHtest results, graphical examination and coincidence of known ENSO or localized precipitation
events. The stations featuring any inhomogeneity were excluded from the analysis. Such strict station
selection criteria have yielded the continuous, homogeneous, high-quality daily observations from
only 76 stations for the 1970–2012 period. These 76 stations have been used for the computation of
daily precipitation extremes (Figure 1a and Table 1) and seasonal precipitation total.

For sub-regions considered for field significance study, these stations ensure an adequate spatial
distribution of stations at least across the middle mountain and lowland sub-regions. The number
of stations that fall in each sub-region of WM, WL, CH, CM, CL, EM and EL are 14, 4, 3, 16, 11, 19
and 9, respectively. Since the stations within the western and central regions are relatively younger,
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there are more stations within the eastern region that fulfill the selection criteria. As for high mountain
sub-regions, long-term data was available only from CH, due to the low density of the high-altitude
station network. Hence, we limit our sub-regional analysis to seven sub-regions only.

Table 1. List of meteorological stations.

Region ID Name Lat (◦) Lon (◦) Height (m)

WL

106 Belauri santipur 28.683 80.35 159
209 Dhangadhi (atariya) 28.8 80.55 187
416 Nepalgunj Reg. off. 28.052 81.523 144
510 Koilabas 27.7 82.533 320

WM

101 Kakerpakha 29.65 80.5 842
103 Patan (west) 29.467 80.533 1266
104 Dadeldhura 29.3 80.583 1848
201 Pipalkot 29.617 80.867 1456
202 Chainpur (west) 29.55 81.217 1304
203 Silgadhi doti 29.267 80.983 1360
206 Asara ghat 28.953 81.442 650
303 Jumla 29.275 82.18 2366
308 Nagma 29.2 81.9 1905
402 Dailekh 28.85 81.717 1402
404 Jajarkot 28.7 82.2 1231
406 Surkhet 28.587 81.635 720
504 Libang gaun 28.3 82.633 1270
511 Salyan bazar 28.383 82.167 1457

CL

703 Butwal 27.694 83.466 205
902 Rampur 27.654 84.351 169
903 Jhawani 27.591 84.522 177
907 Amlekhganj 27.281 84.992 310
909 Simara airport 27.164 84.98 137
910 Nijgadh 27.183 85.167 244
911 Parwanipur 27.079 84.933 115
912 Ramoli bairiya 27.017 85.383 152
1109 Pattharkot (east) 27.1 85.66 162
1110 Tulsi 27.013 85.921 251
1111 Janakpur airport 26.711 85.924 78

CM

701 Ridi bazar 27.95 83.433 442
722 Musikot 28.167 83.267 1280
802 Khudi bazar 28.283 84.367 823
804 Pokhara airport 28.2 83.979 827
807 Kunchha 28.133 84.35 855
808 Bandipur 27.942 84.406 995
810 Chapkot 27.883 83.817 460
814 Lumle 28.297 83.818 1740
904 Chisapani gadhi 27.56 85.139 1729
1008 Nawalpur 27.813 85.625 1457
1015 Thankot 27.688 85.221 1457
1022 Godavari 27.593 85.379 1527
1023 Dolal ghat 27.639 85.705 659
1029 Khumaltar 27.652 85.326 1334
1030 Kathmanduairport 27.704 85.373 1337
1115 Nepalthok 27.42 85.849 698

CH
601 Jomsom 28.78 83.72 2744
604 Thakmarpha 28.739 83.681 2655
607 Lete 28.633 83.609 2490
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Table 1. Cont.

Region ID Name Lat (◦) Lon (◦) Height (m)

EL

1112 Chisapani bazar 26.93 86.145 107
1213 Udayapur gadhi 26.933 86.517 1175
1216 Siraha 26.656 86.212 102
1311 Dharan bazar 26.792 87.285 310
1316 Chatara 26.82 87.159 105
1319 Biratnagar airport 26.481 87.264 72
1320 Tarahara 26.699 87.279 121
1408 Damak 26.671 87.703 119
1409 Anarmani birta 26.625 87.989 122

EM

1102 Charikot 27.667 86.05 1940
1103 Jiri 27.633 86.233 2003
1202 Chaurikhark 27.7 86.717 2619
1203 Pakarnas 27.443 86.569 1944
1204 Aisealukhark 27.36 86.749 2063
1206 Okhaldhunga 27.308 86.504 1731
1207 Mane bhanjyang 27.215 86.444 1528
1210 Kurule ghat 27.136 86.43 341
1211 Khotang bazar 27.029 86.843 1305
1303 Chainpur (east) 27.292 87.317 1262
1305 Leguwa ghat 27.154 87.289 444
1306 Munga 27.05 87.244 1457
1307 Dhankuta 26.983 87.346 1192
1308 Mul ghat 26.932 87.32 286
1309 Tribeni 26.914 87.16 146
1322 Machuwaghat 26.938 87.155 168
1325 Dingla 27.353 87.146 1169
1403 Lungthung 27.55 87.783 1780
1410 Himali gaun 26.887 88.027 1654

Note: WL (western lowlands), WM (western middle mountains and hills), WH (western high mountains),
CL (central lowlands), CM (central middle mountains and hills), CH (central high mountains, EL (eastern
lowlands), EM (eastern middle mountains and hills) and EH (eastern high mountains)).

In addition to a daily extreme precipitation trend analysis, we present spatial variability maps
of mean seasonal and of physically relevant daily precipitation extreme indices from the maximum
number of stations that have the data for at least 20 years in the recent normal period (1981–2010) but
two stations from high altitude (>3500 m) with only five years of data are also included to represent
the high-altitude spatial pattern. Since these indices do not require the high-quality data, around
210 precipitation stations were considered for this analysis.

4. Methodology

4.1. Precipitation Indices

We have considered the extreme precipitation indices that are developed and recommended by
the Expert Team on Climate Change Detection, Monitoring and Indices (ETCCDMI), jointly established
by the World Meteorological Organization (WMO) Commission for Climatology and the Research
Programme on Climate Variability and Predictability (CLIVAR) (Table 2). Based on the calculation
method, these indices fall into four groups [65,66], namely, absolute indices, threshold indices, duration
indices and percentile-based threshold indices.
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Table 2. The description of ETCCDMI (Expert Team on Climate Change Detection, Monitoring
and Indices).

Category ID Name of Index Definition Unit

HIP R95 Very wet days Annual total precipitation of days in >95th percentile mm

HIP RX1day Max 1-day precipitation amount Annual maximum 1-day precipitation mm

HIP RX5day Max 5-day precipitation amount Annual maximum consecutive 5-day precipitation mm

HIP R99 Extremely wet days Annual total precipitation of days in >99th percentile mm

FP R10 Number of heavy
precipitation days Annual count of days when precipitation is ≥10 mm Days

FP R20 Number of very heavy
precipitation days Annual count of days when precipitation is ≥20 mm Days

DWS CDD Consecutive dry days Maximum number of consecutive dry days
(precipitation <1 mm) Days

DWS CWD Consecutive wet days Maximum number of consecutive wet days
(precipitation ≥1 mm) Days

EX WD Annual wet/rainy days Annual count of days when precipitation is ≥1 mm Days

EX PRCPTOT Annual total wet-day precipitation Annual total from days ≥1 mm precipitation mm

EX SDII Simple daily intensity index Ratio of annual total to WD in a year mm/day

Note: HIP: High-intensity-related precipitation extreme, FP: Frequency-related precipitation extreme, DWS: Dry
and wet spell or duration, EX: Extra.

The absolute indices include the annual maximum of 1-day and 5-day precipitation referred to as
RX1day and RX5day, respectively. Threshold indices comprise of numbers of (1) heavy precipitation
days (R10) and (2) very heavy precipitation days (R20). R10 (R20) denotes the counts of days in a year
when precipitation was ≥10 mm (≥20 mm). The duration indices encompass the consecutive wet and
dry days (CWD and CDD), which describe the maximum lengths of consecutive wet and dry days,
respectively. Unlike the absolute threshold-based indices, percentile-based indices better represent
the spatial aspects of precipitation extremes, accounting for spatial heterogeneity of precipitation.
However, different researchers have used different percentiles as thresholds for defining such
extremes. For example, Krishnamurthy et al. [18] and Bookhagen [67] have used the 90th percentile,
Duncan et al. [29] and Casanueva et al. [68] have used the 95th percentile and Alexander et al. [4],
Klein Tank et al. [5], Donat et al. [14], and Sheikh et al. [11] have used the 95th and 99th percentiles.
Here, the percentile-based threshold indices include two; the yearly total precipitation from very wet
days (R95) and extremely wet days (R99) observing above than 95th and 99th precipitation percentiles,
respectively. Since R95 and R99 indices are based on the long-term percentile thresholds, they may
differ from station to station but not on an inter-annual scale. Three additional indices that do not
fall in any of the above categories are the annual wet days (WD) described as the annual count of
days when precipitation was ≥1 mm, annual total precipitation from WD (PRCPTOT) and the simple
daily intensity index (SDII) defined as the ratio of PRCPTOT to WD within a year. These indices were
computed using the RClimDex toolkit [59] while the regionalization of the physically relevant indices
has been performed using Global Kriging interpolation (See [38] for details).

The considered extreme precipitation indices are mainly the indicators of floods and droughts
or indirect indicators which in combination with the main indicators provide valuable information.
For instance, R95, R99, RX1day and RX5day indices characterize the magnitude of very intense
precipitation events that trigger flash floods and landslides. R10 and R20 assess the frequency of
heavy and very heavy precipitation events. On the other hand, CDD and CWD indirectly provide the
indication of droughts, which is quite important for the agricultural activities [68]. The SDII, PRCPTOT
and WD indirectly provide useful information when combined with other extreme indices. Therefore,
we have presented and discussed the results in four broad categories, namely, high-intensity-related
precipitation extreme (HIP) indices which consist of absolute and percentile-based threshold indices,
frequency-related precipitation extremes or threshold-based (FP) indices, dry and wet spell or duration
(DWS) indices and extra indices (EX) (Table 2).
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In addition to the computation of extreme precipitation indices, the temporal changes in these
indices and seasonal total precipitation have also been assessed. For this, trends in the considered
indices (except R99) were analyzed using the Mann−Kendall (MK) trend test [33,34] while the
magnitude of trend was estimated using the Theil−Sen’s (TS) slope method [69,70]. Trend assessment
for R99 was possible, but no trends were found for more than half of the stations due to large
inter-annual variability that resulted in zero values for more than half of the R99 time series. They were
therefore, excluded from the analysis.

4.2. Trend Analysis

4.2.1. Mann−Kendall Trend

The MK trend test [33,34] has been widely used to assess the significance of a trend in the time
series as the test does not require normally distributed data sets [71,72] and can cope with missing
data records and extremes.

4.2.2. Theil−Sen’s Slope

If a linear trend is present in a time series, the true slope of the existing trend can be computed
using the non-parametric TS approach. This test is widely used and robust as it is less sensitive to
outliers and missing values in data [69,70].

4.2.3. Trend-Free Pre-Whitening

The MK test is based on the assumption that the time series is serially independent. However,
often the hydro-meteorological time series contain a serial correlation [73–75], affecting the MK test
results. For instance, existence of a positive (negative) serial correlation in a time series overestimates
(underestimates) the significance of the MK test (e.g., [74,76]). To limit such effect of serial correlation on
the MK test results, several pre-whitening (PW) procedures have been proposed [71,75–77] including
trend-free pre-whitening (TFPW). TFPW more effectively reduces the effect of a serial correlation
present within the hydro-meteorological time series on the MK test results [78–80]. Here, we have
used TFPW as proposed by Yue et al. [74].

In TFPW, the initial step is to estimate the true slope of a trend using Sen’s slope method, unitize
the time series by dividing each sample with the sample mean and de-trend the time series. The lag-1
auto-correlation is then estimated and removed if existing and the time series is subsequently blended
back to the pre-identified trend component. Finally, the MK test is applied to pre-whitened time series
(see [74,75] for further information).

4.2.4. Field Significance

A certain region can feature a number of stations with positive or negative trends. Thus, the field
significance test is used to identify regions with trends of a consistent sign, independent of statistical
significance of the individual station trends [81,82].

Various methods are available for assessing the field significance of local trends [71,73,74,83–86].
We have adopted the method of Yue et al. [74] to assess the field significance in the seven sub-regions
(Figure 1b) with sufficient data. In this method, the original station network has been resampled
1000 times with the bootstrapping approach [87], distorting (preserving) the auto-(cross-)correlation to
avoid its influence on the field significance analysis. The MK test is then applied to synthetic time series
of each site. At the given significance level, the numbers of sites with significant upward trends and
downward trends, respectively, have been counted using Equation (1) for each resampled network.

C f =
n

∑
i=1

Ci (1)
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where, n, indicates the number of stations within a region of analysis and Ci refers to a count of
statistically significant trends (at 0.1 level) at the station, i. This procedure has been repeated 1000 times
for each resampled network. Ranking the corresponding 1000 values of counts of significant positive
(negative) trends in an ascending order using the Weibull [88] plotting position formula yields the
empirical cumulative distributions, Cf, as:

P (Cf ≤ C′rf) = r/(N + 1) (2)

where, r, is the rank of C and N is the number of resampled networks. The probability of a number of
significant positive (negative) trends in the original network has been estimated by comparing with
Cf of significant positive (negative) trends obtained from the resampled networks (Equation (3)).

Pobs = P (C f , obs ≤ C′r f ) where Pf =

{
Pobs, for Pobs ≤ 0.5
1− Pobs, Pobs > 0.5

(3)

At the significance level of 0.1, if Pf ≤ 0.1, then the trend over a region was considered significant.
A similar approach has been employed by Petrow and Merz [89] for assessing the field significance
of flood time series in Germany and by Hasson et al. [63] for hydro-meteorological time series in the
Hindukush-Karakoram-Himalayan region of the upper Indus basin.

5. Results and Discussion

5.1. Spatial Distribution of Mean Seasonal and Daily Precipitation Indices

In addition to the seasonal mean precipitation distribution, spatial patterns of mainly the
high-intensity- and frequency-related extremes (R95/R99 percentile precipitation, RX1day and WD,
R10, R20, respectively), which are relevant for water resources, as well as flood and agriculture
management, are computed from 210 stations over the period of 1981–2010 (Figures 3 and 4).
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are drier (<500 mm) in general and, depending on the alignment of surrounding mountain ranges, 
river valleys and the valleys lying in middle mountains and hills are also relatively drier (500–1000 
mm) than surrounding mountain slopes and ridges. Such a pattern is more pronounced in the lower 
reaches of the river valleys, which lie between the southern frontal mountains and northern elevated 
mountain range. Such comparatively dry valleys are distinct in the surroundings of Tamor at 
Mulghat, Arun at Leguwaghat, DudhKoshi at Kuruleghat, Tamakoshi at Manthali, Sunkoshi at 
Nepalthok, Pachuwarght and Dolalghat, Bheri at Rakam and Dunai, Karnali at many upper river 
valleys (Jumla, Thirpu, Nagma, Gamshreenagar, etc.), Seti at Dipayal, Mahakali at Binayak and all 

Figure 4. Spatial distribution of (a) 95th percentile; (b) 99th percentile mean values of daily precipitation;
(c) ever-recorded one-day extreme precipitation; (d) mean annual number of days with precipitation
≥10 mm; (e) mean annual number of days with precipitation ≥20 mm (f) mean annual number of
days with precipitation ≥1 mm (wet/rainy days) over the period of 1981–2010. Note: Legend scales
are different.

The monsoonal precipitation dominates annual precipitation with contribution of around
80% of the annual precipitation, whereas precipitation during winter, pre- and post-monsoon
seasons contribute only 3.5%, 12.5% and 4.0%, respectively [90]. Therefore, monsoonal precipitation
distribution (Figure 3b) is similar to the annual precipitation distribution (Figure 1a and [38]), indicating
three high-precipitation pocket areas around Lumle, Gumthang and Num that receive more than
3000 mm of monsoonal precipitation. On the other hand, dry leeward regions are in Mustang, Manang
and Dolpa, featuring the lowest precipitation amounts of less than 150 mm. These findings are
consistent with Böhner et al. [42], who reported that the regions north of high mountains are drier
(<500 mm) in general and, depending on the alignment of surrounding mountain ranges, river valleys
and the valleys lying in middle mountains and hills are also relatively drier (500–1000 mm) than
surrounding mountain slopes and ridges. Such a pattern is more pronounced in the lower reaches of
the river valleys, which lie between the southern frontal mountains and northern elevated mountain
range. Such comparatively dry valleys are distinct in the surroundings of Tamor at Mulghat, Arun at
Leguwaghat, DudhKoshi at Kuruleghat, Tamakoshi at Manthali, Sunkoshi at Nepalthok, Pachuwarght
and Dolalghat, Bheri at Rakam and Dunai, Karnali at many upper river valleys (Jumla, Thirpu, Nagma,
Gamshreenagar, etc.), Seti at Dipayal, Mahakali at Binayak and all other river valleys that lie north
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of tall mountain ranges (Figure 3b). On the other hand, as demonstrated earlier based on satellite
data [47], precipitation is high (1500–2500 mm) on the windward side of both mountain ranges that
lie north and south of such river valleys, creating double-peaked rainfall bands from south to north.
In contrast to the river valleys lying within the northern elevated mountain range and southern frontal
mountains, the majority of river valleys in Pokhara (near Lumle) and the surrounding region receive
abundant (>1250 mm) monsoonal precipitation.

The precipitation in pre-monsoon, monsoon and post-monsoon seasons, more or less, follows the
same spatial pattern in terms of representing three-peak precipitation pocket areas, as well as an east
to west gradient. Pre-monsoon precipitation, mostly associated with thunderstorms, is very low in
CH and the western half of the lowlands. There is a variation from less than 100 mm in WL, CH and
in some areas on the leeward side of high mountains in the eastern region, to more than 700 mm in
precipitation pocket areas and eastern mountains. Post-monsoon is the transition season between
monsoon and winter. Therefore, following the retreat of monsoon from west to east, the western half
of the country remains very dry, receiving below 40 mm of precipitation, whereas it is more than
200 mm in the eastern mountainous region. In contrast to other seasons, winter precipitation is higher
over WM (>200 mm) and in a few isolated wet pockets in the central and eastern high mountainous
regions. Winter precipitation is lowest over eastern lowlands (<20 mm) and feature a clear west to east
as well as north to south gradient (Figure 3d). Our seasonal spatial maps are broadly similar to the
previous studies for all of Nepal [29,44,90]; however, the inclusion of a large number of stations with
the improved spatial interpolation technique has resulted in a much finer and realistic representation.

Contrary to the distribution of annual precipitation (Figure 1a), suggesting three rainfall pockets
in Nepal, high values of extreme percentile thresholds are found in the lowlands (Terai and Siwalik),
while low values are found in the highland regions (Figure 4a,b). For instance, annual mean of
R99 percentile threshold in the lowlands is around 150 mm, whereas it is only about 30 mm in the
highlands. Interestingly, the spatial pattern of R99 is quite similar to R95, and to some extent, to
ever-recorded RX1day (Figure 4c). The high values of extreme thresholds in lowlands are associated
with fewer heavy rainfall events (Figure 4a,b), while their relatively lower values observed in the
middle mountains—despite the high annual precipitation (Figure 1a)—are due to weak but persistent
rainfall [45,91]. The ever-recorded one-day maximum precipitation (RX1day) is found lowest in the
central highlands followed by western highlands, whereas it is highest in the central lowlands followed
by eastern and western lowlands. These spatial patterns are broadly similar to RX1day mapping
using ground observation [92,93] and 90th percentile threshold mapping using TRMM data set [67].
The overall high values of R95, R99 and RX1day over lowlands suggest that these regions are more
prone to soil erosion, landslides, flash flooding and subsequent inundations.

Unlike R95, R99 percentiles, and ever-recorded RX1day, spatial patterns of WD, R10 and R20 are
largely similar to the annual distribution of precipitation. WD is lowest (below 40 days) in the very dry
region of Mustang while it is highest (above 180 days) in EH followed by CM, WH and WM regions
(Figure 4f). On average, WD is around 100 days over the lowlands and around 140 days over high
and middle mountains. Similar to WD, R10 is lowest over Mustang, featuring only less than 11 days
whereas R10 is above 110 days for the EH region (Figure 4d). On average, R10 is around 70 days over
most of Nepal. R20 is almost zero over the dry Mustang region and at the minimum over WH and CH
as these regions rarely experience very heavy precipitation events. However, over EH and CM regions
and particularly over the high precipitation pockets, R20 is more than 50 days (Figure 4e). On average,
R20 is around 40 days across the whole country. Interestingly, from Figure 4, it can be clearly noted
that the frequency-related extreme indices of WD, R10 and R20 feature quite an opposite north−south
gradient compared to high-intensity-related extreme indices of R95/R99 percentile precipitation and
ever-recorded RX1day, with few sporadic exceptions.

The large spatial heterogeneity of mean precipitation across the country in different seasons
indicates the requirement of localized information for water resources management and planning.
Terai, Siwalik and river valleys, for example, are more prone to flood disaster, while mountains and
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hills face a higher landslide risk. The R95 and R99 thresholds computed here can also be directly
utilizable for fixing the thresholds for flood warnings in different regions of Nepal.

5.2. Trend Analysis

In addition to the spatial distribution of mean precipitation and extreme indices, their time
evolutions have been analyzed in order to see how these indices are changing over time. For this, trend
slopes from the individual stations, their field significance for the seven geophysical sub-regions of
Nepal along with the summary of these trend features are shown in Figures 5–9. The stationwise trends
and percentages of the negative/positive trends along with their significance are also additionally
included in Supplementary Materials Table S1.
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5.2.1. Seasonal Precipitation

All stations show a mixed pattern of increasing and decreasing trends for the pre-monsoon
precipitation across Nepal (Figure 5a). However, around 62% of the total stations feature a rising trend,
where such a trend is significant only at around 12%. Most of these stations are mainly concentrated
within EL, CL, WL and CH regions. Only 4% of the total stations suggest a significant decreasing
trend in pre-monsoon precipitation (Figure 6). The results of field significance analysis are also
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congruent with the stationwise trends, indicating a significant rise in pre-monsoon precipitation over
WL, CL, EL and CH. These findings are mostly consistent with Duncan et al. [29] who have shown
a countrywide precipitation rise. For the field insignificant middle mountain regions, differences
with Duncan et al. [29] may arise due to employing distinct observational datasets and methodology.
Since pre-monsoon precipitation is mostly accompanied with thunderstorms as evident heavily over
EL [94], rise in the pre-monsoon precipitation over lowlands and CH regions will increase the extremely
intense thunderstorms. Further, an increase in the pre-monsoon precipitation indicates changes in the
seasonality of the precipitation regime over such regions [95,96].

The monsoon precipitation features a mixture of drying and wetting trends (Figure 5b).
About one-fifth of the total stations exhibit significant trends with around 11% negative and 7% positive
trends (Figure 6). The significant negative trends are concentrated in the central and eastern parts
while significant positive trends are found in WM and CH regions. Field significance analysis more
clearly suggests the rising and falling trends of monsoonal precipitation over the designated regions.
For instance, increase in monsoonal precipitation is significant over the WM and CH regions whereas
decrease is significant over CM, CL and EL regions, largely consistent with the signals observed at the
local stations. Since the monsoonal precipitation is very important for summer crops (paddy, maize and
millet), which constitute around 80% of the total national cereal production in Nepal [56], decreasing
monsoonal precipitation may significantly affect the yield of cereal crops, as a significant decrease in
the yield of rice has already been reported for the years of below-normal monsoonal precipitation [97].

Interestingly, most of the stations (92%) show a decrease in the post-monsoon precipitation, where
such a signal is statistically significant at 41% of the total number of station. Decreasing post-monsoon
precipitation is further suggested by the field significant decrease in all regions except for WL and CH
(Figure 5c). This is in agreement with the findings of Khatiwada et al. [98], who have also indicated
a decreasing post-monsoon precipitation over the Karnali basin in western Nepal for the 1981–2012
period. Over the same period, a significant decrease in precipitation during the post-monsoon dry
months of November and winter season month December was also noticed in the Gandaki river
basin of Nepal [57,99]. The observed decreasing post-monsoon precipitation may adversely affect the
production of paddy crop, as it enters into sensitive stage of spikelet formation, fruiting and ripening,
requiring more water during the post monsoon season [100].

Similar to post-monsoon precipitation, most of the stations feature a negative trend (68%) for
winter precipitation over Nepal. However, such a negative trend is statistically significant at only
4% of the total stations, mainly lying within the WM region. Field significance analysis also suggests
a significant decreasing trend for the winter precipitation over WM (Figure 5d). Khatiwada et al. [98]
have also reported a decreasing winter precipitation over the Karnali basin in western Nepal for the
1981–2012 period. Based on GPCP and satellite-based datasets, Wang et al. [101] have likewise identified
declining winter precipitation over the western region of Nepal in recent decades. Consistently,
weakening influence of the western disturbances over the central Himalayas has also been found [102],
and in line with this, decreasing winter precipitation has been reported in the adjoining western
Himalayan region in India [103]. Further, Wang et al. [101] have attributed this decline to three main
factors: (1) decadal trend towards negative phase of arctic oscillation in recent decades that has created
a local mass flux circulation with descending branch over western Nepal; (2) the Indian ocean warming,
and; (3) the anthropogenic aerosol loading. It is pertinent to mention that the winter precipitation,
though low in volume, plays an important role in meeting the water demand of the winter crops
and in feeding the rivers through accumulating their headwaters with snow that melts during the
dry pre-monsoon season [42]. Particularly for the western hills and mountainous regions where food
production is largely dependent upon rain-fed agriculture, decreasing winter precipitation may affect
the winter crop production [101] of wheat, barley and potatoes, a major crop of the hills and mountains.
Moreover, the decreasing winter precipitation in the region, where winter precipitation is substantially
higher than in other regions, could also lead to a reduction in pre-monsoon season river flows, which
are largely dependent on the snow and glacier melt during the dry season.
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5.2.2. High-Intensity-Related Precipitation Extremes

The stationwise trends of R95 (total annual precipitation from the days of a year featuring
>95 percentile precipitation) and RX1day and RX5day (annual maximum 1-day and 5-day precipitation)
indices, along with their field significance, are shown in Figure 7.

The analysis reveals a mixture of equally increasing and decreasing trends in R95 across Nepal
with only one-fifth of the total stations featuring significant trends. For instance, around 16% of the
total stations show a significant positive trend in R95 while only 4% show its significant negative trend
(Figure 6). The stations featuring a statistically significant rise in R95 are mainly concentrated within
the western part of the country. Rising trends in R95 at local stations are found field significant over
the WM and CH regions, while falling trends in R95 are field significant over the CM and EM regions.

For RX1day indices, about 60% of the analyzed stations feature falling trends and around one-tenth
of the total stations show such a falling trend as significant. A large number of stations showing falling
RX1day are located in CM and EM regions. In contrast, stations in the western region (WL and WM)
have a higher number of increasing trends for RX1day. Similar to RX1day, a higher number of negative
trends in RX5day is observed within CM and EM regions, while more positive trends are found in the
western regions (WL and WM). Field significance results are largely in agreement with the stationwise
trends. Positive trends in RX1day and RX5day are field significant over the WM, CL and CH regions,
while negative trends are field significant over the CM region and RX1day decrease is additionally
field significant over the EM region. Such a pattern of change in RX1day is consistent with the previous
studies [32,104] that also report a decreasing trend of RX1day from most of the stations, where such
a trend is particularly significant above 100 m (asl) within the Koshi River basin—a basin spanning
mainly over the eastern and partially over the central region of our study area.

In summary, all three indices of R95, RX1day and RX5day feature a field significant rising trend
over the WM and CH regions, whereas over the CL region, only the latter two are field significant.
Decreasing trends in R95, RX1day and RX5day are found field significant over the CM region, while
the former two are additionally field significant over the EM region. Coherence amid field significance
rising trends of all three intensity-related extreme precipitation indices together with the dominance
of stationwise significant rising trends over WM and CH regions indicate that precipitation extremes
might be more intense in the near future.

On the other hand, decreasing field significant trends of all three indices over the CM region and
of two indices, R95 and RX1dy, over the EM region indicate to some extent the weakening of intense
precipitation extremes over such regions.

Since our analysis period is only until 2012, occurrence of extreme events during 14–17 June
2013 in Uttarkhanda, India and the bordering areas of western Nepal, and the 14–16 August 2014
event in western Nepal indicates the continuation of this pattern in the western region of Nepal.
Further, Cho et al. [105] attributed the increase in extreme precipitation events like that of Uttarkhanda
and the bordering region of western Nepal in recent decades to an amplification of an upper
tropospheric mid-latitude shortwave trough pattern in the northern region of South Asia due to
the increase in greenhouse gases and aerosols. In general, this kind of amplification in association
with west–northwestward migration of monsoon low creates the highly favorable environment for
vigorous interaction of tropical (monsoon) and extra-tropical (mid-latitude) circulation resulting in
extreme precipitation events in the western Himalayan region [106]. Thus, the western mountainous
region of Nepal lying at a higher latitude and being an adjacent region of western Himalayas could
have greater influence of such mid-latitude wave train pattern, whereas opposite or no influence of
that pattern can occur towards eastern region. However, the shortwave train pattern was analyzed
only for June and no conclusions could be made for whole monsoon season during which extreme
precipitation events occur.

In addition, physical mechanism responsible for enhancement of monsoon precipitation and
extremes towards the central and eastern region of foothills of Himalayan region are normally
associated with break/active monsoon condition in mainland India/Himalayan foothills (north ward
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migration of monsoon trough towards foothills of Himalaya from its normal position) during which
interaction of southward migration of extratropical westerly troughs (dry air subsidence in Indian
subcontinent at mid-to-upper troposphere) and weak monsoon circulation takes place [107]. The detail
analysis of changing pattern of break monsoon situation and other physical mechanism responsible for
changing extreme precipitation pattern over the whole monsoon season for Nepal is still lacking and
it could be far from simple as the complex interaction of global, synoptic scale weather systems and
topography takes place in the monsoon dominated region producing localized extreme precipitation.

The increasing intense precipitation over western mountainous region indicates higher risks of
soil erosion and landslides in the fragile mountainous regions which are extremely vulnerable to these
disasters due to manmade activities—deforestation for settlement, road network and agricultural
activities—or natural causes like earthquakes. Lacking adaptive capacities of the remote mountains
and hills further aggravate the situation. Additionally, increasing intense precipitation events in these
regions consequently increases the risk of floods and inundation in densely populated river valleys
and southern lowlands, destroying life and property, and causing damages to the agricultural land
thereby impacting the socioeconomic development.

Nevertheless, absence of increasing trend of extreme intense precipitation in the central region
where land is highly ruptured with recent earthquake still requires suitable adaptive measures to
reduce the risk of landslides in the regions, as continuous but low intensity and even normal extreme
threshold precipitation values of rainfall can easily trigger such disasters in the region.

5.2.3. Frequency-Related Precipitation Extremes

Since days with 10 mm and 20 mm precipitation events are quite common during the monsoon
season over many parts of Nepal (Figure 4d,e), these events which are typically defined as heavy
and very heavy precipitation in fact represent only moderate precipitation events over large areas
of Nepal. Our results show a mixed pattern of stationwise increasing and decreasing trends for
R10 (annual number of days with ≥10 m) across Nepal. However, around 57% of the total stations
show a negative trend, which is significant at around 16% of the stations mostly concentrated in the
central and eastern regions (Figure 6). Field significance test results also suggest the same, exhibiting
significant negative trends for the CM, EM, CL and EL regions (Figure 8a). The pattern of change in
R20 (annual counts of days when Precipitation is ≥20 mm) likewise indicates a mixed response with
approximately equal numbers of rising and falling trends (Figure 8b). However, R20 is significantly
decreasing for the regions of CL, EL and WM and significantly increasing for the region of CH. Further,
coherent decrease in R10 and R20 over CL and EL clearly suggests a decrease in the number of
moderate precipitation events over the respective regions.

5.2.4. Dry and Wet Spells

The analysis of CDD (consecutive dry days) indices suggests a widespread increase in the dry
period over the whole country (Figure 8c). Around 80% of the analyzed stations exhibit an increase in
CDD over the period of 1970–2012, though this trend is significant only at 22% of the total (Figure 6).
In line with the stationwise trends, field significance trends are also statistically significant for all the
sub-regions, except for CH. This finding is consistent with previous studies of Shrestha et al. [32] and
Sigdel and Ma [104] over Koshi basin of Nepal. A similar increase in CDD has also been reported for
the Songhu River basin in China [108] and across Bangladesh [109], as CDD is mostly related to the
large-scale weather systems rather than localized systems [68].

The CWD (consecutive wet days) also reveals a mixed pattern (Figure 8d). However, the field
significance analysis suggests a significant decreasing trend for CL and EL regions but a significant
increasing trend for EM and CH regions. The CWD changes are mainly observed during the monsoon
season; hence, such changes do not necessarily corresponds to changes in CDD, which are observed
mostly in the dry seasons.
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It is worth mentioning that duration and occurrence-related indices of CDD and CWD can
only indirectly characterize the drought, which is a complex phenomenon and depends upon many
other factors besides precipitation. Nevertheless, increasing CDD observed over the study area
is consistent with the most widespread and worst drought observed in recent decades across the
country [99,101,110,111]. Rise in CDD clearly indicates the prolongation of the dry period across the
country, implying certain changes in the seasonality of prevailing precipitation regimes [95,96]. Further,
this increase in the dry period can negatively impact crop yield and hydropower generation and can,
moreover, elevate respiratory-related health problems in Nepal by increasing the concentration of
particulate matter in the air. Since the frequency and scale of the forest fires in Nepal and other regions
are also strongly related to the length of dry spells [112], the rise in CDD will aggravate such events,
endangering wildlife and causing huge socioeconomic losses.

5.2.5. Extra Indices (PRCPTOT, SDII and WD)

One-fifth of the total number of stations exhibit significant trend changes in PRCPTOT.
Around 13% of stations suggest a significant falling trend while 7% of stations suggest a significant
increasing trend (Figure 6). The majority of statistically significant negative trends are concentrated
in the central and eastern parts while higher numbers of significant positive trends are observed
in the western parts of the country (Figure 9a). Interestingly, the stations above 29◦ N reveal an
increasing trend while those below this latitude features a decreasing trend. The field significance test
also indicates a significant decrease in PRCPTOT over CM, CL, EM and EL regions and a significant
increase over WM and CH regions. The increasing trend in WM is consistent with Baidya et al.’s [28]
findings for the western region. The spatial pattern of trend changes in PRCPTOT is quite similar
to that of the monsoonal precipitation as it dominates (about 80% of) the total annual precipitation
in Nepal. Decreasing PRCPTOT over the eastern region that covers most of the Koshi River basin
within Nepal is consistent with the reports of significant precipitation decrease over the Koshi River
basin during the 1994–2013 period [50] and over the middle mountains and hills during the 1975–2010
period [32]. Based on the coarse resolution Global Precipitation Climatology Project (GPCP) dataset,
Yao et al. [113] have also provided evidence of decreasing precipitation over all the Himalayas and an
increase in the eastern Pamir regions during 1979–2010.
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Notably, WD (wet days/rainy days) is decreasing (at 67% of the stations) across most of Nepal with
a statistically significant decreasing pattern at one-third of the stations. Additionally, the individual
stations’ trends are also consistent with the field significant trends for all sub-regions, except for CH
(Figure 9c). These findings are further consistent with the regional pattern of decreasing number of
wet days over the whole of Southeast Asia [114].

The simple daily intensity index (SDII), defined as the ratio of PRCPTOT to WD, exhibits a
positive trend (60% of the stations) across Nepal with statistically significant increasing trends at
14 stations (18%) and significant decreasing trends at four stations. Unlike significant decreasing
trends in PRCPTOT over EM, EL and CL regions, in accord with Shrestha et al. [32], SDII features
a significant increasing trend. An increase in SDII over such regions is mainly due to the higher
decrease in WD than in PRCPTOT (Figure 9b). On the other hand, the reason for the increase in SDII
over the western region is due to an increase in PRCPTOT but decrease in WD. Rising trends in R95,
RX1day and RX5day over the WM region further indicate rising high-intensity precipitation extremes
over the region. In contrast, decreasing trends in PRCPTOT, R95 and RX1day over the EM and CM
region somewhat reinforce a decreasing trend of high-intensity precipitation extremes. Additionally,
significant decreasing trends in WD, R10 and R20 indices over EL and CL regions indicate a decrease
in the moderate daily precipitation events.

6. Conclusions

First, we have analyzed the spatial distribution of the seasonal precipitation and of a few physically
relevant extreme precipitation indices from 210 stations across Nepal over the most recent period,
1981–2010. Then, the spatio-temporal variation of the computed daily precipitation extremes has been
analyzed from long-term continuous records available from 76 stations over the period of 1970–2012
using a robust non-parametric Mann−Kendall [33,34] trend test and the trend-free pre-whitening
(TFPW) procedure. Trends at local stations are further assessed for their field significance over the
seven distinct physio-geographic regions of Nepal, in order to identify the most dominant patterns of
changes in extreme precipitation indices over these regions.

By including more stations with updated records and employing robust test statistics as compared
to previous studies, this study provides a detailed and coherent picture of spatio-temporal changes
in the precipitation means and extremes across the whole of Nepal as well as over its seven
physio-geographic sub-regions. Generally, we have found a prolongation of dry periods and a decrease
in post-monsoon precipitation across the whole country, while annual and high-intensity precipitation
extremes show contrasting evidence of increase in the western half and a moderately decreasing pattern
in the east. Similarly, winter precipitation has significantly decreased across the western region, thereby
indicating the weakened influence of western disturbances. Such information is anticipated to be useful
in decision-making for the effective management of water resources, hydro-meteorologically induced
disasters and agricultural practices, health and other climate-related livelihood activities in different
regions as well as for the verification of climate model projections across Nepal. Similarly, the presented
picture can support in strengthening the weather, climate and flood early warning and forecasting
systems, in devising the landslide, flood risk and vulnerability maps, in adapting to region-specific
drought-tolerant crops and in designing reservoir-type multipurpose hydropower projects. However,
we caution that the presented findings should preferably be interpreted in connection with other
relevant factors, such as population density, agricultural yield, food deficit regions, poverty, and the
areas which have least access to post-disaster relief facilities and low coping capacity. Further, the
shortcoming of the presented analysis is mainly the lack of high-altitude stations and thus the results
may not be representative for the high mountainous regions, such as the western high mountains
(WH) and eastern high mountains (EH). Hence, future research should focus on employing a broader
database and larger set of extreme indices for the comprehensive analysis of changes in precipitation
extremes at the seasonal scale in order to understand the physical mechanisms driving such changes.
The main findings of the study are summarized below:



Climate 2017, 5, 4 20 of 25

• Spatial distribution of monsoonal precipitation across Nepal indicates three high-precipitation
pocket areas, such as surrounding regions of Lumle, Gumthang and Num, and four regions of
low precipitation on the leeward side of high mountains, namely, Mustang, Manang, Dolpa,
and Everest. Likewise, depending on the orientation of surrounding mountain ranges, lower
precipitation is also found in the river valleys lying within the middle mountains and hill regions.
Pre- and post-monsoonal precipitation more or less follow the spatial pattern of monsoonal
precipitation in terms of representing three-peak precipitation pocket areas, as well as the east to
west gradient. In contrast to other seasons, winter precipitation is higher over the western middle
and high mountainous (WM) areas and lower over the eastern lowlands (EL), clearly depicting
west to east and north to south gradients.

• Spatial distribution of precipitation extremes suggests that the high-intensity-related extremes
(95th and 99th percentile thresholds and one-day extreme precipitation) are relatively more intense
over the southern lowlands as compared to other regions suggesting higher chances of flooding
and inundation in the region. However, the frequency-related extreme indices (WD—wet days,
R10 and R20—heavy and very heavy precipitation days) generally feature low values.

• Long-term trends in the monsoonal and annual precipitation (PRCPTOT) indicate their significant
increases over the middle mountains and hills within the western region (WM), and over the high
mountains within the central region (CH). However, the monsoonal and annual precipitations
feature significantly decreasing trends over the whole central and eastern regions, except for the
former over the eastern middle-mountain and hills (EM).

• Pre-monsoon precipitation features a significant positive trend over the central high mountain
region (CH) and over all lowland regions. On the other hand, winter precipitation features
a decreasing trend over most of Nepal; however, such a trend is significant only over the
western middle mountains and hills (WM). Similarly, a significantly decreasing trend in the
post-monsoonal precipitation has also been observed across Nepal, except over CH and WL.

• A coherent significant positive trend in the high-intensity-related extreme precipitation indices
(RX1day, RX5day and R95) has been observed over the middle mountains and hills of the western
region (WM) and central high mountains (CH), suggesting more intense precipitation therein.
This is further supported by the evidence of significant positive trends in the monsoonal and
annual precipitation, with a negative trend in the wet days over that region. In contrast, decreasing
trends in the annual precipitation, wet days (WD) and high-intensity-related precipitation
extremes (R95, RX1day), together with an increasing trend in the consecutive dry days (CDD)
over the central and eastern middle mountains and hills reveals weakening of the intense
precipitation extremes.

• Significant positive trend in consecutive dry days (CDD) but negative trend in wet days (WD) are
observed across the country, suggesting the prolongation of the dry period.

Supplementary Materials: The following are available online at www.mdpi.com/2225-1154/5/1/04/s1,
this manuscript includes Table S1: Stationwise significance of extreme indices and field significance.
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