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Abstract
Drought is an inevitable condition with negative impacts in the agricultural
and climatic sectors, especially in developing countries. This study attempts
to examine the spatial and temporal characteristics of drought and its trends
in the Koshi River Basin (KRB) in Nepal, using the standardized precipita-
tion evapotranspiration index (SPEI) over the period from 1987 to 2017. The
Mann-Kendall test was used to explore the trends of the SPEI values. The
study illustrated the increasing annual and seasonal drought trends in the KRB
over the study period. Spatially, the hill region of the KRB showed substan-
tial increasing drought trends at the annual and seasonal scales, especially in
summer and winter. The mountain region also showed a significant increasing
drought trend in winter. The drought characteristic analysis indicated that the
maximum duration, intensity, and severity of drought events were observed in
the KRB after 2000. The Terai region presented the highest drought frequency
and intensity, while the hill region presented the longest maximum drought du-
ration. Moreover, the spatial extent of drought showed a significant increasing
trend in the hill region at the monthly (drought station proportion of 7.6%/10a
in August), seasonal (drought station proportion of 7.2%/10a in summer), and
annual (drought station proportion of 6.7%/10a) scales. The findings of this
study can assist local governments, planners, and project implementers in un-
derstanding drought and developing appropriate mitigation strategies to cope
with its impacts.
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Abstract
Drought is an inevitable condition with negative impacts on the agricultural
and climatic sectors, especially in developing countries. This study examines
the spatial and temporal characteristics of drought and its trends in the Koshi
River Basin (KRB) in Nepal using the Standardized Precipitation Evapotranspi-
ration Index (SPEI) over the period from 1987 to 2017. The Mann-Kendall test
was used to explore trends in SPEI values. The study reveals increasing annual
and seasonal drought trends in the KRB over the study period. Spatially, the
hill region of the KRB showed substantial increasing drought trends at annual
and seasonal scales, particularly in summer and winter. The mountain region
also exhibited a significant increasing drought trend in winter. Drought charac-
teristic analysis indicated that the maximum duration, intensity, and severity
of drought events were observed in the KRB after 2000. The Terai region
presented the highest drought frequency and intensity, while the hill region pre-
sented the longest maximum drought duration. Moreover, the spatial extent
of drought showed a significant increasing trend in the hill region at monthly
(drought station proportion of 7.6%/10a in August), seasonal (drought station
proportion of 7.2%/10a in summer), and annual (drought station proportion
of 6.7%/10a) scales. These findings can assist local governments, planners, and
project implementers in understanding drought and developing appropriate mit-
igation strategies to cope with its impacts.
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1. Introduction
Drought is a recurrent climate phenomenon that occurs due to a reduction
in normal precipitation amount and/or delays in the rainy season in a region
for a specific time [?, ?]. This phenomenon can last for months to years and
presents a larger spatial extent than any other climatic hazard [?]. Droughts
may cause significant water supply shortages and reduce agricultural production.
Wilhite and Glantz (1985) categorized drought as meteorological, agricultural,
hydrological, and socioeconomic phenomena based on precipitation deficit over
time. The causal effects of drought can be recognized at spatial and temporal
scales through intensity, duration, frequency, and severity characteristics [?, ?,
?]. Sheffield and Wood (2007) studied increasing drought duration from 1950 to
2000 at different latitudes globally. Similarly, Trenberth et al. (2011) reported
that the magnitude, intensity, frequency, and spatial extent of drought have
doubled since the 1970s in different parts of the world, including South and
East Asia.

The Hindu Kush Himalayan region is the largest mountain range in the world,
serving as freshwater towers for South Asia and parts of Southeast Asia that
provide water to more than one billion people [?]. This region is highly sus-
ceptible to natural hazards with significant impacts on livelihoods [?]. Nepal is
one of the hazard-prone countries in the Hindu Kush Himalayan region, along
with its large neighboring countries China and India [?, ?, ?]. Transbound-
ary river basins in Nepal, such as Koshi, Gandaki, and Karnali, originate from
the high Himalayas to the plains and sustain livelihoods in mountain, hill, and
lowland areas facing extreme climate events [?]. The South Asian monsoon
climate, together with strong interactions with extreme topographic variations
within short south-north distances, predominantly affects precipitation patterns
in Nepal [?]. The horizontal extension of hill and mountain ranges results in
moist conditions on south- and west-facing slopes and rain shadow effects on
northern slopes [?]. The Intergovernmental Panel on Climate Change (IPCC)
reported that increasing global temperature has substantially impacted precipi-
tation patterns worldwide [?]. Manton et al. (2001) observed increasing numbers
of annual hot days and warm nights and decreasing numbers of rainy days in the
Asian region. Several studies have shown evidence of erratic precipitation pat-
terns [?] and increasing maximum temperatures (0.06°C/a–0.12°C/a) in Nepal
[?]. Agrawala et al. (2003) projected that Nepal will experience temperature
increases of 1.2°C and 3.0°C by 2050 and 2100, respectively. Increasing tem-
perature may increase evapotranspiration and reduce soil moisture, accelerating
high-risk climatic hazards in Nepalese river basins, particularly associated with
extreme climatic events such as drought [?, ?, ?]. Since drought occurrence is
primarily related to precipitation (decreasing) and temperature (increasing) fac-
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tors, drought intensity, duration, and frequency at spatial and temporal scales
vary with the magnitude of these changing factors [?, ?, ?, ?]. Therefore, study-
ing drought at spatial and temporal scales in Nepal is essential.

Drought indices are often used to study and monitor drought phenomena. Sev-
eral indices have been developed for drought studies that can define and analyze
drought at spatial and temporal scales [?]. These include the Palmer Drought
Severity Index (PDSI) [?], Rainfall Anomaly Index [?], Crop Moisture Index [?],
Surface Water Supply Index [?], and Standardized Precipitation Index (SPI)
[?]. The PDSI is considered a milestone in drought studies and is commonly
used, but its major limitations are inability to capture short-term drought and
lack of multiscalar features in assessing drought [?, ?, ?]. To overcome these
limitations, researchers widely use SPI for drought studies [?, ?] because it
is simple to calculate and can quantify precipitation deficit for multiple time
scales that reflect drought impact on water resource availability [?]. However,
because SPI is based only on precipitation data, it is especially suited for study-
ing meteorological drought [?, ?]. Many studies indicate that temperature and
evapotranspiration are also influencing factors for drought but are not consid-
ered in SPI; therefore, this method is not suitable for studying drought in the
context of climate change [?, ?, ?]. Thus, Vicente-Serrano et al. (2010) pro-
posed the Standardized Precipitation Evapotranspiration Index (SPEI), which
incorporates the merits of SPI and PDSI, such as multitemporal scales, climate
water balance, influence of climate change on drought and evapotranspiration,
and can reflect these factors [?, ?]. Therefore, this study adopted SPEI for
drought analysis.

Drought studies are relatively recent in Nepal. Ghimire et al. (2010) conducted
qualitative assessments of climate-induced drought vulnerability at the house-
hold level in hill agriculture. Kafle (2014) studied spatial and temporal drought
assessments from 1982 to 2012 in western Nepal using the Standardized Recon-
naissance Drought Index. Adhikari (2018) reviewed climate-induced drought
hazards in mid-hill farming systems in western Nepal. Baniya et al. (2019) ana-
lyzed spatial and temporal drought patterns in Nepal for 1982–2015 using SPI
and vegetation condition index. Hamal et al. (2020) studied drought impacts
on crop yields across Nepal using SPEI. There are three major river basins in
Nepal: Gandaki, Karnali, and Koshi. Dahal et al. (2016) conducted drought
risk assessment in the Gandaki River Basin of central Nepal from 1981 to 2012.
Khatiwada and Pandey (2019) characterized hydro-meteorological drought in
the Karnali River Basin of western Nepal from 1981 to 2014. These studies
used several drought indices and revealed that SPI correlates with other indices
and captures hydro-meteorological drought, indicating that in the Karnali River
Basin, other drought factors are negligible and drought is mostly contributed by
precipitation variations [?]. Nevertheless, several studies have shown the role of
warming-induced drought in the context of climate change [?, ?] and impacts
of drought on agriculture [?, ?, ?].

A wide range of water-related hazards have affected the Koshi River Basin
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(KRB), and among these hazards, drought has affected large areas [?]. The
river basin receives approximately 900.0–1200.0 mm of annual precipitation,
with annual mean evapotranspiration of approximately 1500.0–2000.0 mm [?].
Therefore, this river basin always experiences water shortage. The basin shows
increasing weather extremes [?], and seasonal precipitation is unevenly dis-
tributed. Approximately 75% of annual precipitation occurs during the summer
monsoon (June to September), 10% occurs during October and November, and
15% occurs during winter and spring seasons [?]. Daily minimum and maximum
temperatures have increased by 0.3°C/10a and 0.1°C/10a, respectively, and con-
secutive dry days are increasing [?]. Monthly average maximum and minimum
temperatures range from 27.0°C to 32.0°C and from 0.0°C to 5.0°C, respectively.
Studies project that annual and seasonal minimum and maximum temperatures
will show increasing trends throughout the basin. Approximately 70% of the
population relies on rainfed agriculture for their livelihood; therefore, uneven
precipitation distribution and increasing temperatures cause water stress in the
basin [?].

Several studies have examined precipitation variations [?], temperature [?], wa-
ter resources [?], climate change, and agricultural production [?, ?] in the KRB.
Bharati et al. (2014) mentioned future climate change impacts and the need
to include extreme climate events such as drought in planning processes. Wu
et al. (2019) conducted a basin-wide study (including transboundary regions)
on drought using satellite-based crop water shortage index from 2000 to 2014.
Shrestha et al. (2017) estimated SPI values in the KRB (Nepal’s part) to com-
pare precipitation-based drought severity and assess the accuracy of two climate
hazard group satellite precipitation estimates. As increasing temperature also
affects drought occurrence and the KRB is already facing increasing weather
extremes, studying drought in the context of climate change based on meteo-
rological indices is essential. Thus, this study aims to (1) examine spatial and
temporal variations in drought in different ecological regions of the KRB from
1987 to 2017; and (2) analyze drought characteristics using SPEI at a three-
month time scale from 1987 to 2017.

This study evaluated drought characteristics using SPEI based on ground sta-
tion meteorological data over 31 years in the KRB, Nepal. Investigating the
spatial and temporal variability of drought can provide valuable information for
decision-makers to devise plausible policies, make climate-smart decisions, and
implement these policies effectively.

2.1 Study Area
The study area is located at 26°49�–27°59�N latitude and 86°55�–87°10�E longi-
tude within the KRB in central and eastern Nepal. The KRB is a transboundary
river system with a total area of 8.73$×10^{4}$ km2, covering five counties in
China, 27 districts in Nepal, and 16 districts in India [?]. In Nepal, the basin
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covers three distinct ecological regions—mountains, hills, and Terai—from north
to south, with elevations ranging from 60 to 8849 m a.s.l. (Fig. 1 [Figure 1: see
original paper]) [?]. Climate within the KRB (Nepal) varies from tropical in the
Terai to alpine in high mountains, with subtropical warm temperate climate in
the hills [?]. Generally, temperature decreases from south to north, although
topography causes spatial variations. Annual mean temperatures are 16.0°C,
20.0°C, and 25.0°C in the mountains, hills, and Terai, respectively. Annual
precipitation decreases from 1931.0 to 536.0 mm. Among the 27 districts in
the KRB (Nepal), we selected 16 districts based on data availability: three in
the mountains, seven in the hills, and six in the Terai ecological zone (Fig. 1).
Major climatic features of these regions estimated from available data (1987–
2017) are illustrated in Table 1 [?, ?].

2.2 Data Sources
This study employed monthly precipitation and minimum and maximum tem-
perature data collected from the Department of Hydrology and Meteorology,
Government of Nepal. We considered the longest period of climate data avail-
able from the maximum number of weather stations. Altogether, 31 years of
data from 23 weather stations between 1987 and 2017 were collected. The 23
weather stations are located within 16 districts of the KRB (Nepal): three in the
mountain region, 11 in the hill region, and nine in the Terai region. Details of
weather stations are provided in Table 2 . For basin- and regional-level drought
distributions, we calculated average climate data values at multiple time scales
from all weather stations in the basin and respective regions (mountain, hill, and
Terai) and obtained SPEI values [?, ?, ?]. We assumed that using the longest
period of data from the maximum available stations would help minimize un-
certainties regarding spatial variation in drought.

2.3 Methods
This study used the SPEI index and Mann-Kendall (M-K) test to quantify
drought and detect trends in the KRB. SPEI is considered an improved drought
index for studying drought conditions [?]. Similarly, the M-K test is a widely
used nonparametric approach for detecting trends in time series data [?]. Details
of these methods are described below.

2.3.1 Standardized Precipitation Evapotranspiration Index (SPEI)

SPEI is a drought index developed by Vicente-Serrano et al. (2010) that uses
precipitation and temperature components. Its strength lies in including tem-
perature components along with precipitation to account for temperature effects
on drought. SPEI uses the “climatic water balance”component—the difference

chinarxiv.org/items/chinaxiv-202106.00015 Machine Translation

https://chinarxiv.org/items/chinaxiv-202106.00015


between precipitation and potential evapotranspiration rather than precipita-
tion alone as the input variable. This approach compares water availability
with atmospheric evaporative demand, providing reliable drought severity mea-
surements [?]. SPEI output is applicable for all climate regimes, and results
are comparable because they are standardized [?]. SPEI can be calculated at
different time scales, enabling detection of both short- and long-term drought
[?].

The SPEI package version 1.7 in R software calculated monthly SPEI values.
Negative SPEI values indicate drought conditions, with lower negative values
representing worse conditions. Multiscale features of SPEI values at a 3-month
time scale (May for spring, August for summer, November for autumn, and
February for winter) provide seasonal drought context. Similarly, 12-month
time scale SPEI values (December SPEI of each year) indicate whole-year water
conditions caused by drought. The 3-month and 12-month time scales reflect
agricultural and hydrological drought conditions, respectively. The 3-month
time scale also describes short- and medium-term soil moisture and seasonal
precipitation estimation, while the 12-month time scale observes long-term pre-
cipitation patterns over a period, providing annual moisture conditions [?, ?].
This study examined annual and seasonal drought characteristics in the KRB,
focusing on moderate, severe, and extreme drought events based on SPEI values
(Table 3 ) [?, ?].

Based on this classification, we extracted 3-month (seasonal) and 12-month
(annual) SPEI values from 1987 to 2017. Livelihoods in the KRB depend on
agriculture [?]; thus, studying drought at seasonal scales is essential [?]. Monthly
SPEI values at the 3-month time scale were used to calculate drought event
characteristics (intensity, duration, severity, and frequency). Annual SPEI was
indicated by December SPEI of each year, while seasonal SPEI was obtained for
May (spring), August (summer), November (autumn), and February (winter).

2.3.2 Estimation of Potential Evapotranspiration

Calculating SPEI requires estimating potential evapotranspiration (PET) from
available climate data. Several methods exist, including the Thornthwaite [?],
Hargreaves [?], and Penman-Monteith methods [?, ?]. Each method requires dif-
ferent data inputs. Studies have used these methods based on data availability:
Tan et al. (2015) and Mohsenipour et al. (2018) used Thornthwaite; Prabnakorn
et al. (2018) and Bisht et al. (2019) used Hargreaves; and Gao et al. (2017) and
Huang et al. (2018) used Penman-Monteith.

The Penman-Monteith method (FAO-56) is recommended by the Food and Agri-
culture Organization (FAO) because it accurately estimates PET across wide
climate ranges [?]. However, this method requires wind speed, net radiation,
temperature, and relative humidity data, which are not readily available in de-
veloping countries [?]. Alternative methods requiring fewer data—Thornthwaite
and Hargreaves—are widely used for PET estimation [?, ?].
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Thornthwaite and Hargreaves methods are temperature-based approaches.
Thornthwaite requires average temperature and latitude (calculated sunshine
duration), while Hargreaves uses minimum and maximum temperatures and
extraterrestrial radiation [?]. Hargreaves is recommended as the standard
method for computing PET when only temperature data are available [?, ?, ?]
and is recommended by FAO as an alternative method [?]. Studies show
Hargreaves is comparable to Penman-Monteith [?]. Stagge et al. (2014) studied
SPEI sensitivity to PET estimation methods, including Thornthwaite, Harg-
reaves, Penman-Monteith Hargreaves, Priestley-Taylor, and Penman-Monteith
FAO-56. SPEI estimates from Hargreaves and three other methods were more
internally consistent than those from Thornthwaite. Therefore, Hargreaves is
the most useful and consistent method for estimating PET in data-scarce areas
[?].

Our study adopted the Hargreaves method to estimate PET due to data limita-
tions. This method has been successfully applied in Nepal: Bhatt et al. (2014)
estimated PET for the KRB; Dahal et al. (2016) studied climate change impacts
on water availability in the Bagmati River Basin; Penton et al. (2016) used it
for hydroclimate and streamflow modeling in the KRB; Aadhar and Mishra
(2017) conducted real-time drought analysis in South Asia (including Nepal);
and Hamal et al. (2020) assessed drought impacts on crop yields in Nepal.

The Hargreaves method equation is:

𝐸𝑇0 = 0.0023 × 𝑅𝐴 × (𝑇𝑎𝑣𝑔 + 17.8) ×
√

𝑇 𝐷

where 𝐸𝑇0 is mean monthly reference or potential evapotranspiration
(mm/month); 𝑅𝐴 is extraterrestrial radiation (MJ/(m2•month)) estimated
from latitude and month; 𝑇𝑎𝑣𝑔 is average monthly temperature (°C); 𝑇 𝐷 is
mean monthly temperature range (°C) (difference between mean maximum
and mean minimum temperatures); and 0.0023 is the coefficient proposed by
Hargreaves and Samani (1985).

2.3.3 Definition of Drought Characteristics

A drought event is defined as a period when the drought index value is contin-
uously negative and reaches –1.00 or less. Drought starts when the value falls
below zero and ends when it reaches a positive value following –1.00 or less [?].

Drought frequency is defined as the number of drought events relative to
total study years, calculated as:

𝐹𝑠 = 𝑛𝑠
𝑁𝑠

× 100%

where 𝐹𝑠 is drought frequency (%); 𝑛𝑠 is number of drought events; 𝑁𝑠 is total
years in the study period; and 𝑠 is the station.
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Drought duration is the number of months between drought start and end,
with the start month included and end month excluded [?].

Severity is the sum of all absolute SPEI values during a drought event:

𝑆𝑒 =
𝑚

∑
𝑗=1

|𝑆𝑃𝐸𝐼𝑗|

where 𝑒 is the drought event; 𝑗 is the month; 𝑚 is duration; and 𝑆𝑒 is severity.

Drought intensity (𝐷𝐼𝑒) is obtained by dividing severity by duration:

𝐷𝐼𝑒 = 𝑆𝑒
𝑚

Larger intensity indicates greater drought severity.

Drought station proportion is the number of drought stations at a time scale
relative to total stations studied, providing spatial extent of drought events:

𝑃𝑗 = 𝑛𝑗
𝑁𝑗

× 100%

where 𝑃𝑗 is drought station proportion at a given time scale (%); 𝑗 is the time
scale; 𝑛𝑗 is number of droughts in the given time scale; and 𝑁𝑗 is total number
of stations.

2.3.4 Trend Analysis

The M-K test and Sen’s slope methods [?] were used for trend analysis. These
methods are widely used for detecting trends in hydrometeorological data series
[?, ?], including drought index series [?]. The M-K test is nonparametric and
does not require specific data distribution. Sen’s slope method is not highly
affected by single data errors or outliers [?]. These tools help obtain magnitude
and trend significance in time series data.

The M-K test uses hypothesis testing for monotonic trends. It tests the null
hypothesis (𝐻0) of no trend versus the alternative hypothesis of a trend at
0.001, 0.01, and 0.05 significance levels. The M-K test statistic 𝑆 is:

𝑆 =
𝑛−1
∑
𝑘=1

𝑛
∑

𝑗=𝑘+1
sgn(𝑥𝑗 − 𝑥𝑘)

where 𝑥𝑗 and 𝑥𝑘 are annual values in years 𝑗 and 𝑘 (𝑗 > 𝑘), and sgn is the sign
function.
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When 𝑛 ≤ 9, the absolute 𝑆 value is compared directly to the theoretical dis-
tribution. When 𝑛 ≥ 10, normal approximation is used, and variance of 𝑆
is:

VAR(𝑆) =
𝑛(𝑛 − 1)(2𝑛 + 5) − ∑𝑞

𝑝=1 𝑡𝑝(𝑡𝑝 − 1)(2𝑡𝑝 + 5)
18

where VAR(𝑆) is variance of 𝑆; 𝑞 is number of tied groups; and 𝑡𝑝 is number of
data values in the 𝑝th group.

The test statistic 𝑍 is:

𝑍 =
⎧{
⎨{⎩

𝑆−1
√VAR(𝑆) if 𝑆 > 0
0 if 𝑆 = 0

𝑆+1
√VAR(𝑆) if 𝑆 < 0

Positive and negative 𝑍 values indicate increasing and decreasing trends, respec-
tively. 𝐻0 is rejected if |𝑍| > 𝑍1−𝛼/2 from the standard normal distribution. We
tested significance at 0.001, 0.01, and 0.05 levels.

Trend magnitude (𝑄) is quantified by Sen’s slope:

𝑄𝑖 = 𝑥𝑗 − 𝑥𝑘
𝑗 − 𝑘 for 𝑖 = 1, 2, 3, ..., 𝑁

where 𝑗 and 𝑘 are data series with 𝑛 values. Slope observations (𝑁) are calcu-
lated as 𝑁 = 𝑛(𝑛 − 1)/2. The median of 𝑁 slope values gives Sen’s estimator
𝑄𝑖. After ranking 𝑁 values of 𝑄𝑖 from ascending to descending order, Sen’s
estimator is:

𝑄 = {𝑄(𝑁+1)/2 if 𝑁 is odd
𝑄𝑁/2+𝑄(𝑁/2)+1

2 if 𝑁 is even

Finally, 𝑄 is tested by a two-sided hypothesis at 100% (1–𝛼) confidence inter-
val. If the slope is significant at 95% confidence interval using a nonparametric
technique based on normal distribution, then 𝐶𝛼 is computed. We used the Mi-
crosoft Excel program MAKESENS 1.0 developed by the Finnish Meteorological
Institute in 2002 for analysis [?].
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3.1 Spatial and Temporal Variations in the SPEI
Annual SPEI variation showed decreasing trends at regional and basin levels
in the KRB from 1987 to 2017 (Fig. 2 [Figure 2: see original paper]). Neg-
ative SPEI values represent drought conditions. Temporal variation revealed
moderate drought in the mountain region in 1992, 2011, 2014, and 2015, with
severe drought in 2005 and 2009. In the hill region, moderate drought occurred
in 1992, 2008, 2009, 2015, and 2017, with severe drought in 2012. The Terai
region experienced moderate drought in 2009 and 2015 and severe drought in
1992, 1994, and 2012.

Spatially, annual moderate drought variation occurred across mountains, hills,
and Terai during recent years (e.g., 2015). In 1992, drought was moderate
in mountains and hills but severe in Terai. In 2009, drought was severe in
mountains and moderate in hills and Terai. Severe drought occurred in hills
and Terai in 2012. Drought conditions in mountain, hill, and Terai regions are
generally independent, though some years showed related occurrences that were
not consistent throughout 1987–2017.

Overall results indicated frequent drought occurrence after 2000. Moderate
drought was relatively higher in the hill region, while severe drought was higher
in the Terai region. Spatial consistency in annual drought occurrence was higher
within hills and Terai. Annual SPEI values showed significant decreasing trends
per decade in the hills, indicating high probability of increasing drought ten-
dency in the future.

Seasonal SPEI variation also showed decreasing trends at regional and basin
levels from 1987 to 2017 (Fig. 3 [Figure 3: see original paper]). In the mountain
region, extreme drought occurred in autumn (2009); severe drought in spring
(1992, 2011), summer (1993, 2009), and winter (1999, 2006); and moderate
drought in spring (2005, 2007, 2014, 2016), summer (1992, 2005, 2011), autumn
(1994, 2000, 2002, 2005, 2015), and winter (2008, 2009, 2014, 2017).

In the hill region, severe drought occurred in spring (1996), summer (2006,
2017), autumn (2000), and winter (2006, 2009); moderate drought in spring
(1992, 1995, 1999, 2012, 2014), summer (2008, 2009, 2012), autumn (1988, 1997,
2008, 2009, 2012, 2015, 2017), and winter (1999, 2001, 2017).

In the Terai region, extreme autumn drought occurred in 2009. Severe drought
was observed in spring (1995, 1996), summer (1992, 1994, 2012), autumn (2005),
and winter (2006, 2017); moderate drought in spring (1991, 1992, 1994, 2012),
summer (2006, 2013, 2015), autumn (2008, 2012, 2015), and winter (1999, 2001).
SPEI values showed decreasing trends in all four seasons, but trends were only
significant during summer in the hill region and winter in mountain and hill
regions.

Spatially, seasonal drought showed variations during the study period. Some
years exhibited similar seasonal drought patterns across all regions. For instance,
severe winter drought occurred in 2006 and moderate autumn drought in 2012
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across mountain, hill, and Terai regions. In some years, seasonal drought pat-
terns were consistent in at least two regions. In 1992, moderate spring drought
occurred in hills and Terai while severe drought occurred in mountains. A simi-
lar pattern was observed for winter drought in 1999. In 2009, extreme autumn
drought occurred in mountains and Terai while moderate drought occurred in
hills. In 2017, moderate winter drought occurred in mountain and hill regions
while severe drought occurred in Terai.

Drought occurred in at least two regions each season. Drought severity was
similar in some cases (mostly in hill and Terai) but different in others. For
example, hill and Terai regions showed severe spring drought in 1996, moderate
winter drought in 2001, moderate autumn drought in 2008 and 2015, and mod-
erate spring drought in 2012. Similarly, moderate summer drought occurred in
mountain and hill regions in 2011 and moderate spring drought in 2014.

Different drought severities were observed between regions in some years. Dur-
ing autumn 2000, moderate drought occurred in mountains while severe drought
occurred in hills. In autumn 2005, mountains showed moderate drought while
Terai showed severe drought. In 1995, moderate spring drought occurred in
mountains and severe drought in Terai. During summer 1992, moderate and
severe drought occurred in mountains and Terai, respectively. In summers
2006 and 2009, severe drought occurred in hills and mountains while moder-
ate drought occurred in Terai and hills. During winter 2009, moderate drought
occurred in mountains and severe drought in hills.

Overall seasonal variation indicated that both moderate (most common) and se-
vere drought occurred in all KRB regions. Higher spatial consistency in seasonal
drought was sometimes observed in two regions rather than all three. Signifi-
cant decreasing SPEI trends occurred in hill region summer and mountain and
hill region winters. Across the entire KRB, significant decreasing seasonal SPEI
trends were observed in summer and winter.

3.2.1 Duration and Severity of Drought Events

Average drought duration calculated from SPEI for the KRB during 1987–2017
was 5.8 months. Maximum drought duration (approximately 15.0 months) oc-
curred during 2009–2010. Spatially, substantial differences in average drought
duration were not observed between mountain and hill regions, though values
were relatively lower (by one month) in the Terai region. Maximum drought du-
ration (2007–2009) was greatest in the hill region. Maximum duration occurred
twice from 2005 to 2013 in the mountain region but only in the mid-1990s in
the Terai region (Table 4 ).

Average and maximum severity values of drought events in the KRB from 1987
to 2017 were 5.80 and 16.05, respectively. Spatially, average drought severity
was highest in the hill region and lowest in the Terai region, though maximum
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severity magnitude was highest in the Terai region and lowest in the mountain
region. The longest duration of maximum severity occurred in the mid-1990s in
the Terai region but in the mid-2000s and late 2000s in mountains and hills.

3.2.2 Intensity and Frequency of Drought Events

Average and maximum drought intensities calculated from SPEI in the KRB
during 1987–2017 were 1.00 and 1.59, respectively. Maximum intensity occurred
over a 3-month duration in 2006. Spatially, the Terai region showed the highest
magnitude of average and maximum drought intensity compared to mountain
and hill regions. The highest drought intensity in the Terai region was observed
in a single month duration (November) of 2005. Average drought intensity
magnitude in mountain and hill regions was 0.94, while maximum intensity was
higher in the mountain region (1.74). Maximum intensity duration in mountain,
hill, and Terai regions was six, three, and one months, respectively.

Drought event frequency in the KRB from 1987 to 2017 was 71%. Spatially,
drought frequency was 74% in the mountain region, 77% in the hill region, and
81% in the Terai region, indicating a general increase in drought frequency from
mountain to Terai region.

Overall results indicated that maximum duration, intensity, and severity of
drought events were mainly observed after 2000 in the KRB. Spatially, onset
of maximum duration and severity occurred either in winter or spring of the
current year and ended mostly in spring of the next year across all regions.
Maximum drought intensity was observed in summer and late autumn in the
mountain region, mid-winter and early spring in the hill region and entire KRB,
and late autumn in the Terai region.

3.3 Variation in Drought Station Proportion

Monthly drought station proportion was calculated from monthly SPEI values
using Equation 5 for 1987–2017. Annual and seasonal proportions were calcu-
lated by averaging monthly proportions for each year and season. M-K trends
of these proportions at monthly, interannual, and interseasonal scales are shown
in Table 5 .

In the mountain region, monthly proportions showed no trends, but intersea-
sonal and interannual scales showed significant increasing trends of 4.1%/10a
and 5.8%/10a (P<0.05), respectively. In the hill region, significant increasing
trends occurred in January (5.3%/10a; P<0.05), March (3.0%/10a; P<0.05),
July (5.1%/10a; P<0.05), August (7.6%/10a; P<0.05), and September
(7.0%/10a; P<0.01). At interseasonal scale, proportions increased in all seasons
but were only significant in summer (7.2%/10a; P<0.05), autumn (4.5%/10a;
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P<0.05), and winter (5.7%/10a; P<0.05). At interannual scale, a significant
increasing trend (6.7%/10a; P<0.01) was observed.

In the Terai region, proportion showed a significant decreasing trend (–4.8%/10a;
P<0.05) in June and no trends in other months. At interseasonal scale, positive
trends occurred in spring and autumn, negative trend in winter, and no trend
in summer. At interannual scale, no trend was observed.

Overall results indicated that spatial extent of drought has significant increas-
ing trends in summer, autumn, and winter in the hill region. Across the entire
KRB, drought station proportion showed increasing trends in January, Febru-
ary, and July–November; no trends were observed March–June and December.
Only trends in February, August, and September were statistically significant
(P<0.05; Table 5). At interseasonal scale, drought station proportion increased
in all seasons but was not statistically significant. However, annual drought sta-
tion proportion showed a significant increasing trend (4.2%/10a; P<0.05) from
1987 to 2017.

4 Discussion
Our study showed that drought and its characteristics exhibited significant spa-
tial and temporal variations in the KRB from 1987 to 2017. These variations are
directly and indirectly influenced by precipitation, temperature, and topogra-
phy. Decreasing precipitation and increasing temperature contribute to drought
events, leading to differences in drought intensity and duration [?, ?]. Global
drought studies revealed increasing drought tendency since the mid-1980s due
to increasing temperature through evapotranspiration mechanisms [?, ?]. Re-
duced precipitation frequency triggers and enhances drought [?]. Topographic
diversity can also create rain shadow regions with low precipitation that rein-
force drought [?]. Our results exhibited more significant increasing trends in
annual and seasonal temperatures in the hill region than other regions (Table 6
). Winter precipitation showed significant decreasing trends in all regions, while
annual trends were only observed in hills. To better understand drought con-
ditions at spatial and temporal scales, we discuss influencing factors and their
implications below.

4.1 Spatial and Temporal Drought Trend Variations in the KRB

This study scrutinized spatial and temporal drought variations based on SPEI.
Findings revealed increasing drought trends spatially and temporally in the
basin. Significant increasing drought trends were observed at annual and sea-
sonal (summer and winter) scales in hills and in winter in mountains. This
increasing trend indicates drought occurrence will likely become more frequent,
negatively impacting water resources, agriculture, and livelihoods in the KRB.
Hill region drought findings resemble quantitative and qualitative studies con-
ducted in Nepal’s hill region. Ghimire et al. (2010) identified that 63% of farms
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in Nepal’s hills are highly vulnerable to drought. Kafle (2014) identified ex-
treme drought events from five meteorological stations in mid- and far-western
hill regions. Sapkota et al. (2016) mentioned severe drought-affected areas in
Kavre District in the KRB hills and explored climate change vulnerability. Ad-
hikari (2018) studied drought occurrence and impacts on rainfed agriculture in
western Nepal hills.

Several studies explain that increasing temperature and decreasing precipitation
are directly linked to drought variations [?, ?, ?, ?]. Variations in these climatic
variables create higher atmospheric evaporative demand and long dry spell du-
rations, increasing drought dynamics and magnitude [?, ?, ?]. Based on these
facts, annual and seasonal precipitation and temperature trends for the three
topographic regions (mountain, hill, and Terai) and entire KRB from 1987 to
2017 are shown in Table 6. Our analysis is consistent with Baniya et al. (2018),
who found annual precipitation decreased at 5.12 mm/a and temperature in-
creased at 0.03°C/a from 1982 to 2015 in Nepal. Increasing temperature and
decreasing trends at both annual and seasonal scales fit with respective SPEI
trends from our findings (Figs. 2 and 3), indicating high drought risk. Other
causes of drought variations may include KRB geographical features. As ele-
vation increases from Terai (south) to mountains (north), climate varies from
tropical to warm temperate [?]. South Asian monsoon influences southern and
northern parts that lie in rain shadow areas. Precipitation patterns are linked
with summer monsoon-southeasterly and winter monsoon-westerly circulations
[?].

Due to substantial topographic differences, spatial and temporal precipitation
variations occur within short distances. In mountains, north-facing slopes main-
tain relatively higher humidity than south-facing slopes after monsoon due to
diffuse solar radiation. On hills, sudden cloudbursts can cause intense precip-
itation within a day, while rain shadow areas of the Tibetan Plateau remain
dry [?]. Therefore, local geographical features, orography, and complex terrain
produce varied microclimates that may cause drought conditions in the basin
[?, ?, ?].

4.2 Variation of Drought Characteristics in the KRB

This study detected drought characteristic variations in the KRB using SPEI val-
ues. Analysis showed highest frequency and intensity (average and maximum)
of drought in the Terai region, while the longest maximum drought duration oc-
curred in the hill region. Saravi et al. (2009) indicated that the longest duration
drought event may not necessarily be intense enough to cause greatest impacts.
In our case, the Terai region had only 1-month drought duration in 2005 with
maximum intensity of 1.84, while mountain and hill regions had relatively longer
durations (Table 4).

Our study found highest drought intensity magnitude in the Terai region, which
might have impacted winter crop growth, especially wheat. This finding aligns
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with Wu et al. (2019), who reported severe drought in the KRB downstream
from 2000 to 2014. Their transboundary KRB study revealed that highest
drought intensity is directly related to higher drought severity, significantly
impacting crops and water facilities. Our study observed drought in different
seasons, particularly winter and spring in hills and summer, winter, and spring
in mountains, Terai, and entire KRB. These seasons are crucial for producing
major cereal crops such as wheat, maize, and rice; therefore, any drought con-
ditions might affect production. These findings support Joshi (2018), cited by
Adhikari (2018), who revealed that eastern and central Nepal faced droughts
in 1992, 1994, 1997, 2002, 2008, 2009, 2012, and 2013 due to inadequate and
poorly distributed precipitation, causing major crop losses of approximately
3.85$×10^{5}$ t. Seasonal drought occurrence is also consistent with Baniya et
al. (2019), who found several severe and moderate droughts during the 1990s,
2000s, and 2010s at annual and seasonal scales. A Nepal study also showed
moderate to extreme drought intensity from 1972 to 2003 [?]. Other findings re-
vealed that western Nepal experiences extreme drought conditions, especially in
summer and winter [?, ?]. A SPI-based study (1981–2012) in Nepal’s Gandaki
River Basin showed severe drought in 2004, 2005, 2006, and 2009 [?]. These
results indicate that different regions and river basins in Nepal, including KRB,
experienced drought from the 1980s to 2010s.

4.3 Implications of Drought Variations in the KRB

Drought occurrence implications at any location and time can be determined by
climate features and biophysical conditions [?]. These conditions can evaluate
seasonal and annual drought in the KRB. The 3-month time scale highlights
soil moisture conditions, while the 12-month time scale reflects water levels in
source regions; these scales are most effective in agricultural regions.

Our findings revealed increasing annual and seasonal drought trends in the KRB
from 1987 to 2017 (Figs. 2 and 3), which can reduce soil moisture and decrease
water source levels and availability [?, ?, ?]. Increased intensity, duration, and
frequency of drought can affect water sources and agricultural productivity [?, ?].
Adhikari (2018) reviewed that climate-induced drought profoundly affects agri-
cultural systems in Nepal hills. The KRB has significant arable land and is
therefore more sensitive to drought. Aryal (2012) noted that crops are sensitive
to water requirements during their lifecycle. During growth and development
stages, crops have high water demand, and any delay in water supply affects
growth and decreases production potential [?]. Bhatt et al. (2014) mentioned
that rice, maize, and wheat cultivated below 1100, 1350, and 1700 m a.s.l. in the
KRB suffer from drought caused by increasing temperatures during flowering
and yield formation phases. Thus, delay in fulfilling water demand at growth
stages ultimately affects yield. Malla (2008) revealed that rainy days are de-
creasing in Nepal and are highly intense followed by prolonged drought. In the
KRB, sectoral water demand increases from mountain to Terai region, highest
in agriculture (92%), followed by domestic (6%) and industrial (2%) sectors [?].
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Temporally, water demand is higher in dry season than wet season. Our results
imply that drought may decrease water availability for all sectors in the future;
therefore, necessary policies and plans for water management, such as increas-
ing water storage capacity and other drought mitigation strategies, should be
adopted.

5 Conclusions
This study assessed spatial and temporal drought characteristics in the KRB
from 1987 to 2017. SPEI value variations indicated more frequent drought oc-
currence after 2000. Moderate and severe drought occurrences were relatively
higher in hill and Terai regions, respectively. Annual SPEI values showed signif-
icant decreasing trends per decade in the hill region and entire KRB, implying
increasing drought tendency in the future, potentially exacerbated by climate
change. The magnitude rank of drought trends was hills > mountains > Terai.
Seasonal SPEI variation indicated both moderate (most common) and severe
droughts occurred in all KRB regions, with significant increasing trends in win-
ter over mountain and hill regions and in summer and winter over the hill
region. The magnitude rank of spring drought trend was Terai > mountains
> hills; summer was hills > mountains > Terai; winter was mountains > hills
> Terai; and autumn was hills and Terai > mountains. Regions more likely
affected by seasonal drought should focus on essential mitigation measures.

Drought characteristic analysis indicated that maximum duration, intensity, and
severity were observed after 2000 in the KRB. These characteristics mainly
appeared in winter or spring of the current year and mostly ended in spring of
the next year across the entire KRB. The Terai region had the highest drought
frequency (81%) and average intensity (1.01), while the hill region had the
highest average severity (5.60) and duration (5.9 months). The hill region also
had the longest maximum drought duration (17.0 months), and the Terai region
had maximum drought severity (17.28). Drought station proportion from SPEI
at 3-month time scale showed the highest significant increasing trend in the hill
region at monthly (7.6%/10a in August), seasonal (7.2%/10a in summer), and
annual (6.7%/10a) scales. Spatial extent of drought decreased only in the Terai
in June during summer (P<0.05), autumn, and winter throughout the study
period.

This study observed drought conditions in different ecological regions of the
KRB using SPEI values. Overall findings revealed significant drought in the
KRB, providing a basis for long-term future drought monitoring. This study
provides resource planners and policy-makers with information on drought con-
ditions under changing climate, helping them make informed climate decisions
and implement appropriate measures. Further detailed studies should investi-
gate drought impacts at district level and examine detailed effects of increasing
drought trends during crop growth phases and water demand under population
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growth scenarios.
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