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A B S T R A C T

Understanding the spatial and temporal characteristics of drought is vital for the agricultural, hydrological,

ecological, and socio-economic systems. This study investigates the spatial and temporal variation of

drought characteristics in Nepal using the Standardized Precipitation Evapotranspiration Index (SPEI) based

on observational monthly temperature and precipitation data from 1987 to 2017. The drought variation was

observed in the Western, Central, and Eastern regions of Nepal at short-term (SPEI4) and long-term (SPEI12)

timescales, revealing the increased drought frequency, duration, and severity in the recent decade. The fre-

quency of short-term drought (SPEI4 " -1) has elevated by 15%, 17%, and 15% in Western, Central, and

Eastern regions, respectively, during 2005–2017 compared to 1987–2004. Moreover, the interdecadal in-

crease of drought characteristics was prominent after 2004, revealed by the SPEI12 with aggravated and

prolonged drought episodes. The summer drought index (SPEI4-Sep) showed an interannual variation in the

Western region at a seasonal timescale, whereas decadal variation in the Central and Eastern regions. Mean-

while, summer drought events increased \ve times in the Central region, two times in the Eastern Region,

and did not observe any change in the Western region after 2004. The large-scale atmospheric circulations

revealed the negative summer precipitation anomalies due to weakening wind anomalies with anti-cyclonic

circulation and moisture divergence over the Indo-Gangetic plain and Nepal, respectively, leads to enhanced

drought after 2004. Furthermore, the moisture transport from the Arabian Sea and the Bay of Bengal to the

study region is weaker, resulting in more drought events, especially in the Central and Eastern regions.

1. Introduction

In the context of climate change, frequent and severe drought, as

well as heatwave episodes, have been well documented globally

(Reichstein et al., 2013; Trenberth et al., 2014), which has dragged

many countries into vulnerability, affecting the meteorological, agricul-

tural, hydrological, and socio-economic systems (Haile et al., 2020;

Wilhite and Glantz, 1985). The precipitation de\cit develops a meteo-

rological drought, whereas insuf\cient precipitation and water scarcity

lead to agricultural and hydrological droughts (Herrera-Estrada et al.,

2017; Wang et al., 2016). The prolonged meteorological drought cre-

ates insuf\cient soil moisture for plants, affecting the plant growth ad-

versely, resulting in agricultural drought (Fahad et al., 2017; Hamal et

al., 2020c; Shen et al., 2019). Meteorological and agricultural droughts

increase stress to the surface, subsurface, and groundwater resources,

further evolving the hydrological drought (Haile et al., 2020). The pro-

longed and aggregated meteorological, agricultural, hydrological

droughts lead to stark socio-economic consequences (Guo et al., 2019).

Several drought indices have been developed to assess the drought

types and characteristics with the inclusion of climatic variables, such
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as precipitation, temperature, and soil moisture (Mishra and Singh,

2010; Zargar et al., 2011). Standardized Precipitation Index (SPI) can

be calculated over different timescales using only precipitation data

(McKee et al., 1993). Palmer Drought Severity Index (PDSI) uses precip-

itation and temperature variables to calculate water balance on \xed

timescales (; Palmer, 1965). Meanwhile, the Standardized Precipitation

Evapotranspiration Index (SPEI) also considers precipitation and tem-

perature for drought calculation at multiple timescales and is useful to

monitor and identify meteorological, agricultural, hydrological, and so-

cial droughts (Vicente-Serrano et al., 2010). SPEI overcomes the limita-

tion of SPI and PDSI as it computes the drought in different timescales,

has a simple methodology, and provides robust results (Liu et al., 2018;

Vicente-Serrano et al., 2010). SPEI has been successfully applied in the

South Asian region for capturing the areal extent and severity of

drought in district and sub-basin levels (Aadhar and Mishra, 2017).

Moreover, Kumar et al. (2013) used the SPEI at various timescales to

examine changes in summer drought in India to explore the effects of

climate change.

Nepal, a central Himalayan country, is located in the South Asian

Monsoon region, suffering from increased drought severity (Aadhar and

Mishra, 2017; Miyan, 2015). Few previous studies have derived the

spatial and temporal characteristics of drought in Nepal (Dahal et al.,

2015; Ka]e, 2015; Khatiwada and Pandey, 2019; Sigdel and Ikeda,

2010; Wang et al., 2013); however, the mechanism of the winter

drought is only described by Wang et al. (2013). Sigdel and Ikeda

(2010) analyzed the drought in Nepal during 1971–2003, whereas

Dahal et al. (2015) analyzed the drought in Central Nepal during

1981–2013. Both studies used the SPI to reveal the increased severity

and frequency of drought with a substantial interannual variation.

Khatiwada and Pandey (2019) have portrayed a better performance of

SPI among several other indices to characterize drought in the Karnali

basin of Nepal, even though there was an issue of missing data. A local-

scale drought study in far-western Nepal showed increased drought

severity using the Standardized Reconnaissance Drought Index; how-

ever, it did not \nd any significant correlation with temperature and

precipitation (Ka]e, 2015). In contrast, Baniya et al. (2019) used satel-

lite-derived Vegetation Condition Index (VCI) in Nepal and reported the

decreased droughts on an annual and seasonal scale during 1982–2015.

Further, Panthi et al. (2017) used a dendrochronological approach to

reveal the spring (March–May) drought in the central Himalaya from

the past three centuries. Recently, Hamal et al. (2020c) assessed the

drought impacts on the summer maize and winter wheat cropping cycle

using SPEI and detected the turning point of drought in 2000. More-

over, Sharma et al. (2021a) linked the seasonal and annual drought cal-

culated from SPI with climatic indices and provided evidence on the in-

creasing drought frequency and severity in recent years. Nevertheless,

most of the past studies have analyzed the long-term drought character-

istics at seasonal and interannual timescales in Nepal based on precipi-

tation as a key variable. So far, the changes in drought characteristics

and their associated mechanisms have not been explicitly studied.

The South Asian Summer Monsoon (SASM) variation frequently

manifests drought and ]ood episodes in the South Asian countries

(Krishnamurthy and Shukla, 2000; Mallya et al., 2016; Kumar et al.,

2013). Several previous studies have shown the increased drought in-

tensity and frequency affecting different parts of South Asia in recent

decades (Mallya et al., 2016; Kumar et al., 2013). Specifically, from the

beginning of the 21st century, the effects are more pronounced with de-

creasing monsoon precipitation due to atmospheric circulation change

(Ma et al., 2019). The dryness has increased over the Indo-Gangetic

Plain and northeast India in recent years (2001–2018) (Maharana et al.,

2021). For instance, 2015 was recorded as the third driest year with a

25.8% monsoon de\cit over the Indo-Gangetic Plain (Mishra et al.,

2016), which appeared to be the recent severe summer drought. In the

same year, drought significantly impacted the yield of major crops that

causes food insecurity for 80% of the population in Western Nepal

(Gyawali, 2016). Similarly, recent studies also showed the drought fre-

quency has varied over different regions of Nepal and increased mainly

after the 2000s (Hamal et al., 2020c; Sharma et al., 2021a); however,

atmospheric circulation related to drought change has not been docu-

mented yet.

The variations of large-scale atmospheric circulation patterns are

closely related to occurrences of extreme events (i.e., ]oods and

drought) (Omidvar et al., 2016; Vicente-Serrano, 2006). In recent

decades, the variation in SASM is associated with low-level wind

change over the Indo-Paci\c region, weakening the El Niño transfer

mechanism (Feba et al., 2019). The weakened SASM circulation leads

to decadal-scale drought conditions (Hernandez et al., 2015). More-

over, there is a difference in the atmospheric circulation (wind and

moisture ]ux) pattern of the Indian monsoon during the reference pe-

riod (1971–2000) and recent period (2001–2018), which has in]uences

on the distribution of precipitation and shifting the dry/wet zones over

the Indian region (Maharana et al., 2021). Further, Jin and Wang

(2017) and Roxy et al. (2015) also showed the strengthening of the

SASM in the recent decade due to the differential warming rate over

land and the surrounding ocean. However, the Indo-Gangetic plains

and northeast India were experiencing a dry summer due to the decline

in the wind strength and restricted the atmospheric moisture availabil-

ity during 2001–2018 (Maharana et al., 2021). These are the important

features observed in the summer season over the Indian region; there-

fore, study on the large-scale circulation change that determines the

spatial and temporal variation of summer drought over the southern

slope of Central Himalaya, Nepal, is necessary.

More specifically, the objectives of the current study are to (i) ana-

lyze the spatial and temporal variation of drought over different regions

of Nepal using SPEI calculated from long-term observed datasets

(1987–2017) and (ii) study the atmospheric circulation patterns that

2
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cause such variation using a high-resolution reanalysis dataset. The

analysis of drought characteristics across Nepal and its underlying

mechanism would greatly help society and policymakers for effective

drought mitigation, adaptation, and reducing future drought risks.

2. Materials and method

2.1. Study area

Nepal is a South Asian Himalayan country located between

26.36°N–30.45°N and 80.06°E–88.2°E, encompassing an area of

147,516 km2 (Fig. 1a). Within such a relatively small latitudinal range

(140–250 km), the elevation rises from 60 m above sea level (asl) in the

south to 8848 m asl at the summit of Mt. Everest in the north. The two

large-scale weather systems, i.e., SASM and westerly wind system, play

an essential role in governing the climatology of the country (Sharma et

al., 2020b; Talchabhadel et al., 2018). The climate varies with the

topography, ranging from tropical savannah in the lowland to polar

frost in the Himalayas (Karki et al., 2017). The four climatic seasons are

pre-monsoon (March–May), summer monsoon (June–September), post-

monsoon (October–November), and winter (December–February) that

are classi\ed based on precipitation and temperature. The annual pre-

cipitation cycle reveals that the summer season (JJAS) receives the

highest proportion (~80%) of precipitation, whereas other seasons re-

ceive 20% of precipitation (Sharma et al., 2020d). In summer, the

strong southeasterly monsoonal wind ]ow and strengthening mon-

soonal trough are related to high precipitation (Sharma et al., 2020b).

The strong southeasterly (northwesterly) wind anomalies supply more

(less) moisture from the Arabian Sea and Bay of Bengal to Nepal during

the winter season, which often attributes to wet (dry) years (Hamal et

al., 2020a). Moreover, topography plays a major role in precipitation

distribution over the different regions of Nepal (Hamal et al., 2020b;

Karki et al., 2017; Sharma et al., 2021b).

The air temperature varies in the country on an altitudinal basis,

i.e., high in the southern lowlands and gradually decreases towards the

northern highlands (MoFE, 2019). The highest temperature is observed

in the pre-monsoon, summer, post-monsoon, and winter seasons, re-

spectively (MoFE, 2019). For this study, Nepal is divided into Western,

Central, and Eastern regions based on the length and timing of the sum-

mer monsoon over these regions (Kansakar et al., 2004) (Fig. 1a). More-

over, the Western, Central, and Eastern regions are the drainage basins

for Karnali, Gandaki, and Koshi rivers, respectively.

2.2. Data

More than 300 climatological stations in Nepal are maintained by

the Department of Hydrology and Meteorology (DHM), Government of

Nepal (www.dhm.gov.np). Most of these stations are established after

2000 and do not feature long-term climate data (Chen et al., 2021).

Moreover, the stations are unevenly distributed, denser in the southern

region (below 2500 m elevation), and sparse over the northern moun-

tainous region (Sharma et al., 2020a). First, we screened all available

climatological stations, which recorded both temperature and precipi-

tation data. Secondly, stations that featured less than 90% of daily cli-

matological data (precipitation and temperature) annually during

1987–2017 were discarded. After this quality control, only 38 stations

were found to feature continuous temperature and precipitation

records for the study period (1987–2017) with optimal spatial cover-

age, which were used in this study (Fig. 1a). Then, these were converted

into monthly datasets by averaging the daily datasets. The monthly av-

erage precipitation and temperature of three different regions during

the study period are presented in Fig. 1(b, c, and d). Regionally, West-

Fig. 1. (a) The study area, Nepal, with 38 climatological stations used across the Western, Central, and Eastern regions. Lower panel graphs show the seasonal cy-

cle of average precipitation and air temperature of (b) Western, (c) Central, and (d) Eastern regions during 1987–2017.
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ern, Central, and Eastern Nepal featured 16, 10, and 12 stations, respec-

tively (Fig. 1a). The seasonal cycle of precipitation shows the highest

proportion of precipitation in the summer (JJAS), followed by pre-

monsoon (MAM), post-monsoon (ON), and winter (DJF) seasons. The

temperature peaks are between March and July, generally making them

the hottest months (Figs. 1b, c, and d).

Additionally, we used a recently released ERA5 (C3S, 2017) re-

analysis dataset developed by the European Centre for Medium-Range

Weather Forecasts (ECMWF) to analyze atmospheric circulation pat-

terns. The ERA5 datasets that are used in this study include total

monthly precipitation, zonal (u) and meridional (v) winds at 850 hPa,

and Vertically Integrated Divergence Moisture ]ux (VIDMF) with the

spatial resolution of 0.25° × 0.25°. Recently, Sharma et al. (2020b) val-

idated the ERA5 precipitation product using an extensive gauge net-

work (220) of Nepal during 1987–2015, revealing that ERA5 is a good

alternative for precipitation monitoring in the country. The already cal-

culated South Asian Summer Monsoon (SASM) index is used in this

study, which can be freely downloaded from the website: http://ljp.

gcess.cn/dct/page/65576.

2.3. Methodology

2.3.1. Calculation of SPEI
Standardized Precipitation Evapotranspiration Index (SPEI) is a

drought index that uses the time series of precipitation (Pi) and poten-

tial evapotranspiration (PETi). The precise method of SPEI calculation

is given by Vicente-Serrano et al. (2010). SPEI calculation is based on

Table 1
Drought classi\cation based on SPEI values.

SPEI value Drought category

#1.5 < SPEI " #1 Moderate

#2 < SPEI " #1.5 Severe

SPEI " #2 Extreme

the water balance (Di), which is the difference between precipitation

and potential evapotranspiration as given in Eq. 1.

(1)

Different methods are available for estimating PETi that can be used

based on data availability for different climatic parameters

(Mavromatis, 2007). In this study, we adopted the Thornthwaite

method (Thornthwaite, 1948) that has been widely used in previous

studies in the Asian region (Talchabhadel et al., 2019; Van der Schrier

et al., 2011) and requires only temperature data. On the other hand, the

Penman-Monteith method is one of the complex methods for calcula-

tion of PETi, which requires several variables (vapour pressure, soil

moisture, air temperature, wind speed, cloud cover, and precipitation)

(Allen et al., 1998; Shrestha et al., 2020a; Shrestha et al., 2020b) that

are not available in all stations we considered for this study. Further,

Portela et al. (2019) show a strong correlation ($ 0.95) between the

Thornthwaite method and the Penman-Monteith method and suggested

using the Thornthwhite method over the Penman-Monteith method.

PETi and Pi values at different stations over regions recorded in

1987–2017 are averaged, and the regional SPEI of the multi-time scale

is obtained. Di is \tted with the log-logistic distribution function, and

then SPEI is calculated for multiple timescales, such as SPEI1, SPEI2,

SPEI3, SPEI4…SPEI12. SPEI at different timescales 1–5, 6, and 12-

months can be used for the short-term, medium-term, and long-term

drought, respectively (Tan et al., 2015; Yang et al., 2016). The SPEI se-

ries has both positive and negative values representing the wet condi-

tion (SPEI $ 1) and dry condition (SPEI " #1), respectively (Beguería

et al., 2014; Tan et al., 2015). A threshold value of #1 is used to deter-

mine the drought condition, and various drought categories (Vicente-

Serrano et al., 2010) are given in Table 1. The occurrence of drought

with relatively higher water de\ciency conditions (SPEI " #2) is ex-

treme drought. In this study, SPEI4, SPEI4-Sep, and SPEI12 were used

to explore drought on short-term, seasonal (monsoonal), and long-term

timescales. Technically, SPEI4 is calculated using temperature and pre-

cipitation of the current month and the past three months. The precipi-

tation and temperature during June–September are used to calculate

the summer drought index (SPEI4-Sep). Similarly, Sharma et al.

(2021a) and Aadhar and Mishra (2017) have also used SPI4-Sep and

SPEI4-Sep to represent the summer drought over Nepal and India, re-

spectively. Moreover, SPEI12 is calculated with temperature and pre-

cipitation of the current month and past 11 months, representing the

long-term drought condition or annual drought.

2.3.2. Drought characteristics
The drought event (e) is de\ned as a period in which the SPEI value

is within or continuously less than the threshold level (#1) of drought

(Tan et al., 2015). After identifying the drought events, drought charac-

teristics like duration and severity are calculated. The drought duration

(De) is the number of months between the drought initiation time (ti)

and drought termination time (te) (Mishra and Singh, 2010). Severity

(Se) is the sum of SPEI values during drought events (Eq. 2).

(2)
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The frequent occurrences of drought during the study period were

assessed from the cumulative curves, which show the probability of the

observation that falls below or above the particular threshold level

(SPEI " #1) (Eq. 3).

(3)

Where N is the number of months in observation, Xi is the number of

values less than t, and t is a drought threshold (SPEI " #1).

3. Results

3.1. Spatial and temporal characteristics of drought

The spatio-temporal variation of SPEI over Western, Central, and

Eastern regions of Nepal shows the wetness and dryness at different

timescales in the last three decades (Fig. 2). Notably, during 1992,

1994, 2008, 2009, 2012, 2015, and 2016 almost all months experi-

enced severe dry conditions. Consequently, the drought frequency oc-

currences have varied over the different regions from short-term to

long-term timescales. In the Western region, drought has frequently oc-

curred during the study period, with consecutive drought events be-

tween 2000 and 2007 (Fig. 2a). Moreover, the prolonged and severe

drought episodes are observed after 2004, as recorded in 2009, 2010,

2012, and 2015. Fig. 2b shows that the Central region recorded fewer

drought events during 1987–2004 (hereafter, P1 period), whereas more

prolonged dry episodes after 2004. Similar drought variation was ob-

served in the Eastern region (Fig. 2c), intensifying drought episodes be-

tween 2005 and 2017 (hereafter, P2 period). The total drought events

in the Western, Central, and Eastern regions during the study period are

summarized in Table 2.

The temporal variation of short-term (SPEI4) and long-term

(SPEI12) droughts over three different regions are shown in Fig. 3. Fre-

quent consecutive short-term drought events were witnessed in the

Western region between 2000 and 2007 (Fig. 3a), whereas the Central

and Eastern regions were observed between 2005 and 2017 (Fig. 3c and

e). In the Western region, observed 10 and 14 short-term drought

events in P1 and P2 periods, respectively, while Central and Eastern re-

gions observed 9 and ~ 14 in the P1 and P2 periods (Table 2). The total

number of long-term drought events in the Western region was higher

during the P2 period (8 events) than the P1 period (3 events). The long-

term drought episodes were six and four times higher over the Central

and Eastern region, respectively, in the P2 period compared to the P1

period (Table 2). Even though the frequency of long-term drought

events is higher in the Western region in both periods (Fig. 3b), the Cen-

tral and Eastern regions have suffered a continuous drought in recent

periods (Fig. 3d and f).

3.2. Drought Frequency

The cumulative probability of drought in two sub-periods (P1 and

P2) at short-term and long-term timescales for three regions of Nepal is

shown in Fig. 4. The cumulative frequency of short-term drought for the

Fig. 2. The temporal variation of the SPEI at different timescales for (a) Western, (b) Central, and (c) Eastern regions of Nepal during 1987–2017. The red and

blue value in the colour bar represents the dryness and wetness, respectively. The black dash line separates the drought events before and after 2004. (For inter-

pretation of the references to colour in this \gure legend, the reader is referred to the web version of this article.)
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Table 2
Total number of the short-term (SPEI4 " #1) and long-term (SPEI12 " #1)

drought events over three regions of Nepal. P1, P2, and P represent the pe-

riod 1987–2004, 2005–2017, and 1987–2017, respectively.

Drought Western Central Eastern

P1 P2 P P1 P2 P P1 P2 P

Short-term (SPEI4 " #1) 10 14 24 9 13 22 9 14 23

Long-term (SPEI12 " #1) 3 8 11 1 6 7 2 8 10

Western, Central, and Eastern regions increased by 15%, 18%, and

15%, respectively, from P1 to P2 (Fig. 4a, c, and e). However, the differ-

ent drought categories (moderate, severe, and extreme) occurrences

vary in different regions. For example, the moderate short-term drought

frequency was almost 2, 3, and 3 times higher in P2 than P1 period,

while severe drought frequencies have increased by 4%, 7%, and 3% in

the P2 period than P1 period over the Western, Central, and Eastern re-

gions, respectively (Fig. 4 a, c and e). Moreover, the extreme drought

increased by 0.6% and 1.3% over Western and Central regions, respec-

tively, whereas no extreme drought was observed over the Eastern re-

gion.

The long-term drought has increased during the P2 period than in

the P1 period over the Western, Central, and Eastern regions, by 2%,

31%, and 16%, respectively (Fig. 4b, d, and f). For the Western region,

long-term drought frequency did not change for moderate, severe, and

extreme droughts from P1 to P2 (Fig. 4b), with a difference below 1%.

However, in the P2 period, the moderate, severe, and extreme drought

in the Central region has increased by 13%, 5%, and 2%, respectively,

compared to the P1 period (Fig. 4d). In the Eastern region, moderate

and severe droughts were 3 and 1.5 times higher in the P2 period than

in the P1 period, whereas extreme drought did not occur in both peri-

ods (Fig. 4f).

3.3. Drought duration and severity

The variation of drought duration and severity at short-term and

long-term timescales during the P1 and P2 periods is shown in Fig. 5. In

all three regions, the total short-term drought duration and severity in

the P2 period were almost twice that of the P1 period (Fig. 5a and c).

For instance, the total drought duration of 29, 17, and 23 months dur-

ing the P1 period increased to 49, 44, and 42 months in the P2 period

over Western, Central, and Eastern regions, respectively. Moreover, the

increase in drought duration had led to the enhanced drought severity

in the second period in all three regions.

For the Western region, the total drought duration and severity at

long-term timescale were very similar for the two periods (P1 and P2),

with a difference in drought duration and severity of only 2 months

and # 4, respectively (Fig. 5b and d). In contrast, a significant increase

in drought duration and severity was found in the Central and Eastern

regions during the P2 period (Fig. 5b and d). For example, in the Cen-

tral region, the duration (severity) was 10 (#13.8) during the P1 period,

which later increased to 50 (#72.8) in the P2 period. This result shows

that drought was \ve-fold longer and severe than that of the earlier pe-

riod in the Central region (Fig. 5b and d). Similarly, in the Eastern re-

gion, the drought was 2.4 times longer and severe than in the P1 period.

These results suggest increased drought characteristics (frequency, du-

ration, severity), mainly in the Central and Eastern regions.

3.4. Summer drought variation

For further analysis, we choose a summer season (JJAS), which con-

tributes the highest amount (about 80%, Fig. 1) of precipitation annu-

Fig. 3. Temporal variation of SPEI4 and SPEI12 over different regions: (a, b) Western, (c, d) Central, and (e, f) Eastern from 1987 to 2017. The dotted red line repre-

sents the threshold level (#1) of drought. (For interpretation of the references to colour in this \gure legend, the reader is referred to the web version of this article.)
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Fig. 4. The cumulative frequency of SPEI4 (left panel) and SPEI12 (right panel) over different regions; (a, b) Western, (c, d) Central, and (e, f) Eastern for the pe-

riod P1 (1987–2004, blue line) and P2 (2005–2017, green line). (For interpretation of the references to colour in this \gure legend, the reader is referred to the

web version of this article.)

Fig. 5. (a, b) Total duration and (c, d) total severity for SPEI4 and SPEI12 over the Western, Central, and Eastern regions during the P1 period (1987–2004) and P2

period (2005–2017).

ally, along with its variability is a significant concern, as Nepal's agri-

culture mainly relies on monsoonal precipitation. Moreover, based on

section 1, the summer drought characteristic change and telecommuni-

cation with atmospheric circulation is the recent need of Nepal. There-

fore, we examined the temporal evolution of SPEI4 in September

(SPEI4-Sep) that is considered the summer drought index in Fig. 6(a-c).

During the study period, the total number of summer drought events

ranged between 5 and 8 in all three regions. In the Western region,

eight years (1992, 1994, 2002, 2004, 2005, 2006, 2012, and 2015) ex-

perienced summer drought, mainly increased after the 2000s (Fig. 6a).

Further, consecutive summer droughts were observed in the Western

region during 2001–2007. A total of \ve (1992, 2005, 2006, 2009, and

2015) and six (1992, 1994, 2009, 2012, 2013, and 2015) summer

drought years were observed in the Central and Eastern regions, respec-

tively (Fig. 6b and c). The severe summer drought (SPEI " #1.5) was

experienced during 1992 in Western and Eastern, 2006 in Central, 2009

in Eastern, and 2015 in Western and Central regions. During the P1 pe-

riod, the Central and Eastern regions did not experience prolonged

drought, whereas these regions suffered more extended drought during

the P2 period. In addition, the total severity has increased from #2.5 to

7
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Fig. 6. Temporal variation of (a, b, c) summer drought index (SPEI4-Sep), (d, e, f) precipitation, and (g, h, i) mean temperature for Western, Central, and Eastern re-

gions during 1987–2017. The red dash line represents the threshold level (#1) of drought. The magenta and red line indicates a 9-year running average and linear

trend. (For interpretation of the references to colour in this \gure legend, the reader is referred to the web version of this article.)

#5.1 in Central whereas from #2.6 to #6.2 in the Eastern region. Mean-

while, summer drought events increased \ve times in the Central re-

gion, two times in the Eastern region, and remained the same in the

Western region after 2004. A significant decadal shift from wet to dry

conditions in the Central and Eastern regions can be observed from the

9-year running mean of SPEI4-Sep (Fig. 6b and c). However, the domi-

nant feature of summer drought variation in the Western region shows

the interannual variability (Fig. 6a).

The low precipitation initiates the summer drought condition

(Ahmed et al., 2018), while increased temperature further enhances

drought severity and intensity (Amrit et al., 2018). To understand the

variation of summer drought over different regions, we analyzed the

temporal variation of summer precipitation and temperature anomalies

in Fig. 6(d-i). The average total precipitation in the Western region dur-

ing the summer monsoon is 1455 mm, while precipitation is higher in

the Central and Eastern regions, with 1787 mm and 1587 mm. The in-

terannual precipitation change for the Western region is elucidated in

Fig. 6d, with consecutive negative precipitation anomalies between

2000 and 2007. On the other hand, the remarkable interdecadal change

of summer precipitation was observed in the Central and Eastern re-

gions, with more negative (positive) precipitation anomalies in the Cen-

tral and Eastern region after (before) 2004 (Fig. 6e and f).

The average temperature in all three regions shows a consistently

increasing trend from 1987 to 2017 at a 95% con\dence level (Fig. 6g-

i). The average increasing temperature rate is 0.53 °C/decade, 0.76 °C/

decade, and 0.78 °C/decade in the Western, Central, and Eastern re-

gions. This reveals that the temperature has been continuously increas-

ing in all three regions; however, positive temperature anomalies were

observed during the P2 period. The increased temperature and de-

creased summer precipitation enhanced the drought duration and

severity over the Central and Eastern regions. In contrast, the Western

region did not experience significant precipitation change that re]ects

no change in drought frequency from P1 to P2 periods, even though the

Western region has experienced more drought events altogether than

the other two regions (Table 2).

3.5. Associated atmospheric circulation for summer drought variation

The summer drought phase is similar to the summer precipitation

variation over different regions of Nepal (Fig. 6). Therefore, we ana-

lyzed the spatial distribution of summer precipitation over the South

Asian monsoon region using ERA5 reanalysis datasets (Fig. 7). The

highest precipitation has occurred in the Western Ghats of India and

Southeast Asia (Fig. 7a). The amount of precipitation during the mon-

soon spatially varies from 800 to 3000 mm from west to east Nepal

(Fig. 7a). The Central (2580 mm) and Eastern regions (2272 mm) are

relatively wetter than the Western (2053 mm) regions. The whole pe-

riod climatology of precipitation subtracted from the P1 and P2 period's

climatology is presented in Figs. 7b and c. For the P1 period, positive

anomalies can be found over the Indian Peninsula and Bay of Bengal

(BoB); moreover, the Central and Eastern region also has positive

anomalies (Fig. 7b). The Western region does not show significant pre-

cipitation anomalies in both periods. However, the precipitation anom-

alies in the P2 period are the opposite of the P1 period in the Central

and Eastern region (Fig. 7b), indicating the precipitation weakening

during the P2 period. Moreover, negative anomalies are observed over

the Arabian Sea (AS), Indian peninsula, and the Bay of Bengal. It also

reveals the strengthening of the SASM during the P1 period and weak-

ening during the P2 period (Fig. 7b and c).

Further, we conducted the correlation between the SASM index (5°-

22.5°N, 35°-97.5°E) and summer drought index of Nepal regions in

Table 3. It shows that the variation of summer drought over the Central

and Eastern is significantly positively correlated with the variation of

the SASM. The correlation is positive in the Western region; however,

not significant. The result indicates that the interdecadal enhancement

of drought in the Central and Eastern region is coherent with the inter-

decadal shift of the SASM after 2004 (can be viewed in http://ljp.gcess.

cn/dct/page/65576).

To understand large-scale atmospheric circulation patterns respon-

sible for the interannual variation of summer drought in the Western re-

gion, whereas decadal variation in the Central and Eastern regions, the

climatology of wind at 850 hPa during 1987–2017, and anomalies for

P1 and P2 periods are shown in Fig. 8. The winds at low-level (850 hPa)
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Fig. 7. (a) The climatology of the summer precipitation (mm) averaged over

1987–2017. Precipitation anomalies for (b) P1 period (1987–2004), and (c) P2

period (2005–2017) from the long-term climatology (1987–2017). The red box

shows the study area. (For interpretation of the references to colour in this \g-

ure legend, the reader is referred to the web version of this article.)

are characterized by the strongest westerlies over the Arabian Sea dur-

ing the summer monsoon season (Goswami, 2005; Sharma et al.,

2020b). Fig. 8a shows that low-level wind circulation has strengthened

westerly cross-equatorial monsoonal ]ow associated with enhanced

precipitation over the South Asian region, and the monsoon trough

(low-pressure system) is located around the south of Central Himalaya.

Table 3
Correlation between SASM index and summer drought index (SPEI4-Sep).

Region Correlation

Western 0.18

Central 0.37!
Eastern 0.30!
! Represents the significance at 90% confidence interval.

As a result, the warm and humid air masses from the AS and BoB enter

the Eastern and Central region and advances westward. During the P1

period, the wind circulation was relatively stronger, with enhanced

wind anomalies (westerlies) and the strengthened cross-equatorial ]ow

(Fig. 8b). Moreover, the cyclonic circulation was formed over the Indo-

Gangetic plain below the Central and Eastern regions, whereas anti-

cyclonic circulation over BoB. The result indicates that the enormous

moisture is transported from the AS and BoB to the Indo-Gangetic plain

and eastern part of Central Himalaya. Further, the strengthened wind

anomalies were observed over the Eastern and Central regions com-

pared to the Western region. However, the low-level wind circulation

was relatively weaker in the P2 period with weaker wind anomalies

(easterlies) and cross-equatorial ]ow (Fig. 8c). As a result, it formed

anti-cyclonic circulation over the Indo-Gangetic plain below the Central

and Eastern regions, whereas cyclonic circulation over BoB. This system

reduced water vapour transportation from the south (i.e., AS and BoB)

to the north (i.e., mainly over the eastern half of Nepal), thus, induces

less precipitation with frequent and intensi\ed drought episodes in that

region.

The mean moisture ]ux divergence has intensi\ed from the 21st

century, which counters the drying caused by the enhanced mean mois-

ture ]ux divergence (Gao et al., 2012). We further analyzed the Verti-

cally Integrated Divergence Moisture Flux (VIDMF) for the summer sea-

son from 1987 to 2017 (Fig. 9). It is observed that VIMDF is negative

over the BoB region, suggesting a high sink of the moisture convergence

(negative anomalies) at a magnitude of 15 × 10#5 Kg m#2 s#1. It also

revealed a higher moisture ]ux convergence in the Central (12.5× 10#5

Kg m#2 s#1) and Eastern (9.2× 10#5 Kg m#2 s#1) regions than the West-

ern region (3.46× 10#5 Kg m#2 s#1) during the study period (Fig. 9a).

The long-term mean of VIMDF shows 3 to 4 times less moisture conver-

gence in the Western region than the Eastern and Central regions,

which can be the reason for the interannual variation of the drought

episodes (Fig. 9a). During the P1 period, there were negative anomalies

(moisture convergence) widespread in Central, Eastern and Far-western

regions, suggesting more water vapour transport in the region from the

Ocean (Fig. 9b). However, positive anomalies (moisture divergence)

were observed during the P2 period weakened the water vapour trans-

port mainly over the Eastern and Central regions (Fig. 9c). Meanwhile,

the Western region shows convergence and divergence patterns during

the study period (P1 and P2) consistent with precipitation climatology

(Figs. 7c and 9c). The result indicates that less moisture is driven from

Ocean (AS and BoB) to the study area during the P2 period. Moreover,

the interdecadal differences of moisture divergence in the Central and

Eastern region subsequently explain the weakening of the precipitation

in the P2 period, hence inducing enhanced drought episodes.

4. Discussion

The spatiotemporal variation of drought characteristics across

Nepal has been investigated using the SPEI considering both tempera-

ture and precipitation from 1987 to 2017, while most of the earlier

studies have considered only precipitation (SPI method) to study

drought (Dahal et al., 2015; Ka]e, 2015; Sigdel and Ikeda, 2010). Three

different regions (Western, Central, and Eastern) of Nepal have experi-

enced a remarkable drought variation and strengthening of drought af-

ter 2004. Meanwhile, the cumulative probability of short-term (long-

term) drought for the Western, Central, and Eastern regions has in-
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Fig. 8. (a) The climatology of the summer wind at 850 hPa (m/s, shading: u-

component of wind) averaged over 1987–2017. Wind anomalies for (b) P1

period (1987–2004) and (c) P2 period (2005–2017) from the long-term cli-

matology (1987–2017). The red box shows the study area. (For interpretation

of the references to colour in this \gure legend, the reader is referred to the

web version of this article.)

creased by 15 (2) %, 18 (31) %, and 15 (15) %, respectively, from P1

(1987–2004) to P2 (2005–2017) periods. Moreover, drought frequency,

duration, and severity drastically increased in the P2 period suggesting

the interdecadal enhancement of drought characteristics, mainly in the

Central and Eastern regions. For instance, in the Central region, the to-

Fig. 9. (a) Vertically Integrated Divergence Moisture ]ux (VIDMF, 10#5 Kg

m#2 s#1; negative and positive values indicate moisture convergence and diver-

gence, respectively), averaged over 1987–2017. VIMDF anomalies for (b) P1

period (1987–2004) and (c) P2 period (2005–2017) from the long-term clima-

tology (1987–2017). The red box shows the study area. (For interpretation of

the references to colour in this \gure legend, the reader is referred to the web

version of this article.)

tal duration (severity) was 10 (#13.8) during the P1 period, which later

increased to 50 (#72.8) in the P2 period at a long-term timescale.

The 9-year running average of summer drought showed the interan-

nual variability in the Western region, whereas decadal variability in

the Central and Eastern regions. This is the case of regional variation of
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summer precipitation, as previous studies have shown the east-west di-

vision of precipitation with a high amount in the Central and Eastern

regions than in the Western region (Kansakar et al., 2004; Pokharel et

al., 2019; Sharma et al., 2020a). Moreover, the Western region has less

moisture convergence and is relatively drier than other regions, so the

drought variation has remained the same throughout the period. In

contrast, the decadal variation of drought in the Central and Eastern re-

gions is consistent with decadal precipitation changes in the South

Asian region (Mallya et al., 2016; Kumar et al., 2013). Further, Ma et al.

(2019) also reported the interdecadal change in the South Asian Mon-

soon after 2000. Meanwhile, Hernandez et al. (2015) showed an in-

crease in drought characteristics such as frequency, severity, and inten-

sity in recent decades, as the South Asian monsoon is getting drier.

The interdecadal variation of summer drought in Nepal was attrib-

uted to the changing phase of the summer precipitation. Moreover, the

decadal weakening of the SASM is the key reason for enhancing the

drought in the Central and Eastern regions of Nepal. The decadal varia-

tion of SASM was due to changes in the Walker and Hadley circulation

that in]uence the low-level wind circulation, altering the moisture sup-

ply to the Indian sub-continent (Hrudya et al., 2020). Our study veri\es

summer drought variation through precipitation, wind circulation, and

moisture ]ux convergence/divergence. The interdecadal weakening of

the monsoon was characterized by weakening wind anomalies with

anti-cyclonic circulation and moisture divergence over the Indo-

Gangetic plain and Nepal, respectively. The result is consistent with

Hernandez et al. (2015), which found dry northerly wind over the Indo-

Gangetic plain with drying signals at decadal timescales. Similarly,

Roxy et al. (2015) reported the reduced precipitation over the Indian

subcontinent due to weakened mean south-westerly winds. Further,

anti-cyclonic circulation over the Indo-Gangetic plain suppressed mois-

ture supplements from the nearby Ocean (Ge et al., 2017; Singh et al.,

2014). The AS and BoB are moisture transport sources to the South

Asian region and Nepal during the summer (Chen et al., 2021; Sharma

et al., 2020b). The low-pressure systems are observed over the BoB,

propagating along the monsoon core zone, contributing to significant

precipitation (Gadgil et al., 2003; Hrudya et al., 2020). During the P2

period, relatively less moisture was transported from the southern BoB,

and the moisture divergence dominates Nepal, resulting in increased

drought episodes. Moreover, the recent study of Maharana et al. (2021)

showed that moisture transport has weakened over the Indo-Gangetic

plains and northeast India during the recent warming period

(2001–2018), leading to a decline in the summer precipitation with in-

creasing dryness.

The role of the Sea Surface Temperature (SST) anomalies in the in-

terannual and decadal variability of the summer monsoon have also

been studied (Kumar et al., 2013; Sharma et al., 2020b; Sun et al.,

2019). The recent study observed a below-normal precipitation pattern

(dryness) at an interannual timescale over Nepal due to the El Niño

summer, which disturbed the wind circulation, relative humidity, and

monsoon trough (Sharma et al., 2020b). Further, they also described

the mechanism of the dryness pattern in summer over Eastern Nepal,

which is associated with interannual basin-wide cooling of the tropical

Indian Ocean. On the other hand, the warm SST anomalies over the Pa-

ci\c Ocean disturbed the monsoon circulation by delaying the monsoon

precipitation and causing the precipitation de\cit in South Asian coun-

tries (Joshi and Kar, 2018; Mishra et al., 2016; Sharma et al., 2020b).

Further, the decadal variation of SASM is related to the warm phase of

Paci\c Decadal Oscillation (PDO), as already described by previous

studies (Krishnamurthy and Krishnamurthy, 2014; Watanabe and

Yamazaki, 2014). Therefore, future studies should focus on the SST sig-

nals for interdecadal drought characteristics in Nepal. Overall, this

study mainly focused on the variation of drought characteristics due to

precipitation change over Nepal. However, long-term temperature

trends on drought have not been investigated in Nepal, as other studies

show increasing temperature can amplify drought severity and inten-

sity (Amrit et al., 2018; Beguería et al., 2014; Vicente-Serrano et al.,

2010; Yao et al., 2016). In particular, increasing temperature and its

impact on drought need to be further studied. Furthermore, we recom-

mend comparing different PET computation methods with the avail-

ability of reliable long-term data, such as from synoptic weather sta-

tions at Kathmandu and other places of Nepal.

5. Conclusion

In this study, drought characteristics were investigated using SPEI,

utilizing the observed monthly precipitation and temperature datasets

over the Western, Central, and Eastern regions of Nepal during

1987–2017 at short-term (SPEI4) and long-term (SPEI12) timescale.

The severe drought years were observed in 1992, 1994, 2006, 2008,

2009, 2012, 2015, and 2016. The different regions (Western, Central,

and eastern) have experienced a remarkable variation and strengthen-

ing of drought characteristics after 2004. The cumulative occurrences

of SPEI4 drought in the Western, Central, and Eastern regions have in-

creased by 15%, 18%, and 15%, respectively, from P1(1987–2004) to

P2(2005–2017) periods. Additionally, SPEI12 showed an increased

drought frequency by 2%, 31%, and 16% in Western, Central, and East-

ern regions, respectively, from P1 to P2 periods. At a short-term

timescale, the total drought duration and severity in the P2 period were

almost twice the P1 period in all three regions. The duration and sever-

ity are almost equal in the Western region; however, they are 5 and 2.4

folds longer and severe in the Central and Eastern regions at the long-

term timescale.

Further, we analyzed drought change and the associated atmos-

pheric circulation for summer drought (SPEI4-Sep) variation over three

regions of Nepal. The summer drought events increased \ve times in

the Central region, two times in the Eastern Region, and did not observe

any change in the Western region after 2004. The result indicates the

interannual variation in Western Nepal, whereas decadal variation was

predominant in the Central and Eastern regions. The variation of sum-

mer drought in Nepal was attributed to the changing phase of the sum-

mer precipitation. The large-scale atmospheric circulations revealed

the negative summer precipitation anomalies due to weakening wind

anomalies with anti-cyclonic circulation and moisture divergence over

the Indo-Gangetic plain and Nepal, respectively, with more drought

episodes after 2004. Furthermore, the moisture transport from the AS

and BoB to the study region is weaker, resulting in more drought

events, especially in the Central and Eastern regions. These increased

drought episodes might in]uence the agriculture and water resources

over the Central and Eastern regions in recent years. Therefore, it

guides relevant stakeholders to make effective mitigation and adapta-

tion plans; and reduce future drought risks.
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