Earth Systems and Environment (2023) 7:381-391
https://doi.org/10.1007/541748-023-00338-0

ORIGINAL ARTICLE q

Check for
updates

Climatology, Variability, and Trend of the Winter Precipitation
over Nepal

Binod Dawadi’?>3® . Shankar Sharma' - Emmanuel Reynard®* . Kabindra Shahi®

Received: 2 June 2022 / Revised: 22 December 2022 / Accepted: 4 January 2023 / Published online: 24 January 2023
© King Abdulaziz University and Springer Nature Switzerland AG 2023

Abstract

Winter precipitation accounts for ~5% of interannual spatial variability during the last five decades (1960-2015), with the
largest variability in the western and central regions of Nepal. The temporal variability shows a relatively higher degree of
variability after the 1990s. In this study, the dominant modes of winter precipitation pattern, trend and their association with
oceanic and atmospheric patterns were investigated over the southern slope of the central Himalaya, Nepal. The increasing
trend (< 1 mm/year) of winter precipitation is found only over the highlands of the western and central regions, whereas
decreasing trend or no trend in most of the areas over the country. Further, two dominant modes of winter precipitation were
observed through Empirical Orthogonal Function (EOF) analysis. The first leading mode (EOF1) shows a monopole pattern
with 42.9% variability with strong loading over the western and central regions, whereas the second mode (EOF2) shows a
heterogeneous pattern, accounting for 18.9% of the total variance. Further, the EOF1 pattern is remotely influenced by El
Nifio-Southern Oscillation (ENSO) and locally through Indian Ocean Basin Mode (IOBM) patterns. It is also observed that
the EOF2 mode has a close relationship with the North Atlantic Oscillation (NAO), modulating the wave train and propagat-
ing eastward to the western Himalayas.

Keywords Winter precipitation - EOF - Oceanic pattern - Nepal

1 Introduction northwestern India and Nepal (Hasson et al. 2014; Hunt and
Zaz 2022; Mehmood et al. 2022). The moisture from the
Nepal is located on the southern slope of the Central Hima- Arabian Sea, western Indian Ocean (IO), Atlantic Ocean

layas (Fig. 1) and receives its winter (December—January) and other terrestrial, and oceanic sources (Dimri 2013a,
precipitation due to the influence of western disturbances  2013b; Kamil et al. 2019; Syed et al. 2010) enters Nepal
(Wang et al. 2013). These Himalayas acts as a wind barrier,  from the western region with a high amount of precipitation
moisture from the westerly jet stream directs the passage  in western hills and decreases toward central and eastern
of extratropical storms (western disturbances, WD) through ~ regions (Hamal et al. 2020a). Although winter precipitation
accounts for only ~3% of the annual precipitation (Sharma
et al. 2021); however, the interannual variability of the win-
ter precipitation often initiates extreme events (i.e., drought,
flash flood) (Kar and Rana 2014), affecting agriculture, and
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insecurity. Similarly, Barlow et al. (2002) found that warm
ocean waters in the western Pacific appear to be a major
reason for severe drought during 1998-2001, which has led
to widespread starvation affecting over 60 million people
in central and southwest Asia. On the other hand, winter
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Fig. 1 Study area Nepal. Blue dot lines separate the Western (western boundary to 83°E), Central (from 83° to 86°E), and Eastern region (from

86°E to eastern boundary)

precipitation also plays a major role in glacier mass balance,
whereas Liu and Chen (2000) found the greatest warming
trend during winter season over the northern slope of Central
Himalayas. Further, the ongoing climate change can worsen
these warming and extremes (Huber and Gulledge 2011).
Therefore, in this paper, we aim to explore the long-term
(last five decades; 1960-2015) variability of winter precipi-
tation over Nepal.

The oceanic pattern and atmospheric circulation play
an essential role in climate variability (Liu et al. 2020;
Mishra et al. 2012; Niranjan Kumar et al. 2013; Sharma
et al. 2020a; Wang et al. 2013). For example, Mehmood
et al. (2022) found that mid-latitude regions, including
the Mediterranean/Caspian Seas and Mediterranean land,
contribute significant moisture to the cold season precipi-
tation over the high mountains of Asia and surrounding
areas. The authors also mentioned the fluctuating influence
on precipitation distribution due to the tropical and extra-
tropical forcings. Previous studies have also shown the
significant influence of below-normal and above-normal
equatorial IO Sea Surface Temperature (SST) on the cli-
mate of Nepal (Hamal et al. 2020a; Pokharel et al. 2019;
Sharma et al. 2020a). The natural phenomena that have
robust control over the winter precipitation at interannual
timescale are the El Nifio/Southern Oscillation (ENSO),
the North Atlantic Oscillation (NAO), and Indian Ocean
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Basin Mode (IOBM) (Dimri 2013b; Kar and Rana 2014,
Liu et al. 2020; Zhang et al. 2015). Further, several stud-
ies have found a strong relationship between the ENSO
and winter precipitation over the Himalayan region
(Hamal et al. 2020a). During the warm phase of ENSO,
the cyclonic circulation observed at the upper level over
Northern India intensifies the western disturbances passing
through it (Dimri 2013b; Yadav et al. 2013). However, the
shift in the influence of ENSO on winter precipitation has
been observed before and after 1979, resulting in signifi-
cant variation of winter precipitation over the northwest-
ern part of India (Yadav et al. 2010). As NAO significantly
influences the WD, its effect on winter precipitation is also
strong, especially during the positive phase (Hunt and Zaz
2022), which further intensifies the western disturbances
(Syed et al. 2006); however, the diminishing role of the
NAO on the winter precipitation in the Himalayan region
has also been observed (Yadav et al. 2009). Moreover, the
basin-wide warming/cooling of the 1O affects the winter
precipitation, which often accompanies the ENSO (Liu
et al. 2020), through the atmospheric circulation (Hamal
et al. 2020a). Further, The Tropical Western-Eastern
Indian Ocean dipole can propagate the ENSO influence
over the Central South Asian regions by inducing changes
in the atmospheric circulations through atmospheric dia-
batic heating anomalies (Abid et al. 2020). Therefore, this

Published in partnership with CECCR at King Abdulaziz University



Climatology, Variability, and Trend of the Winter Precipitation over Nepal

383

study aims to understand the ENSO, IOBM, and NAO
influence on the dominant pattern of winter precipitation
variability over Nepal.

2 Data and Methodology

We have used a newer version of 0.25°x0.25° gridded
APHRODITE (Asian Precipitation Highly Resolved Obser-
vational Data Integration toward Evaluation of the Water
Resources) data over monsoon Asia (APHRODITE-1 and
APHRODITE-2) from 1960 to 2015. The APHRODITE is a
gage-based gridded dataset developed from a dense network
of rain gage stations (stations from the monsoon Asia region)
in conjunction with other pre-compiled datasets (Yatagai
et al. 2009, 2012). While generating this dataset, it uses the
maximum possible gages available over Nepal (Yatagai et al.
2009). Further, Sharma et al. (2020a) validated the APHRO-
DITE precipitation dataset with the observed data from 220
meteorological stations (1987-2015) across Nepal, showing
a strong correlation of 0.93, and suggested APHRODITE
as the best alternative to gage observation for Nepal. Fol-
lowing previous studies (Chen 2021; Sharma et al. 2020a,
2020b), the study area Nepal is divided into three regions,
i.e., Western (western boundary to 83°E), Central (from 83°
to 85°E), and Eastern region (from 85°E to eastern bound-
ary) based on three major river basins and monsoonal cli-
matology (Fig. 1). In addition to APHRODITE, ERAS5 rea-
nalysis datasets have also been used to analyzes the spatial
trend of the winter precipitation between 1960 and 2015 over
Nepal. ERAS is fifth generation of the European Reanalysis
(C3S 2017), which provides precipitation at a 0.25° x0.25°
horizontal grid spacing and at an hourly timescale, which are
temporally averaged to generate monthly means.

The teleconnection between winter precipitation and the
oceanic pattern was assessed using the long-term monthly
SST. The SST data were obtained from the National Oce-
anic and Atmospheric Administration (NOAA). Similarly,
the zonal and meridional winds at 500 hPa were taken from
the National Centers for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) reanaly-
sis to resolve the atmospheric circulation. Moreover, the
monthly oceanic climatic indices NINO3.4 and North Atlan-
tic Oscillation (NAO) were downloaded from https://www.
psl.noaa.gov/data/climateindices/list/. The Indian Ocean
Basin Mode (IOBM) is then calculated from SST within
40°E-120°E and 20°S-20°N (Lu et al. 2019).

The different spatial patterns of the winter precipitation
over Nepal with their time series and percentage of vari-
ance were calculated using an empirical orthogonal function
(EOF) (Sein et al. 2015; Wang et al. 2015a). EOF analysis is
a computation of the different Eigenmodes for a covariance
matrix based on precipitation providing spatio-temporal
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pattern as well as the percentage of variance. In this study,
two dominant modes (EOF1 and EOF2; as the first two
modes represent more than 60% of the variance) and their
associated Principal Components (PC1 and PC2) were
selected to determine the dominant mode of winter rain-
fall over the study area. The eigenvalues express the impor-
tance of the EOFs/Principal Components (PCs), whereas the
first EOF (EOF1) is crucial, followed by the second EOF
(EOF2), and so on (Wang et al. 2015b). More theories and
algorithms details about EOF and PCs can be accessed from
Lorenz (1956) and Zhang and Moore (2015). The Standard
Deviation (SD) is calculated to show the spatial variation
of winter precipitation over the study region. The higher
(lower) value of the SD indicates the larger (smaller) spatial
variability. Further, we introduce a stream function to con-
sider the wind field divided into rotational and divergent
components. The rotational component of geostrophic winds
flows parallel to the contours of stream function, i.e., high
(low) stream function corresponds to high (low) geopoten-
tial height in the Northern Hemisphere and to low (high)
geopotential height in the Southern Hemisphere (Dey and
Do66s 2019). Additionally, the correlation analysis was car-
ried out to understand the physical mechanism responsible
for Oceanic, atmospheric, and precipitation change at a 90
and 95% confidence interval.

3 Results and Discussion
3.1 Climatology, Spatial and Interannual Variability

The long-term mean monthly cycle and climatology of win-
ter precipitation from 1960 to 2015 are presented in Fig. 2.
Monthly cycle of precipitation during the study period
shows that winter precipitation accounts for only ~5%
(46 mm) of the annual precipitation, whereas, post-mon-
soon, pre-monsoon, and monsoon seasons account for about
8%, 15%, and 72%, respectively (Fig. 2a). As the moisture
from polar westerlies gets intensified when it reaches north-
ern India, bringing the subtropical westerly jet streams ever
closer to Nepal (Nayava 1980) and these westerly weather
systems brings winter precipitation to the northwest moun-
tains of the country. Further, the spatial distribution of win-
ter precipitation in Fig. 2a shows that the highest (lowest)
winter precipitation about 165 (30) mm over the mid-hills
of the western (eastern) region of the country. The study
region features unique topography (flatlands, Himalaya, and
high-Himalaya within the 200 km range), which act as wind
barriers that obstruct the movement of moist air eastward
(Kansakar et al. 2004); thus, more precipitation falls in the
northern part of western Nepal than in the south and much
of falls as snow. There is also a decrease from west to east
(highest in western region and lowest in eastern region). The
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Fig.2 a Mean monthly cycle, b climatology (unit: mm) and ¢ the standard deviation of winter precipitation over Nepal for the period 1960-2015

mean winter precipitation in the western, central, and eastern
regions are 80 mm, 55 mm, and 35 mm, respectively, dur-
ing 1960-2015. It is worth noting that the mean precipita-
tion in the low and mid-elevation of the eastern region and
the Manang and Mustang district (rain shadow areas) of the
central region have less than 30 mm. Previously, Hamal et al.
(2020a) have also shown similar characteristics of the winter
precipitation over Nepal.

Further, we examined the standard deviation of the winter
precipitation over Nepal, presented in Fig. 2c. The result
shows that the precipitation is highly variable in the country,
especially in the western and central regions. In contrast, the
interannual precipitation variability is less variable in the
eastern region, with low precipitation values (Fig. 2c). Like-
wise, the precipitation distribution, the interannual rainfall
variability gradually decreases from west to east.

The spatial trend of winter precipitation based on APH-
RODITE data in Fig. 3a shows a significant increasing trend
at a rate of 0.95 mm/year over the high-land areas of the
western and central regions. The decreasing trend (insig-
nificant) is also observed in the mid-elevation areas of the
western region, a similar pattern is also evident in the study

@ Springer

of Wang et al. (2013). The upward trend and downward or
no trend areas are located at high-precipitation and low-pre-
cipitation areas, as observed in Fig. 2a, respectively, indi-
cating precipitation is decreasing (increasing) over those
areas with high (low)-precipitation. Additionally, we have
also used ERAS5 data to demonstrate the spatial trend of
the winter precipitation in Fig. 3b. ERAS shows a different
trend than APHRODITE, with an increasing trend over the
country with a significant increasing trend over the central
region and mid-elevation areas of the eastern region. The
higher increment rate in ERAS data than in APHRODITE
data might be related to the overestimation of the observed
precipitation amount, as mentioned in the earlier studies of
Sharma et al. (2020a) and Chen (2021).

3.2 Temporal Variability

The trend analysis of the winter precipitation shows no
significant trend over regional and national scales; how-
ever, considerable interannual variability is more evi-
dent during 1960-2015 (Fig. 4). The winter precipita-
tion amount is very low and mostly occurs in the form
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of snow, especially in the highlands of the western and
central region (Pokharel et al. 2019). Moreover, the time
series has a similar variation of the precipitation between
three sub-regions and over the country. Further, we have
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line separates the correlation period. r value represents the correla-
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respective period (before and after 80 s)

Table 1 Separation of the dry and wet years during 1960-2015 over Nepal and different regions

Regions Dry years Occur-  Wet years Occur-
rence rences
(%) (%)

Western 1963, 1966, 1975, 1976, 1998, 2000, 2005, 2008 15 1960, 1961, 1967, 1972, 1988, 1995, 1997, 2001, 2012,2013 18

Central 1962, 1963, 1966, 1968, 1970, 1998, 2005, 2008 16 1960, 1961, 1988, 1995, 1997, 2006, 2014 13

Eastern 1962, 1963, 1964, 1966, 1968,1970, 1976, 1998, 20 1961, 1979, 1988, 1993, 1995, 1997, 2002, 2006 15

2005, 2007, 2008
Nepal 1962, 1963, 1966, 1976, 1998, 2005, 2007, 2008 15 1960, 1961, 1972, 1988, 1995, 1997, 2002, 2012, 2014 16
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opposite precipitation pattern (shifted to the above-normal
(wet years)) was observed after 1980 and continued up to
the 1990s.

As, the opposite pattern in winter precipitation is
observed, the NINO3.4 SST anomaly is also plotted to ana-
lyze the influence during the study period (Fig. 4). Similar to
the study of Yadav et al. (2010), the influence of the ENSO
is also changed before and after the 1980s. Additionally,
we have also calculated the correlation between NINO3.4
SST anomaly and winter precipitation for before and after
the 1980s and found that small correlation (r<0.1) before
1980, while a relatively higher correlation (r>0.33) after
1980. This variation in the SST pattern can be linked to
the variation in dry and wet years during the winter season
throughout the study period.

Likewise, the country also witnessed many dry years
between 2000 and 2010. The results show a higher degree
of variability after the 1990s. Further, the total occurrence
of the wet (dry) years over the western, central, and eastern
regions were 18 (15%), 13 (16%), and 15 (20%), respec-
tively, during the study period. The frequency of the dry and
wet years is slightly higher in the eastern and central regions,
respectively, during the study period (Table 1). Overall, at

the national scale, the frequency of dry and wet years is very
similar (nominal difference in wet and dry years).

3.3 Dominant Pattern of Variability

As the variability of dry and wet years was observed over
the country; thus, the long-term detrended winter precipita-
tion during 1960-2015 were passed through EOF analysis.
The dominant modes of winter precipitation are presented in
Fig. 5a, b. Two dominant modes can explain the maximum
winter precipitation variability over Nepal and are isolated
from the other modes (North et al. 1982). The first two EOF
modes can explain about 61.8% of the total variance, with
the leading EOF1 mode capturing 42.9% of the variance,
while the EOF2 contributes 18.9% of the total variance. Fig-
ure 4a shows the uniform signal over the entire study region
giving a monopole pattern of variability, with strong load-
ings over the western and central regions, whereas the het-
erogeneous pattern of the winter precipitation was observed
in the EOF2 (Fig. 5b).

The standardized principal components (PC1 and PC2)
associated with EOFs are displayed in Fig. 5c, d. The PC1
gives the interannual precipitation variability over Nepal
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Fig.5 a EOFI1 and b EOF2 and their respective ¢ PC1 and d PC2 of
the winter precipitation during 19602015 in Nepal. The first (EOF1)
and second (EOF2) dominant mode of variability explains 42.9% and
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18.9% of the total variance of the mean winter precipitation, respec-
tively. EOF pattern is expressed in percentage
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from 1980 to 2015 (Fig. 4c). The lowest winter precipita-
tion years in PC1 were 1962, 1963, 1996, 1973, 1976, 1996,
1998, 2000, 2005, 2007, and 2008. Similarly, the highest
precipitation years were 1960, 1961, 1967, 1988, 1995,
1997, 2001, 2002, 2012, and 2014. Further, the positive
precipitation anomalies shifted to the negative precipita-
tion anomalies, showing decadal variability after the 1990s
in PC2 (Fig. 5d). Likewise, Huang et al. (2017) and Choi
et al. (2016) also reported a similar interdecadal change in
the winter precipitation over the northern slope of central
Himalaya (Southern China).

3.4 Relationship with Oceanic Pattern

Figure 6 shows the statistical relationship between SST and
the dominant modes of winter precipitation, explaining the

influences of SST on respective EOFs. The simultaneous
SST distribution concerning PC1 shows that the SST anoma-
lies are more robust over the Pacific Ocean, giving charac-
teristics of the ENSO pattern, with anomalous positive SST
in the mid-eastern Pacific Ocean and negative SST anoma-
lies in the western tropical Pacific (Fig. 6a). Moreover, the
positive SST signal over the Indian Ocean is robust and sig-
nificant at the 90% confidence level. Further, the correlation
between PCs and SST indices (NINO3.4, IOBM, and NAO)
is presented in Table 2. The correlation between PC1 and
NINO3.4 and IOBM shows the significant influence of both
SST indices on winter precipitation. Similarly, coherent vari-
ation of the ENSO and basin-wide Indian Ocean SST has
been also reported by Liu et al. (2020).

However, NAO does not significantly influence the PC1,
suggesting the first mode of winter precipitation variability
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BFT e
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Fig.6 The correlation of SST (unit: °C) with a PC1 and b PC2 during 1960-2015. The dotted line represents the significance at a 90% confi-

dence interval
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Table 2 Correlation of PCs with NINO3.4, DMI, and NAO

Precip/PCs NINO3.4 IOBM NAO
Nepal 0.25% 0.28%* 0.17
Western 0.23% 0.24%* 0.15
Central 0.27* 0.29%* 0.19
Eastern 0.28%* 0.30* 0.17
PC1 0.25%* 0.27* 0.15
PC2 0.04 0.05 0.43*

The * represents the significant at a 90% confidence interval

is related to the SST anomalies over the Pacific and the
Indian Oceans. This pattern is consistent with the interan-
nual variation of the leading mode of precipitation over
China and Northern India related to ENSO and IOBM (Kar
and Rana 2014; Liu et al. 2020; Zhou 2019). Further, Hamal
et al. (2020a) suggested that SST anomalies over the Pacific
and the Indian Ocean affect the convection, surface air tem-
perature, and wind circulation, affecting moisture transport
to the area of interest.

The correlation of the PC2 with SST anomalies is pre-
sented in Fig. 6b. The most significant signals are observed
over the Pacific and the Indian Ocean, however, not strong as
PC1. In the Northern Atlantic Ocean, there are widespread
significant positive anomalies. Moreover, the correlation
between PC2 and NAO is 0.43 (significant at a 90% confi-
dence interval), suggesting the North Atlantic Ocean SST
may influence the EOF2 of winter precipitation by modulat-
ing the NAO pattern (Table 2). Moreover, PC2 has a weak
and non-significant correlation with NINO3.4 and IOBM,
indicating that this mode is independent of SST anomalies
in the Indian and Pacific Oceans. This overall weak correla-
tion is due to the changing phase of ENSO before and after
1980 (as observed in Fig. 4). Further, Kar and Rana (2014)
found that the NAO's influence on the winter time precipita-
tion over northwest India is more prominent in amplitude in
PC2 than ENSO.

3.5 Relationship with Atmospheric Circulation

To provide associated features of the large-scale circula-
tion with the different modes of winter precipitation, the
correlation with stream function is presented in Fig. 7. The
PC1 with mid-level stream function shows a positive cor-
relation over the tropical Indian Ocean and a negative cor-
relation over western Himalayan, Tibetan Plateau, and Nepal
(Fig. 7a). The wet condition is observed beneath the cyclonic
circulation, so the same precipitation pattern over Nepal in
EOF1. Moreover, the divergent circulation (anticyclone cir-
culation) over the Indian Ocean may initiate the moisture
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transport to Nepal, as observed in the earlier study (Hamal
et al. 2020a).

The correlation of the PC2 and stream function anomalies
at the mid-level shows a strong positive relationship with
the North Atlantic Ocean (Fig. 7b). Moreover, it has a pair
of anticyclones centered at 25°N, showing that the North
Atlantic Ocean modulates the wave train and propagates
eastward to the western Himalayas. The correlation further
shows that ENSO is inactive in the PC2; however, it cor-
responds well with the NAO pattern.

In the winter season, the moisture transport from the
Arabian Sea and western 1O are the prime sources, and
divergence of the moisture is more prominent around the
study region (Dimri 2013a). Previously, several studies have
shown that interannual variability of winter storm occur-
rences is well correlated with the polar/Eurasia telecon-
nections pattern (Lang and Barros 2004); which relates to
other large-scale natural climate variabilities, such as the
Arctic Oscillation (AO) and the North Atlantic Oscillation
(NAO), to the winter climate of Nepal. The Equatorial wind
systems seem to relate SST anomalies of the African coast
with moisture flux from the Arabian Sea to Indian conti-
nental region, including Nepal. Further, the above normal
SST over the equatorial Indian Ocean is related to the high
winter precipitation in Nepal, while below normal precipita-
tion is related with negative DMI and positive SOI (Yadav
et al. 2007).

4 Conclusion

Winter precipitation only contributes ~5% to annual pre-
cipitation; however, it has great importance to agricul-
ture, glacier mass balance, water resource management,
and the socio-economy of the country. Thus, this study
investigates the long-term variability of winter precipita-
tion during 1960-2015 over the southern slope of Central
Himalaya, Nepal. The climatological mean during the study
period shows their highest values in the western region
and decreases eastward with minimum precipitation in the
eastern region. Further, the spatial trend shows the upward
trend (below 1 mm/year) over the highlands of western and
central region, whereas decreasing or no trend is observed
over the most of the areas. As the influence of the ENSO
changed after and before 1980, the below-normal precipita-
tion is more evident before 1980, while the pattern shifted to
the above-normal after 1980 and continued up to the 1990s
before the occurrence of many dry years between 2000 and
2010.

The dominant mode of the winter precipitation and their
association with the SST and stream function anomalies at
interannual timescale shows two dominant modes of winter
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Fig.7 The correlation of stream function (unit: m%/s) with a PC1 and b PC2 during 1960-2015. The dotted line represents the significance at a

90% confidence interval

precipitation over Nepal. The first mode of EOF shows the
monopole pattern of precipitation variability over the study
region, capturing 42.9% of the variance. The EOF1 is mainly
associated with remotely ENSO, which local influences are
seen through the Indian Ocean teleconnection. The hetero-
geneous precipitation variability pattern was observed in the
second mode of EOF, which contributed 18.9% of the total
variance. The North Atlantic Ocean’s impact was observed
on the EOF2 that modulates the mid-latitudes wave train and
propagates eastward to the Western Himalayas. The result
indicates that the tropical Indian, Pacific, and Atlantic are
the primary sources of winter precipitation variability and
predictability in Nepal.
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