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Abstract

Nepal is highly vulnerable to climate change with increased fire occurrences

and fire burned areas in recent years; therefore, we accessed the climatic

drivers for its variability using fire burned areas product of Moderate Resolu-

tion Imaging Spectroradiometer (MODIS) from 2001 and 2020. The peak fire

burned areas were observed in the spring season (�91%) from March to May,

especially higher in the lowlands of the western and central parts. At the inter-

annual timescale, low precipitation, humidity, soil moisture, and high temper-

ature supported the existence of spring fire. Combining these factors induces

drought conditions, enhancing evapotranspiration from vegetation and provid-

ing more combustible fuels. Furthermore, the El Niño phase in the central-

eastern Pacific Ocean is related to the weakened westerly moisture transport

and moisture divergence that creates dry and warm conditions leading to

increased fire activities. Thus, this study could be helpful for preparedness,

management, and policy-making to limit the multi-dimensional losses in the

ecosystem and society due to fire.

KEYWORD S

burned areas, ENSO, fire, Nepal, spring season

1 | INTRODUCTION

The central Himalayan country, Nepal, is bordered between
China and India, with altitudinal variation from the Indo-
Gangetic plains to the high Himalayas. The topographical
complexity of the country has provided diverse climatic

belts, biodiversity, and epic landforms (Upreti, 2001). How-
ever, the complex topography has made the country prone
to natural disasters such as earthquakes, landslides, floods,
fires, and thunderstorms (Chitrakar et al., 2007; Dhakal,
2015). Fire incidents account for the highest number of
recorded natural disasters in Nepal, causing significant loss
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of life and property, biodiversity, and natural resources
(MoHA, 2018). The primary reasons behind the fire in
Nepal are uncontrolled burning for regenerating new shoots,
straw burning, negligence, discarded cigarettes, lightning,
electrical short circuit, and enhanced climatic conditions
(BBC, 2021; Skamarock, 2008). These forest fires are becom-
ing the cause of the rising air pollution in the different cities
of Nepal (Zhongming et al., 2021), causing health problems,
such as burning eyes, a runny nose, and chronic heart and
lung disease. Furthermore, it releases significant greenhouse
gases and aerosols that can affect the earth's radiative budget
and air quality at local and regional scales (Lasko &
Vadrevu, 2018; Vadrevu, 2016; Wang et al., 2007). Hence,
the fire hazards could have unprecedented impacts on liveli-
hood, ecosystems, and weather systems.

In terms of fire hotspot area, Nepal ranked in the
third position (29.5%) out of seven South Asian countries
after India (32.2%) and Bangladesh (34.2%) (Reddy
et al., 2019). The forest fire mainly occurs in the spring
(March–May) season; moreover, it was found that 18 out
of the 75 districts were at high risk (Matin et al., 2017).
The Moderate Resolution Imaging Spectroradiometer
(MODIS) instrument on National Aeronautical Space
Agency's Aqua satellite captured on April 24, 2012,
showed numerous burned areas throughout the country
(https://earthobservatory.nasa.gov/images/77784/fires-in-
nepal). Similarly, Parajuli et al. (2015) found an average
of 2159 fire counts per year during 2000 to 2013, with the
highest in 2012. The situation was worst in 2016 when
the fire occurrences and burned areas were 33% and 42%
more compared to the annual average of 2000–2015
(Bhujel et al., 2017). Therefore, there has been an urge
for spatial–temporal analysis of the fire burned areas
until recent years to make an effective management plan
and policy.

The majority of the forest fire occurrences in Nepal
are considered anthropogenic driven (Matin et al., 2017);
however, the climates factors (e.g., precipitation, temper-
ature, humidity) further exacerbated the possibility of
ignition and spread (Fang et al., 2021; Tang et al., 2021).
The climatic influence on the fire regime is essential for
establishing a baseline to understand the relationship
that determines the spatial and temporal variations of fire
occurrences and burned areas (Eskandari et al., 2020).
The prolonged precipitation deficit and the warmer tem-
perature have a higher risk of fire occurrences and spread
(Curic & Zivanovic, 2013). For instance, in southeastern
China, the leading cause of wildfires is decreased precipi-
tation and increased diurnal temperature range, whereas
this combination produces high combustible fuel to fire
activity (Fang et al., 2021). Similarly, Yi et al. (2017)
found the simultaneity relationship between the precipi-
tation variation and burn area over China. Further, the

dry soil moisture anomalies precede the fire by providing
the suitable ignition condition and flammability com-
pared to the wet soil moisture anomalies (Sungmin
et al., 2020). Generally, when the surface wetness deviation
exceeded +5%, a larger burn area was not detected in Sibe-
ria, indicating that wet soil moisture condition limits the
extent of the burned areas (Bartsch et al., 2009). Further-
more, the high availability of relative humidity limits fire
occurrences, as the significant negative relationship
observed between fire occurrences and relative humidity
(Eskandari et al., 2020). Therefore, we focused to analyzes
the impacts of the different climatic variables on the fire
burned areas over Nepal.

The Indo-Pacific sea surface temperature (SST) anoma-
lies are related to global fire occurrences (Dong
et al., 2021; Fang et al., 2021; Mariani et al., 2016; Wang &
Cai, 2020). The El Niño Southern Oscillation (ENSO) is
one of the natural factors for fire occurrences (Burton
et al., 2020; Siegert et al., 2001; Yang et al., 2021), account-
ing for one-third of the total predictable global burned
areas (Chen et al., 2016). For instance, the El Niño
reduced the precipitation and terrestrial water storage in
pan-tropical forests by 133%, enhancing the fire events
(Chen et al., 2017). Similarly, the dipole pattern of the
wildfire activities between southwestern and southeastern
China was modulated by ENSO, varying the strength of
precipitation and wind anomalies in the fire season (Fang
et al., 2021). It also increased hot and dry conditions in
fire-prone regions (Burton et al., 2020). Furthermore, the
2-year consecutive occurrence of Indian Ocean Dipole and
Central Pacific El Niño contributed to unprecedented
severe 2019–2020 Australian bushfires (Wang & Cai,
2020). It also found that Indian SST plays an essential role
in the 2019 Amazonia fires (Dong et al., 2021). However,
there is a lack of understanding of the fire regime (burned
areas) and its large-scale climatic drivers in Nepal.

Overall, this study investigates answering three
research questions: (a) How the fire burned areas vary
across the country over the last 20 years (2001–2020);
(b) How the burned areas are related to the climatic vari-
ables; and (c) How the burned areas are related with the
SST over the Indo-Pacific Ocean.

2 | MATERIAL AND METHODS

2.1 | Study area

Nepal is located in the central part of the Himalayas between
80�3030.4300– 88�1205.4600E longitude and 26�20052.7200–
30�28023.3700N latitude (Figure 1a). Due to the high gradient
from the plains of �60 m in the south to 8848.86 m a.s.l. in
the north, the country features a complex topography,
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unique landscapes, diverse ecosystems, climatic belts, and
weather patterns. Typically, four seasons in the country are;
spring (March–May), summer (June–September), autumn
(October–November), and winter (December–February)
(Nayava, 1980). The spring, autumn, and winter are dry sea-
sons, whereas summer receives more than 80% of the total
precipitation (Sharma et al., 2020a). The spring has westerly
disturbed and localized precipitation with hot and dry tem-
peratures, whereas a humid climate with widespread precipi-
tation characterizes the summer season (DHM, 2017). The
post-monsoon and winter are dry and cold, contributing
about 4% and 3% of annual precipitation, respectively
(Sharma et al., 2020b). The precipitation in winter is primar-
ily generated by the westerly wind system and is more prom-
inent in the western region of the country (Hamal
et al., 2020). The surface air temperature and vegetation den-
sity in Nepal decrease with increasing latitude and altitude
(Carpenter, 2005). Furthermore, southern Nepal, mainly
tropical to temperate region, experiences a heavy fall of
leaves in the summer season, providing a favorable environ-
ment for fire activities (Matin et al., 2017; Qadir et al., 2021).
Therefore, we choose only southern Nepal (tropical to the
temperate region; up to 2400 m a.s.l.) for the present study
(Figure 1a).

2.2 | Datasets

2.2.1 | Observation datasets

For the observed climatology, we have initially collected
daily precipitation and temperature records from

160 stations from the Department of Hydrology and
Meteorology (DHM), Government of Nepal (www.dhm.
gov.np). The selected in situ datasets do not feature regu-
lar observation, and quality control is applied for data
homogeneity and handling missing values. To do this, we
have selected those stations featuring more than 80%
daily time series of precipitation and surface air tempera-
ture from 2001 to 2020. After the quality control, 109 sta-
tions located between tropical and temperate regions
(below 2400 m a.s.l.) were selected for the current study
(Figure 1a). Furthermore, monthly, seasonal and annual
data are generated by averaging daily precipitation and
temperature.

2.2.2 | Fire data

We used MODIS (aqua and terra combined) Fire_cci ver-
sion 5.1 burned area products (Lizundia-Loiola
et al., 2020). Fire_cci is one of the Essential Climate Vari-
ables (Fire disturbance) under the European Space
Agency's Climate Change Initiative (CCI). The latest ver-
sion, that is, FireCCI5.1, is the improvement of the previ-
ous version (FireCCI41), available from 2001 to 2020 (last
accessed on Feb 2021). It was generated by combining
spectral information from MODIS at 250-m resolution
and thermal information from the MODIS active fire
products. The daily MODIS Surface Reflectance product
(MOD09GQ) collection of six images, the Land Cover
Project of ESA CCI, and the MODIS Global Monthly Fire
Location Product (MCD14ML collection 6) are used as
the primary inputs to derive the burned areas product

FIGURE 1 (a) Study area, Nepal, and selected meteorological stations over southern Nepal. The monthly cycle of (b) average

precipitation and (c) surface air temperature of southern Nepal during 2001 to 2020. The magenta color and inset map in (a) show the

2400 m elevation contour and country's position in the south Asian region, respectively
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(Lizundia-Loiola et al., 2020). MODIS burned areas prod-
uct has the most extended time series with the most
improved algorithm and the best validation results.
Therefore, we have downloaded the gridded product
(0.25 km spatial resolution) between 2001 and 2020 from
https://geogra.uah.es/fire_cci/firecci51.php(accessed on
Feb 2021). For further information on the characteristics
and variables of the dataset can be acquired from https://
admin.climate.esa.int/media/documents/Fire_cci_D4.2.
1_PUG-MODIS_v1.1.pdf. In addition, we have also used
MODIS (aqua and terra combined) version 6 fire detec-
tion products (MCD14ML) from the University of Mary-
land (available at: https://earthdata.nasa.gov/firms).

2.2.3 | ERA5datasets

We have used monthly datasets of the precipitation (PRE),
surface air temperature (SAT), wind, soil moisture (SM) at
the surface level (0–7 cm), relative humidity (RH) at
1000 hPa, vertically integrated moisture flux divergence
(VIMD), vertically integrated moisture flux (VIMF), geo-
potential height (GPH) at 500 hPa and SST from ERA5
between 2001 and 2020, with 0.25� � 0.25� spatial resolu-
tion (C3S, 2017). Recently, Sharma et al. (2020a) and Chen
et al. (2021) validated the ERA5 precipitation product
using gauge observed datasets revealing ERA5 as a good
alternative for precipitation monitoring over Nepal. More-
over, several previous studies have successfully applied
these ERA5 products to analyze oceanic and atmospheric
circulation related to precipitation and drought (Hamal
et al., 2020; Hamal et al., 2021; Sharma et al., 2020a). The
NINO 3.4 is calculated as the average SST anomaly over
the Central Pacific Ocean (CP), ranging from 5�N to 5�S
and 170�W to 120�W. In addition, NINO3 is the average
SST over the Eastern Pacific Ocean (EP): 5�N to 5�S and
150�W to 90�W.

2.2.4 | Vegetation Health Index

The vegetation health index (VHI) measures relative veg-
etation health that can be derived using a factor sum of
the Vegetation Condition Index (VCI) and Temperature
Condition Index (TCI) (Kogan, 2001). VCI is derived
from the Normalized Vegetation Index and TCI from the
land surface temperature.

VHI¼/ :VCIþ 1�/ð Þ:TCI ð1Þ

where, / is a constant of 0:05:
In this study, the monthly VHI of March–May from

2001 to 2020 was evaluated in Google Earth Engine

(GEE) platform using the earth observation dataset pro-
duced by the Food and Agriculture Organization (FAO)
of the United Nations (https://data.apps.fao.org/map/
catalog/srv/eng/catalog.search#/metadata/1eb5883d-
05c6-427f-bbf7-8465bfb7069c). FAO has used 1 km reso-
lution data of National Oceanic and Atmospheric Admin-
istration —Advanced Very High-Resolution Radiometer
(NOAA-AVHRR) and Meteorological Operational—
Advanced Very High-Resolution Radiometer (METOP-
AVHRR) from 2001 to 2006 and 2007 to 2020, respec-
tively to generate VCI and TCI.

2.3 | Methodology

2.3.1 | Correlation analysis

The correlation analysis quantifies the direction and
strength of the linear association between the variables
giving the positive or negative relation (Stockwell, 2008).
We performed a correlation analysis of spring fire burned
areas with the climatic variables, SST pattern and their
indices, and atmospheric circulation from 2001 to 2020
using the two-tailed Student's t-test at different confi-
dence levels (at 90%, 95%, and 99%). Note that all datasets
were detrended before passing through the correlation
analysis to remove the existing trend.

2.3.2 | Drought Index

We have used Standardized Potential Evapotranspiration
Index (SPEI), which uses precipitation (Pi) and potential
evapotranspiration (PETi) to calculate water balance (Di)
(Equation 2). The precise method for calculating SPEI is
given by Vicente-Serrano et al. (2010). The PET is calcu-
lated using the Thornthwaite method, which requires only
the mean temperature (Thornthwaite, 1948). The Di is
fitted through the log-logistic distribution function, and
then SPEI at different timescales is obtained. For the cur-
rent study, we have used SPEI3-May, a spring drought
index that uses precipitation and temperature from March
to May. The threshold for the drought determination is
SPEI ≤ �1.

Di ¼ Pi�PETi, i¼ 1,2,3, …,n ð2Þ

2.3.3 | Singular value decomposition
analysis

Singular value decomposition (SVD) analysis has been
used in this study to examine the coupled pattern of fire-
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burned areas and SST departure during the spring season
from 2001 to 2020. It is widely used because of its simple
implementation and strength to extract the results of the
coupled signals (Fang et al., 2021; Mishra et al., 2012;
Riaz & Iqbal, 2017). The details of SVD analysis and its the-
oretical aspect can be found in (Bretherton et al., 1992). The
SVD analysis is performed on the burned area and SST over
the Indo-Pacific Ocean; then, the first homogeneous leading
mode is chosen to explain maximum covariance.

3 | RESULT AND DISCUSSION

3.1 | Interannual variation

Most of the forests and agricultural land of Nepal are
located between tropical and temperate regions; there-
fore, the analysis of burned areas is focused below the
2400 m elevation range. The seasonal cycle of the average
monthly fire-burned areas over southern Nepal during
2001 to 2020 is shown in Figure 2a. The result shows that
91.2% of the fire-burned areas during the spring, followed
by the winter (6.3%), summer (2.1%), and autumn (0.4%)
season. The fire season starts from January to May, with
the peak in April and decreases from July as the mon-
soon progresses. During the fire season, southern Nepal
receives �13% of the total precipitation with warm tem-
peratures (Figures 1b and c); these climatic factors might
have exacerbated the fire events. In contrast, the high
amount of precipitation in the summer (Figure 1b) cre-
ates wet conditions that might cease the fire activity,
resulting in line with Fang et al. (2021) and Bhardwaj
et al. (2016).

As the fire burned areas are highest in the spring sea-
son, the spatial distribution of the average spring burned
areas are presented in Figure 2b. The southern lowlands
are covered with dense forest and agricultural land; the
large burned areas were observed in the lowlands of the
western and central parts. During the past two decades,
spring fire-burned areas were recorded at an average of
5.5 km2 with a total of �46,046 km2. It has also been
observed that the average fire burned areas are signifi-
cantly increasing at a rate of 0.26 km2 year�1 (p < 0.1).
Similarly, an increasing trend of fire events was observed
in all South Asian countries, where Nepal ranked third
with a total of 32,018 annual fire counts between 2012
and 2016 (Vadrevu et al., 2019). The year 2015 had the
lowest burned area of 218 km2 and standardized anoma-
lies <�1; however, the following year, that is, 2016, had
unusually high-burned areas reaching 7532 km2 and
standardized anomalies exceeding +3. Furthermore,
6466 and 3352 fire counts were observed over southern
Nepal in 2016 and 2019, showing high fire counts related
to increased burned areas (Figure S1). Similarly,
MoHA (2018) has also reported the fire incidence (1856
events) in 2015/2016, which outnumber lighting (299),
landslide (290), flood (244), and heavy rainfall (188). In
the meantime, Asian regions also experienced high fire
occurrences (Burton et al., 2020), causing a significant
ecological and socio-economic impact.

3.2 | Fire-climate relationship

We further investigated the influence of the climatic fac-
tors (e.g., PRE, SAT, SM, and RH) on the fire burned

FIGURE 2 (a) Seasonal cycle, (b) spatial distribution, and (c) yearly variation of total and standardized anomalies of the spring fire

burned areas (BA, km2) over southern Nepal between 2001 and 2020

HAMAL ET AL. 5 of 13
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areas over southern Nepal during the peak fire season
(Figure 3). A significant negative correlation was
observed between fire burned areas and ERA5

precipitation over the lowlands of the western and cen-
tral region and mid-hills of the eastern region
(Figure 3a). Similarly, the area average interannual time

FIGURE 3 The correlation (R) of fire burned areas (BA, km2) with (a) precipitation (PRE, mm month�1), (b) surface air temperature

(SAT,�C), (c) soil moisture (SM, m3 m�3) at the surface level (0–7 cm) and (d) relative humidity (RH, %) at 1000 hPa during the spring

season from 2001 to 2020 using ERA5 datasets. The black dots represent the significant correlation at a 90% confidence level

FIGURE 4 Temporal correlation (R) of fire burned areas (BA, km2) with (a) observed precipitation (PRE, mm month�1), (b) observed surface

air temperature (SAT, oC), (c) drought index (SPEI3-May), and (d) vegetation health index (VHI) during spring season between 2001 and 2020

6 of 13 HAMAL ET AL.

 1530261x, 2022, 9, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/asl.1096 by IN
A

SP - N
E

PA
L

, W
iley O

nline L
ibrary on [27/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



series of the burned areas and in situ precipitation shows
a significant negative correlation (R = �0.75, p < 0.01;
Figure 4a). During the fire season, the long dry spells can
further exacerbate the fire burned areas; for example, the
fire count and burned areas were higher than normal in
the precipitation deficit year, that is, 2012, 2016, and 2019
(Hamal et al., 2020; Sharma et al., 2021). Moreover, a
strong positive correlation of fire burned areas with the
ERA5, and in situ surface air temperature (Figures 3b
and 4b) indicates that high temperature can result in the
dry condition that can initiate fire activities (Fang
et al., 2021; Kim et al., 2020; Tang et al., 2021).

Furthermore, the availability of soil moisture and rela-
tive humidity can directly impact fire intensity and distri-
bution (Bartsch et al., 2009; Eskandari et al., 2020;
Sungmin et al., 2020). The strong negative correlation in
Figures 3c, d further confirms that the low soil moisture
and relative humidity can create dry conditions for the
surface and fuel. Such dry conditions lead to high evapo-
transpiration from vegetation, triggering the fire intensity,
and spread (Moinuddin et al., 2021; Sungmin et al., 2020).

As precipitation (temperature) shows a negative (posi-
tive) correlation with fire burned areas, therefore; the corre-
lation between fire burned areas and drought index was
performed in Figure 4c. We used area-averaged in situ pre-
cipitation and temperature during the fire season to calculate

the SPEI3 and then selected the SPEI3-May to represent the
spring drought index (Figure 4c), which shows the signifi-
cant negative correlation (R = �0.62, p < 0.01) with burned
areas. The fire years: 2012, 2016, and 2019 with standardized
anomalies >0.5 are related to the spring drought, indicating
the fire burned areas increased in response to drought
(Littell et al., 2016). The low-precipitation, soil moisture, rela-
tive humidity, and high temperature produce drought condi-
tion that negatively affects vegetation health. Likewise, the
health of the vegetation is negatively affected by the fire
activity (R = �0.63, p < 0.01; Figure 4d). For instance, the
major forest ecosystem affected by the fire is sal and mixed
broad-leaved, Chir pine, and Schima-Castanopsis forest in
southern Nepal (MENRIS-ICIMOD, 2008). During March
and April, warm temperature leads to high evapotranspira-
tion, leading to loss of moisture from vegetation producing
combustible fuel (dry wood, logs, dead leaves, stumps, dry
grass, and weeds), increasing the risk of fire activity and
spread (Johnson & Miyanishi, 2001).

3.3 | Fire-oceanic and atmospheric
relationships

We performed an SVD analysis between the spring fire
burned areas and the SST field, accounting for 54.1% of

FIGURE 5 The correlation (R) of the first leading singular value decomposition (SVD) with (a) fire burned areas (BA, km2) and sea

surface temperature (SST, �C) during (b) preceding winter (DJFSST[�1]), (c) concurrent spring (MAMSST[0]), and (d) summer (JJASSST

[0]). The black dots and contour represent significant correlations at a 90% confidence level. The black and blue box represents the NINO3.4

and NINO3 regions, respectively
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their total covariance in the first mode (Figure 5). The
first leading SVD mode confirmed significant burned
areas in southern Nepal due to the SST variation in the
Indo-Pacific Ocean (Figure 5a). Therefore, the first lead-
ing SVD mode was correlated with SST anomalies over
the Indo-Pacific Ocean from the preceding winter to the
following summer, presented in Figure 5b-d. The strong
eastern ENSO type was observed in the prior winter,
characterized by a positive SST anomaly in the EP that
extends up to 160�W in the CP region (Figure 5b). In the
corresponding fire season, the ENSO moves toward
170�W in the CP region (Figure 5c). The basin-wide
Indian Ocean warming was observed; El Niño induces
this condition in the developing and decaying years
(Chowdary & Gnanaseelan, 2007; Zhou et al., 2019). The
El Niño in the central-eastern Pacific Ocean had a transi-
tion from positive to negative in the summer; no signifi-
cant relation was observed between fire burned areas and
SST (Figure 5d). The result indicates that ENSO in the
developing and decaying phase significantly influences
the fire burned areas in southern Nepal.

We further confirmed the relationship of the ENSO at
EP (NINO3) and CP (NINO3.4) with the leading mode of
SVD in Figure 6. A significant positive correlation was
observed between the first leading SVD mode and both

ENSO types, whereas the EP type ENSO (Figure 6b) has
more substantial impacts than CP type ENSO
(Figure 6a). Furthermore, we also compared the high fire
burned areas in 2016 and 2019 with ENSO. Year
2015/2016 has extreme El Niño conditions, that is, warm
standardized anomalies of +2.3 in the preceding winter
that decays to +1.9 in the corresponding spring over the
CP type. Similarly, +2.6 and +2 standardized anomalies
in the preceding winter and corresponding spring were
observed over the EP type. Likewise, the El Niño condi-
tions in the EP resulted in the 2015/2016 global fire
(Burton et al., 2020; Chylek et al., 2018). In 2019, the SST
anomalies in the central-eastern tropical Pacific Ocean
indicated a weak El Niño event in the preceding winter;
however, it showed a moderate El Niño event during the
corresponding season. It was forecasted that moderate El
Niño conditions would persist till spring, and gradual
decay to near-neutral or slightly positive anomalies
would be obtained till mid-summer (see Figure 7, https://
judithcurry.com/2019/04/04/2019-enso-forecast/v). Simi-
lar to studies of southeastern China (Fang et al., 2021)
and southeast Australia (Mariani et al., 2016), our find-
ings also indicated the high fire burned areas in southern
Nepal are observed during the developing and decaying
El Niño phases over the central-eastern Pacific Ocean

FIGURE 6 Temporal correlation

(R) of the first leading SVD mode with

(a) NINO3.4 and (b) NINO3 at preceding

winter (DJFSST[�1]), concurrent spring

(MAMSST[0]), and summer (JJASSST[0])
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(Figure 6). In addition, Wang and Cai (2020) found the
Indian Ocean SST's role in fire occurrences; for instance,
the two-year consecutive (2018 and 2019) positive Indian
Ocean Dipole events in conjunction with the consecutive
(2018 and 2019) El Niño events were the primary reason for
the recent 2019/2020 Australian catastrophic bushfires.

Further, to confirm the influence of the ENSO on the
first mode of SVD, we correlated the leading mode of
SVD with the SAT, GPH at 500 hPa, VIMT, VIMD, and
PRE (Figure 7). During the El Niño phase, a higher tem-
perature was observed over South Asia and the Bay of
Bengal region, leading to dry and warm conditions
(Figure 7a). This extremely high temperature over the
study region will enhance the risk of fire activity. Fur-
thermore, the higher-than-average GPH was extended
from the Arabian Sea, passing the Indian peninsula to
the Bay of Bengal (Figure 7b), indicating the weakened
climatical trough and El Niño's influence on the atmo-
spheric circulation (Fang et al., 2021; Sharma
et al., 2020a). Similarly, the positive GPH anomalies con-
tributed to wildfires in northeast China (Zhao &
Liu, 2019). Such GPH patterns weaken the moisture

transport by creating warm and dry conditions, which is
supported by a significant moisture divergence and weak-
ened moisture flux in northern India and the study
region (Figure 7c).

The westerly moisture flux is dominant over northern
India, Nepal, and Bangladesh in the spring season ([Tanoue
et al., 2018]; see Figure 5); moisture transport is mainly
from the Arabian Sea to the Indian subcontinent. Similarly,
the moisture source to the study region from the Bay of
Bengal is nearly cutoff with more prevailing westerly trajec-
tories (Perry et al., 2020). The results show that moisture
convergence is high over the northern Arabian Sea; how-
ever, the westerly moisture transport is suppressed
(Figure 7c). The northeasterly moisture transport is initiated
toward northern India and Nepal with anomalous anti-
cyclonic circulation and moisture divergence over the Bay
of Bengal. Such circulation initiates moisture divergence
and increases SAT over northern India and the study region
(Figures 7a, c). Likewise, the El Niño induces northeasterly
wind anomalies during spring and summer, causing posi-
tive SAT anomalies and delaying the monsoonal onset
(Zhou et al., 2019). Furthermore, the low moisture over

FIGURE 7 The correlation (R) of the first leading SVD mode with (a) surface air temperature (SAT,oC), (b) geopotential height (GPH,

m2 s�2) at 500 hPa, (c) vertically integrated moisture flux divergence (VIMD, 10�5 kg m�1 s�1, contour, negative and positive correlation

indicate moisture convergence and divergence, respectively) and vertically integrated moisture transport (VIMT, kg m�1 s�1, vectors) and
(d) precipitation (PRE, mm month�1). The black dots and red vectors denote that the correlations are significant at a 90% confidence level
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India during spring is due to a convergence of strong dry
wind that favors the SAT warming (Chowdary et al., 2014).
The increased SAT, weakened westerly moisture transport,
and abnormal moisture divergence during the El Niño
phase resulted in a deficit spring precipitation over the
study region (Figure 7d). Overall, these warm and dry con-
dition leads to moisture loss from vegetation, providing
more combustible fuels that increase fire activities and fire
burned areas.

3.4 | Physical mechanism

Figure 8 presents the significant coupling of the ENSO
phase with fire activities; the warming was observed over
the central-eastern Pacific Ocean represents the El Niño
condition; this enhances the warming of the Indian
Ocean in the spring season (Figures 5b, c). It was
observed that an anomalous anticyclonic circulation over
the southeast Indian Ocean in preceding winter forces
warming of the southwest and the north Indian Ocean,
creating dry and warm conditions through the northeast-
erly winds in spring and summer (Zhou et al., 2019). Sim-
ilarly, high SST anomalies and moisture divergence were
observed over the Bay of Bengal during the spring season,
producing the northeasterly moisture transport
(Figures 5c and 7c). Further, the observed high GPH over
the Indian peninsula and Bay of Bengal (Figure 7b) rep-
resents the suppressed southerly moisture transport
(Fang et al., 2021), which creates warm and dry condi-
tions with reduced precipitation during the El Niño
phase (Figures 7a and d). Furthermore, the El Niño phase

negatively impacts vegetation health (figure not shown);
for instance, the NINO3 in winter and VHI in 2016
were + 2.63 and � 1.22, respectively, indicating that El
Niño creates warm and dry conditions to produce the
combustible fuel (Figures 4d and 6b). This is consistent
with the El Niño impacts on vegetation health due to
changes in the surface water inundation, soil moisture,
and atmospheric moisture deficits (Du et al., 2021). Over-
all, these anomalous surface and atmospheric conditions
during the El Niño phase provide favorable conditions
for fire activities and spread.

4 | CONCLUSIONS

Nepal underwent frequent and severe fire occurrences in
recent years with the increased burned areas; affecting
human health and well-being, economic assets, biodiver-
sity, atmosphere, and climate. This study attempts to find
the climatic and oceanic drivers of the fire burned areas
in southern Nepal over the past two decades (2001–2020).
The result shows that 91.2% of the fire burned areas only
in the spring season, from March to May, with the
highest in the month of April. The spring fire burned
areas were more-pronounced overlowland areas of the
western and central regions. At the interannual time-
scale, low- precipitation, humidity, soil moisture, and
high temperature enhance the evapotranspiration from
vegetation, providing more combustible fuels, enhancing
the fire activity and spread. In addition, the fire burned
areas are significantly linked with the warm phase of
ENSO, that is, El Niño in the central-eastern Pacific
Ocean in the prior and corresponding seasons. During
the El Niño phase, the dry and warm conditions were
associated with suppressed westerly moisture transport
and abnormal moisture divergence resulting in a deficit
of spring precipitation, which induced and enhanced fire
activity and burned areas. The present study has mainly
focused on the climatic variability associated with wild-
fires, and we recommend that further study should focus
on the anthropogenic influence. The detailed analysis of
associated fire driving factors provides essential insight
into preparedness, management, and future prediction to
limit the multi-dimensional losses in the ecosystem and
society.
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