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Abstract Climate change has a significant impact
on the Ganga-Brahmaputra (GB) basin, the major
food belt of India, which frequently experiences
flooding and varied incidences of drought. The cur-
rent study examines the changing trend of rainfall and
temperature in the GB basin over a period of 30 years
to identify areas at risk with an emphasis on the Paris
Agreement’s mandate to keep increasing tempera-
tures below 2 °C. The maximum temperature anom-
aly in the middle Ganga plains recorded an increase
of more than 1.5 °C year‘l in 1999, 2005, and 2009.
Some extreme events were observed in the Brahma-
putra basin during 1999, 2009, and 2010, where a
prominent temperature increase of 1.5 °C year™!' was
observed. The minimum temperature revealed an
increasing trend for the G-B basin with an anoma-
lous increase of 0.04 to 0.06 °C year™!. The rainfall
variability across the Ganga basin shows a rising ten-
dency over the lower Ganga region while the Brah-
maputra basin showed a downward trend. To identify
the statistical relation between the Global climatic
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oscillations and regional climate, Standardized Pre-
cipitation Index (SPI) and Nifio 3.4 were used. The
wet and dry period estimation shows a rise in flood
conditions in the Ganga basin whereas, in the Brah-
maputra basin, an increase in drought frequency was
observed. The correlation based on Nifio 3.4 and SPI3
presents a negative relation for the monsoon season in
the G-B basin revealing a situation of drought occur-
rence (SPI3 below 0) with increased Nino 3.4 values
(El Nifo above + 0.4C).

Keywords Climate change - Ganga—Brahmaputra
basin - Standardized Precipitation Index (SPI) -
Global oscillations - Temperature and rainfall
variability

Introduction

The Ganga Brahmaputra basin is rich in water
resources; however, the changing climate leading to
uncertainty in water availability has challenged the
region in ensuring basic necessities of the population
(Rasul, 2015). The majority of the basin’s population
(80% out of 625 million) depends on the agriculture
sector and utilizes the river water for their day-to-
day life (Pandey et al., 2022). The Ganga—Brahma-
putra flow is highly seasonal and is heavily affected
by the monsoon rainfall (Chowdhury & Ward, 2004).
The monsoon rainfall has a significant impact on the
people, economy, agriculture, and environment of the
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area. Due to climate change, the increased ability of
the warmer atmosphere to hold water has resulted in
increased rainfall (Uhe et al., 2019) and its related
disasters. Being the major food belt of the country,
any negative impact of climate change on the basin
would affect a large sum of the population.

Water quality will be impacted by socioeconomic
change because water diversion tactics, population
growth, and industrial development disrupt the water
balance and increase nutrient fluxes from agricultural,
urban areas, and atmospheric deposition (White-
head et al., 2018). Climate alters the flood flows
and changes the pollution dilution factors in the riv-
ers, including other processes controlling the quality
of water. It also affects the basin discharge charac-
teristics leading to more severe and frequent flood-
ing (Immerzeel, 2008), as it intensifies the hydro-
logical cycle which leads to increased precipitation
with higher frequency, intensity, and the severity of
floods (Apurv et al.,, 2015). The upper part of the
Ganga—Brahmaputra catchment comprises lofty snow
mountains that contributes highly towards the river
discharge of the rivers due to snowmelt (Barman &
Bhattacharjya, 2015). Under the recent climatic con-
ditions, the snow cover area changes are expected to
bear effects on the hydrological cycle (Parajuli et al.,
2021). The climate change in the Brahmaputra basin
is also a major concern for Bangladesh because of its
influence on the floods and hydrological droughts.

Floods and droughts account for a major share of
natural disasters caused by the extreme meteorologi-
cal occurrences (Parajuli et al., 2021). The increas-
ing trend in temperature and its impact on local cli-
mate has altered the drought events frequency and
severity with respect to which the changing climate
drought analysis studies have gained more attention.
To assess climate-induced changes in any region,
rainfall and temperature data of at least thirty years
is vital to suggest adaptation strategies (Yvonne et al.,
2020). To define trend, the general movement of the
series is observed over an extended period of time
(Panda & Sahu, 2019). Numerous techniques, includ-
ing parametric techniques like the 7-test, F-test, and
liner regression as well as nonparametric techniques
like the Mann—Kendall test, the Krushal-Wallis test,
and Sen’s slope estimators, have been used in prior
research to assess climate variability and its trends.
To analyze patterns in time series, different tech-
niques are used such as autoregressive (AR), moving
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average (MA), exponential smoothing (ES), and inte-
grated ARMA (ARIMA) (Roshani et al., 2023), neu-
ral network, seasonal decomposition, and spectral
analysis (Mahmood et al., 2019).

Ganga—Brahmaputra basin has shown an insignifi-
cant downward trend during 1960 to 2010 estimated
through Mann—Kendall trend analysis and annual dis-
charge variation lines. The rivers showed the trend of
“wet-dry” during the time period of 1960-1990 wet
and 1990-2010 dry (Shi et al., 2019). Standardized
Precipitation Index has been widely used to compare
accumulated precipitation over different time scales
with the historical precipitation to quantify the wet
and dry areas. Using a time series of cumulative pre-
cipitation with a probability-based indicator, the SPI
index calculates the degree of deviation of a certain
time from the average of the series (Guhathakurta
et al., 2017). The potential of SPI has also been
explored for monitoring flood risk (Seiler et al., 2002)
and droughts. The different time scales can provide
insight on different types of droughts (meteorological,
agricultural, or hydrological). The SPI has a profound
performance while presenting precipitation anom-
aly as compared to other drought indices (McKee
et al., 1993) and it requires precipitation data only as
input and hence is suitable for monitoring flood and
drought conditions.

Various studies have used SPI and SPEI for trend
analysis, identification of drought, and for the esti-
mation of wet and dry periods over the past years
for climate change analysis (Komuscu, 1999; Mishra
& Desai, 2005; Niranjan Kumar et al., 2013; Alam
et al., 2017; Bhunia et al., 2020; Das et al., 2020).
Over the Indian region, drought characteristics
have been analyzed using various indices, includ-
ing SPI, SPEI, HMM-DI, and GMM-DI (Mondal &
Lakshmi, 2021) over the time period of 103 years
(1901-2004) (Mallya et al., 2016) revealing drought
prone condition in the upper middle Gangetic plains
with an occurrence frequency of 40-45% (Nath et al.,
2017; Singh & Shukla, 2020). The tropical sea sur-
face anomalies significantly affect the variability of
droughts in India (Guhathakurta et al., 2017). The
ENSO influence on drought phenomena has been
evaluated on a large scale (Pervez & Henebry, 2015;
Trenberth & Hoar, 1997) where correlation and wave-
let transform analyses revealed a significant negative
correlation between SPI12 and Nifio 3.4, and Niflo
4 (Loaiza Cer6n et al., 2020). The global climatic
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oscillations (DMI, TNI, Nifio 3.4, Nifio 4) can be
used to access their impact over the regional climate.

The climate variability and trend knowledge are
important for accurate forecasting of climate vari-
ables, management, mitigating flood and drought
situations, and adaptation measures to cope with cli-
mate change. The Paris Agreement’s goal is to pursue
efforts to keep temperature increases to 1.5 °C and
keep global warming below 2 °C at industrial levels
(UNFCCC, 2015) has triggered the need to identify
the regions with increasing temperature.

Study area

The Ganga-Brahmaputra basin together constitutes
an extensive area of approximately 1,800,000 km?>
(Fig. 1). The Ganga river drains almost one-fourth
of India’s territory and supports millions of people in
the country. It rises in the southern Himalayas travels
through the plains and empties into the Bay of Bengal
(Ahmed, 2022). Alaknanda, Bhagirathi, Mandakini,
Dhauliganga, and the Pindar are the five headstreams
of the river. The Ganga river basin encompasses an
area of 1,086,000 km? The annual average rainfall
varies widely in the basin with approximately 760
mm on the western part of the basin to more than
2200 mm on the eastern side (Ahmed, 2022; Gain &
Giupponi, 2014).
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The Brahmaputra is a transboundary river, it origi-
nates in China flows for 1130 km to the north-eastern
part of India and flows for a distance of 1130 kms,
and then enters Bangladesh then emptying into the
Bay of Bengal (Mohammed et al., 2017; Whitehead
et al., 2018). Meghna basin has been considered a
part of Brahmaputra basin in this study.

Materials and methods
Data used

The present study primarily used Terra Climate
data of 30 years (1991-2020) for the climate change
analysis in the Ganga—Brahmaputra basin. The Terra
Climate monthly minimum temperature (Novem-
ber—February), maximum temperature (March—June),
and Precipitation data (July—October) were used to
observe the changing pattern during peak season of
respective parameters under study using linear trend
analysis and anomaly estimation over the past years.
The Hovmoller plots were based on the same data-
set for different latitude, longitude, and altitude. For
the altitude-based change analysis, SRTM DEM was
used after resampling. SPI was calculated for the
estimation of wet and dry period using the same pre-
cipitation product. Nifio 3.4 data was used for analyz-
ing the statistical relation between Nifio 3.4 and SPI,
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Fig. 1 MODIS Land Use Land Cover (LULC) map of the study area
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to understand the association between global and
regional climatic oscillations. The dataset and meth-
odology chart used for the present study are given in
Table 1 and Fig. 2, respectively.

Terra climate

TerraClimate comprises of monthly climate data-
set from 1958 to 2020 for global terrestrial surfaces
and is updated annually with a spatial resolution of
4 km. Conceptually, anomalies from CRU Ts 4.0
and JRASS5 are interpolated with WorldClim hav-
ing a high spatial resolution to create a high-spatial
as well as temporal resolution dataset. The cre-
ated product exhibited strong validation with the

Table 1 Data used and their specifications

station-based observations from the Global Histori-
cal Climate Network, RAW, and SNOTEL (Abatzo-
glou et al., 2018).

SRTM DEM In order to acquire radar data for the
creation of global elevation data, the shuttle Radar
Topography Mission was flown from February 11 to
February 22, 2000, under the international project of
NASA and NGA (Fhong, 2021). The SRTM DEM
was acquired using the single-pass interferometry, in
which two different radar antennas are used to acquire
two signals at the same time. The difference between
the two signals helped in calculating the surface eleva-
tion (EROS Center, 2017).

Data used Resolution Purpose Source
Terra Climate 4 km Climate change analysis and SPI Climatology lab
https://www.climatologylab.org/
terraclimate.html
SRTM DEM 30 m Altitude characteristics Earthdata
https://search.earthdata.nasa.gov/
Nifio 3.4 5°Nto5° S and 170° W to 120°  correlation, Cross-correlation PSL NOAA
W, monthly (1°x1°) https://psl.noaa.gov/
r———=—=—==== AT o T T T T T T T T T T T T T T T T ar oo 1
SPI (Standardized TERRA CLIMATE Global Climatic
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Fig. 2 Methodology adopted for climate change analysis with association and relation between global and regional climatic vari-

ables
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Nifio3.4

The average equatorial sea surface temperatures
(SSTs) in the Pacific Ocean are represented by the
Nifio 3.4 anomaly index (5N-5S, 170W-120W). El
Nino and La Nina episodes are identified by the index
using a 5-month running mean. El Nino and La Nina
occurrences, respectively, are characterized as the
Nifio 3.4 index value reaching+0.4C or—0.4C for a
period of 6 months or more (NCAR, 2023).

Methodology

For understanding the climate variability linear trend
analysis was performed over the Ganga—Brahmaputra
basin based on the 30 years data. The anomaly was
calculated to identify the deviation of a specific cli-
mate variable, such as maximum temperature, mini-
mum temperature, and rainfall, from its long-term
average or baseline value for a particular time period
and location. The obtained output was used for Hov-
moller plot generation to depict the change with ref-
erence to latitude, longitude, and Altitude. To iden-
tify the areas at risk the pixels with 90% significance
level in increase or decrease of any parameter were
highlighted. The extreme events were identified in
terms of anomalous increase or decrease over the
years based on Hovmoller diagram. Standardized Pre-
cipitation Index was used to identify the wet and dry
periods over the past 30 years in the GB basin and
to identify the relation of regional and global oscilla-
tions based on SPI and Nino 3.4.

Anomaly and linear trend analysis

Terra Climate data was used for the climate variability
study over the Ganga—Brahmaputra basin for the last
30 years. The maximum, minimum temperature data,
and rainfall data for the monsoon period were used to
generate the anomaly maps and the Hovmoller plots.
For the pixel-wise linear trend analysis, the Slope and
Intercept were identified for the best average fit. The
anomaly was calculated with the mean and standard
deviation of the series to present the changing climate
for the Ganga—Brahmaputra basin separately and the
pixels with a significant change over the past 30 years
were highlighted.

Xi—X
0

A=

where Xi is the individual observation, x is the mean
of the series (1991-2020) and 6 represents the stand-
ard deviation (Bar et al., 2021).

Standardized Precipitation Index

Weather-related drought has been extensively described
using the Standardized Precipitation Index (SPI)
throughout a wide range of periods. As the index is
effectively used for the analysis of dry periods, it can
also be used for the analysis of wet periods across the
time series data (WMO et al., 2012). Long-term precip-
itation data is used to generate SPI, which is then fitted
to a probability density function and turned into a nor-
mal distribution with zero as the series’ mean (Edwards
& Mckee, 1997; Irawan et al., 2023). Positive SPI num-
bers imply precipitation over the median, while nega-
tive values denote precipitation below the median (Tsa-
kiris et al., 2007). Here for the estimation of dry and
wet periods, values equal or greater than 1 are referred
as wet periods, and value equal or below —1 indicate
drought conditions/dry periods.

The probability density function is defined as
follows:

glx) = xoxle=x/p 'forx > 0,

paz(a)
where a>0 is a shape parameter, f>0 is a scale
parameter (1, 3, 6, 12, 48), and x> 0 is the amount of
precipitation (Guhathakurta et al., 2017).

Correlation and cross-correlation

Correlation tests are statistical procedures that are com-
monly used in many applications. The Pearson’s corre-
lation is the most common correlation method. Cross-
correlation (Salas, 1993) estimates the similarities
between two variables as a function of lag. Based on
the lag, the autocorrelation function correlates the vari-
able with the previously occurring variable in the time
series (Mohammadrezaei et al., 2020).

> i(x=%) % (v, —¥)

p=R0)= 50) X 00)
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where x and y denotes the mean of X and Y, and o(x)
and o(y) are the standard deviations (Surmaini et al.,
2015).

zi\;K (xt - J_C) (xt+k - J_C)

Zi\;l (xt - 3_C)2

rk:

where r, is the cross-correlation of lag &, which
ranges from—1 to+1, x is the average and N is the
total number of observations (Mohammadrezaei
et al., 2020).

Results

Temperature variability over the Ganga—Brahmaputra
basin

Maximum temperature over the Ganga—Brahmaputra
basin

The variability of maximum temperature over the past
30 years was studied across the Ganga—Brahmaputra

basin separately and shown in Figs. 3 and 4. The max-
imum temperature anomaly was calculated using the
temperature data from the months of March to June
(Pre-monsoon). It highlighted that over the past years
major increase in temperature was observed in the
northern and western parts of the Ganga basin, with
a maximum of 0.05 °C year™! in parts of Rajasthan.
The temperature increase in the Northwest and South-
west regions of Ganga basin is found to be increas-
ing on an alarming rate with an anomaly increase of
more than 0.03 °C year~!. Whereas, the lower Ganga
Plains (parts of Jharkhand and West Bengal) show
decreasing temperature trends with an anomaly range
of —0.02 °C year™! to—0.04 °C year™!. Overall, for
the Ganga basin a significant increasing trend was
observed represented by highlighting the pixels with
a significance level of 90% over the anomaly map.
Apart from the overall analysis of the basin, Hov-
moller plots were generated for a better understand-
ing of the changing pattern considering different
latitudes, longitudes, and altitude. During the years
1999, 2005, and 2009, the temperature increase from
the previous years was more than 1.5 °C along the

Fig. 3 Maximum temperature variability over the Ganga basin during the summer season (anomaly map (A) and Hovmoller dia-

gram for altitude (B), latitude (C), and longitude (D), respectively)
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Fig. 4 Maximum temperature variability over the Brahmaputra basin during the summer season (anomaly map (A) and Hovmoller

diagram for altitude (B), latitude (C), and longitude (D), respectively)

middle Ganga plains. However, the recent 2020 data
represents a slowing down of the increase in maxi-
mum temperature. Interdecadal variability was more
prominent during summers where in the first decade
(1991-2000), 1995 and 1999 recorded an increase
of more than 1 °C, which followed through the years
of 2002, 2003, 2004, 2007, and 2009 in the second
decade, and 2012, 2016, 2018, and 2019 in the third
decade. In recent years, the northern plains of Ganga
basin have shown patterns of maximum temperature
increase barring 2020.

The maximum temperature anomaly for the
Brahmaputra basin was observed between 0.03 and
0.03 °C year™! (Fig. 4). A significant temperature
increase was found along the south and south eastern
margins of the Brahmaputra basin including areas
of Nagaland, Mizoram, and Manipur with an anom-
aly of more than 0.02 °C year™'. Only some parts
of the basin along its western boundary (Meghalaya
and Tripura) have shown a decreasing temperature
trend. Some extreme events were observed in the year
1999, 2009, and 2010, where the general tempera-
ture increase was more than 1.5 °C. However, with

the help of the Hovmoller plots the major concerning
areas can be identified. A fluctuating trend of maxi-
mum temperature was observed in the Brahmaputra
basin where till 2003 only the years 1995 and 1999
recorded an increase of more than 1 up to 2.0 °C.
After 2003, a gradual increase ranging between 0.5
and 2.0 °C was observed till the recent years barring
2011, 2015, 2018, 2019, and 2020. Extreme increases
in maximum temperature were observed in the years
1999, 2009, and 2010.

Minimum temperature over the Ganga—Brahmaputra
basin

The minimum temperature linear trend analysis
(Fig. 5) was based on the months of November to
February (winter season). The higher altitude region
of the Ganga basin has shown a significant increase
in the temperature anomaly of the minimum tempera-
ture reaching up to 0.04 °C year™!, symbolizing the
maximum change over the northern part of Ganga
basin. Surrounding the maximum increase over the
parts of Himachal, Uttarakhand, and adjoining Uttar

@ Springer
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Pradesh, the temperature increase was observed in a
buffer zone with an increase of 0.02 to 0.03 °C year™!
in parts of Uttar Pradesh, Delhi, Haryana, and Nepal.
The nearby states of Rajasthan, Gujarat, Madhya
Pradesh, Bihar, and Nepal recorded an increase of
0.01 to 0.02 °C year™!. The lower Ganga plains rep-
resent a decrease in the minimum temperature despite
being close to the ocean, reflecting the change in
the pattern of increase and decrease of tempera-
ture over the mountains and plains. The Hovmoller
plots extreme change was observed in the year 2005,
2009, 2010, 2017, and 2018, where the increase was
recorded more than 2 °C. Whereas, the decrease
in the minimum temperature of about—2 °C was
observed in the year 1991, 1997, 2014, and 2020.
From 1996 to 2010, the minimum temperature across
the whole basin started increasing ranging from 0.10
to 2.0 °C. After 2018, the pattern of minimum tem-
perature shows a decreasing trend along the whole
basin area.

The minimum temperature trend over the Brah-
maputra basin (Fig. 6) represents a major area under
the influence of an increase in the temperature with

A4)

30N -

28°N

26°N -

24N

Years

more than 0.02 °C year™!. The significant pixels were
observed along the north and north eastern boundary
of the basin. The lower Brahmaputra region com-
prising the area of Manipur, Mizoram, and Tripura
shows a decreasing pattern ranging between 0.01 and
0.02 °C year™!.

The analysis based on the Hovmoller diagrams rep-
resents a clear pattern of climate change after the late
1990. The increasing pattern of the minimum tem-
perature started after the year 2000. Despite the major
area of Brahmaputra with high altitude region being
covered with forest and receiving high intensity of
rainfall, the temperature increase is very prominent.
After 2010, a slight change in the trend was observed
along the 26° N latitude. The minimum temperature
during 1991 to 1998 was observed to be decreasing
with temperature ranging between—1 and—-2 °C.
From 1998 to 2010, the Brahmaputra basin faced sud-
den temperature increment with a maximum increase
of more than 1.5 °C was observed during 1999, 2005,
and 2009. 2012 to 2015 was marked with decreasing
minimum temperature in the lower Brahmaputra val-
ley lying across 24° N to 28° N and 90° E to 95° E.
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Fig. 5 Minimum temperature variability over the Ganga basin during the winter season (anomaly map (A) and Hovmoller diagram

for altitude (B), latitude (C), and longitude (D), respectively)
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Fig. 6 Minimum temperature variability over the Brahmaputra basin during the winter season (anomaly map (A) and Hovmoller
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After 2015, during 2017 and 2018 minimum temper-
ature began increasing revealing fluctuating climatic
patterns across the basin.

A number of variables related to regional climate
dynamics and climate change may be responsible for
the rise in the maximum and minimum temperature
in the Ganga and Brahmaputra basins. The major
changes in terms of increasing maximum temperature
were observed along the western and eastern bound-
ary of the Ganga and Brahmaputra basin respectively
that may challenge the growth cycles of crops and
their overall productivity. The northwestern bound-
ary of the Ganga basin is characterized by continental
climate and experiences extreme temperature varia-
tions, with very hot summers that allows for high heat
absorption and retention. Whereas the northeastern
boundary of the Brahmaputra basin is typically more
humid and influenced by monsoons but can experi-
ence significant heat buildup due to the surrounding
topography, including hills and valleys, which can
trap heat. The specific climatic anomalies and trends
in these regions might be influenced by regional
factors that can impact wind patterns and moisture

distribution leading to differential heating patterns
across different parts of the basins. However, in terms
of increment in the minimum temperature, the north-
ern region comprising the Himalayas was majorly
affected in the Ganga—Brahmaputra basin. The situa-
tion is more alarming for the Brahmaputra basin that
can be attributed to the global warming impacts lead-
ing to increased absorption of sunlight in the Himala-
yan region, increasing urbanization, shifts in atmos-
pheric circulations majorly affecting the high-altitude
zones.

Rainfall variability

Rainfall variability analysis was based on the precipi-
tation data for the months of July to October (Rainy
Season) from the year 1991-2020. The rainfall trend
shows the current reversed situation of the Ganga and
Brahmaputra basin. The lower Ganga basin including
the states of Bihar, Jharkhand, and some parts of Uttar
Pradesh, Madhya Pradesh, and Nepal represents an
increased rainfall anomaly of 1-3 mm year™! (Fig. 7).
The maximum increase of more than 2.5 mm year™!

@ Springer
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was observed in Rajasthan. The central Ganga basin
comprising the states of Delhi, Haryana, Uttar
Pradesh, and Uttarakhand records a decreasing anom-
aly ranging between — 0.5 and —2 mm year™ .

The anomaly increase of rainfall is prominent
in the Ganga basin; however, based on the Hov-
moller plots it was observed that the increase was
a result of the recent years from 2012 to 2020. The
major years where the increase was observed were
1995, 1999, 2005-2007, 2014-2016, and 2019. The
region saw drier circumstances in the first decade
(1991-2000), which had slightly improved by the
end of 1997 until 2000. The region saw its worst
conditions in the second decade (2001-2010), with
a decrease of more than —2 mm year‘l, which was
later improved in the third decade (2011-2020).

The pixels with 90% significance level along the
Brahmaputra basin (Fig. 8) were found on the decreas-
ing pattern of rainfall along the parts of Assam,
Arunachal Pradesh, and Nagaland with a decrease of

more than— 1 to—2.5 mm year™'. The basin generally
receives an annual average rainfall of about 2500 mm
but during the recent time, it has been showing clear
impacts of climate change with its decreasing pattern
of rainfall. The trend of rainfall intensity of the Hima-
layan region in the Brahmaputra basin remains moreo-
ver constant. The only increase in the rainfall anom-
aly of about 2-3 mm year™' was observed in parts of
Meghalaya, Mizoram, and Tripura.

The Hovmoller diagrams represent a fluctuating
trend of the increase and decrease of precipitation,
with a very slight increase in the rainfall intensity
over the basin in the recent years. The years where the
increase of more than 2 mm year™! was observed were
1991, 1998-1999, 2007, 2011, 2013, 2015, and 2017,
whereas a prominent decrease of more than— 1.5 was
evident in 1993-1994, 2004-2006, 2014, and 2018.

The Ganga basin comprising the plains and plateau
regions of the country, receiving lower rainfall inten-
sity as compared to the Brahmaputra basin having an
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extensive forest cover has shown an increasing rainfall
anomaly of more than 2 mm year™'. The Hovmoller
representation of the Ganga and Brahmaputra basin
reveals distinct patterns, with the Ganga basin witness-
ing decadal variations in rainfall and the Brahmapu-
tra basin experiencing irregular rainfall. Based on the
priority areas in terms of increased temperature and
decreased rainfall Policymakers and stakeholders can
utilize these insights to develop more resilient infra-
structure and mitigate the impacts of climate change on
communities and ecosystems by using early warning
systems, developing resilient infrastructure, promote
sustainable water management practices, restoring nat-
ural ecosystems, and foster community participation.

Standardized Precipitation Index

Standardized Precipitation Index is widely used for
the analysis of drought occurrences, whereas it can

also be used for the identification of the wet periods.
Dry and wet periods along the basins will provide
better insight on its changing characteristics and pat-
tern (Fig. 9). The SPI generated for Ganga basin for
the year 1991-2000 and 2011-2020 recorded fewer
extreme events and high fluctuations were observed
during the decade of 2001-2010 due to the presence
of many drought extremes. Whereas along the Brah-
maputra basin no such extremes (flood or drought)
were recorded as the SPI values were only fluctuat-
ing under the range of — 1 to 1. Based on the analy-
sis of wet and dry periods over the time period of
1991-2020 it was observed that the chances of floods
or wet years are more in comparison to dry years in
the Ganga basin with an occurrence of 25:20 and
vice versa in the Brahmaputra basin with an occur-
rence of 17:16 respectively (Table 2) as a regular pat-
tern of dry spells was observed for the Brahmaputra
basin. The wet spell for both the Ganga—Brahmaputra
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SPI3 Ganga basin
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Fig. 9 SPI3 values for Ganga—Brahmaputra basin (30 years)

basin are generally higher. The wet and dry period is more prone to drought events due to its large area
analysis increases concerning the pattern of change confining different topography (from Himalayas to
for the Ganga—Brahmaputra basin, as Ganga basin deserts and alluvial plains) but is showing instances
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of abnormally high wet spells. Whereas, the Brahma-
putra basin despite receiving high-intensity rainfall
has shown a declining precipitation trend over the
last decade of 2011-2020 as more occurrences of dry
spells were found in the basin. It was observed that
the Ganga—Brahmaputra basin together is showing
more prominent extremes of dry spells.

Global oscillations

The correlation analysis between SPI3 and Nifio 3.4
for the Ganga basin provided a negligible positive
relationship between the indices (median r=0.19)
(Fig. 10). Whereas, the Brahmaputra basin has pro-
vided a negative correlation (median r= —0.32) over
the past 30 years. The distinctive climatic and geo-
graphic factors in the Ganga and Brahmaputra basins
can account for the varying relationships between the
Nino 3.4 index and the Standardized Precipitation
Index (SPI). During El Nifio events there is a weaken-
ing of the monsoon winds, however, due to increased
frequency of low-pressure systems or cyclonic

Table 2 Wet and dry period estimated using SPI

Year Wet period Dry period
Ganga Brahmaputra Ganga Brahmaputra
1991-2000 9 5 6 6
2001-2010 6 7 12
2011-2020 10 4 2 5

activity in the Bay of Bengal can bring significant
rainfall to the Ganga basin resulting in a positive cor-
relation. Whereas the Brahmaputra basin is directly
affected by the primary monsoon currents.

Cross-correlation was applied to understand the
deviation of the correlation values among the variables
using the lag information (Fig. 11). The highest correla-
tion in the Ganga basin was recorded at lag 1, based on
the lag 1 correlation, variable (Nifio 3.4) is correlated
with the preceding value of SPI3. In particular, this lag
1 connection shows that variations in this month’s Nifio
3.4 index are correlated with variations in the SPI3 val-
ues of the next month. The highest correlation in the
Brahmaputra basin was recorded at lag—1 (median
r=—0.382). The result highlights distinct climatic
responses in the Ganga and Brahmaputra areas and aids
in understanding the time-lag impacts of El Nifio condi-
tions on precipitation patterns in these two basins.

The correlation between monsoonal SPI3 and Nifio
3.4 (Fig. 12) represents a negative relationship for
Ganga—Brahmaputra basin concluding that if the Nino
3.4 value will increase (presenting El Nifio if the val-
ues exceed +0.4C), the corresponding SPI3 values will
decrease (decreased SPI3 values represents drought
conditions). The summer and winter seasons have
shown a positive correlation in Ganga—-Brahmaputra
basin, where the highest correlation is found in winters
(Ganga basin (r=0.47), Brahmaputra basin (r=0.56)).
Nifio 3.4 only considers SSTs, and no other atmos-
pheric variables that are used to characterize the behav-
iors of an El Nifio or a La Nifia occurrence adding to
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Fig. 11 Cross correlation over GB basin between Nifio 3.4 and SPI3 on lag6

some limitations to accurately justifying the relation
between the regional and global oscillations.

Discussion

The Ganga—Brahmaputra basin is highly influenced
by the fast-changing climate, with recurring floods
and flash droughts affecting vast area of the basin.

Based on the linear trend analysis, the maximum and
minimum temperature revealed a maximum anomaly
increase of 0.06 °C and 0.04 °C respectively over the
Ganga basin, and 0.03 °C and 0.06 °C over the Brah-
maputra basin. The parts of the basin even recorded
an increase of more than 1.5 °C year™'. Most of the
results obtained are in conformity with previous stud-
ies, the pattern of temperature (1950-1989) over the
upper and middle parts of the Ganga basin represents
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Fig. 12 Seasonal correlation analysis over Ganga (G)-Brahmaputra (B) basin between Nifio 3.4 and SPI3, for summers (G(A) and

B(A)), monsoon (G(B) and B(B)), and winters (G(C) and B(C))
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that the annual maximum temperature in the basin is
on the rise (Kothyari et al., 1997). Over the past 101
years from 1901 to 2002, the mean, maximum, and
minimum temperature in the Upper Ganga basin has
increased by 0.60 °C, 0.60 °C, and 0.62 °C, respec-
tively (Mishra et al., 2014). Based on various tem-
perature trend studies, the minimum and maximum
temperature increase was evident for the Brahmapu-
tra basin. The greatest increase in the trend during
the period of 1961-2005 in the upper Brahmaputra
river basin was found in the winter season with+0.37
°C/decade which is a little more than in fall+0.35
°C/decade. For the summer and spring seasons, an
increasing trend of+0.17 °C and+0.27 °C/dec-
ade has been defined (Bongartz et al., 2007). Based
on the analysis of climatic research unit data for the
year 1900-2002, it was observed that a temperature
increase of 0.6 °C per 100 years showed a higher
increase in the spring season (Immerzeel, 2008).
Based on different climate change scenarios and cli-
mate model COSMO-CLM, an increase in tempera-
ture in the Brahmaputra basin for all seasons was
observed and the highest values were recorded over
the Tibetan plateau (Dobler et al., 2011). These mod-
els and projections are based on scenarios that con-
sider continued greenhouse gas emissions, indicating
ongoing and future warming.

The rainfall anomaly-based trend analysis
attempted in the present study provides a significant
positive trend in the Ganga basin (2.5 to 3 mm year™")
and a negative trend in the Brahmaputra basin. Dur-
ing the recent years (1988-2017), it was observed
that the rainfall trend was decreasing over the Brah-
maputra basin whereas the Ganga basin recorded a
non-significant trend because of a complex pattern
(Patel et al., 2021). The Climate model scenarios rep-
resenting the 1.5° and 2 °C warming level over the
Ganga—Brahmaputra basin revealed an increase in
extreme precipitation (Uhe et al., 2019).

Standardized Precipitation Index has been widely
used for the identification of flood and drought occur-
rences. The major flood years observed based on
the SPI3 in the Ganga basin were 1992, 1994, 1995,
1998, 2001, 2003, 2007-2009, 2013-2015, and 2020,
which are in line with flood-related studies in the
basin. In the year 2020, Bihar and West Bengal were
majorly flood-affected (Pandey et al., 2022) that had
a recurrent inundation for Bihar in the year 2021 as
a result of high-intensity rainfall over the Himalayan

region (Kaushik et al., 2022). Findings suggest of
major disasters occurring in 2007 and 2020 in North
Bihar (Tripathi et al., 2022), and in 2008 in Kosi
watershed (Singh et al., 2011) due to its dynamic
nature (Bhatt et al., 2010). In the Bansloi river catch-
ment, the most destructive floods were experienced in
1995, 2000, 2004, and 2007 (Paul et al., 2019). The
historical significant flood events in the North Bihar
region were identified during 1995, 1998, 2000, 2001,
2003, 2004, 2008, 2010, 2013, 2016, 2017, and 2018
(Tripathi et al., 2020). Extensive flood occurrences
in West Bengal were in the years 1995, 1999, 2000,
2006, 2007, and 2008 (Ghosh & Kar, 2018; Samal
etal., 2014).

The flood occurrences in the Brahmaputra basin
have been very prominent because of higher intensity
rainfall in the North Eastern States of India, impact-
ing the vast area in Bangladesh due to increased run-
off which leads to extensive loss of economy. The
flood years observed in our study (1992, 1996, 1998,
2001, 2007, 2008, 2013, 2019, and 2020) based on
SPI3 values are backed up with historical and pre-
sent studies. In a recent study, the area under flood
inundation in the monsoon season was estimated to
be 25,889.1 km? for Bangladesh and 13,460.1 km?
for Assam (Pandey et al., 2022). One of the extreme
flood events was observed in 1998 with the highest
flood level of 106.41 m near Dibrugarh (Dhar and
Nandargi, 2000) with other major flood events of
1998, 2013, 2019, and 2020 in Assam. Over the parts
of Bangladesh, floods of 1998, 2007, 2019, and 2020
have damaged vast areas (Samal et al., 2014). During
the recent years, the occurrences of floods have been
increasing on a vast scale, affecting major agricultur-
ally important zones of Ganga—Brahmaputra basin.

The major drought occurrences based on the SPI3
were observed in the years 1995, 1999, 2001, 2002,
2004, 2006, 2009, 2010, 2013, 2014, 2015, and
2019 in Ganga—Brahmaputra basin. The frequency
of drought events has been severe after 1965, there
were 12 occurrences of extreme drought events in
the Ganga basin, out of which drought cases of 2002
and 2009 were considered severe (Banerjee & Pan-
dey, 2021). In the Brahmaputra basin, the drought of
2014-2015 was one of the longest drought observed
(Dharpure et al., 2022). The whole basin recorded
significantly low precipitation in 1999, 2006, and
2009 where major portion of the basin was under the
influence of drought (Parajuli et al., 2021).
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The spatial and seasonal response of the precipita-
tion in the basin has been modulated by ENSO and
Indian Ocean Dipole. During the El Nifio event there
is deficit in precipitation in western west Bengal,
Arunachal Pradesh, western part of Assam, north-
ern west Bengal, and northern Bangladesh and the
most precipitation is on the occurrence of La Nifa
and a negative IOD (Pervez & Henebry, 2015). The
variability of Indian monsoon based on the influ-
ence of ENSO has been studied by several authors,
and the relationship has been difficult to replicate
(Webster et al., 1998). Based on the correlation sta-
tistics, a positive correlation was found between
meteorological drought and Nifio 3.4 SST over the
districts of northern, central, and peninsular India,
while the north eastern districts recorded a negative
correlation (Guhathakurta et al., 2017). The present
study revealed a non-significant negative correlation
between the Nifio 3.4 and SPI during the monsoon
season. The same has been observed while corre-
lating IODs, SST, and Nino 3.4 with SPI that Nino
3.4 significantly negatively affects SPI. If Nino 3.4
increases (decreases), the SPI drops (increases) con-
siderably leading to more drought (wet) conditions
(Yadav et al., 2023). There is a well-known inverse
relationship between ENSO and rainfall, leading to
higher (/lower) rainfall in periods of lower (/higher)
ENSO indices (Narasimha & Bhattacharyya, 2010).
The strongest El Nifio years recorded in the past are
of 1982-1983, 1997-1998, and 2014 and 2015 (Lv
et al., 2022). The temperature increase during the El
Nifio years is very prominent in the Ganga Brahma-
putra basin that increases the frequency and impacts
of drought. A maximum correlation occurring at— 1
lag implies that the “x” variable leads the *“y” vari-
able that is the precursor of a cause-effect relationship
(Munagapati and Tiwari, 2021) that was observed
with Brahmaputra basin in the present analysis.
Drought analysis based on optical datasets has been
widely used previously; however, there is limited
understanding of the use of microwave data in spati-
otemporal drought studies.

Some other potential limitation of the study lies
in the non-availability of rainfall datasets in the hilly
regions of North East India and China due to limita-
tions of gauging stations and the potential uncertain-
ties and limitations of the climate data. The future
studies can focus on other advanced statistical or
machine learning methods that could provide deeper
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insights by including other climatic variables such as
humidity, wind patterns, or soil moisture, which can
significantly impact the region’s climate and agricul-
tural output.

Conclusion

The present study illustrates the changing pattern of
climate over the past 30 years (1991-2020) in the
Ganga—Brahmaputra basin using anomaly analysis
that provides a holistic aspect of the study with the
help of Hovmoller diagrams to better understand the
changing climate over different latitude, longitude,
and altitude. The linear trend analysis of the basin
reveals changing situations of Ganga and Brahmapu-
tra basin over the recent years. The maximum tem-
perature anomaly increase was found to be more than
0.05 °C year™! in the Ganga basin and 0.03 °C year™!
in the Brahmaputra basin depicting an overall
increase in the maximum temperature in the recent
years. The same pattern of increase was found in the
minimum temperature anomaly, with an anomaly
increase of 0.04 °C year™! and 0.06 °C year™! in the
Ganga—Brahmaputra basin, respectively. The increase
in minimum temperature was more prominent in the
Brahmaputra basin. The precipitation trend presents
a different scenario of the basin than what was pre-
viously thought as considerable for GB basin where
positive trends (+3 mm year™!) were observed in
some areas of the Ganga basin, whereas significant
negative trends (—3 mm year™') predominated in the
Brahmaputra basin. The wet and dry period estima-
tion based on the SPI values more than+ 1 and less
than — 1 respectively revealed an occurrence of 25:20
for the Ganga basin concluding increased flood occur-
rences and an occurrence of 16:17 was observed over
the Brahmaputra basin presenting an increased drier
condition depicting the vulnerability of the GB basin
to both natural disasters. Where excessive rainfall
can saturate the soil, causing waterlogging, damag-
ing crops, and delaying planting or harvesting activi-
ties whereas drier conditions will lead to crop failure,
livestock shortages, and increased competition for
water resources, impacting the overall agricultural
output. The present work will be useful for the miti-
gation of climate change impacts on the Ganga—Brah-
maputra basin, the major food belt of India.
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