
Assessment of climate change of different
meteorological state variables during Indian
summer monsoon season

R BHATLA
1,2,*, ARCHANA MAURYA

1, PALASH SINHA
3, SHRUTI VERMA

1 and
MANAS PANT

1,2

1Department of Geophysics, Institute of Science, Banaras Hindu University, Varanasi, India.
2
DST-Mahamana Centre of Excellence in Climate Change Research, Institute of Environment and Sustainable
Development, Banaras Hindu University, Varanasi, India.
3
School of Earth, Ocean and Climate Sciences, Indian Institute of Technology, Bhubaneswar, India.
*Corresponding author. e-mail: rbhatla@bhu.ac.in

MS received 23 July 2021; revised 7 January 2022; accepted 23 January 2022

Long-term assessment of basic meteorological Beld variability is an important factor that inCuences the
Indian summer monsoon and consequently aAects the socio-economic aspects of India. In this study, the
spatial and temporal variation of meteorological parameters during summer monsoon season using
NCEP/NCAR reanalysis datasets for the period of 70 years (1948–2017) has been analyzed in clima-
tology, early-late phase and multidecadal epochs over India and its regions. Statistical techniques such as
the standardized anomaly index of surface temperature, rainfall and zonal and meridional wind (at 850
and 200 hPa) and temporal analysis of Mann–Kendall trend test over six selected regions, viz., North
India (NI), Central India (CI), Southern India (SI), Arabian Sea (AS), Bay of Bengal (BoB) and
Equatorial Indian Ocean (EIO) reveal higher variability during summer monsoon season from 1948 to
2017. The significant spatial changes in the value of standard deviation and coefBcient of variation
conBrm the early-late phase and multidecadal modulation of the seasonal variability of selected climatic
parameters. The results indicate that the escalation in the surface temperature multidecadal variability
and trend has dominating characteristics over NI, CI and SI regions at an alarming range (0.5–1.0�C).
The major hotspots of increasing early-late phase and multidecadal variability and average precipitation
have been found over BoB, EIO and SI (*1–3.5 mm/day). The decreasing changes in the mean rainfall
pattern and associated variability is strongly linked with increasing surface warming and significant
reduction in the strength of surface zonal wind over BoB, IO, SI and CI region which cause the weakening
of important atmospheric circulations such as the role of Somali jet and strong low-level jet (LLJ) during
Indian summer monsoon season. Also, the meridional wind at the surface and upper level has shown
significant enhancement over AS and EIO. The recent decadal anomaly (2008–2017) is really a matter of
concern as precipitation and wind circulation anomaly at 850 and 200 hPa have shown decreasing trends
over all the regions. In recent years, the variation in meteorological parameters and distribution are
asymmetrical during summer monsoon season in changing climate.
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1. Introduction

The Indian Summer Monsoon Rainfall (ISMR) is
one of the most intense climatic elements yet its
initiation and variations are not well established
(Rajeevan et al. 2000; Turner and Annamalai
2012). The ISMR has major dominance and its
contribution is about 75–80% of the total annual
rainfall of the country, play a vital role in the
economy of Indian agriculture (Parthasarathy
et al. 1994; Guhathakurta and Rajeevan 2008).
The monsoon is associated with large-scale sea-
sonal reversal of pressure, temperature and winds,
also accompanied by changes in precipitation with
heavy rain during the summer monsoon (Goswami
et al. 1999; Krishnan et al. 2013). Low-level jet
(LLJ) stream is a very important component to
drive monsoon and wind transport provides large
quantities of moisture to the Indian subcontinent
and most of its annual rainfall (Joseph and
Sijikumar 2004; Naidu et al. 2011; Aneesh and
Sijikumar 2016).
Several studies found that variation of ISMR on

decadal to multidecadal has the presence of
60-year cycle in it (Krishnamurthy and Goswami
2000). A detailed study of long-reconstructed time
series of ISMR brings out a statistically significant
50–80-year multidecadal mode of variability
(Mohanty et al. 2002; Swapna et al. 2017). The
potential factors which cause the decadal to
multi-decadal scale variability of the ISMR are
PaciBc decadal oscillation (PDO) and Atlantic
multi-decadal oscillation (AMO) (Bhatla et al.
2013, 2020; Malik et al. 2017). The multidecadal
mode provides significant modulation of interan-
nual variability. The year-to-year (interannual)
variability of monsoon rainfall has been studied
by many researchers during the past six decades
(Mooley and Parthasarathy 1984; Krishnamurthy
and Shukla 2008). The rainfall study encloses
several prospects like linear trends, epochal vari-
ations and teleconnections with the El Nino
southern oscillation (ENSO), Indian Ocean dipole
(IOD) (Gadgil et al. 2004; Krishnan et al. 2013;
Han et al. 2014; Sinha et al. 2015). Precipitation is
a highly variable meteorological parameter both
temporally and spatially. Due to the impact of
climate changes, there are significant changes in
the mean rainfall pattern and their variability
(Kothawale et al. 2010; Guhathakurta et al. 2015).
In recent studies by Huang et al. (2020), it was
concluded that the revival of monsoonal

precipitation is not just an inter-decadal variation
and will last for multiple years. This apparent
revival of summer monsoon precipitation is closely
associated with a favourable land–ocean temper-
ature gradient, driven by a strong warming sig-
nature over the Indian subcontinent. The spatio-
temporal distribution of surface temperature and
precipitation over a given region results from
several complex causes and interacting processes.
During Indian summer monsoon (ISM), variations
in surface temperature and precipitation distri-
bution to discern major seasonal regimes and their
forcing mechanisms, by examining distribution
from a statistical perspective (Ananthakrishnan
and Soman 1989; Trenberth 2011; Mishra et al.
2020b; Kumari et al. 2021) rather than from a
purely climatological one. Despite the large evi-
dence of increasing temperatures all over the
world, accurate estimation of the time trends is
still an open issue. The structure of the oceanic
mixed layer in BoB as well as AS is a key factor
that inCuences climatological aspects of ISMR. In
other respects, AS also contributes major role
during monsoon season and several researchers
investigated the eAect of AS with monsoon events
(Levine et al. 2013; Mishra et al. 2020a). As the
agricultural productivity and freshwater resources
of each region are strongly dependent on monsoon
rainfall, it is crucial to understand the causative
mechanisms responsible for these regional trends
of monsoon rainfall for planning agricultural pro-
ductivity and water resource management. A
recent study stated that anthropogenic aerosols
are a potential driver for either increasing or
decreasing monsoon rainfall (Guo et al. 2016; Li
et al. 2016). Thus, asymmetry in trends of pre-
cipitation and increasing/decreasing trend of the
large continental-scale culpable may be due to
dynamics of ISM.
The spatio-temporal distribution and variation

of ISMR are dependent on many climatic and
topographical features over the Indian subconti-
nent (Parthasarathy et al. 1994; Gadgil 2000;
Goswami 2006; Rajeevan et al. 2007). The objec-
tive of this study is to examine the behavior of
climate change impact on different meteorological
state variables during ISM season and how it
impacts both spatially and temporally at different
regional scales. The analysis of variation of mete-
orological parameters during ISM is of great
importance for researchers and policy makers in
their decision making as rainfall, temperature and
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wind at 850 as well as 200 hPa plays dominant role
in deciding the use of the water availability,
extreme events and global warming in changing
climate.

2. Data and methodology

In the present study, the 70-year (1948–2017)
reanalysis datasets from National Centre for
Environmental Prediction/National Centre for
Atmospheric Research Reanalysis (NCEP/
NCAR) at 2.5� 9 2.5� horizontal resolution has
been chosen to provide a consistent and reliable
analysis for the variation of different meteoro-
logical parameters for investigating dynamics
during summer monsoon in changing climate
over Indian region (40�N–10�S and 20�–110�E).
This dataset is preferred over other reanalysis
data as it oAers longer period of availability with
multiple meteorological state variables at the
same source to understand the variability of
monsoon climate in epochal and inter-decadal
from 1948 to 2017 (NCEP; https://psl.noaa.gov/
data/gridded/data.ncep.reanalysis.html) (Kal-
nay et al. 1996). These datasets have been gener-
ally used in several spatio-temporal climate
studies (Yanai and Tomita 1998; Kistler et al.
2001; Sahana et al. 2015). The variation of mete-
orological parameters in changing climate is con-
cerned with the variability in the mean state and
other statistics. In this study, average and multi-
decadal anomalies have been analysed using the
reanalysis datasets. Along with this, to prove the
inCuence of climate change on summer monsoon
during late and early phase, i.e., 1948–1982 (T1)
and 1983–2017 (T2), analysis has been performed
which is mentioned as T1 and T2, respectively.
The composite analysis usually involves com-

puting the composite mean and other statistical
measures such as standard deviation (Std), coefB-
cient of variation (CV) for statistical significance
as well as Cuctuation features of the regions, viz.,
North India (NI; 72–87�E, 24–28.5�N), Central
India (CI; 73–84�E, 18.5–23.5�N), Southern India
(SI; 75–80�E, 7.9–17�N), Arabian Sea (AS;
52–74�E, 6–15�N), Bay of Bengal (BoB; 82–95�E,
6.5–17�N) and Equatorial Indian Ocean (EIO;
48–95�E, 7�S–5�N). The CV measures the overall
variability of the rainfall in the area of interest and
a lower (higher) value of CV indicates less (more)
rainfall variability. To analyse the time series,
standardization procedure has been utilized (Kraus

1977). Where the standardized anomaly for

temperature and precipitation is deBned as:

A ¼ X � l
r

; ð1Þ

where X is the average surface temperature or
rainfall during monsoon season; l and r are the
mean and Std of the desired series respectively.

2.1 Trend analysis

2.1.1 The Mann–Kendall test

The Mann–Kendall (M–K) trend test is generally
used in several studies for trend analysis in clima-
tological time series data (Gocic and Trajkovic
2013). Consequently, the statistical significance
and trends of these selected regions were examined
by temporal M–K trend test (Mann 1945; Kendall
1975) at the 90 and 95% conBdence level together
with Sen’s slope. M–K trend test is a nonpara-
metric test and its statistics (S) with standardized
statistics (Z) are given as:

S ¼
Xn�1

i¼1

Xn

j¼iþ1

signðXj � XiÞ; ð2Þ

sign Xj � Xi

� �
¼

þ1; if Xj �Xi

� �
[ 0

0; if Xj � Xi

� �
¼ 0

�1; if Xj � Xi

� �
\0;

8
<

: ð3Þ

Z ¼

S � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VAR Sð Þ

p if S[ 0

0 if S ¼ 0
S þ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VARðSÞ

p if S\0;

8
>>>><

>>>>:

ð4Þ

V Sð Þ ¼ 1

18
½n n � 1ð Þ 2n þ 5ð Þ

�
Xq

p¼1

ðtp � 1Þð2tp þ 5Þ�;
ð5Þ

where Xi and Xj are the time-series observations,
n is the length of the time series, tp is the number of
ties for pth value, and q is the number of tied values.
Positive Z indicates an increasing trend, whereas
negative Z indicates a decreasing trend in the time
series.

2.1.2 Sen’s slope

Sen (1968) investigated a simple non-parametric
procedure to Bnd the true slope with detection
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of linear trend in the time series which is
deBned as:

f tð Þ ¼ Qt þ B; ð6Þ

where Q is slope and B is a constant.
The slopes of all data pairs are calculated as:

Qi ¼
xj � xk
j � k

; i ¼ 1; 2; . . .;N ; j[ k: ð7Þ

The median of these N values of Qi gives us Sen’s
estimator of the slope. These N values are ranked
in increasing order. Sen’s estimator of the slope is
given as:

Q ¼
QNþ1

2
; if N is odd

1

2
QN

2
þQNþ2

2

� �
; if N is even

:

8
<

: ð8Þ

To Bnd if the Q value (trend) is statistically
different from zero, conBdence level of the value is
obtained at a speciBc probability.

2.1.3 Student’s t-test

Student’s t-test is one of the prominent test
methods for studies of long-term variations of the
climate system (Kripalani and Kulkarni 1997;
Bhatla et al. 2016). Here we have applied the
statistically significant t values above 99% level of
significance and contoured in the difference of late
and early phases plots. The critical value of stu-
dent’s t-test with a 0.01 significance level is 2.65.
The following formula is used for calculating t-
value and degrees of freedom in student’s t-test:

t ¼ ðX1 �X2Þ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

S2
p

1

n1
þ 1

n2

� �
;

s

ð9Þ

Sp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n1 � 1ð ÞS2
x1
þ n2 � 1ð ÞS2

x2

n o
=ðn1 þ n2 � 2Þ

r

ð10Þ

where X1 and X2 are the average value of different
epochs, n1 and n2 are the total no. of years in each
epoch,Sx1 and Sx2 correspondto theStdofX1 andX2;
respectively. The degrees of freedom= n1 þ n2 � 2ð Þ:

3. Results and discussion

In the present section, composites of climatological
mean and epochal changes of basic meteorological
parameters over Indian region (30�S–40�N;

30�–110�E) during summer monsoon (JJAS) sea-
son have been discussed. For that purpose, the
variation of parameters namely surface pressure,
surface temperature at 2 m, precipitation, zonal
and meridional wind (at 850 and 200 hPa), cloud
cover and outgoing longwave radiation (OLR)
have been considered. The spatio-temporal varia-
tion of these parameters has been divided into
various time slices, i.e., average of 70 years
(1948–2017), late/early phase and multi-decadal
which are being discussed below.

3.1 Climatology and epochal changes of surface
pressure

The spatio-temporal distribution of surface pres-
sure has been represented in Bgure 1 where
Bgure 1(a) shows 70 years of mean during mon-
soon season (JJAS). A low-pressure pattern was
observed over western part of India and adjoining
region, southern region and increases over Indo-
Gangetic plain (IGP) region (990–1010 hPa). The
variation of surface pressure during monsoon
trough over AS having some regions higher pres-
sure than BoB above 1010 hPa, the southern
region shows a significant reduction in rainfall.
Further, pressure anomaly between two T2–T1 is
shown in Bgure 1(b) having consistent pattern of
pressure anomaly; distribution of pressure anom-
aly increases significantly from south to north
part of Indian landmass (more positive anomaly)
and the blue contour lines represent statistically
significant at 99% conBdence level. Figure 1(c and
f) reveals negative pressure anomalies on the
entire part of Indian region and EIO (negative
pressure anomaly), whereas Bgure 1(d and e) have
more positive anomaly all over the Indian region.
Further, Bgure 1(g) also depicts negative pressure
anomaly (–20 hPa) over southern, north-east
part, BoB and positive pressure anomaly
(20–40 hPa) over northern part, while in central
region minimum positive anomaly (10 hPa) is
observed. Figure 1(h) shows negative anomaly
everywhere except Himalayan and Tibetan region,
maximum negative anomaly (–40 to –60 hPa)
found over IGP region. Since monsoons are asso-
ciated with large-scale seasonal reversals of pres-
sure, several studies tried to establish the linkage
between the epochal changes in surface pressure
with other meteorological parameters (Krishnan
et al. 2011; Karmakar et al. 2017; Vidya et al.
2020).
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3.2 Climatology and epochal changes
of temperature

The average air temperature at 2 m during ISM
season (Bgure 2a) depicts the maximum mean
temperature in the range 34–36�C over north-
western part of India, while temperature in the
range 28–32�C has been reported over northern
Indian regions. This maximum temperature over
north-west India may be due to the desert area
west of Aravallis which receives low rainfall, low
humidity and high-velocity winds. Also, western
coastal regions and southern Indian regions depic-
ted 22–24�C and 24–26�C respectively, whereas the
rest of India (north-eastern, central and some part
of southern regions) reported temperature
26–28�C. Further, BoB region was found to be
warmer (28–30�C) than AS (26–28�C) because

during monsoon season (JJAS), winds are stronger
and support the change of heat to deeper layers
owing to overturning and turbulent mixing (Shenoi
et al. 2002). It can also be observed that Northern
IO surface temperatures are warmer, along with
the plains of northern India and Tibetan Plateau.
The temperature difference between T2 and T1
during 1948–1982 (T1) and 1983–2017 (T2) has
been shown in Bgure 2(b), contoured regions are
statistically significant at 99% conBdence level
which depicts positive anomaly all over Indian
region except some parts of J & K, Northeast India
and adjoining region of Pakistan and Nepal where
negative anomaly has been reported. Further,
positive anomaly increases over southern India,
from 0.6 to 0.8�C and maximum positive anomaly
has been observed over Tibetan Plateau
(1.2–1.4�C). A warming pattern (positive anomaly)

Figure 1. Geographical distribution and epochal changes of surface pressure (units are in hPa) using NCEP reanalysis data for
June–September (JJAS) from 1948 to 2017. (a) Mean surface pressure (hPa), (b) difference in surface pressure between the
recent (T2; 1983–2017) and previous (T1; 1948–1982) epochs, (c) decadal changes of surface pressure between second (D2;
1958–1967) and Brst (D1; 1948–1957) decades, (d–h) are same as (c) but computed using third (D3; 1968–1977) and second,
fourth (D4; 1978–1987) and third, Bfth (D5; 1988–1997) and fourth, sixth (D6; 1998–2007) and Bfth, seventh (D7; 2008–2017) and
sixth decades, respectively. Blue contours in (b) indicate regions with statistically significant changes at 99% conBdence level.
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has been observed as far as northwestern Indian
region is concerned, while a cooling pattern (neg-
ative anomaly) was reported over northeastern and
central Indian regions.
The decadal anomalies of surface temperature

have been shown in Bgure 2(c–h), which suggests
that global warming is manifesting itself over India
and its regions. In Bgure 2(c–g), negative anoma-
lies have been observed everywhere except top-
most part of northern India. Some southern regions
and BoB region depicted more positive tempera-
ture anomaly from 0.4 to 0.6�C. Further in
Bgure 2(h), more positive anomaly between
0.6–0.8�C and 1.2–1.4�C over northcentral and
north-eastern part of India can be depicted. Fur-
ther, a pattern of global warming is observed as sea
surface temperature plays an important role to
understand the variability of ISM. Minimum tem-
perature was found over Tibetan region and this
may be due to snow cover and a weakening in the
sensible heat source over the Tibetan Plateau

(Duan et al. 2013; Curio et al. 2019). Warming
pattern over southern region and cooling pattern
over northeastern and central regions are perfectly
explained by several researchers (Dong et al. 2016;
Li et al. 2016; Ross et al. 2018). Due to the presence
of anthropogenic haze (aerosol pollution) over
southeast Asia, India and adjoining ocean region
absorbed solar energy which leads to warming of
haze in these regions and results in cooling of the
surface air.

3.3 Climatology and epochal changes
of precipitation

The variation of precipitation in the context of
climate change during summer monsoon season
(JJAS) is mainly constrained by rainfall activity
and climatology of precipitation. It can be better
understood with the help of surface temperature
and pressure from 1948 to 2017. The spatial dis-
tribution of precipitation (Bgure 3a), the mean

Figure 2. (a–h) Same as Bgure 1, but computed for surface temperature at 2 m (T2m) (units are in �C).
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precipitation rate depicts higher rainfall over west
of Western Ghats, northeast region, BoB and
adjoining regions between 11–12 and 12–13 mm/day
respectively, while low rainfall over the leeward
side of south India and the gradual increase from
east to west over central and north India leads to
desert-like conditions in northwestern region. The
early and late phase precipitation anomaly
(T2–T1) (Bgure 3b) and contoured regions reveal
statistically significant at 99% level with positive
anomaly (1–2 and 2–3 mm/day) over entire con-
tinental part of India and EIO. Whereas the Wes-
tern Ghats, adjoining region of AS and some parts
of BoB have significant negative anomaly. Further,
Bgure 3(c–h) represents an inconsistent pattern of
decadal anomaly as negative precipitation anomaly
from –2 to –2.5 mm/day observed over northeast-
ern part, West Bengal and some part of the
southern region and increase over EIO (5�N–5�S)

from 1 to 1.5 mm/day. Positive precipitation in
decadal anomaly observed over northern India
region, Western Ghats and AS from 0.5 to
1.0 mm/day and adjoining regions which also
show decrease amount of rainfall in present epoch,
while rest of India reveals very low anomaly from
–1 to 0.5 mm/day. Major changes of decadal
precipitation anomaly observed over AS, BoB,
EIO (5�N–5�S), central India including IGP and
Western Ghats of peninsular India. The compar-
ison of temporal variation of precipitation and
temperature anomalies observed a general
increase. The distribution of monsoon rainfall is
greatly inCuenced by a number of weather sys-
tems, such as the Arctic Oscillation, Siberian High
and Western PaciBc Subtropical High, as well as
the complex Asian topography (Tibetan Plateau),
well explained by Loo et al. (2015). This
observation reveals spatially varying mixed

Figure 3. (a–h) Same as Bgure 1, but computed for precipitation (units are in mm/day).
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responses of global warming towards rainfall
occurrence and amounts all over India. The spa-
tial variation of the summer monsoon precipita-
tion over the Indian region is linked to that of the
convection over the BoB and AS. There is an
increasing trend in the inconsistency of daily
rainfall activity due to an increase in the fre-
quency of extreme events in the global warming
era (Singh et al. 2015). The rise in rainfall and
monsoon circulation may be due to an increasing
inconsistency of the strength of low-level jet, an
increase of sea surface temperature over AS. The
positive/negative rainfall anomaly and occurrence
for some regions of India are not only due to cli-
mate change, but also due to the spatial vari-
ability of local changes such as rapid urbanization,
industrialization and deforestation.

3.4 Climatology and epochal changes of surface
wind

One important feature of the south-westerly winds
during the summer monsoon season is the low-level
westerly jet over the central AS. The southwesterly
Cow across south and central India and north BoB
turn into south easterlies in the sub-Himalayan
north India, creating a large-scale low-level cyclo-
nic vorticity (the monsoon trough). These diurnal
changes in monsoon winds modulate the moisture
convergence process and the associated evolution
of rainfall over India. Figure 4 represents the
composite wind patterns at 850 hPa pressure level,
early-late phase and decadal anomaly using NCEP
reanalysis data during Indian monsoon season. The
mean composite of wind (Bgure 4a) depicts very

Figure 4. (a–h) Same as Bgure 1, but computed for zonal and meridional winds (u and v components) at 850 hPa (units
are in m/s).
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intense southwesterly wind over Somali region
(LLJ) which is associated with the movement of
Inter-tropical Convergence Zone (ITCZ). This sit-
uation supports the propagation of monsoon cir-
culation over BoB and AS consequently rise in
rainfall (Swapna et al. 2017). The BoB branch
plays an important role over central and southern
India, while Arabian branch dominates northeast
India, IGP and Bangladesh. Increasing convective
activity in the BoB induces stronger winds in the
AS and enhances the advection of moisture over
India, leading to increased precipitation and
strength of the monsoon. The maximum wind speed
found over ocean region (13 m/s) brought moisture
for rainfall, while wind speed intensities decrease
(4–5 m/s) over central and north India. The west-
ern southern region is associated with abundant
moisture from the south-westerly winds than over
IGP, the monsoon precipitation is higher over
southern India and decreases towards the northern
parts of India which results in stronger zonal winds
over AS. From Bgure 4(b), early-late phase wind
anomaly shows stronger monsoon cross-equatorial

Cow with stronger cyclonic anomalies over south
and contoured regions are statistically significant at
99% conBdence level. In the oceanic region over
EIO (10�S–5�N) near eastern coast of Africa and
AS, significant stronger positive anomalies were
observed due to intense moisture-laden wind. Fur-
ther multidecadal anomalies of wind vector from
Bgure 4(c–h) during summer monsoon season show
a significantly increasing pattern of anomalies
found in recent decadal anomalies due to the pres-
ence of strong westerly, southeasterly and southerly
anomalies over the EIO, BoB, AS and adjoining
region. With the association of spatial plots of
pressure, temperature and precipitation rate, they
play an important role to understand the distribu-
tion of wind magnitude anomaly.

3.5 Climatology and epochal changes of cloud
cover

Cloud cover aAects the temperature due to the
eAect of cloud in reCecting and absorbing incoming
visible solar radiation and outgoing infrared

Figure 5. (a–h) Same as Bgure 1, but computed for cloud cover (%).
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Figure 6. (a–h) Same as Bgure 1, but computed for outgoing longwave radiation (OLR) (units are in W/m2).

Figure 7. Composite of surface temperature at 2 m (T2m) variability during monsoon season from 1948 to 2017. (a) Standard
deviation (Std) (units are in �C) and (b) coefBcient of variation (COV) in % over six selected regions. (1) North India (NI), (2)
Central India (CI), (3) Southern India (SI), (4) Arabian Sea (AS), (5) Bay of Bengal, and (6) Indian Ocean (IO).
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radiation. The eAect of cloud on temperature
depends on the balance of cooling (due to reduced
solar radiation) and warming (due to reduced
outgoing longwave radiation). The climatology of
cloud pattern during summer monsoon over India
is relatively widespread and plays an important
role to study the variation of cloudiness over Indian
region. Studies in the past few decades indicate a
strong linkage between the type, amount and
diurnal variation of the cloud pattern and the
rainfall. The mean cloud cover, early-late phase
(statistically significant with student’s t-test), and
decadal cloud cover anomaly over Indian region
during summer monsoon season are depicted in
Bgure 5. The spatial plot of cloud cover is
explained with the help of OLR as well as precip-
itation because the average plot of cloud cover and

precipitation was found to be almost similar pat-
tern over Indian region. The mean climatology of
cloud cover is well distributed over ocean region,
large amount of cloud cover indicated convective
activity and low OLR. Further early-late phase
cloud cover anomaly, negative anomaly is found
over AS, BoB, southern region, (0.4–1.4%) whereas
less positive anomaly over north-east (Lohmann
and Feichter 2005), central and north-west region.
Further, the decadal anomaly of cloud cover is
depicted in the rest part (Bgure 5) having more
variations over EIO and landmass of India during
monsoon season. In recent years, India has expe-
rienced a reduction in low cloud, perhaps due to an
increase in anthropogenic aerosols like black car-
bon or soot, which can absorb more sunlight
(Huang et al. 2020). The enhancement of

Figure 8. Composite of tricadal and decadal standard deviation (Std) (units are in �C) during monsoon season (1948–2017) for
T2m. (a) First tricade (Std˙T1; 1948–1982), (b) recent (Std˙T2; 1983–2017) tricade, and (c–i) decadal variation of Std for Brst
(Std˙D1), second (Std˙D2), third (Std˙D3), fourth (Std˙D4), Bfth (Std˙D5), sixth (Std˙D6) and seventh (Std˙D7) decades,
respectively.
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cloudiness is very important over the AS and BoB
which manifests the strengthening of LLJ and
therefore the monsoon progression (Bhatla et al.
2016). They further suggested that insufBcient
humidity in the AS prevents the development of
large systems along the coastlines.

3.6 Climatology and epochal changes
of outgoing long wave radiation

The climatology of OLR over Indian region was
analysed for a relationship with the basic meteo-
rological parameters (pressure, temperature, rain-
fall, wind vector and cloud cover) during the
summer monsoon season. The spatial distribution
of OLR composite mean, early-late phase and

decadal anomaly were regionally dependent with
both excess as well as deBcient monsoon rainfall
(Bgure 6). From Bgure 6(a), climatology of OLR
lower than 240 W/m2 indicate the presence of high
cloud cover and also show the probability of pre-
cipitation. The OLR pattern closely follows the
total cloud cover (Bgure 5). The variation of OLR
is maximum over northwestern region, further
decreases over central India and peninsular region,
and minimum OLR is found over northeast as well
as Himalayan regions. The distribution of early-
late phase anomaly of OLR is statistically signifi-
cant with student’s t-test at 99% level. The positive
anomaly (2–8 W/m2) is seen over the entire region
except Jammu and Kashmir, some parts of Hima-
chal Pradesh and the adjoining region of Nepal

Figure 9. (a–i) Same as Bgure 8, but computed for coefBcient of variation (COV) (%) of T2m.
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(negative anomaly –3 to –6 W/m2). Figure 6(c–h)
depicts the variation of OLR decadal anomaly from
1948 to 2017. It is once again noticed that signifi-
cant changes for distribution of decadal OLR
anomaly pattern consistently increases in recent
decadal anomaly; the reason behind that is the
increase in convection and also the dependence of
cloud cover (Rajeevan et al. 2000; Krishnamurthy
and Shukla 2008). The spatial variation of OLR
over EIO depended on the distribution of cloud
cover and also related to variation in precipitation
due to relatively stable surface temperature. Since
over the tropical region, intense convection repre-
sents low OLR, whereas cloud-free regions repre-
sent relatively high OLR (Prasad and Bansod
2000; Mohanty et al. 2005). Thus, the distribution
of OLR is very useful in understanding the
dynamics of ISM in changing climate.

3.7 Spatial distribution of Std and CV for
surface temperature and precipitation

Significant changes in the surface meteorological
parameters are observed over both lands as well as
ocean region. Parameters such as variability
become important where some of the controlling
components of monsoon are prominent during
JJAS in changing climate. Because of the large
spatial scales involved and the high variability that
is inherent to temperature and precipitation, vari-
ability was quantiBed by the Std of mean, early-
late phase and decadal distribution as well as the

CV (Bgures 8 and 9). Figure 7 shows the spatial
distribution of standard deviation and CV of sur-
face temperature during monsoon season from 1948
to 2017 over Indian region mainly in six selected
regions. These regions are selected because of the
major changes observed in spatial plot of early-late
phase and decadal anomaly from mean of the
parameters (surface pressure, surface temperature,
precipitation, wind, cloud cover and OLR) during
ISM (Bgures 1–6). The six selected regions NI, CI,
SI, AS, BoB and EIO where higher variability was
observed during early-late phase and decadal
anomalies. The seasonal mean temperature over
Indian region varied from 24.416 to 25.818�C,
average temperature 25.016�C and Std 0.342 dur-
ing 70 years. For Std (Bgure 7a), surface temper-
ature variability is 0.25–0.35�, over AS, BoB
(0.25–0.45�C) and over eastern EIO (0.35–0.45�C),
more variability than western EIO (0.25–0.35�C)
region and high variability of [0.45�C observed
over CI, while NI and SI show variability between
0.55–0.75�C and 0.45–0.75�C. The CV, a statistical
measure of the dispersion of data points in a data
series around the mean, was computed for average,
early-late phase and decadal temperature in order
to investigate the spatial pattern of epochal vari-
ability of summer monsoon surface temperature
over the Indian region. The CV varied over western
side of NI and EIO more than eastern part from
0.18–0.24% to 0.06–0.2% (eastern and western part
of EIO) in Bgure 7(b). The variability of CV is in
increasing pattern over AS (0.08–0.12%), BoB

Figure 10. (a, b) Same as Bgure 7, but computed for composite of precipitation (units are in mm/day).
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(0.1–0.14%), CI (0.14–0.18%) and SI (0.14–0.22%).
The early-late phase and inter-decadal variation of
Std of surface temperature as well as the CV in the
monsoon season was more during 1948–1957,
1958–1967, 1998–2007 and 2008–2017 decades, out
of which the highest was 0.65�C and 0.24% in
2008–2017 (Bgures 8 and 9). This indicates low
surface temperature variability over oceanic region
and high in the land region. While considering the
mean seasonal rainfall, advantageous measure to
understand variability is CV which is supported in
the previous studies by Duncan et al. (2013).
A zonal pattern in the distribution of the average

precipitation of Std and CV is also clear (Bgure 6).
From Bgures 10–12, the variation of Std and CV in
precipitation is more than in surface temperature.
From Bgure 10, Std and CV in the study area were
higher (AS, BoB, EIO) for the seasonal mean period

1948–2017andmildly lower over the land region (NI,
CI, SI). This indicates that Std of rainfall variability
over eastern part of NI (1.2–1.8 mm/day) is more
than the western part of NI (0.9–1.3 mm/day),
whereas over CI and NI changes between 1–1.5 and
0.8–1.1 mm/day. The Std values over eastern part
of AS (1.1–1.9 mm/day) are higher than western
part (0.6–0.9 mm/day). Further, the variation of
Std over IO is 0.8–1.9 mm/day while highest vari-
ability 1.0–2.0 mm/day has been reported over BoB
region (Bgure 10a). From Bgure 10(b), the vari-
ability of CV for rainfall over western (W) side of NI
and AS is more than the eastern (E) part of NI and
AS from27 to 35%and 13–27% (WandEpart ofNI),
and 25–35% and 9–25% (W and E of AS). Further-
more, variability of CV is also in increasing pattern
over BoB (11–23%), CI (11–27%), SI (9–30%) and
IO (15–35%). The early-late phase and decadal

Figure 11. (a–i) Same as Bgure 8, but for precipitation (units are in mm/day).
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Figure 12. (a–i) Same as Bgure 9, but computed for precipitation (%).

Table 1. Mann–Kendall trend test analysis for surface temperature (�C) over all India and its different regions during summer
monsoon (1948–2017).

Region#

Average

surface

temperature

Standard

deviation

Kendall’s

tau

Sen’s

slope Remark Trend

AI 25.01 0.34 0.487 0.034 Significant** Increasing

NI 27.40 0.54 �0.10 �0.006 Not significant Decreasing

CI 26.24 0.47 0.012 0.0011 Not significant Increasing

SI 25.98 0.57 0.035 0.0023 Significant* Increasing

AS 27.18 0.35 0.087 0.0061 Not significant Increasing

BoB 28.07 0.40 0.030 0.0036 Not significant Increasing

EIO 26.90 0.37 0.069 0.0059 Not significant Increasing

# AI: All India, NI: North India, CI: Central India, SI: Southern India, AS: Arabian Sea, BoB: Bay of Bengal, EIO: Equatorial
Indian Ocean.

* 90% level of significance; ** 95% level of significance.
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variation of spatial distribution of Std for rainfall
during themonsoon season are depicted in Bgure 11,
major variations are found over sea areas, i.e., AS,
BoB and IO. In the Brst half from mean (T1)
(Bgure 11a), (1948–1982), variability of Std for rainfall
overAS is 0.75–1.5 mm/day,BoB(0.75–2.0 mm/day)
and IO (0.5–1.5 mm/day); further during the second
half frommean (T2) (Bgure 11b), (1983–2017) overAS
and IO (0.75–2.0 mm/day) and higher over BoB
(0.75–2.25 mm/day).Somerecentanalyses carriedout
by Jin and Wang (2017) found that the significant
reduction in precipitation patterns in central and SI
threatens water security. For decadal variation of
Std, higher variability is depicted in Brst, second,
sixth and seventh decades (1948–1957, 1958–1967,
1998–2007 and 2008–2017, Bgure 11c, d, h, i) out of
which the highest Std was 3.5 mm/day and CV,
62% in 2008–2017 decade over eastern part of IO
near Sumatra (Bgure 12). This indicates that in
1948–1957 and 2008–2017, the rainfall variability
was high compared to that in other decades
(1958–1967, 1968–1977, 1978–1987, 1998–2007).
This study shows that the Std and CV are useful
in characterizing the variation of precipitation,
which is a highly variable meteorological parame-
ter in changing climate both temporally and
spatially.
The major variation identiBed in six significant

sectors/regions, namely NI, CI, SI, AS, BoB and
EIO are shown in Bgures 7 and 10. The boxes were
chosen to cover the regions where some of the
governing components of the monsoon (such as the
differential heating and cooling of land and ocean
water regions, LLJ in the AS, the shift of the
position of ITCZ as monsoon trough over the IGP,
monsoonal disturbances in the BoB, Southern
Oscillation and IOD in EIO) are noticeable and

regions where significant major changes occur in
meteorological parameters during summer mon-
soon in changing climate.

3.8 Mann–Kendall trend and Sen’s slope analysis
for surface temperature and precipitation
over six selected regions

In present study some statistical parameters such
as mean, Std and CV (tables 1 and 2) have been
calculated to analyze the behavior of reanalysis
surface temperature and rainfall over the region of
interest. Figure 13 explains the surface tempera-
ture and rainfall pattern over NI, CI, AS, BoB and
EIO which reveals higher variability during sum-
mer monsoon season. As a result, this study covers
both variability and trend analysis (based on his-
torical data of 1948–2017 years) based on non-
parametric methods such as M–K test.
The surface temperature averaged over the

country (India) has a significant increasing trend
during the past decades. Consider standardized
anomaly indices of surface temperature and
increasing/decreasing trend of temperature is
inversely related with precipitation mainly over all
India, NI, AS and BoB region during summer
monsoon season. The variation of standardized
precipitation anomaly over AS and BoB consis-
tently decreases due to weakening of monsoonal
wind strength in changing climate. Whereas the
variation of temperature and precipitation over IO
region is significantly increasing (Bgure 13g). The
reason behind that is, the increase in temperature
and precipitation could arise together as an
increase in temperature enhances the capacity of
the atmosphere to hold water that in turn steps up
the amount of precipitation. Other feasible state

Table 2. Mann–Kendall trend test analysis for precipitation (mm/day) over all India and its different regions during summer
monsoon (1948–2017).

Region#
Average

precipitation

Standard

deviation

CoefBcient

of variation (%)

Kendall’s

tau

Sen’s

slope Remark Trend

AI 4.20 0.62 14.56 0.48 –0.032 Significant** Decreasing

NI 5.58 0.84 15.28 0.14 0.013 Not significant Increasing

CI 6.50 0.92 14.21 –0.35 0.002 Not significant Increasing

SI 4.63 0.84 18.25 –0.004 0.006 Significant* Increasing

AS 4.12 0.61 14.87 –0.29 –0.028 Not significant Decreasing

BoB 10.38 1.70 16.43 –0.67 –0.040 Not significant Decreasing

EIO 6.06 0.96 15.83 0.51 0.036 Not significant Increasing

# AI: All India, NI: North India, CI: Central India, SI: Southern India, AS: Arabian Sea, BoB: Bay of Bengal, EIO: Equatorial
Indian Ocean.

* 90% level of significance; ** 95% level of significance.
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behind such a phenomenon could be, changes in the
existence of the jet stream which is a narrow band
of strong winds in the upper atmosphere that blows
west to east but often moves to north and south.
Some studies (Lohmann and Feichter 2005; Wang
et al. 2009) analyze that cooling of Indian continent

and northern part of EIO by certain aerosols is
linked to the weakening of the north–south surface
temperature gradients and decrease in monsoon
rainfall.
Trend analysis and M–K test further applied a

simple nonparametric procedure developed by Sen
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Figure 13. (a–g) Composite climatology and trend analysis for standardised precipitation anomaly index (Spai) and
standardised anomaly index for T2m (Stai) over (a) All India (AI), (b) North India (NI), (c) Central India (CI), (d) Southern
India (SI), (e) Arabian Sea (AS), (f) Bay of Bengal (BoB) and (g) Equatorial Indian Ocean (EIO).
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(1968) and estimated the slopes present in the
trend. The Sen’s slope agrees with the M–K test,
i.e., positive value as an indicator of increasing
trend. Figure 13(a) also shows the general increas-
ing/decreasing trend for average surface tempera-
ture/precipitation respectively, over Indian region
during summer monsoon season, where the equation
of linear regression shows positive/negative Sen’s
slope value (0.0344 and –0.0318). It is therefore rec-
ommended that the variability of temperature
increases, while precipitation decreases in changing
climate. Further temporal analysis of M–K test was
applied over six selected regions (NI, CI, SI, AS, BoB
and EIO) where major spatial variability is observed.

Regarding temperature, trends found for average
temperature data on monsoon season basis from 1948
to 2017 are not statistically significant except SI. As
a result of surface temperature, trend analysis is
statistically significant at 90% and 95% conBdence
limit with an increasing trend over SI and AI,
respectively (table 1). The Sen’s slope agrees with
M–K test result of positive value (0.024) as an indi-
cator of increasing trend. However, the increase is
insignificant because the computed value is greater
than the significance level. Sen’s estimate as shown
indicates an increase in the trend of average tem-
perature. On the contrary, the trend analysis result
of surface temperature over the rest of four regions is
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(c) Zonal wind at 200 hPa
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Figure 14. Climatological mean of zonal (u) and meridional (v) wind (in m/s) at 850 and 200 hPa from 1948 to 2017 during
summer monsoon season over different regions. (a) Zonal wind distribution at 850 hPa, (b) temporal variation of meridional
wind at 850 hPa, (c) temporal variation of zonal wind at 200 hPa and (d) temporal variation of meridional wind at 200 hPa.
Regions: NI: North India, CI: Central India, SI: Southern India, AS: Arabian Sea, BoB: Bay of Bengal, EIO: Equatorial Indian
ocean.
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not statistically significant with increasing trend over
AS, BoB, EIO with Sen’s slope 0.0061, 0.0035,
0.0059, respectively. A Btting of linear trend lines
shows that there is a decreasing temperature trend
for NI (Sen’s slope –0.0065). The rise in temperature
patterns can result in intense heat waves that could
be challenging and supported in the previous study
by Dash et al. (2007). These plots graphically

describe the statistical distribution in a way that is
easy to understand for a wide range of users. As the
temperature has a crucial impact on water cycle in
the study area, a deep understanding of the nature of
its occurrence must be carried on. This result shows
that global warming study has important impact on
the regional climate in the study area for the last
seven decades.

Table 3. Mann–Kendall trend test analysis for zonal wind (m/s) at 850 and 200 hPa over all India and its different regions during
summer monsoon (1948–2017).

Region#
u wind at

850 hPa SD

Sen’s

slope P value Remark

u wind at

200 hPa SD

Sen’s

slope P value Remark

NI 2.10 0.76 –0.003 0.633 Not significant 2.47 1.38 0.0075 0.53 Not significant

CI 5.66 0.71 –0.004 0.40 Not significant –11.5 1.40 –0.0046 0.54 Not significant

SI 9.37 0.97 –0.026 0.00002 Significant** –19.02 1.43 0.0086 0.33 Not significant

AS 12.3 0.91 –0.017 0.003 Significant** –20.8 1.80 0.035 0.0002 Significant**

BoB 9.04 0.97 –0.012 0.023 Significant** –17.36 1.26 –0.0002 0.98 Not significant

EIO 1.12 0.81 –0.021 0.006 Significant* 17.98 2.50 0.085 0.0005 Significant**

# NI: North India, CI: Central India, SI: Southern India, AS: Arabian Sea, BoB: Bay of Bengal, EIO: Equatorial Indian Ocean.

* 90% level of significance; ** 95% level of significance.
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Figure 15. (a, b) Tricadal and multidecadal Cuctuation in the speed (in m/s) of zonal (u) and meridional (v) wind during
1948–2017. Regions: NI: North India, CI: Central India, SI: Southern India, AS: Arabian Sea, BoB: Bay of Bengal, EIO:
Equatorial Indian Ocean. Whereas T2–T1 = tricadal anomaly from recent (T2: 1983–2017) to previous tricade (T1: 1948–1982).
Decadal anomaly of wind from second (D2: 1958–1967) to Brst (D1: 1948–1957) decade: D2–D1, D3–D2: third (D3: 1968–1977)
and second, D4–D3: fourth (D4: 1978–1987) and third, D5–D4: Bfth (D5: 1988–1997) and fourth, D6–D5: sixth (D6: 1998–2007)
and Bfth, D7–D6: seventh (D7: 2008–2017) and sixth decades, respectively.

J. Earth Syst. Sci.         (2022) 131:136 Page 19 of 23   136 



Trends and epochal variability of ISMR for six
selected regions and also for all-India are analyzed
in detail. For the Brst time, climatic shift or change
point in monsoon rainfall in India is also detected
by an established statistical test. The sequential
MK test applied in the present study explicitly
explains the trends and significance of precipita-
tion during Indian monsoon season. The study
explains the trend and significance of precipitation
pattern over the studied regions (table 2). The
trend lines are also displayed for each of the regions
for 70 years. For the Indian region as a whole, the
average monsoonal rainfall does not represent any
significant trend, while there can be large varia-
tions in the regional level during monsoon season,
to study the temporal variations of regional rain-
fall. Understanding the regional trends in ISMR
has important implications in developing appro-
priate adaptation strategies. The statistical analy-
sis of trends for the seasonal mean of precipitation
during ISM over different regions of the country is
different. The trend analysis of precipitation is
statistically significant with decreasing trend
(Bgure 13a, e and f) over AI, AS, BoB with Sen’s
slope (–0.0257, –0.0059, –0.0287) respectively.
There is an increasing precipitation trend for NI,
CI and IO (Bgure 13b, c and h), although the trend
over NI and CI are insignificant with Sen’s slope
value 0.0129 and 0.00257. The trend over IO is
statistically significant with Sen’s slope value
0.0365. A mechanistic explanation for the trends of
seasonal mean rainfall during ISM was done by
Dutt et al. (2015) and observed that increasing
trend of rainfall over IO is due to high convection
activity, while the decreasing trend of rainfall over
BoB seems to be due to the decreasing trends of
low-level wind speed and moisture content. The
interaction of EIO with the atmosphere plays an
important role in climate variability on both

regional and global scales. Therefore, here the
analysis of spatio-temporal variation as well as
asymmetry trend in precipitation is of great
importance to understand the dynamics of ISM in
changing climate.

3.9 Temporal analysis of early-late phase and
multidecadal anomaly with Mann–Kendall
trend and Sen’s slope for zonal and
meridional wind at 850 and 200 hPa over six
selected regions

The variation of rainfall and temperature largely
depends on the spatio-temporal variation of wind
over India and its neighbourhood region. The early-
late phase and multi-decadal variation of wind are
high due to large variation in the characteristics of
synoptic disturbances developing over the AS, BoB
and IO. Composite of zonal and meridional wind at
850 and 200 hPa during 1948–2017 is depicted in
Bgure 14(a–d) over NI, CI, SI, AS, BoB and IO.
These results show the decreasing trends of seasonal
mean of zonal wind at 850 hPa over all regions
(table 3) due to weakening of monsoonal LLJ in
recent epochs. Decreasing trend of zonal wind at
850 hPa over SI, AS, BoB and IO is statistically
significant, decreases at 95%of conBdence limitwith
Sen’s slope. Further trend analysis for zonal wind at
200 hPa (Bgure 14b) shows the positive trend for
summer monsoon season over all regions except CI
and over AS, IO region statistically significant at
95% of conBdence limit. Temporal variation of
meridional wind at 850 and 200 hPa has significant
increasing trend over AS and EIO during monsoon
season (Bgure 14b and d), whereas rest of the regions
(i.e., CI, NI, SI and BoB) depict decreasing trend
during the period (table 3). Figure 15 shows the
early-late phase and multidecadal Cuctuation in the

Table 4. Mann–Kendall trend test analysis for meridional wind (m/s) at 850 and 200 hPa over all India and its different regions
during summer monsoon (1948–2017).

Region#
v wind at

850 hPa SD

Sen’s

slope P value Remark

v wind at

200 hPa SD

Sen’s

slope P value Remark

NI 0.45 0.31 –0.0028 0.026 Not significant 1.15 0.70 0.0017 0.17 Not significant

CI –1.84 0.52 0.0028 0.40 Not significant 0.56 0.42 –0.011 0.009 Significant*

SI 2.51 0.50 0.0066 0.51 Not significant 1.28 0.54 –0.0013 0.745 Not significant

AS 2.17 0.74 0.016 0.002 Significant** 0.67 0.40 0.022 0.0004 Significant**

BoB 2.83 0.50 –0.0068 0.03 Significant** 3.5 0.63 0.0067 0.12 Not significant

EIO 1.98 0.54 0.0085 0.007 Significant* 4.3 0.61 0.0087 0.017 Significant**

# NI: North India, CI: Central India, SI: Southern India, AS: Arabian Sea, BoB: Bay of Bengal, EIO: Equatorial Indian Ocean.

* 90% level of significance; ** 95% level of significance.
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speed (in m/s) of zonal (u) and meridional (v) wind
at 850 and 200 hPa. As evident from Bgure 15(a), a
decreasing trend of T2–T1 and recent decadal
anomaly (D7–D6) were found over all regions for
zonal wind speed at 850 and 200 hPa. In contrast to
early-late phase and multidecadal anomaly for
meridional wind at 850 and 200 hPa levels,
insignificant increasing/decreasing observed for all
regions (table 4). Figure 15(b) shows recent decadal
anomaly for meridional wind at 850 hPa having
positive anomaly over oceanic region due to having
moisture and latent heat associated with LLJ. The
meridional wind at 200 hPa have shown positive
anomaly over SI and BoB which is associated with
LLJ (as discussed earlier) whereas negative anomaly
has beenobserved overASand IO.Due todecreasing
trend of T2–T1 and recent decadal anomaly of the
zonal wind passing through AS and SI, meridional
wind also weakens which might manifest the mon-
soonal drought conditions in the future (Joseph and
Simon 2005).

4. Conclusions

The present study clearly demonstrates the sig-
nificant changes in surface meteorological param-
eters (temperature, pressure, precipitation, wind,
OLR and cloud cover) over NI, CI, SI, AS, BoB
and IO region during the ISM from 1948 to 2017. In
the early-late phase (T2–T1) anomaly of surface
temperature, a warming pattern over southern and
some parts of western region and a cooling pattern
over northeastern and central region is observed.
The surface warming over the BoB region
(28–30�C) is found prominent than AS region
(26–28�C), because during monsoon season (JJAS)
winds are stronger and support the change of heat
to deeper layers owing to overturning and turbu-
lent mixing (Shenoi et al. 2002). The distribution of
wind anomaly is closely associated with tempera-
ture, pressure and precipitation anomaly. Further
multidecadal anomalies of wind show significant
increase in recent decadal anomalies due to the
presence of strong westerly, southeasterly and
southerly anomalies over the EIO, BoB, AS and
adjoining regions. The major variation in surface
temperature is found over land region (NI, SI, and
CI) rather than AS, BoB, EIO because of the
topographical difference in different regions. The
increasing trend pattern of average surface tem-
perature over AI and SI is statistically significant
with positive Sen’s slope, while other regions (CI,

AS, BoB, EIO) show insignificant increasing trend.
The average rainfall during monsoon season has
shown decreasing trends over AS, BoB, although
over EIO found an increasing trend. AS and BoB
region experience decreasing trend of zonal and
meridional wind. Along with significant decreasing
anomaly in zonal and meridional at 850 hPa (LLJ)
over the SI region, there is an increase break spell
tendency in future. Temporal trend of surface
temperature, precipitation, zonal and meridional
wind in the context of a changing climate is crucial
to examine climate-induced changes and in
understanding the dynamics of ISM. From the
current study, the variations in meteorological
parameters and distribution are uneven along with
trend analysis examinations, well remarkable over
the India region. However, these results are not
precise, some are regulated at local scale and
demand more investigation during monsoon cli-
mate change.
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