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Observed Changes in Indian Summer Monsoon Rainfall at Different Intensity Bins
during the Past 118 Years over Five Homogeneous Regions

T. RESHMA,] Hamza VARIKODEN,2

Abstract—In the present paper, the variabilities and long-term
trends of summer monsoon rainfall for different intensity bins (dry,
low, moderate, high, very high, and extreme) are studied for five
homogeneous regions, namely Northeast India (NEI), Northcentral
India (NCI), Northwest India (NWI), Westcentral India (WCI), and
Peninsular India (PI) for 118 years (1901-2018). The study was
carried out based on gridded rainfall data from the India Meteo-
rological Department (IMD). The rainfall characteristics such as
number of rainy days, percentage contribution, and periodicity of
rainfall intensity classes are analysed and found to be different in
different homogeneous regions. The long-term trend (1901-2018)
of total rainfall showed a significant increasing trend (19.9 mm
decade ") in NEI and significant decreasing trends in NCI (9.6 mm
decade™") and PI (4.9 mm decade ™). Analysis on rainfall intensity
indicates a significant increasing trend for high, very high, and
extreme classes in NEI, a significant increasing trend for dry, and a
decreasing trend for moderate and very high classes over NCI and
PI. From correlation analysis among the homogeneous regions, it is
found that the rain events in different intensity classes show dif-
ferent relationships, which indicate the regional heterogeneity in
rainfall characteristics. It is also important to note that an increase
in rainfall contribution from very high and extreme classes was
found over NEI, NWI, and WCI in the multidecadal period of
19912018, while NCI showed a decrease during this period;
however, in NCI, a drastic increase for these intensity bins is dis-
tinct during the 1961-1990 multidecadal period. In addition to the
trends and variabilities, we also explored spatial heterogeneity of
different rainfall intensity categories, and found remarkable dif-
ferences from one homogeneous region to another.

Keywords: Indian summer monsoon rainfall, rainfall trend,
regional rainfall variability, rainfall intensities, homogeneous
region, multidecadal variabilities.
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1. Introduction

The Indian summer monsoon rainfall ISMR) is a
significant rainy season from June to September,
which is a part of the Asian monsoon system that
accounts for about 75-80% of the annual rainfall over
major parts of India. It is fundamentally driven by
land-sea thermal contrast (Meehl & Washington,
1993) between the Asian landmass and neighbouring
water bodies in the Northern Hemisphere summer,
which leads to meridional temperature and pressure
gradients that results in cross-equatorial flow (Turner
& Annamalai, 2012). Thus, ISMR is a highly com-
plex system that differs both in space and time,
exhibiting significant variabilities from diurnal to
multidecadal time scales (Sahany et al., 2010;
Varikoden et al., 2012; Guhathakurta et al., 2014;
Seetha et al., 2020; Rajesh & Goswami, 2020). All
the major sectors in India, including agriculture and
industry, depend directly or indirectly on the ISMR,
and the latter plays a key role in altering the economy
of India (Gadgil & Gadgil, 2006).

Awareness of spatial and temporal variability of
rainfall is important for meteorology, freshwater
resources, agricultural production, telecommunica-
tion, and climate science. The rainfall and its
variability cause severe droughts and floods and form
an important component of the hydrological cycle
and affect the growth of all living organisms as well.
In the past, attempts have been made in India to
establish patterns in rainfall; such patterns suggest
that monsoon variability has significantly modulated
in recent decades (Dash et al.,, 2011; Singh et al,,
2014; Ghosh et al., 2016; Mohan & Rajeevan, 2017,
Preethi et al., 2017; Varikoden et al., 2019). There-
fore, studies on the spatio-temporal patterns and the
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variability of ISMR are of great relevance. Trends in
southwesterly low-level monsoon circulation and
rainfall have been reported in several studies (Joseph
& Simon, 2005; Naidu et al., 2009; Kumar et al.,
2010; Mishra et al., 2012; Kulkarni, 2012; Varikoden
et al., 2013; Roxy et al., 2015; Karmakar et al., 2017;
Chou et al., 2018). However, Huang et al. (2020)
have indicated that it is showing a decline from 1950
to 1999 with a recovery from 1999 to 2013. From the
1980s, ISMR shows a decreasing trend over North
India and Northwest India. It was hypothesized that
the large-scale irrigation (40% of total land cover in
India) development that started in the 1950s has
resulted in land surface cooling, which slowed large-
scale atmospheric circulation, exerting significant
influences on ISMR with the high spatial and tem-
poral heterogeneity (Chou et al., 2018; Douglas et al.,
2009; Feddema et al., 2005; Ghosh et al., 2009;
Kuttippurath et al., 2021; Varikoden & Revadekar,
2020). The south-east, north-west, and north-east
regions of India showed a significant increasing trend
in summer monsoon rainfall, and a decreasing trend
(0.04 mm year_l) in and around central India
(Fukushima et al., 2019; Varikoden et al., 2013).
Looking at the categorized rainfall analysis, pre-
cipitation indices show a tendency towards increase
in extreme precipitation events throughout the twen-
tieth and twenty-first century over
homogeneous regions in India (Alexander et al.,
2006; Goswami et al., 2006; Dash et al., 2007;
Rajeevan, 2008; Pattanaik & Rajeevan, 2010;
Krishnan et al., 2015; Singh et al., 2014; Guhatha-
kurta et al., 2011; Roxy et al., 2017; Varikoden &
Revadekar, 2020; Luwangleima & Shrivastava,
2021). The increase in extreme rainfall events has
been attributed to the increase in convective available
potential energy, low-level moisture convergence and
water-holding capacity of the atmosphere (Singh
et al., 2014), higher precipitable water content asso-
ciated with warming of the Indian Ocean and Indian
subcontinent (Goswami et al., 2006; Rajeevan et al.,
2008; Krishnan et al., 2015; Guhathakurta et al.,
2011), as well as the upper-tropospheric heating that
destabilizes the atmosphere and enhances precipita-
tion (Lau et al., 2006). Summer monsoon rainfall
studies over central India during 1951-2000 do not
show a significant trend in mean rainfall; however, a
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significant decreasing trend is observed in the mod-
erate and low intensity events (Goswami et al., 2006;
Rajeevan et al., 2010; Dash et al., 2011). More con-
centrated studies are reported in Northeast India,
which conclude that a significant increasing (de-
creasing) trend is observed in consecutive dry days,
very high rainfall events, and extreme rainfall events
(low rainfall events) (Luwangleima & Shrivastava,
2021; Sheikh et al., 2015; Varikoden & Revadekar,
2020). Nair et al. (2018) found a negative trend in
rainfall in Peninsular India, Northcentral India, and
Northeast India, and positive trends in Westcentral
India and Northwest India with high significance in
Northwest India in recent multidecades (1979-2017).
Contrasting trends are also reported in rainfall in the
northern and southern regions of the Western Ghats,
and these contrasting trends were attributed to the
northward shifting of low-level winds (Sudeepkumar
et al., 2018; Varikoden et al., 2019).

Several studies have reported that the temporal
and spatial distributions of ISMR have changed in the
recent past and that these changes are likely to
amplify in the near future (Rajendran et al., 2012;
Krishnan et al., 2013; Menon et al., 2013; Li et al.,
2017; Sabeerali and Ajaymohan, 2018). Variability in
monsoon rainfall can lead to far-reaching impacts on
the general population for a developing country like
India. Thus, the study of variabilities in ISMR has a
significant socio-economic relevance. Studies on
trend analysis conducted so far are either for total
rainfall or for different rainfall intensity in a partic-
ular area. Classification of seasonal rainfall patterns
over India into different intensity bins to identify
dominant modes of spatio-temporal variability is
essential. Understanding of these patterns will lead to
identification of its mechanisms and thus improving
sustainable water management, agricultural produc-
tion, electricity generation, etc.

In this study, we analysed the long-term trend of
total summer monsoon rainfall and rainfall patterns in
six intensity bins for the five homogeneous regions
(Northeast India, Northcentral India, Northwest India,
Westcentral India, and Peninsular India). We also
explored the long-term and multidecadal spatial
coherence of rainfall intensity classes among the
homogeneous regions. We also compared the varia-
tions in number of days and percentage of
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contribution by each rainfall intensity class in the
regions over the multidecadal periods. We also
examined the periodicity of the intensity classes over
the regions. The paper is organised as three main
sections. Section 2 introduces the new observational
data set, period of study, different homogeneous
regions, intensity bins, and methods of analysis used
in the study. Section 3 describes the long-term trend
and variability of different rainfall intensities during
the summer monsoon period over the five homoge-
neous regions. The main results are summarised in
Sect. 4.

2. Data and Methods

We analysed long-term daily gridded rainfall data
for 118 years from 1901 to 2018 provided by the
India Meteorological Department (IMD) at a spatial
resolution of 0.25° x 0.25° latitude—longitude grid
(https://www.imdpune.gov.in). We made seasonal
rainfall in each year for the southwest monsoon
(JJAS) to explore interannual variability in the sea-
sonal rainfall in addition to its long-term trends. The
data sets were prepared from 6955 rain-gauge stations
all over India in which missing data were filled with
rainfall data from a nearby rain-gauge station using
interpolation [inverse distance weighted interpolation
scheme proposed by Shepard (1968)]. The station
density is relatively high in the south Peninsular India
and relatively low in Northwest India, Northeast
India, and the eastern parts of central India. On
average, data from about 2600 stations were available
on a yearly basis for the preparation of daily grid
point data. The data density varied from year to year,
ranging from about 1450 in 1901 to about 3950 in
1991-1994. From 1951 onwards, the data density was
relatively higher, greater than 3100 stations per day,
with the exception for the period 2008-2010, when it
dropped to around 1900 stations per day. The gridded
data set was created after performing quality control
on basic rain-gauge stations. When the quality of the
gridded rainfall analysis was compared to similar
global gridded rainfall data sets, it was discovered
that the IMD gridded rainfall analysis is better in
terms of realistic representation of spatial rainfall
distribution (Pai et al., 2014; Rajeevan et al., 2005).
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As known from several studies in India, as a
whole, ISMR is not showing a unique pattern. Hence,
in this study, the Indian region was subdivided into
five homogeneous regions as per the classification of
Indian Institute of Tropical Meteorology (www.
tropmet.res.in). They are Northeast India (NEI),
Northcentral India (NCI), Northwest India (NWI),
Westcentral India (WCI), and Peninsular India (PI) as
shown in Fig. 1. In order to study the multidecadal
variabilities in ISMR, the study period is further
subdivided into four multidecades of 30 years each,
except the last multidecade that contains only
28 years  (1901-1930, 1931-1960, 1961-1990,
1991-2018). The different rainfall intensity classes
on the basis of the percentile values were obtained
over these multidecadal periods in each homogeneous
region. The calculation of percentile values was
based on the entire period and categorized in different
intensity classes in percentile values as shown in
Table 1. After the percentile calculation and classi-
fication, the data set was redistributed over the four
multidecadal periods. The average range of rainfall
attained during four multidecadal periods for differ-
ent intensity classes are given in Table 2. It is
observed that the homogeneous regions have variable
range in each rainfall intensity class.

Statistical analyses such as Sen’s slope estimation
(Sen, 1968), Mann—Kendall’s test (Kendall, 1975;
Mann, 1945), and Student’s ¢ test were carried out in
order to check the long-term trend and its significance
for total rainfall and each rainfall intensity class over
the sub-regions. To study the periodicity of rainfall in
each intensity class for the different regions, spectral
analysis was carried out. In order to study the spatial
coherence of rainfall patterns throughout the Indian
region, linear correlation coefficient analysis was
carried out among the different homogeneous regions
for each intensity class during 1901-2018 and for the
four multidecadal periods. Multidecadal variabilities
in each intensity class were also examined by
studying the rainfall characteristics in each intensity
class such as average rainfall, total number of rainy
days in each intensity bin, percentage contribution to
the total rainfall, standard deviation from the mean,
and sum of rainfall.
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Figure 1

Schematic diagram of monsoon rainfall homogeneous regions over India considered for the present study. Prepared as per the homogeneous
regions of India classified by the Indian Institute of Tropical Meteorology (Www.tropmet.res.in)
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Table 1

Percentile value for each intensity class

Percentile value (%) Rainfall intensity class

Below 10 Dry
10-50 Low
51-90 Moderate
91-95 High
96-99 Very high
Above 99 Extreme

3. Results and Discussion

3.1. Long-Term Trends and Variability of Seasonal
Rainfall

The long-term trend and variabilities of summer
monsoon rainfall of five homogeneous regions over
118 years are shown in Fig. 2. It is found that
different homogeneous regions show different trends
in both direction and magnitudes. It is found there is a
significant increasing trend in NEI (Fig. 2a), and the
value of the linear trend is 19.9 mm decade™'. A
significant decreasing trend is found in NCI (Fig. 2b)
and PI (Fig. 2e) with rates of 9.6 mm decade™! and
4.9 mm decade™ ', respectively. All these trends are
significant at a 0.05 level. These decreasing trends
were also reported by Nair et al. (2018), but with
different magnitudes, and it may be due to their
chosen time period from 1979 to 2017. Insignificant
increasing and decreasing trends are noticed in NWI
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and WCI, respectively. The total rainfall received
during the summer monsoon period is highest in NEI
and lowest in NWL

It is found from the 11-year running mean and the
long-term mean of rainfall in each region that
summer monsoon rainfall is below normal from
1901 to about 1965 in NEI (Fig. 2a). During this
period, the rainfall showed low-amplitude multi-
decadal variability and a very low interannual
variability. A similar finding was also reported by
Kuttippurath et al. (2021) in the northeast regions of
India based on the long-term station rainfall data set.
But the rainfall trend shows a dramatic increase from
1970 to the mid-1980s and thereafter a declining
trend, even though the rainfall is above normal till
2000. After 2000, the rainfall is below normal, and it
starts to revive to normal from 2010 onwards, which
almost resembles the pattern of variability in pre-
1960 condition.

Contrasting rainfall patterns with above and
below-normal rainfall are observed in NCI before
and after 1960, respectively (Fig. 2b). Multidecadal
and interannual variabilities are seen but with less
variability after 1960 with below normal rainfall
condition, and it persists till 2018. However, Huang
et al. (2020) reported a revival of rainfall after 1999,
but this revival does not persist in the present study.
In the case of NWI (Fig. 2c), the multidecadal
variability is more pronounced towards the recent
periods with an increased amplitude and decreased
interannual variability from the 1960s. A similar

Table 2

Range of rainfall in each intensity class for the multidecadal periods over the homogeneous regions

Dry range (mm Low range (mm Moderate range (mm

High range (mm

Very high range (mm Extreme range (mm

day™") day™") day™") day™") day™") day™")
Northeast India

0-2.57 2.59-10.18 10.20-24.61 24.65-31.43 31.52-50.38 50.59-85.80
Northcentral India

0-0.81 0.82-5.83 5.84-17.04 17.07-21.86 21.90-30.33 33.50-60.44
Northwest India

0-0.12 0.12-2.50 2.50-11.87 11.90-15.26 15.29-21.32 21.50-33.40
Westcentral India

0-0.99 0.98-5.95 5.96-16.96 16.92-21.10 21.12-31.97 32.28-52.88
Peninsular India

0.41-1.54 1.54-6.38 6.4-15.83 15.85-19.38 19.41-27.85 28.10-54.00

Average range for the four multidecadal periods are given
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Figure 2
Long-term trend of monsoon rainfall for five homogeneous regio%ls. Time series of summer monsoon rainfall (solid line) averaged in
(a) Northeast India (NEI), (b) Northcentral India (NCI), (¢) Northwest India (NWI), (d) Westcentral India (WCI), and (e) Peninsular India
(PI). The red solid line represents the 11-year running mean, and the dashed line represents mean rainfall. The straight blue line shows the
Sen’s slope of long-term trend for 1901-2018. The p-value (p) and trend value (¢) of the Sen’s slope are given in the individual panels. The
unit of trends is in mm decade ™"

result of a decreasing trend in rainfall from the 1980s
was reported in Chou et al. (2018); however, in the
present study, we found a signature of recovery from
2005 onwards. In WCI (Fig. 2d), we identified an
oscillatory pattern in the decadal variability, the
amplitude and periodicity of which decreased after

1960. The above normal rainfall pattern is observed
from the mid-1920s to mid-1960s, and rainfall is
below normal from the mid-1960 to 2000. In both
regions, epochs of above and below normal rainfall
are almost symmetrical with respect to the mean,
which attributes to the less significant trend value.
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Similar to WCI, a similar pattern was identified in PI
(Fig. 2e) in which multidecadal variability is changed
to decadal time scale after 1960. It is important to
highlight that during pre-1960, wet extremes of
rainfall events are observed; however, during the
post-1960 period, these wet extremes are replaced
with dry extremes. In general, total rainfall received
during the monsoon seasons in these regions clearly
shows a spatial variability in the linear trends and
other rainfall features. In all the regions, rainfall
pattern changed since the 1960s, indicating the effect
of climate shift (Baines & Folland, 2007; Joshi &
Pandey, 2011).

In addition to the total rainfall, we also investi-
gated the rainfall in six different intensity bins to
explore the variabilities and trends of the individual
intensity bins. It is important to note that variability
and trends in total rainfall may be different from the
variabilities of different intensity classes due to the
contrasting variabilities and trends in different inten-
sity classes. An elaborated view of the monsoon
rainfall with respect to intensity bins is necessary, as
changes in rainfall eventually affect the groundwater
reserve, salt water intrusion in the coastal belts, soil
moisture, agricultural production, drinking water,
electricity generation, etc.

3.2. Variabilities and Trends of Seasonal Rainfall
in Different Intensity Classes

In order to understand further features of rainfall
variability, we classified the total monsoon rainfall
into different intensity bins based on percentile value
as described in Table 1. The long-term trend of
rainfall in each intensity class over the five homoge-
neous regions is shown in Fig. 3. Significant trends
were observed in different intensity bins in all the
regions. The dry intensity bin (< 10th percentile)
exhibits a significant increasing trend over NEI, NCI,
and PI, whereas a significant decreasing trend is
found in NWI. The low intensity bin (10-50th
percentile) showed a significant decreasing trend in
NEI and a significant increasing trend in WCIL
Regarding the moderate intensity class (51-90th
percentile), a significant decreasing trend is found
in NEI, NCI, and PI, while in NWI, the trend is
increasing. For the high intensity bin (91-95th
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percentile), a significant increasing trend is noticed
in NEI, with significant decreasing trends in NWI and
WCI. For the very high intensity bin (96-99th
percentile) a significant increasing trend is registered
only in NEI; however, it is decreasing significantly in
NCI, WCI, and PI. In the extreme bin (> 99th
percentile), we observed significant increasing trends
in NEI and WCI; non-significant trends were seen in
all other regions. All the trends are significant at a
0.05 level, except for the moderate intensity class in
PI and high intensity class in WCI which are
significant at a 0.10 significance level. This analysis
may be used to understand which category of rainfall
would have contributed to the seasonal total rainfall
trend. In addition to this, we found significant trends
in certain intensity classes which were not identified
in the long-term trend analysis of seasonal total
rainfall. The results for NEI for very high and
extreme cases are in accordance with the findings of
Varikoden and Revadekar (2020).

The long-term average and 11-year running mean
of rainfall in each intensity bin over NEI (Fig. 3a) has
significant epochal variabilities since the mid-1950s.
Dry-, low-, and moderate intensity classes have an
interannual variability rather than a prominent mul-
tidecadal variability pattern before mid-1950s, and
that for high, very high and extreme cases is before
the mid-1960s. Rainfall from dry events is below
normal, while low and moderate events are above
normal till 1950, after which significant multidecadal
variability is observed for the three events with dry
and low in the same phase. High, very high- and
extreme intensity classes showed a drastic increase
after 1960, and therefore, distinct centennial scale
variability is observed. In the post-1960 period, the
embedded interannual variability is also dominant. In
NCI (Fig. 3b), multidecadal variabilities are promi-
nent for the dry, low, and moderate intensity classes.
For dry and low intensity bins, the phase of multi-
decadal variability is opposite during the entire study
period. However, the rainfall was above normal from
1901 to 1960 for the moderate-intensity bin, after
which there was a decline to below-normal rainfall
till 2000, which indicates a centennial mode of
oscillation; this mode of periodicity is not reported so
far in the studies of the Indian monsoon. Earlier
studies reported lesser periodicities with 60-70 years
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Figure 3

Long-term trend of monsoon rainfall in different intensities for the homogeneous regions. Time series of different intensities of monsoon

rainfall (solid line) averaged in different homogeneous regions :

(a) Northeast India, (b) Northcentral India, (¢) Northwest India,

(d) Westcentral India, and (e) Peninsular India. Each column from the top represents (1) dry, (2) low, (3) moderate, (4) high, (5) very high,
and (6) extreme intensity classes. The red solid line represents the 11-year running mean, and the dashed line represents mean rainfall. The
straight blue line represents the Sen’s slope of the long-term trend for 1901-2018. The p value (p) and trend value (#) of the Sen’s slope are

of multidecadal variability with three decades of
above followed by three decades of below normal
monsoon (Kripalani & Kulkarni,
et al., 2003; Parthasarathy et al., 1994; Kumar et al.,

given in the individual panels. The unit of trends is in mm decade™

1999; Goswami et al.,

1997, Kripalani

2015; Rajesh & Goswami,
2020). After 2000, the period of oscillation decreased
to about 1/5th of the earlier periodicity. Interannual
variability was highly pronounced for high, very

!, Ordinates are not uniform in each row

high, and extreme intensity bins in comparison with
their multidecadal variabilities. Rainfall in the very
high intensity class remained above normal for a long
time (1901-1990) with high interannual variability;
thereafter, below normal rainfall condition persists.
In the case of the extreme intensity bin, the rainfall
condition is about normal till 1960; after that, the
dominance of multidecadal variability is observed.
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Prominent interannual and multidecadal variabil-
ities are observed in all the classes with varying trend
values in NWI (Fig. 3c). Dry, moderate, and high in-
tensity classes showed below normal rainfall, while
low and very high intensity
above normal rainfall in the recent period after the
year 2000. In WCI (Fig. 3d), the low intensity class
showed an above normal rainfall since 1980, and the
high intensity class showed below normal rainfall
since 1960. A significant decreasing trend in the
frequency of moderate events over central India
during the monsoon seasons from 1951 to 2000 was
also observed, which is in accordance with the
findings of Goswami et al. (2006). Very high and
extreme intensity bins from 1950 showed rainfall
below normal, which continued to 1990 and after a
revival pattern was observed. Interannual variabilities
are significant for dry, low, and moderate classes for
the entire period for high and very high intensity bins
towards recent multidecades. High interannual vari-
ability is observed for dry, low, and moderate
intensities over PI (Fig. 3e), moreover, with dominant
multidecadal variability in all the intensity classes.
Low, moderate, and high intensity classes are
observed with below normal rainfall after 1995,
while the extreme intensity bin has shown above nor-
mal rainfall.

In general, it can be concluded that multidecadal
variability as well as different harmonics in different
time scale are distinct in rainfall intensity bins.
Epochal modulation of the Indian monsoon rainfall
amplitudes with three alternating decades of below-
normal seasonal mean rainfall followed by three
decades of above-normal seasonal mean rainfall
(Kripalani et al., 2003; Goswami et al., 2006) are
also identified in rainfall intensity bins over the
homogeneous regions.

classes showed

3.3. Periodicity of Rainfall Intensity Classes

Spectral analysis was carried out in order to study
the periodicity of each intensity class for the different
homogeneous regions (Fig. 4). The intensity classes
show significant periodicities (within 0.05 signifi-
cance level) in different time scales. Significant
multidecadal periodicity above 50 years is observed
in NEI (Fig. 4a) for moderate and high intensity bins,
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in NCI (Fig. 4b) for dry, low, moderate, high, and
extreme intensity bins, in NWI (Fig. 4c) for extreme
intensity, in WCI (Fig. 4d) for low, high, and
extreme intensity bins, and in PI (Fig. 4e) for dry,
high, and extreme intensity bins. Significant multi-
decadal periodicity of 30-50 years is observed in the
dry intensity class over NCI, in the moderate class
over NEI and NWI, in the high intensity class over
NEI and NWI, in the very high intensity class over all
the regions, and in the extreme class over NEIL
Significant decadal and interdecadal periodicities are
also observed in several intensity bins: in NCI, for
high and extreme (11 years), in NWI for dry, low
(7-14 years), and extreme (19 years), in WCI for dry
(13 years), low (14 years), and moderate (17 years),
and in PI in low (9 years), high (7-9 years), and
extreme (7 years) intensity bins. According to several
studies, ISMR shows oscillations attributed to ocean—
atmosphere interactions. On multidecadal, decadal,
and interannual time scales, El Nifio Southern
Oscillation (ENSO), Pacific Decadal Oscillation
(PDO), Atlantic Zonal Mode (AZM), Atlantic Mul-
tidecadal Oscillation (AMO), Indian Ocean Dipole
(IOD), etc. are the main modes of global oscillations
that have been linked to ISMR. ISMR has a
significant positive (negative or inverse relationship)
correlation with AMO and 10D (ENSO, PDO, AZM).
As a result, these teleconnections have an impact on
intensifying/weakening of rainfall, subsequently pro-
ducing periodicities in rainfall intensity classes
(Ashok et al., 2004; Joshi & Pandey, 2011; Goswami
et al., 2016; Joshi & Kucharski, 2017; Malik &
Bronnimann, 2018; Sabeerali et al., 2019; Seetha
et al., 2020).

Very high and extreme intensity bins are showing
similar periodicities in all the homogeneous regions,
except NEIL. The periodicity in NEI and NCI ranges
between 40 to 60 years in majority of the intensity
classes. Periodicities in high and very high intensity
bins are observed in the decadal variability as well. In
general, most of the intensity classes show significant
multiple periodicities. The results clearly indicate the
existence of interannual to multidecadal periodicities
in addition to spatial heterogeneity. In order to
understand further features on spatial heterogeneity,
spatial correlation analysis was carried out and
discussed in the next section.
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Figure 4
Periodicities of monsoon rainfall in different intensity classes for thg five homogeneous regions. Frequency spectrum of different intensities
for monsoon rainfall in different homogeneous regions : (a) Northeast India, (b) Northcentral India, (¢) Northwest India, (d) Westcentral
India, and (e) Peninsular India. Each column from the top represents (1) dry, (2) low, (3) moderate, (4) high, (5) very high, (6) extreme
intensity classes. The red line represents the 0.05 significance bound. Ordinates are not uniform in each row

3.4. Spatial Coherence of Rainfall Intensity Classes

The spatial coherence of rainfall patterns in the
five homogeneous regions is examined using linear
correlation coefficient analysis and presented in
Table 3. A positive value in the table indicates they
are in coherence, and a negative value indicates they
are out of phase. It is noticed that the dry intensity

class has a positive correlation between almost all
homogeneous regions over the entire period
(1901-2018). NWI and WCI, as well as WCI and
PI, are in significant positive correlation with each
other, which indicates they are coherent in producing
the respective rainfall intensity classes. NEI shows an
out-of-phase relationship with NCI and NWI in the
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Table 3

The correlation values of different rainfall intensity classes between the homogenous regions for total and multidecadal periods

Regions NEI-NCI  NEI-NWI  NEI-WCI  NEI-PI NCI-NWI  NCI-WCI  NCI-PI NWI-WCI NWI-PI  WCI-PI
Dry
1901-2018 0.09 —0.05 0.03 —0.07 0.28 0.18 0.05 0.51 0.15 0.42
1901-1930  —0.02 —0.25 0.22 0.01 0.58 0.41 0.15 0.50 0.30 0.40
1931-1960  —0.23 —0.09 0.06 —0.04 0.55 0.27 —0.06 0.22 —-0.17 0.19
1961-1990 0.19 0.03 0.07 —0.33 0.43 0.37 0.31 0.63 0.43 0.61
1991-2018 0.35 0.07 —0.16 —0.04 0.48 0.24 —0.16 0.57 —0.09 0.29
Low
1901-2018 0.06 —0.14 —0.05 —0.08 0.02 0.02 0.39 0.23 0.22
1901-1930 0.39 —0.23 —0.10 0.01 —0.12 0.04 0.32 0.39 0.33
1931-1960 0.17 0.01 0.01 0.04 0.10 0.01 0.47 0.17 0.43
1961-1990  —0.18 —0.18 —0.06 —0.07 0.10 —0.06 0.08 0.54 0.25 0.20
19912018  —0.09 —-0.13 —0.02 —0.26 0.27 —0.08 0.27 0.19 —0.10
Moderate
1901-2018 0.20 —0.09 0.06 0.07 0.02 —-0.02 0.52 0.32 0.50
1901-1930 0.27 0.01 0.23 0.03 0.48 0.36 0.05 0.54 0.38 0.60
1931-1960 0.12 —-0.14 0.33 0.27 —0.15 —0.12 0.03 0.44 0.12 0.42
1961-1990  —0.08 —0.01 —0.22 —0.13 0.09 —-0.27 0.01 0.44 0.46 0.59
19912018 0.22 —0.09 —0.05 —0.02 0.36 —-0.01 0.68 0.25 0.28
High
1901-2018  —0.13 —0.05 —0.18 —0.02 —0.04 0.03 0.07 0.36 0.17 0.20
1901-1930  —-0.24 —-0.21 —0.12 —0.02 —0.12 0.13 0.22 0.25 0.07
1931-1960 0.13 0.28 —0.11 —0.18 0.10 —0.01 0.02 0.47 0.20 0.53
1961-1990  —0.03 0.05 0.16 0.33 —-0.28 0.22 0.04 0.39 —0.07 0.16
1991-2018  —0.32 —0.08 —0.24 —0.02 0.09 0.06 0.11 0.35 0.23 —0.20
Very high
19012018 —0.11 —-0.14 —0.13 —0.15 0.06 0.09 0.17 0.13 0.08
1901-1930 0.08 —0.28 0.25 0.02 0.02 —0.01 0.11 0.39 —-0.41
1931-1960  —0.18 —-0.07 0.00 0.19 —0.18 —0.07 0.0 0.33 -0.07 0.02
1961-1990 0.03 —0.03 —0.42 —0.22 —0.12 0.17 0.27 0.00 0.11 0.04
19912018  —0.31 —-0.31 0.16 —-0.24 0.37 0.02 0.09 0.29 0.06 0.21
Extreme
1901-2018 —0.03 0.10 —0.08 —0.09 -0.18 —0.14 0.06 0.05 —0.01 —0.03
1901-1930 0.28 —0.16 —0.08 0.08 0.01 0.43 0.22 —0.08 —0.20
1931-1960 0.03 0.16 —0.09 0.06 —0.41 0.04 0.15 —0.10 0.14 0.23
1961-1990 —0.21 —-0.12 —0.17 —0.10 —0.12 —0.18 —0.02 —0.11 0.10 —0.11
19912018  —0.08 0.44 —0.10 —-0.24 —0.08 —0.05 —-0.03 0.16 —-0.10 —0.18

The regions are represented as NEI Northeast India, NCI Northcentral India, NWI Northwest India, WCI Westcentral India, and P/ Peninsular

India. Bold values are at a 0.05 significance level

early multidecades, and this relationship is gradually
reversed to in-phase, and then it is more strong and
significant in the recent multidecades. A decrease in
correlation value with WCI and PI towards the recent
decades was also noticed. NCI shows a decrease in
correlation value with all other regions towards the
recent decades. This can be inferred as rainfall
mechanism change in NEI and NCI towards the
recent decades. The multidecadal trend showed a
discontinuity followed by the correlation values for
the period 1961-1990. This can be due to change in
rainfall mechanism or change in the external factors

that influenced the rainfall over that multidecadal
period. Overall, analysis shows a decrease in corre-
lation within the regions towards the recent
multidecades, and that can be interpreted as the
rainfall events during the recent multidecades are
more influenced by the local factors, as explained by
Pielke et al. (2007) and Kishtawal et al. (2009).
Similar results are seen in low and moderate intensity
classes regarding the homogeneity and the decreasing
correlation coefficient values towards the recent
decades. Another important feature noted is NEI
has a negative correlation with all other regions for
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the low intensity class, and this may be due to the
influence of local features. NWI and WCI as well as
WCI and PI showed significant in-phase relationships
with each other during the entire period. However,
the correlation value has decreased in the period
1991-2018. For the moderate class, it is observed that
for the entire period, NEI shows low correlation with
all other regions, but for the recent periods, it turned
out to be a negative value, and this may be due to the
changes in rainfall mechanism such as urbanisation,
land use and land change patterns, etc. Here, NWI
and WCI, as well as WCI and PI, are showing
significant positive correlations. For the high inten-
sity class, NWI and WCI, as well as WCI and PI,
have relatively lower correlation values compared
with the above classes. Moreover, correlation values
are decreasing towards the recent periods. Very high
and extreme classes mostly have low values of
correlations compared to others or are inversely
related. In the case of high, very high, and
extreme intensity bins, NEI showed a negative cor-
relation with all other regions. WCI and PI have a
very low correlation value for the early multidecadal
period for the very high intensity class; however, this
relationship has increased significantly in the recent
decades.

In general, it is observed that there is a positive
correlation between almost all the homogeneous
regions for the dry, low, and moderate intensity
classes. From this, it can be inferred that these rain
events are coherent all over India or can be treated as
caused by large-scale monsoon cloud bands. While
extreme and very high intensity classes are more like
localised phenomena, it may be due to their depen-
dence on phenomena that are confined to the
particular area. PI has low correlation value with
the northern homogeneous regions. NEI has different
rainfall mechanisms compared with all other regions
for all intensity classes and shows variation towards
the recent decades. This can be mainly due to
anthropogenic and other synoptic activities (Fujinami
et al., 2017; Goswami et al., 2010; Kuttippurath et al.,
2021; Varikoden & Revadekar, 2020).

The correlation analysis of multidecadal variation
from 1961 onwards indicates abrupt changes from the
normal values, and it may be attributed to the effects
of climate change. In other words, relationships have
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been changing from inverse to in-phase in most of the
regions as evidenced by the correlation values. It is
also observed that the positive correlation values of
large-scale events, such as dry, low and moderate
intensities, are decreasing towards the recent multi-
decades, indicating that these events are out of phase
and more localised in nature. From the changing
correlation values between WCI and PI, it can be
inferred that these areas have changes in the rainfall
mechanism in the recent decades. In addition to the
global warming, regional change in land use pattern
in terms of urbanisation and agriculture have been
taken place over the last few decades (Kishtawal
et al., 2009; Paul et al., 2016; Pielke et al., 2007).
Such land use transformation can produce significant
changes in monsoon circulation by altering the
regional evapotranspiration, surface radiative bal-
ance, moisture regime, and temperature regime over
the Indian subcontinent (Feddema et al.,, 2005;
Douglas et al., 2009; Ghosh et al., 2009; Chou
et al., 2018; Boyaj et al., 2020; Kuttippurath et al.,
2021). This can lead to the spatial heterogeneity as
well as the localization of rainfall events in India.

3.5. Characteristics in Rainfall Intensity Classes
During Different Multidecades

Figure 5 shows the rainfall characteristics of
ISMR for the five homogeneous regions of India
over the four multidecadal periods for different
rainfall intensity classes. In NEI (Fig. 5al-a4), the
contribution from the dry intensity class shows an
increase from the first multidecadal period to the
recent multidecadal period. From the third multi-
decade onwards, the contribution changes are more
pronounced in the low, moderate, high, very high,
and extreme intensity classes. The contribution of
low intensity is decreased by 4%, and that for the
moderate intensity by 10%. The contribution by the
high intensity class was increased by 3%, and that for
very high and extreme classes is about 5%. The
contributions almost remain constant in the last two
multidecades.

In NCI (Fig. 5Sbl1-b4), the dry intensity class
shows an overall increasing trend, and there are no
considerable variations in all other rainfall intensity
classes during the first two multidecadal periods.
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Figure 5

Rainfall characteristics in the multidecadal period over five homogeneous regions. The bar chart represents percentage contribution (left
Y-axis), and the line graph represents the number of days (right Y-axis) of dry (D), low (L), moderate (M), high (H), very high (VH), and
extreme (E) intensity classes during the four multidecadal periods: (1) 1901-1930, (2) 1931-1960, (3) 1961-1990, and (4) 1991-2018. Each
row from the top represents different homogeneous regions : (a) Northeast India, (b) Northcentral India, (¢) Northwest India, (d) Westcentral
India, and (e) Peninsular India. The value inside the graph on each bar represents the percentage contribution by the intensity classes

During 1961-1990, changes in contribution are
observed from all the intensity classes, with a
notable change in dry and extreme classes. The dry
and extreme intensity classes
increase in occurrence, and for other events, the
occurrences have shown a significant decrease. The
study of Chou et al. (2018) has noted that the
implementation of large-scale irrigation projects that
started in the 1950s has resulted in land surface

show a two-fold

cooling, which slowed large-scale atmospheric cir-
culation resulting in variation in the ISMR pattern in
this region. For the period 1991-2018, there is a
dominant decrease in contribution by very high and
extreme intensity classes. During this period, contri-
butions from low, moderate, and high intensity
classes have increased, and therefore, it can be
inferred that rainfall is reviving in the recent epoch.
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Significant changes are not observed in intensity
classes during all the multidecadal periods in NWI
(Fig. 5c1-c4). There is a slight decrease in contribu-
tion by the dry intensity class from the first epoch to
recent. During the multidecadal period 1961-1990,
the moderate intensity class showed an increase in its
contribution (about 4%); high and very high intensity
classes showed a decrease in contribution compared
to the earlier epochs. During 1991-2018, the contri-
butions from all intensity classes have decreased,
except for the very high and extreme intensity bins.
Very high and extreme intensity classes have shown
their highest contribution during this period com-
pared to other epochs.

In WCI (Fig. 5d1-d4), the low intensity class
showed a low contribution (14%) over the 1931-1960
multidecadal period, and then it increased to 17%
during 1961-2018. The moderate class does not have
much variation, but it shows a slight increase during
the period 1961-1990. The high-intensity class
showed an increase in contribution during the period
1931-1960, and then it is constantly decreasing about
5% towards the recent multidecades. The very
high intensity bin is showing a slight decrease in its
contribution towards the recent period compared with
the earlier epochs. The extreme intensity class has an
oscillating pattern over multidecadal periods, with
decreasing contributions in the first and third multi-
decades and increasing contributions in the second
and fourth multidecades.

In PI (Fig. Sel—e4), the dry events are increasing
towards the recent periods. The contribution by the
low intensity class is almost constant in all the
multidecadal periods. The contributions by the mod-
erate class over the first two multidecadal periods are
almost the same (about 50%). During 1961-1990, it
showed an increase of 4%, and then it came to its
earliest contribution after 1990. High and very
high intensity classes showed a constant contribution
of about 12% in the first two multidecades. During
1961-1990, the contribution decreased to 10%, and
that was the lowest contribution of these classes
compared to other multidecades. The extreme inten-
sity class showed a low contribution of about 3%
during the 1961-1990 multidecadal period, and then
it increased to 6% during 1961-2018.
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In the last two multidecadal periods (1961-2018),
the rainfall contribution in different intensity classes
and spatial coherence patterns show drastic changes
that can be attributed to the variation in rain-
producing systems caused by climate change and
changes in regional land usage (Kishtawal et al.,
2009; Paul et al., 2016; Pielke et al., 2007). Warming
associated with increasing greenhouse gas concen-
trations will cause an increase of the Asian summer
monsoon precipitation variability (IPCC, 2001). The
increase in spatial heterogeneity is also noted by
Vinnarasi and Dhanya (2016) and Chou et al. (2018).
It is noticed that more than 60 percent of total rainfall
is contributed by moderate, low, and high intensity
classes. The moderate event has a decreasing trend or
remains constant in different homogeneous regions.
This can lead to a decreasing trend in total rainfall
towards the recent periods. Joseph and Simon (2005)
found that the weakening of the monsoon is attributed
to the weakening of the low-level jet stream (LLJ).
Similarly, the weakening and northward shift of the
LLJ core is attributed to the decreased rainfall by
Sudeepkumar et al. (2018) and Varikoden et al.
(2019).

Variation in the dry, very high, and extreme in-
tensity classes creates changes in the contribution by
major contributors such as low, moderate, and
high intensity classes; therefore, these three can be
inferred as responsible for contributing trend varia-
tion in the total rainfall received during each
multidecadal period. Among the homogeneous
regions, the percentage of rainfall contribution from
dry events is more pronounced in NEI and PI in all
the multidecades, but this is dominant during the first
and last multidecades in the WCI. Increase in rainfall
contribution by the extreme intensity class was found
in NEI, NWI, and WCI for the multidecadal period
19912018, while NCI showed a decrease in the
period, and these classes in NCI are showing drastic
increase during 1961-1990.

4. Summary and Conclusions
In this study, the trend and spatio-temporal vari-

ability of ISMR and different rainfall intensity classes
are investigated in five homogeneous regions for
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118 years. In the long-term trend
(1901-2018) of total rainfall we found:

analysis

e A significant increasing trend (19.9 mm decade ")
in NEI and likewise found a significant increasing
trend in high, very high, and extreme intensity
classes in NEI;

e A significant decreasing trends in NCI (9.6 mm
decade™) and PI (4.9 mm decade™') and also
observed a significant increasing trend in the
dry intensity class and a decrease in moderate
and very high intensity classes in NCI and PIL.

This finding is more helpful to understand which
category of rainfall intensity is contributing to the
changes in total rainfall trend. In addition, we found a
significant decreasing (increasing) trend in the dry
(moderate) intensity bin in NWI, in the WCI an
increasing (decreasing) trend in the low and extreme
(high and very high) intensity classes. It was observed
that rainfall variability is higher in NEI and NCI and
lower in WCI and NWI. From 1960 onwards, vari-
ability in rainfall patterns was also found in a majority
of the intensity classes in the homogeneous regions.

Study on the periodicities of rainfall patterns in
different intensity classes brings out significant mul-
tidecadal, decadal, and interdecadal variabilities. The
very high intensity bin showed 30-50 years of peri-
odicity in the entire homogeneous region. The
extreme intensity class showed a similar range of
periodicity, more than 50 years over large parts of
India. In NCI, periodicity is ranging from 54 to
57 years, and it is showing in a majority of the
intensity classes. In NEI, the periodicity ranges from
45 to 55, and it is dominant in the moderate, high,
very high, and extremeintensity classes.

The spatial correlation values indicate that dry,
low, and moderate intensity classes are coherent all
over India or can be treated as large-scale rain events,
while extreme and very high intensity classes are
associated with localized phenomena and are caused
by the geographic and dynamic features pertaining to
the regions. The rainfall patterns are in phase over
NWI, WCI, and PI, but out of phase over NEI. It may
be due to the changing influence of local and large-
scale features over the respective regions. The anal-
ysis also projects that the homogeneous rain events
are becoming out of phase towards the recent
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multidecades (1961-2018). The inter-regional corre-
lation analysis between WCI and PI shows changes in
correlation values towards the recent decades
(1991-2018). The areas in which similar rainfall
patterns observed in the earlier decades become out
of phase in the recent decades (1961-2018).

Multidecadal features of rainfall intensity in dif-
ferent classes in different homogeneous regions show
that more than 60 percent of total rainfall is contributed
from the moderate, low, and high intensity classes.
Modulations in dry, very high, and extreme intensity
classes cause a change in the rainfall pattern of low,
moderate, and high rainfall events, and therefore, it
leads to significant changes in the total seasonal rainfall
during each multidecadal period. The moderate event
shows a slight decreasing trend, and this can lead to a
decreasing trend of the total rainfall towards the recent
period. Increase (decrease) in the contribution of
rainfall from the extreme class is found in NEI, NWI,
and WCI (NCI) during the multidecadal period
1991-2018. A drastic increase in contribution during
1961-1990 in NCI is also observed. In the last two
multidecadal periods (1961-1990, 1991-2018), the
rainfall contribution by different intensity classes and
the patterns of spatial coherence show drastic changes.

It is critical to be aware of the spatial and tem-
poral variability of rainfall, and it is important to note
that seasonal total rainfall variability and patterns can
vary from the variability of different intensity classes.
Changes in rainfall necessitate a more detailed view
of the monsoon rainfall with respect to intensity bin.
In this study, we bring out spatial and temporal
heterogeneity of different rainfall intensity bins over
five regions of India, and the heterogeneity is
increasing towards the recent decades. This change in
rainfall pattern affects adversely in all fields. There-
fore, it is better to evolve a new water management
strategy to tackle the changing rainfall pattern. Fur-
thermore, a scientific evaluation of rainfall intensity
bins in different homogeneous regions will help to
utilise the natural resources effectively.
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