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Abstract

The shifting pattern of Indian summer monsoon rainfall is a significant concern, as it
constitutes 80% of the annual precipitation of India. Hence, the changing rainfall pattern
impacts freshwater availability, food production, and the economy of our country which is
home to 18% of the world's population. Unlike temperature, rainfall changes over a region are
dynamic and depend on several factors. Key components of the Indian summer monsoon
circulation system, such as the Low-level Jet stream, Monsoon trough, Mascarene high, Tibetan
low, Tibetan high, and the Tropical easterly jet stream, etc. play a crucial role in affecting
monsoon rainfall. Additionally, distant factors like the El Niflo Southern Oscillation, Pacific
Decadal Oscillation, Atlantic Multidecadal Oscillation, etc. also influence monsoon rainfall by
modulating the summer monsoon circulation system. Alongside these large-scale processes,
regional factors such as low-pressure systems over the Bay of Bengal and mesoscale processes

like changes in land use and land cover also significantly impact rainfall patterns.

Given the importance of summer monsoon rainfall to the nation and its high
spatiotemporal variability, it is crucial to identify region-specific rainfall patterns over extended
periods and understand the processes governing this rainfall. Extensive research has been
conducted on Indian summer monsoon rainfall to identify temporal patterns and investigate the
underlying factors. The current understanding of long-term rainfall variability in India
primarily relies on linear and monotonic trend analysis over large geographical areas. However,
this approach often overlooks multi-decadal non-monotonic trends, trend reversals, and
anomalies embedded within long-term rainfall patterns. Proper identification of these long-
term monsoon rainfall patterns and their regional characteristics is essential for a

comprehensive understanding of the processes that govern rainfall.
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In the above backdrop, the primary scientific objective of this doctoral research is to
develop a robust method for identifying significant multi-decadal rainfall trends and the
specific time windows during which these trends occur in the long-term rainfall dataset. This
was achieved by developing an innovative methodology capable of pinpointing trend reversals
in long-term rainfall datasets, enabling the identification of region-specific rainfall patterns and
a deeper understanding of the processes that govern these patterns. For the analysis of long-
term rainfall patterns, this study has utilized 120 years of daily 0.25° rainfall gridded data from
1901 to 2020, obtained from the India Meteorological Department. The summer monsoon
rainfall patterns are examined in conjunction with other meteorological parameters such as
wind speed and direction, humidity, sea surface temperature, and 2m air temperature to

understand the rainfall governing processes.

The major scientific outcome of this doctoral research is the identification of
significant multidecadal rainfall trends and trend reversal points in the Indian summer monsoon
rainfall from 1901 to 2020 across India's four rainfall homogeneous regions at the district level.
This was achieved using an innovative methodology involving mathematical and statistical
tools, including a 31-year moving average of percentage departure of summer monsoon
rainfall, 15-year sliding trend analysis, K-Means clustering, Z-score normality tests of clusters,

and an area-based criterion for determining prominent timeframes of trend reversal.

Three significant time frames were identified—1930s, 1960s, and 1980s—during
which notable rainfall trend reversal events coincided across different regions of India. These
time frames reveal north-south and east-west asymmetries in rainfall patterns, indicating that
the coherent regions of rainfall are not fixed but change over time. The 1980s event is
particularly notable for affecting approximately 50% of the geographical area, while the 1930s
event exhibited the most significant rainfall variation, with over 30% of the area experiencing
substantial deviations from the long-term average.
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The 1930s trend reversal event, marked by a shift from increasing to decreasing
rainfall trends with anomalously higher rainfall in central and northeast India, and from
decreasing to increasing trends with anomalously lower rainfall in the south peninsular region,
reveals a north-south asymmetry. This event is studied to understand rainfall-governing
processes. Changes in land-sea thermal contrast from early twentieth-century warming to mid-
twentieth-century cooling played a key role in lower-level monsoon circulation while, the
Atlantic Multidecadal Oscillation and Pacific Decadal Oscillation influenced upper-level
circulation, leading to increased monsoon depressions and storms over the Bay of Bengal in
the 1930s, followed by weakened monsoon circulation, causing rainfall anomalies and north-

south pattern asymmetry.

The long-term Indian summer monsoon rainfall pattern is extensively studied in this
work. The major outcomes of this work are (1) formation of a robust and innovative
methodology for identifying rainfall patterns, (2) identification of the three prominent region-
specific rainfall trend reversals across India, and (3) identification of the governing processes
responsible for one of the identified patterns (1930s). The research limitations and future

research opportunities emerging from this thesis are also presented at the end of this thesis.

Keywords: Indian summer monsoon; Multidecadal trends; Trend reversals; Rainfall extreme;
Land-sea thermal gradient; Early twentieth century warming; Mid-twentieth century cooling;

Monsoon depression
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Chapter 1

Introduction

1.1. Monsoon climate:

Since the early twentieth century, monsoon regimes have been classically defined by
the seasonal reversal of winds [Ramage, 1971; Li and Zeng, 2000]. In contrast, the modern
definition of a monsoon climate incorporates both the seasonal reversal of surface winds and
the rainfall contrast between the rainy summer and dry winter seasons, as proposed by Webster
[1987]. The summer (winter) season includes months from May to September (November to
March) for the northern hemisphere and November to March (May to September) for the
southern hemisphere. According to the classical definition, the monsoon domain is limited to
the eastern hemisphere, encompassing the Asian, Indian Ocean, Australian, and tropical
African monsoon systems. However, based on the modern definition, the monsoon domain
extends to both the eastern and western hemispheres and includes eight regional monsoon
systems: (i) Indian (South Asian); (ii) western North Pacific; (iii) East Asian; (iv) Australian;
(v) North American; (vi) South American; (vii) North African; and (viii) South African [Yim et
al., 2014]. The modern definition uses two criteria of rainfall to delineate these monsoon
systems: (i) the precipitation difference between the summer and winter seasons exceeds 300
mm, and (ii) the summer precipitation contributes more than 50% to the annual total. Because
of the socio-economic and scientific importance of rainfall, it is necessary and important to

delineate monsoon systems by the modern definition.

These regional monsoon systems have unique characteristics such as topography,

land-ocean configuration, and land-ocean-atmosphere interaction. The East Asian monsoon is
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controlled by the zonal contrast of the Asian continent (Asian low) and the Pacific Ocean
(western Pacific subtropical high) [Wang et al., 2017] . The North African monsoon is driven
by the strong land-ocean thermal contrast between the extremely hot Sahara desert and the cold
tongue of the equatorial Atlantic Ocean. The American monsoon is characterized by the
seasonal reversal of rainfall as the inter-tropical convergence zone (ITCZ) stays over the
northern hemisphere throughout the year because of the vast equatorial Pacific and Atlantic
cold tongue of sea surface temperature (SST) which makes it difficult for the seasonal reversal
of winds. The Indian monsoon system is the strongest one among the other regional monsoon
systems. The northerly presence of the Tibetan Plateau, which acts as a heat source during the
summer enhances the north-south temperature contrast, the existence of the east African
highlands helps to strengthen the cross-equatorial winds and Somalia jet streams that further
facilitate upwelling in the west Arabian Sea and create zonal SST gradient, accelerate the Indian

summer monsoon winds.

1.2. Formation of monsoon climate:

In the pioneering theory of Halley [1753], under the assumption of the annual
variation of solar radiation as an imposed forcing, the monsoon circulation was recognized as
a land-sea breeze circulation driven by the land-sea thermal contrast. As such, the land-ocean
configuration and the related thermal contrast determine the fundamental patterns and structure
of the monsoon circulation, which are important for understanding the regional monsoon

characteristics [ Webster, 1987].

According to Wang et al., [2012], land-sea thermal contrast alone is neither a
necessary nor a sufficient condition for the formation of monsoon climate. Without annual
variation of solar radiation, it is impossible to create a seasonal reversal of wind and rainfall

contrast between dry and wet seasons by the land-sea thermal contrast, which suggests that the
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land-sea thermal contrast is not a sufficient condition. The annual cycle of insolation can lead
to ITCZ migration and seasonal reversal of winds in an aqua planet (without land), which
suggests that the land-sea contrast is not a necessary condition [Chao and Chen, 2001].
However, the heat capacity of the land surface is responsible for the exceptional meridional
displacement of the ITCZ (beyond 20° of the equator) which would have been limited to ~10°

of the equator in the case of aqua surface.

The monsoon circulation interacts actively with the hydrological cycle. The
circulation brings moisture from the trade wind oceanic regime to the monsoon region and
feeds the monsoon rain. The latent heat of condensation released from monsoon rain, combined
with the associated radiative heating of clouds, strengthens the land-sea thermal contrast and
enhances the monsoon circulation which reinforces the large-scale exchange of moisture and
energy, forming a positive feedback between monsoon circulation and monsoon rainfall.
Further, the highland plateau which acts as an elevated heat source through surface heat flux,
and mountains which limit rains to its windward side significantly affect monsoon circulation

and geographical distribution of the monsoon rainfall.

1.3. Indian monsoon system:

The Indian monsoon system is the most dominant among regional monsoon systems.
This circulation system has two modes i.e., southwest (SW) monsoon in summer and northeast
(NE) monsoon in winter. In the summer monsoon from June to September, the lower
tropospheric wind blows from the southwest direction over the Indian subcontinent, hence it is
known as the SW monsoon or the Indian summer monsoon (ISM) [Gadgil, 2003]. The wind
reverses its direction from southwest to northeast in the winter season from October to
December [Rajeevan et al., 2012], hence it is known as the NE monsoon. The rainfall of India

is largely governed by the summer monsoon circulation system, called Indian summer
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monsoon rainfall (ISMR). India as a whole receives ~80% of annual rainfall during the summer
monsoon season [V Kumar et al., 2010], while the amount varies from 60% to 90% over
different states of India except Tamil Nadu and Jammu&Kashmir [Indian Meteorological
Department (IMD) report]. Different regions of India receive variable amounts of summer
monsoon rainfall ranging from the maximum of >2000 mm in the southwestern Indian coast
and north-east region, and the minimum of ~300-600 mm in Rajasthan and Tamil Nadu [/MD
report, chrome-extension://efaidnbmnnnibpcajpcglclefindmkaj/https://imetsociety.org/wp-
content/pdf/docs/MM?2.pdf ]. The annual variability of the ISMR is also higher for regions
getting higher rainfall and lower for regions getting lower rainfall. The topography, and spatial
distribution of climatological (1961-1990 average) summer monsoon rainfall, its contribution
to total annual rainfall in terms of percentage, and its interannual variability in terms of one
standard deviation rainfall amountacross India, are presented in Fig. 1.1. The winter monsoon
contributes marginally (11%) to annual rainfall for India, except the states of Tamil Nadu and
Kerala which receive 30-60% of annual rainfall during this season, amounting to a maximum

of > 500mm [Rajeevan et al., 2012].

(b) ISMR (mm)
climatology

Fig. 1. 1 a) Topographic Map of
India. Spatial distribution of (b)
climatological (1961-1990
average) summer MONSOON
rainfall,  (c) climatological
contribution of  summer
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1.3.1 Drivers of ISMR variability:

Some semi-permanent systems embedded in the Indian summer monsoon circulation

responsible for the spatiotemporal variability of the ISMR [Koteswaram, 1958; Joseph and

Raman, 1966; Ramage, 1971; Raghavan, 1973; Krishnamurti and Findlater, 1978] are

mentioned below.

)

(i)

(iii)

Heat low: During the northward march of the sun in the northern hemisphere, a large
input of power comes from the heated arid surface of northwest India, Pakistan, Saudi
Arabia, and the Middle Eastern countries to the atmosphere above it, giving rise to a
trough of low pressure over these regions. Vertical extension of heat low is limited to
850hPa, with a well-marked ridge above. Intense heat low acts as a suction device that
draws moist air along the monsoon trough and is related to good ISMR.

Monsoon trough over central India: It is an elongated zone of low pressure along the
Indo-Gangetic plains (IGP) [Das, 1968] accompanied by cyclonic wind shear. The
monsoon trough vertically spreads up to the mid-troposphere (500hPa) and has a tilt
toward the south, hence causing maximum rainfall over the southward of the trough
axis [Ramage, 1971]. The eastern side of the trough oscillates in a north-south direction.
Southward movement results in active/vigorous monsoon over the major parts of India,
while northward movement results in break/dry monsoon across India except heavy
rainfall across the Himalayan foothills.

Low-level jet (LLJ) stream/ Somali jet: It is an interhemispheric cross-equatorial flow
of air attaining maximum speed in July between 1-1.5 km (850hPa) above mean sea
level (AMSL) at the western side of the Indian monsoon regime along the eastern edge
of Africa. The increase cross equatorial flow brings more moisture to the Indian land

mass and causes more rainfall over India.
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(iv)

Surface Mascarene high: It is a zone of high-pressure area, dominated by an
anticyclonic circulation, observed around the Mascarene islands during the boreal
summer. This modulates the strength of the cross equatorial flow which brings rain to

the Indian summer monsoon region.

v) Tibetan Anticyclone: This is an upper tropospheric (9-12 km AMSL) anticyclonic
circulation observed above the Tibetan plateau. It is marked around 300-200hPa level
with center 30°N, 90°E and extends 70°E-110°E. The east-west shifting of this
anticyclone causes variability in the monsoon activity over India.

(vi)  Tropical easterly jet (TEJ) stream: It is the concentrated outflow of the Tibetan

anticyclonic circulation, observed over the northern Indian Ocean at 150hPa. It runs
from the east coast of Vietnam to the west coast of Africa. The stronger the wind in the

TEJ, the more rainfall is observed across the Indian monsoon region.

In addition to these factors, the uneven topography across India (Fig. 1.1a)

significantly contributes to the spatial variability of the ISMR, affecting regions from district

level to the continental level. The temporal variability of ISMR, which spans from decadal to

synoptic time scales (excluding the orbital time scale), along with other influencing factors

beyond these semipermanent systems, are summarized in Table 1.1

Table 1. 1 Temporal variability of Indian summer monsoon rainfall and their driving factors.

Factors’ Relation to
Scale Factors Description ISMR References
0,
Low-pressure systems LPS form over 60 fe(;f ririgtr;(s)(r)lon
(LPS): Lows the head of the precip [V Krishnamurthy
happened on LPS .
Depressions, Deep Bay of Bengal davs. contributin and Ajayamohan,
depressions, Cyclonic (BoB) and move s? ;11 ficantl tog 2010; Praveen et
Synoptic storms northwestward tghe summzr al., 2015]
(few days) and northward .
monsoon rainfall
A low-pressure Modulate the .
Monsoon onset vortex region forms over lenoth of the [Xavier et al.,
the southeast 8 2007]
Arabian Sea rainy season
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Midtropospheric
cyclones

Occurs in the
west coast of
India near Gujarat

Heavy rain along
the west coast
near Gujarat

[Miller, 1968;
Choudhury et al.,
2018]

30-60 days oscillation
Mechanisms:
Convection-radiation-
surface heat flux
feedback,
Air-sea interaction,
Eatsrely vertical shear on
moist Rossby waves,
Moisture mode theory

Northward
propagation of
cloudiness and

rainfall from the

equatorial Indian
Ocean to the

Indian landmass

10-20 days oscillation

Westward
propagation of
events from the

BoB to the Indian
landmass

10-20 days oscillation

Eastward
propagation to
east-central India

Active (Break)
spell causing
enhanced
(decreased)
rainfall over
central and
western India and
decreased
(enhanced)
rainfall over
southeast
peninsula and
northeast India

[Goswami et al.,
1984,
Keshavamurthy
and Rao, 1992; B
Wang and Xie,
1997; Krishnan et
al., 2000;
Raymond and
Fuchs, 2009]

[Krishnamurti and
Ardanuy, 1980]

[Karmakar et al.,

from higher 2017]
Intraseasonal .
Oscillations latitudes
Phase and
strength of MJO
could influence
the onset and
duration of active
and break events
A zonally of ISMR [Madden and
Madden-Julian oriented trqplcal Eg. Phasel &2: Julian, 1972; ?al et
Oscillation (MJO) 30-70 convective favor strong al., 2011;
davs disturbance that convection over Taraphdar et al.,
Y propagates the equatorial 2018; Singh and
eastward Indian Ocean and Bhatla, 2019]
subsidence over
the monsoon
trough region
Phase 3-5: intense
rainfall over the
1GP
[Rasmusson and
Reduced rainfall Carpenter, 198_3;
_y . Shukla, 1987;
Involves variation during the El .
. .. . Mishra et al.,
Elnino Southern in winds and SST Nino event and 2012 Chakrave
Oscillation (ENSO) over the tropical | enhanced rainfall ’ ty
. . etal., 2016;
Pacific Ocean during the La
Nina event Chowdary et al.,
eve 2017; Zhou et al.,
2019]
Interannual SST in the
southeastern
tropical Atlantic Cold SSTs in the
Atlantic Nino/Southern extending from STA region in [Huang and’
Tropical Atlantic (STA) the Angola coast spring and Shukla, 2005;
to the Gulf of summer increase | Yadav etal., 2018]
Guinea in boreal the ISMR

spring and
summer

Page | 7



SST gradient
between the

[Saji et al., 1999;

Indian Ocean Dipole Wes.tern equatorial Positiye 10D Ashok et al., 2001;
(I0D) Indian Ocean and | leads to increased | Ashok et al., 2004;
the southeastern ISMR Krishnan and
equatorial Indian Swapna, 2009]
Ocean
Anticyclonic and
cyclonic low-
level circulation Enhances the [Srinivas et al
Western North Pacific anomalies over rainfall over the ?

low-level circulation
(Pacific-Japan Pattern)

the tropical
western north

Pacific and
around Japan
respectively

southern and
northern parts of
India

2018; Gnanaseelan
and Chowdary,
2019]

South Asian high

Upper-level
anticyclonic
circulation of the
Indian summer
monsoon system

Control onset,
active and break
spell of ISMR

[Wei et al., 2019]

Eurasian snow

Snow cover over

Excessive snow
cover is

[Vernekar et al.,
1995; Pandey et

Atlantic Multidecadal
Oscillation (AMO)

climate variability
over the north
Atlantic basin

assoaciated with
excess(deficit)
ISMR

Eurasia associated with a al., 2022]
weak monsoon ?
Ocean-
atmosphere \ﬁlarm (fcgg()) [L Krishnamurthy
Pacific Decadal climate variability phase o . and
Oscillation (PDO) centered over the assoc.lated with Krishnamurthy,
mid-latitude deficit (Excess) 2014]
Multidecadal . . ISMR
(20-40 years) Pacific basin.
Ocean- Warm (Cold)
atmosphere phase of PDO [Goswami et al.,

2006; Joshi and
Ha, 2019]

India occupies only 2.4% of the land area and receives only 4% of global precipitation.
Out of 4000 km? of total annual precipitation, only 1100 km? (i.e., ~27%) is utilizable. Rainfed
agriculture occupies about 51 percent of the country's net sown area and accounts for nearly 40
percent of the total food production of India [ Department of Agriculture and Farmers Welfare,
https://agriwelfare.gov.in/]. Rainfed agriculture and its associated sectors are a substantial
source of employment in India. 70% of rural households still depend primarily on agriculture
for their livelihood, with 82% of farmers being small and marginal [Food and Agricultural
Organisation, India]. Agriculture has long been the backbone of India's economy. According
to the Economic

Survey 2020-2021  (https://www.indiabudget.gov.in/budget2021-
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22/economicsurvey/doc/echapter vol2.pdf), it is contributing 20% to the national gross

domestic product.

Although rainfall during the summer monsoon is such an important natural
phenomenon for India, it is highly erratic and spatiotemporally uneven, compelling
indiscriminate extraction of ubiquitous groundwater. India is the largest extractor of
groundwater in the world, and this 2nd most populous country is also the 13th most water-
stressed country in the world [Upadhyaya et al, 2013; Hora et al, 2022]. Thus, rainfall during
summer monsoon is the most important factor for the socio-economic well-being of 1.38 billion
people (18% of the global population) in India. However, a significant spatial variability [P
Guhathakurta et al., 2015, Fig. 1.1b] and temporal variability [Joshi and Pandey, 2011, Fig.

1.1d] in the ISMR amount distribution across India is evident.

A major change in the pattern of spatio-temporal variability of rainfall affects human
and other life forms and disturbs the established harmony between human civilization,
environment, and ecology [Pal and Al-Tabbaa, 2009; Wassmann et al., 2009; Kavitha and
Kumar, 2020]. Occurrence of many natural calamities like floods, droughts, landslides, crop
failures, and famines in India have been reported in the past and are known to be associated
with extreme precipitation variability [Parthasarathy et al., 1987; V Mishra and Shah, 2018;
Dikshit et al., 2020]. However, its frequency has increased in recent decades affecting the
livelihood of millions of people due to extreme rainfall variability [Gulati et al., 2009; P
Guhathakurta et al., 2011; O Singh and Kumar, 2013; Cho et al., 2016; P Guhathakurta et al.,
2017]. Therefore, studying historical rainfall variability is necessary and very important to
understand its linkages with meteorology, hydrology, and climatology, and to improve the risk
management practices in agricultural and other industries [Joshi and Pandey, 2011; Mondal et

al., 2015].
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1.4. Motivation:

To understand the historical ISMR variability, rainfall trend analysis has been carried
out by several researchers at varied spatial and temporal scales over India [ Pulak Guhathakurta
and Rajeevan, 2008; P Singh et al., 2008; Basistha et al., 2009; Krishnakumar et al., 2009; Raj
and Azeez, 2010; Joshi and Pandey, 2011; Rana et al., 2012; Patra et al., 2012; Jain et al.,
2013; Subash and Sikka, 2014; Nair et al., 2014; Mondal et al., 2015; Sushant et al., 2015; S
Kundu et al., 2015; P Guhathakurta et al., 2015; M Kumar et al., 2016; Jana et al., 2017; Kaur
etal, 2017; S Kundu et al., 2017; Sanikhani et al., 2018; Biswas et al., 2019; Saini et al., 2020;

Praveen et al., 2020; R Singh et al., 2021].

In most of the above studies, the Mann-Kendal test and linear least square regression
statistical tests have been used to detect long-term trends in rainfall. The purpose of the linear
least squares regression test in the above studies was to assess the presence or absence of a
linear trend in rainfall [Sharad K Jain and Kumar, 2012] even though the trend of rainfall time
series is very unlikely to be linear one [World Meteorological Organization technical report,
1966]. The Mann- Kendal statistical test is used for the assessment of monotonic increasing
and decreasing trends in the data set [Mann, 1945; Kendall, 1975] and is not best suited for a

time series with multiple peaks and valleys.

A significant limitation of monotonic rainfall trend analyses in long-term data is their
inability to capture short-term trends spanning multiple decades within the long-term dataset.
For example, as demonstrated by Pulak Guhathakurta and Rajeevan [2008], the linear trendline
in the all-India summer monsoon rainfall time series for the 1901 to 2003 period does not
indicate any trend (R* = 0.0016). However, Fig. 1.2b, redrawn from the published data series
for 1901 to 2003 by Pulak Guhathakurta and Rajeevan [2008], reveals significant increasing

and decreasing trends for the multi-decadal periods of 1901-1947 and 1947-1987 (purple lines)
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at the 0.1 and 0.05 significance levels, respectively. The year 1947 is identified from the 31-
year moving average rainfall pattern (green line) as the point with the highest moving average
rainfall amount. It is situated between years with progressively increasing and decreasing
moving average rainfall amounts, indicating a trend reversal. Furthermore, applying the 31-
year Cramer's t-test to the rainfall time series of 1901-2003, shows that the Cramer's t-values
(blue squares) close to 1947 (blue circle) exceed +1.96, suggesting the rainfall amount is
significantly higher than the long-term mean (1901-2003 average) at the 0.05 significance
level. These rainfall signatures suggest certain processes that cannot be identified through
linear and monotonic trend analysis of long-term data, necessitating a finer spatiotemporal

analysis of the ISMR pattern considering these insights.
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Fig. 1. 2 (a) 1901-2003 summer monsoon rainfall time series (pink dotted line) and the
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There are studies in which rainfall trend analysis has been done at a finer spatial scale
of district level to even station and grid level [P Singh et al., 2008; Raj and Azeez, 2010; Patra
et al., 2012; Rana et al., 2012; Sushant et al., 2015; Jana et al., 2017; Kaur et al., 2017; S
Kundu et al., 2017; Sanikhani et al., 2018; R Singh et al., 2021]. However, these studies are
based on linear and monotonic trend analyses and have inferential limitations of this

methodology as discussed above.

Another approach to studying smaller time-scale rainfall variability involves dividing
a long time series of rainfall into arbitrarily chosen decadal or multidecadal epochs for which
linear and monotonic trend analyses are conducted. For example, P. Guhathakurta et al. [2015]
performed a 30-year epochal rainfall trend analysis (1901-1930, 1931-1960, 1961-1990, 1991-
2011) for four homogeneous regions of India. Similarly, Subash et al. [2011] analyzed 30-year
epochs (1889-1918, 1919-1948, 1949-1978, 1979-2008) for four meteorological sub-divisions
of central northeast India. Sharad Kumar Jain et al. [2013] split the 1871-2008 rainfall time
series of four meteorological subdivisions of northeast India into two parts (1871-1950, 1950-
2008) for a smaller time scale study. However, because the periods in these studies are
arbitrarily chosen, the rainfall trend that begins in one epoch and ends in the next may not be

accurately captured.

In some studies, change point analysis has been conducted using the Standard Normal
Homogeneity (SNHT) Test [Alexandersson, 1986] and the Pettitt test [Pettitt, 1979]. These
tests identify a specific time (tk) within a long-term time series (t1 to tn) where the mean rainfall
for the period (t1 to tk) is significantly different from the mean rainfall for the remaining period
(tk to tn). This is achieved by averaging the deviation of each year's rainfall (within the chosen
time bracket) from the long-term mean of the entire time series, normalized by the standard

deviation for the entire series. A particular time in the time series is identified as a change point
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when the difference in mean rainfall before and after that point is statistically significant
[Alexandersson, 1986]. This approach has been used in various studies [Basistha et al., 2009;
Taxak et al., 2014; Jaiswal et al., 2015; Adeyeri et al., 2017; Jana et al., 2017; S. K. Kundu and
Mondal, 2019; Praveen et al., 2020]. Despite its widespread use, the major limitation of the
change point analysis method is that it fails to capture trends that begin before the identified

change point and continue beyond it.

In addition to trend analysis, harmonic analysis techniques such as Fourier and
wavelet analysis have been used to capture multi-decadal rainfall variability in long-term
rainfall time series. These techniques help identify dominant periodic components in rainfall
datasets and their correlation with large-scale oscillations. For instance, Sahoo and Kumar
Yadav [2022] identified significant 2-year and 7-year periodicities in north India, 2-year
periodicities in central India, and 2-year and 8-year periodicities in south India that greatly
influenced summer monsoon rainfall from 1901 to 2020. Das et al., [2020] have analyzed the
wavelet coherence between monthly precipitation in each homogeneous region and large-scale
oscillations such as the IOD, SST over NINO3.4, PDO, and North Atlantic Oscillation (NAO)
from 1951 to 2015. They found that NAO and PDO had impacts at inter-annual scales across
all regions. Additionally, in the northeast, NAO exhibited an impact at inter-decadal scales. The
10D influenced all regions at a scale of 8-16 months. Significant inter-annual scale coherence
between SST and monthly precipitation was observed in northwest India and west central India.
Thomas and Abraham [2022], in a recent study, established a coherent relationship between
Kerala's rainfall and sunspot numbers on an 8—12-year scale across all seasons. Despite these
efforts, there remains much to be understood about the complex dynamics of rainfall variability

in India's diverse regions over time.
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In order to go beyond the current level of understanding, it is essential to identify
significant rainfall trends as well as the time window over which this trend is observed, within
an extended time series, in which it may be challenging otherwise to discern any long-term
trend so that research can advance further to ascertain relative contribution of above factors
(ENSO, 10D, PDO, AMO, NAO, land-ocean thermal contrasts, etc) in the identified rainfall

trend.

1.5. Objectives:

With this background in the knowledge gap in the domain of ISMR, the aim of this

thesis work is:

1. To propose a robust method for identifying significant multi-decadal rainfall
trends and the specific time windows during which these trends occur, by
pinpointing trend reversals in long-term rainfall datasets.

2. To identify prominent regional rainfall trend signatures by analyzing district-
level rainfall trends across India using the proposed method.

3. To identify and understand the underlying governing processes and factors.

1.6. Study Area:

District-wise summer monsoon rainfall patterns from 1901 to 2020 have been
analyzed across four homogeneous regions of India. These regions are delineated by the India
Meteorological Department (IMD) and are currently used for many operational purposes
(https://mausam.imd.gov.in/imd_latest/contents/rainfall over homogeneous.php). These
regions are; (1) northwest India, (2) northeast India, (3) central India, and (4) south peninsular

India, and are made up of a group of meteorological subdivisions such that over substantial
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portions of each of the meteorological subdivisions that make up the region is positively and

significantly correlated with the area-weighted rainfall variation over the region as a whole.

IMD has delineated 36 meteorological subdivisions in India: 34 on the mainland, one
is Andaman and Nicobar, and the other is Lakshadeep. These 34 sub-divisions are grouped
into the above four homogeneous regions (Fig. 1.3). The subdivision’s boundary is demarcated
based on the homogeneity and coherence criteria. The measure used for homogeneity is the
spatial standard deviation of the climatological mean seasonal rainfall of the districts/stations
in the subdivision around the value of the climatological sub-divisional mean rainfall (the
average of rainfall at all the stations/districts in the sub-division). The measure used for
coherence is the correlation coefficient of the sub-divisional rainfall with the district/station
rainfall as well as the pairwise correlation of the district/station rainfall for all the

districts/stations in the sub-division.

(a) Meteorological subdivisions (b) Rainfall homogeneous

regions of India

>z
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20°N
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[ Northeast
IOON B Central
[ South Peninsula
70°E 80°E 90°E 70°E 80°E 90°E
Northwest Northeast Central South Peninsula
11. West Uttar Pradesh 2. Bihar 4. Odisha 26. Telangana
12. East Uttar Prades!l 3_ Jharkhand 13.C !1hattisgarh 27. Rayalaseenlm
14. Jammu & Kashmir g_ Gangetic West Bengal 19. Vidarbha 28. South Interior Karnataka
15. Himachal Pradesh = g X g' 20. Marathwada 29. North Interior Karnataka
16. Punjab 6. West Bengal & .Slkklm 21. Madhya Maharashtra  30. Coastal Karnataka
17. Haryana 7. Nagaland, Manipur, 22. East Madhya Pradesh ~ 33. Coastal Andhra Pradesh
18. Uttarakhand Mizoram & Tripura 23. West Madhya Pradesh ~ 34. Kerala
24. East Rajasthan 8. Assam & Meghalaya 31. Saurashtra & Kachchh ~ 36. Tamil Nadu
25. West Rajasthan 9_ Arunachal Pradesh 32. Gujarat
- 35. Konkan & Goa

Fig. 1. 3 (a) Meteorological subdivisions, and (b) Rainfall homogeneous regions of India as
defined by the IMD. Andaman and Nicobar, and Lakshadweep are not considered.

Page | 15



The rainfall homogeneous region of Northwest India comprises 9 meteorological sub-
divisions (West Uttara Pradesh, East Uttar Pradesh, Jammu & Kashmir, Himachal Pradesh,
Punjab, Haryana, Uttarakhand, East Rajasthan, and West Rajasthan), covering 205 districts,
and ~30.6% of the geographic area of India. The climate in Rajasthan state of this region is arid
and semi-arid, while Jammu & Kashmir, Himachal Pradesh, and Uttarakhand experience a
highland climate. The rest of the area is prevailed by a humid subtropical climate. The majority
of annual rainfall, exceeding 75%, occurs during the summer monsoon season across most of
the region (Rajasthan: 91%, Punjab: 79%, Haryana: 82%, Uttar Pradesh: 89% and Uttarakhand:
79%) except Himachal Pradesh (61%) and Jammu & Kashmir (44%) where westerern
disturbances contribute significantly to the annual rainfall during the months of January and

February.

The rainfall homogeneous region of Northeast India spread across 7 meteorological
sub-divisions (Bihar, Jharkhand, Gangetic West Bengal, West Bengal & Sikkim, Nagaland-
Manipur-Mizoram-Tripura, Assam & Meghalaya, and Arunachal Pradesh) covering 175
districts, and ~16.7% of the geographical area of India. The prevailing climate in most of the
region is a humid subtropical one, except for Sikkim and Arunachal Pradesh, where a highland
climate is experienced. More than 60% of annual rainfall occurs during summer monsoon
season with above 80% in Bihar and Jharkhand (Arunachal Pradesh: 64%, Tripura: 60%,
Mijoram: 67%, Assam: 65%, Nagaland: 67%, Sikkim: 63%, West Bengal:77%, Meghalaya:

71%, Bihar: 85%, and Jharkhand: 84%).

The rainfall homogeneous region of Central India spans across 10 meteorological sub-
divisions (Odisha, Chhattisgarh, Vidarbha, Marathwada, Madhya Maharashtra, East Madhya
Pradesh, West Madhya Pradesh, Saurashtra & kachchh, Gujarat, and Konkan & Goa), and

comprises 178 district, covering ~33.4% of geographical area of India. In the western segment
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of this region, Gujarat experiences arid and semi-arid climate, and Maharashtra experiences
tropical wet and dry climate, while Goa witnesses tropical wet climate. The climate changes to
humid subtropical and tropical wet and dry towards the east in Madhya Pradesh, Chhattisgarh,
and Odisha. Central India gets majority (over 80%) of its annual rainfall in the summer
monsoon season (Gujarat: 96%, Goa: 90%, Maharashtra: 89%, Madhya Pradesh: 92%,
Chhattishgarh: 90% and Odisha: 80%). The monsoonal rainfall in Central India is significantly
influenced by synoptic-scale weather systems such as lows and depressions originating over
the BoB. These systems contribute around 35-40% of the total summer monsoonal rainfall in

the region, as reported by Vishnu et al. [2016].

The rainfall homogeneous region of South Peninsula comprises 8 meteorological sub-
divisions (Telangana, Rayalaseema, South Interior Karnataka, North Interior Karnataka,
Coastal Karnataka, Coastal Andhra Pradesh, Kerala, and Tamil Nadu), 120 districts and covers
~19.3% of the geographical area of India. The western part of this region, i.e. the windward
side of the Western Ghats, experiences a tropical wet climate. The climate transitions to arid
on the leeward side of the Western Ghats and tropical wet and dry climate in farther east.
Western Ghats play a dominant role in capturing moisture-laden winds from the Arabian Sea
and causing heavy orographic rainfall in the windward side. South Peninsula gets a majority of
rainfall during southwest monsoon season (Kerala: 68%, Karnataka: 74%, Andhra Pradesh:
57% and Telengana: 79% of annual rainfall) except Tamil Nadu, which receives most of its

rainfall during northeast monsoon season (49% of annual rainfall).

There are some studies in which India is also divided into six [Kale and Nagesh
Kumar, 2018; Maity, 2020; Saini et al., 2022] regions grouping various states, in a manner
slightly different from IMD. In this study, we have used the IMD system of four rainfall

homogeneous regions.
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To achieve the first thesis objective, a methodology has been proposed, which

comprises of a bunch of statistical tools and has been discussed in detail in the next chapter.
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Chapter 2

Proposed method

2.1. Data retrieval:

In our study, the daily observed gridded rainfall dataset of the IMD with a high spatial
resolution (0.25° latitude x 0.25° longitude) and a longer period of data availability (1901—
2020) has been used [Pai et al., 2014]. This gridded dataset is based on a total of 6955 rain
gauge stations across India and was generated using all standard quality control measures viz.
removal of coding and typing errors in the station data, missing data and duplicate station
check, extreme value check, and homogenization. Shepard’s inverse distance weighted
interpolation (IDW) scheme [Shepard, 1968] is used for interpolating station rainfall data into
0.25° x 0.25° regular grids, including the barriers and directional effects. A detailed description
of the generation of this high-resolution daily gridded dataset for the Indian subcontinent (6.5—
38.5 °N and 66.5-100.5 °E) is given in Pai et al., [2014]. This daily gridded 120 years (1901—
2020) rainfall dataset was downloaded in NetCDF format from the IMD
(http://www.imdpune.gov.in) ~ with  the help of the IMDLIB  package

(https://doi.org/10.5281/zenodo.4405233) using Python software.

2.2. Conversion of gridded rainfall time series to district rainfall
time series:

In our study, a district has been considered as the smallest geographical unit for rainfall
pattern analysis because the larger regional rainfall pattern is an integration of smaller
geographical unit. Further, a district is also the smallest administrative unit in India and it is
desirable to analyse district rainfall climatology for better hydrological and water management,

agricultural, and other administrative purposes [ Guhathakurta and Rajeevan, 2008].
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The daily district rainfall time series has been prepared from the daily gridded rainfall
time series by an area-weighted average rainfall method [Pai et al., 2014], taking into
consideration the grid boxes that lie inside the district boundary wholly or partially. The area
weight allocated to each grid box is a multiplicative outcome of the fractional grid box area
encircled by the district periphery and cosine of the latitude of its center point. The cosine factor
is necessary for area compensation of high latitude grid boxes as the area decreases due to the

convergence of the meridians. Accordingly, the area weighted rainfall has been computed as:

Raistricty = Z A; X cos (6;) XR;

where Ruisnicr) 1S the rainfall of the district, 4 is the fractional area of the grid box
covered by the district, € is the latitude and R is the rainfall at the grid point (center) of the

corresponding grid box i.

The daily rainfall time series of the district has been converted to seasonal rainfall
time series using Python software. Summer monsoon rainfall time series is calculated by

adding the daily rainfall values from June to September and analyzed further.

2.3. Multidecadal patterns in summer monsoon rainfall:

Each district's monsoonal rainfall time series is converted to rainfall anomaly time
series, wherein rainfall anomaly is calculated as the percentage departure from climatological
standard normal rainfall. The percentage departure of rainfall from climatological normal is
used so that climatological rainfall trends of different time frames can be well compared. The
average summer monsoon rainfall for 30 years, between 1961-1990, has been used as the
climatological standard normal as suggested by the World Meteorological Organization
(WMO) as a historical standard for supporting long-term climate change assessment

[Organization, 2017]. We have adopted the 31-year moving average method to the rainfall
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departure time series, which lucidly unravels the rainfall climatic trend at interdecadal (i.e.,
decadal to multidecadal) timescales [Mohapatra and Mohanty, 2007; Guhathakurta and
Rajeevan, 2008; Mourato et al., 2010; Lupikasza, 2010; Preethi et al., 2011; Lee et al., 2012;
Marani and Zanetti, 2015; Ghosh et al., 2016; Portela et al., 2020]. In climate studies, it is a
common practice of using 30-year span for moving average analysis. Average of any
climatological elements such as precipitation and temperature over this time span is referred to
as “climate normal” by the World Meteorological Organization [Organization, 2017], which
represents the climatic condition likely to be experienced at a given region. Moreover, the use
of a 30-year period is a scientific convention based on the Central Limit Theorem, that at least
25 or 30 data points are required to obtain a reliable estimate of the mean and standard deviation
[Hogg et al., 1977]. Therefore, in our study, we have computed 31-year averaged summer
monsoon rainfall departure time series for trend analysis to represent a multi-year trajectory of
rainfall amount change, which is an aspect of the climate system and unlikely to be caused by

short-term (i.e., yearly) variability.

The moving average of rainfall percentage departure time series, in 1901-2020
dataset, for Bijapur district of Karnataka is shown in Fig. 2.1 as an example. The black curve
denotes the 31- year moving average time series, which starts from 1916 and ends in 2005
because the averaged value over each successive 31-year window is placed at its centre.
Accordingly, the first point (1916) is the midpoint of 1901-1931 time-window, and each
successive point in the black curve is the mid-point of the next 31 years’ time window, with the
last point (2005) being the midpoint of 1990-2020 time-window. Each bar in Fig. 2.1 represents
total summer monsoon rainfall amount (mm) for each year, in which purple bar and pink bar,
respectively, indicates year having rainfall higher and lower than the climatological standard
rainfall (441.3 mm). The moving average pattern shows two decreasing trends in the initial and

the final part with an increasing trend in between. A prominent low (valley) is seen in 1930s,
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where the trend has changed from decreasing to increasing. Similarly, a prominent peak is

observed in 1960s, where the trend has changed from increasing to decreasing.

700 Crimatological standard Bijapur (Karnataka)[5
normal rainfall: 441 mm

o
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31-year moving average of % departure
in summer monsoon rainfall

31-year moving average pattern of %

mmmm Rainfall > Normal ssss= Rainfall < Normal e ., 5
departure in summer monsoon rainfall

Fig. 2. 1 Time series in summer monsoon rainfall of Bijapur district (Karnataka) from 1901 to
2020 (represented by bars). Purple (pink) bars indicate higher (lower) rainfall than the
climatological standard normal of 441 mm. The black curve shows the 31-year moving
average pattern of % departure from the climatological standard normal. The overall pattern
displays three distinct trends, with two decreasing trends alternating with an increasing trend.
Rainfall trend reversals occurred in the 1930s and 1960s, evident from the inflection points
(around valley and peak) in the moving average % departure pattern.
2.4. Rainfall pattern recognition:

Following three criteria have been conceived and adopted in this study for rainfall

pattern recognition:

a) Number of inflection points (IP)
b) Type of inflection points

¢) Year of inflection point

An inflection point in a time series refers to the year around which the rainfall trend
reverses, i.e., from decreasing to increasing or vice versa. This is the trend reversal point in the

moving average percentage departure pattern. Identification of such points and the
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corresponding year(s) in the time series is important as it signifies the prominent change in

rainfall regime and the associated causal processes.

We have used 15-year of sliding trend (slope) analysis method [Kothawale et al.,
2010] (1916 to 1930; 1917 to 1931; ........ ; 1991-2005) in the time series of 31-year moving
average % departure, for identification of the inflection points. The 15 years’ trend (denoted
by green squares in Fig. 2.2) has been placed at the midpoint of each successive 15 years’ time
window. Accordingly, the first point 1923 is the midpoint of 1916—1930 each successive point
is the midpoint of next 15 years’ time-window and the last point (1998) is the midpoint of 1991-
2005. The inflection point is identified when the value of sliding trend changes the sign, i.e.,
from positive to negative or vice versa; and the same sign of trend is maintained at least for 10
consecutive years prior or after the year of inflection point. Accordingly, among the identified
inflection years, those prior to 1926 and after 1995, have not been considered in order to obtain
a pattern of at least a decade span. The rainfall departure pattern that does not have any
inflection points is called a monotonic increasing or decreasing trend based on the sign of the
sliding trend, where a positive sign signifies an increasing trend and a negative sign signifies a

decreasing trend.

The rainfall departure trend of the Bijapur district (Fig. 2.2) reverses at two points and
these are 1931 (identified by the upward arrow) and 1967 (identified by the downward arrow).
These are the two inflection points in the moving average rainfall departure pattern of Bijapur.
Before 1931, the sliding slope values are consistently negative and a decreasing trend is
observed. After 1931, the trend is increasing up to 1967, and the sliding slope values are
consistently positive. This increasing trend is followed by a decreasing trend after 1967, and

the sliding slope values are consistently negative again.

Page | 23



There are two types of inflection points possible in this approach, which are named as
Low-type (L-type) and High-type (H-type). L-type inflection point refers to a change in rainfall
trend from decreasing to increasing (valley), and the H-type inflection point refers to a change

in rainfall trend from increasing to decreasing (peak) (Fig. 2.2).
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Fig. 2. 2 [5-year sliding trend value (green squares) for the 31-year moving average of %
departure in summer monsoon rainfall. Consistent positive values indicate increasing trend
and negative values indicate decreasing trend. Inflection points, where the trend changes from
positive to negative (H-type: 1967) or negative to positive (L-type: 1931), signify rainfall trend
reversals.

15-year time window is chosen based on a sensitivity analysis using sliding trend
windows of 5, 11, 15, 21, and 31 years in the moving average rainfall departure pattern. The
results show that a 5-year sliding trend analysis produces scattered and inconsistent trend
values, while a 31-year analysis fails to capture the pattern (the initial decreasing trend in Fig.
2.3f). The others (11,15,21, and 25-year) yield inflection years that are closely aligned.
However, the inflection points identified using the 15-year window fall between those

identified using the 11-year window on one side and the 21-year and 25-year windows on the

other side. Consequently, the 15-year time span is chosen as it strikes a balance between
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year, or 25-year windows instead of 15-year would not significantly alter the final results (Fig.

capturing trends accurately and maintaining consistency. It is noticed that using 11-year, 21-

2.3).
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It may be noted that due to spatio-temporal differences in rainfall variability, the
identified year of inflection points for all the districts of a region may not necessarily coincide.
Therefore, it is necessary to find out common time period of years in which majority of
inflection points coincide, and hence that time period can be regarded as the one during which
major change in rainfall trend occurred over the region. In order to mathematically identify
such time period(s), both the types of inflection points (L-type and H-type) have been

separately clustered by K-means clustering technique.

2.5. K-means clustering of inflection points:

K-means clustering is a classification method that divides a set of n observations (x;,
X2y eennnn , X») into mutually exclusive clusters (C7, Co, ...... , Ci), so that the observations within
each cluster are similar to each other as much as possible, and as dissimilar as much as possible
to the observations in other clusters. A cluster is defined by its center as the mean of
observational data. This clustering technique uses an iterative algorithm to minimize the sum
of squares of distances from each observation to its center over all clusters. For this study,
observations (x; to x,) are years of inflection points for districts’ moving average rainfall %
departure pattern, and the cluster will be the time bracket in years, with its centre point, in

which most of the years of inflection will coincide.

The formula for final cluster identification in the iteration method is:

K n
minZZ ||xl.(]) — ¢i|?

j=1i=1

)

i

Here, ||x;”” — ¢;|| is the distance between observation point xl.(j ) and cluster center Cj
in cluster j. This algorithm moves observations among the clusters until the sum cannot be

decreased any further. Hence, similarities of observations within each cluster are strengthened

Page | 26



while dissimilarities among the observations of other clusters are maximized. This machine
learning approach of clustering data points has widely been followed due to its simplicity of
implementation /[Ramos, 2001; Sénmez and Komiiscii, 2011, Zahmatkesh et al., 2015, Gupta

and Jain, 2018].

2.6. Identification of optimal number of clusters:
K-means clustering technique is used for grouping all the identified L-type and H-
type inflection points by using the 15-year sliding slope method for each region. The optimum

number of clusters is identified from the K-means elbow method [Paul et al., 2022; Guerreiro

Miranda et al., 2023].

A cluster centre would be representative when the data points will be normally
distributed [Mishra et al., 2019]. Normality check is performed through z-score using skewness
and kurtosis [Kim, 2013; Mishra et al., 2019] for each identified cluster to ensure its normal
distribution. Skewness and excess kurtosis are both sensitive to outliers and small sample sizes.
Additionally, standard error also depends on sample size, and it decreases with increasing
sample size. In view of the above limitations, a Z-test for normality is performed using
skewness and excess kurtosis, to ensure the normality at 0.05 level of confidence (Mishra et al.
2019). A Z-score could be obtained by dividing the skewness value or excess kurtosis value

with their standard errors.

_ Skew value 7 = Excess kurtosis

SEskewness SEexcess kurtosis

The threshold value at 0.05 alpha level is £1.96 for small sample size (n < 50) and
+3.29 for medium sample size (50 < n < 300). If the Z-score is beyond the threshold value,
then the null hypothesis will be rejected and the distribution is concluded as non-normal [Kim,

2013]. In our study the final cluster number in both L-type and H-type inflection points is
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decided based on the normality test performed on the clusters identified using the elbow

method.

However, K-means clustering may encounter limitations, including the subjective
determination of the ideal number of clusters using the elbow method and convergence towards
different cluster centroids based on the initial randomly chosen centroids. These limitations
introduce subjectivity into the K-means algorithm, such as sensitivity of centroids and
overlapping of cluster members. To address this, a two-sample Student’s ¢-test is performed to
examine whether the clusters of L-type/H-type inflection points obtained for each region

significantly differ from each other.

2.7. Identification of prominent clusters:

To identify the prominent clusters among the optimum number of clusters of L-type
and H-Type inflection points for each region, an additional area-based criterion was used,
according to which a cluster has been considered prominent if the sum of areas of districts
under that cluster represents at least one-third (33%) of the total regional area. The centers
(calculated as district weighted mean of the cluster range of years) of these prominent clusters

have been considered as the prominent trend reversal event for each region.

Multiple checkpoints are kept in the methodology to ensure mathematical accuracy
and statistical significance, and to assure that the rainfall trend reversals have been genuinely

identified in this study.

Additionally, we have conducted another exercise, where we have superimposed the
normalised frequency of H-type/L-type inflection points. The superimposition is organized in

three ways:
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(i)

(iii)

Pairs consisting of only H-type inflection points from the regions (6 pairs: northeast &
south peninsula, northeast & central, northeast & central, south peninsula & central,
south peninsula & northwest, central & northwest).

Pairs consisting of only L-type inflection points from the regions (6 pairs: northeast &
south peninsula, northeast & central, northeast & central, south peninsula & central,
south peninsula & northwest, central & northwest).

Pairs consisting of an L-type inflection point from one region with an H-type inflection
point from another region (12 pairs: northeast L-type & south peninsula H-type,
northeast L-type & central H-type, northeast L-type & northwest H-type, south
peninsula L-type & northeast H-type, south peninsula L-type & central H-type, south
peninsula L-type & northwest H-type, central L-type & northeast H-type, central L-
type & south peninsula H-type, central L-type & northwest H-type, northwest L-type
& northeast H-type, northwest L-type & south peninsula H-type, and northwest L-type
& central H-type).

The motive behind this exercise is to examine if the superimposition of frequency of

inflection points is heightened which indicates prominence. Heightened superimposed

frequency between inflection points of similar nature (H-type with H-type/L-type with L-type)

suggests a coherent pattern whereas heightened frequency between inflection points of

opposite nature (L-type with H-type) suggests a dipole patten.

2.7. Cramer’s t-test:

Cramer’s ¢-test is a standard test of significance to analyse the stability of the climate

and to prove climate variability [Mitchell Jr, 1966]. It is a moving ¢ statistic that compare the

mean of each successive time window period with the mean of entire period [Lawson et al.,

1981]. It helps to isolate significant periods of abnormal averages, if any. The peculiar features
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of atmospheric circulation can be explored against the background of these periods of abnormal

average [Mooley and Parthasarathy, 1984].

In this study, the mean, x and the standard deviation, S, are calculated for each district
rainfall series for total number of years, N (120 years), under investigation. This long-term
average has been compared with each successive n-year period’s (3 1-years) rainfall average,

X}, through the #-statistics. The Cramer’s z-value () is computed as,

1
n(N-2) \2
hh=\—7—] T
k (N—n(1+‘r,2()) k
where 1 is a standardized measure of difference between averages given as,

_ G&x—®
S

For the significance of Cramer’s f-value at 95% confidence level, the required
threshold Cramer’s ¢-value is +£1.96 [Mooley and Parthasarathy, 1984]. One example of this
test is shown for the Bijapur district (Fig. 2.4), where maroon dots represent Cramer’s ¢-values

and the maroon lines denote the 95% confidence level threshold value (£1.96).

Local maxima or local minima in the long-term rainfall pattern are identified by the
years of H-type or L-type of inflection points in which rainfall is, respectively, higher or lower
than the adjacent time periods. The local maxima or minima signifies climate extremes only if
rainfall maxima or minima is significantly higher or lower than the long-term average (1901-
2020 summer monsoon rainfall average). In order to ascertain that the identified local maxima
(minima) in rainfall is significantly higher (lower) than the long-term average rainfall, the
Cramer’s #-test is used in our study. Thus, the Cramer’s #-test ascertains if the year of inflection
point actually represents the year of significantly higher (lower) rainfall than the long-term

climatological mean rainfall or just the year of rainfall trend reversals. For example, for Bijapur
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district (Fig. 2.4), it has been ascertained based on the Cramer’s #-test that the L-type (H-type)
inflection point in year 1931 (1967) actually represents the climate extreme of anomalously

lower (higher) rainfall compared to the long-term average rainfall.

A flow chart of this complete methodology of identifying trend reversal and

anomalous years in the long-term pattern of summer monsoon rainfall is presented in Fig. 2.5.

3 . Bijapur (Karnataka)
5 -"’.' 1196 (0.05 significance level)
"""""""""""""""" .'. ;:-'.""""" CTTTTTTTTTTTTTTTTT T
1 b o’ ..
@ [ .
= .
= 04 % * %
:’T_ .-.' ..0.. o e
-1+ .c.." . K : "o '...n
°* 0 * -1.96 (0.05 significance level)
Qe A
% ® 31-year moving Cramer’s t-value
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Year

Fig. 2. 4 31-year moving Cramers t-value (maroon dots). Years with t-values beyond + 1.96
(significant at 0.05) indicate extreme rainfall significantly higher or lower than the long-term
(1901-2020) average. 1931 and 1967 are not only point of rainfall trend reversal but also year
of extreme rainfall for Bijapur district, as the climatological rainfall is significantly lower and
higher respectively, than the long-term average.

Using the robust methodology as discussed above, prominent summer monsoon
rainfall trends and trend reversal events have been identified in the four rainfall homogeneous

regions of India, which are discussed in the next chapter.
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Chapter 3

Prominent summer monsoon rainfall trends and trend
reversal events observed in four rainfall homogeneous
regions of India

The methodology described in the previous chapter has been used to identify and
analyze the inflection points within the rainfall patterns across the four rainfall homogeneous
regions of India, encompassing a total of 678 districts. Among these districts, 18 displayed a
monotonically increasing or decreasing trend in the 31-year moving average rainfall departure.
Additionally, 58 districts exhibited a fluctuating pattern in their 31-year moving rainfall
departure, characterized by frequent changes in the sliding trend’s sign, indicating an erratic
rainfall pattern over short period. This inconsistency is termed a non-systematic pattern within
this study, posing challenges in pinpointing precise inflection points in the 31-year moving
average rainfall departure pattern in these districts. Conversely, the remaining 602 districts
demonstrated a systematic rainfall pattern, with consistently positive or negative sliding trend
values and a clear change in trend sign at certain points, facilitating the accurate identification
of inflection points. The distribution of districts exhibiting the aforementioned rainfall patterns
across regions is detailed in Table 3.1.

Table 3. 1 The total number of districts of each region along with the districts having monotonic

trends lacking inflection points, exhibiting non-systematic trends, and where inflection points
were identified in the moving average rainfall departure patterns and studied further.

s . Districts having a Districts having systematic
. Total Districts having a : r s .
Region c . non-systematic trends with inflection
District monotonic trend .
trend points

Northwest 205 5 19 181
Central 178 4 6 168
Northeast 175 3 19 153
South peninsula 120 6 14 100
Total 678 18 58 602
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3.1. Distribution of inflection points:

The distribution of L-type and H-type inflection points in 31-year moving average
curve of rainfall departure from climatological normal for 601 districts distributed over four
rainfall homogeneous regions of India, as identified from sliding trend analysis, is shown in
northeast. 3.1(a-d) through histograms for each region. In this histogram plot, each bar
represents the total number of districts (y-axis) having H-type or L-type of inflection points for
a particular year (x-axis). Histograms in Fig. 3.1(a-d) reveal that the inflection points of H- and
L-type are grouped around a narrow temporal range (~ 2 decades) in the northeast and south
peninsula (Fig. 3.1c&d) but spread over a much wider temporal range in northwest and central

India (Fig. 3.1a&b).

In the northeast region (Fig. 3.1¢), two distinct groups of H-type inflection points are
separated by one distinct group of L-type inflection points. These three groups of inflection
points indicate at least three rainfall trend reversals from 1901 to 2020 in a sequence of
“increase-decrease-increase-decrease” in rainfall trend, along with its approximate time
window. In the south peninsula (Fig. 3.1d), the opposite pattern is seen, i.e., two distinct groups
of L-type inflection points are separated by one distinct group of H-type inflection points. This
also indicates at least three rainfall trend reversals along with their approximate time windows

but in an opposite sequence of trend reversal (decrease-increase-decrease-increase).

In south India (Fig. 3.1b) one large group of H-type inflection points and one large
group of L-type inflection points are spread over a long period of several decades indicating at
least two rainfall trend reversals. However, since the years of inflection points are spread over
a very long period, it is not possible to identify a specific time window when rainfall trends are
reversed. In the northwest region (Fig. 3.1a), the distinct groups of H-type and L-type inflection
points are not identifiable since they are spread over the entire time series. Additionally, both
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the H- and L-type inflection points are observed during the same years in different districts.
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3.2. Identification of optimal number of clusters:

To mathematically identify the statistically significant and distinct time windows of
rainfall trend reversals from the year wise distribution of L-type and H-type inflection points
(Fig. 3.1a-d), K-means clustering using elbow method, and normality check of clusters through
skewness and excess kurtosis was performed, following detailed methodology discussed in
Chapter-2. This revealed that the optimum number of clusters for both L- and H-type inflection
points for each region works out to be three. This indicates that each of the four regions has
experienced three rainfall trend reversals, although it cannot be discerned visually for the
northwest (Fig. 3.1a) and central India (Fig. 3.1b). It is necessary to reiterate that three rainfall
trends are even visually identifiable for the northeast (Fig. 3.1c) and south peninsula (Fig. 3.1d).
The final number of optimal clusters, their ranges, centers, skewness, kurtosis, standard errors,

and Z-scores are shown in Table 3.2.

These three optimal clusters of both L- and H-type (i.e. total 6 clusters in each region)
identified for each of the four regions, represent rainfall trend reversal events. However, these
trend reversal events are obviously of different magnitudes affecting variable percentages of
geographical areas of the respective region. Therefore, it is also necessary to ascertain which
among these six identified optimal rainfall trend reversals in each region, are prominent ones,

affecting a substantial area (at least 33%) of a given region.
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3.3. Identification of prominent clusters:

To identify the prominent clusters of L-type and H-Type inflection points, from the
six optimal clusters available for each of the regions, an additional area-based criterion was
used, according to which a cluster has been considered prominent if the sum of areas of districts
under that cluster represents at least one-third (33%) of the total regional area. The Fig. 3.2
shows the range of years for each cluster (cluster range); year of trend reversal (cluster centre:
calculated as district weighted mean of the cluster range of years); % of total number of affected

districts in the region; and the % of total geographical area of affected districts in the region.

As per the area-based criteria, two H-type clusters [(range: 1925-1948; center: 1935;
area: 49%) and (range: 1979—-1996; center:1988; Area: 43%)] and one L-type cluster (range:
1956-1976; center: 1966, area: 38%) have been identified as prominent clusters in the northeast
India (Fig. 3.2¢). In contrast, in south peninsula, one H-type cluster (range: 1959-1977; center:
1969; area: 45%) and two L-type clusters [(range: 1926—1942; center: 1934; area: 67%) and

(range: 19751995, center: 1986; area: 45%)] are identified as prominent clusters (Fig. 3.2d).

In northwest India, one H-type cluster (range: 1950-1972, center: 1962; area: 37%)
and one L-type cluster (range: 1981-1996; center: 1991; area: 32%) are prominent (Fig. 3.2a).
It is to be noted that in northwest India area covered for the L-type cluster is only fractionally
less than the benchmark of 33%, but since it also coincides in time with prominent L-type
clusters in central and south peninsula, it was considered as prominent. Similarly, in central
India, one H-type cluster (range: 1927-1950, center: 1940; area: 62%) and one L-type cluster

(range: 1970-1995; center: 1983; area: 74%) are identified as prominent clusters (Fig. 3.2b).
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(@) Northwest 15% 32%
34% 22% 31%
L-type 1933 1967 1991
Cluster 1926-1947 1953-1977 1981-1996
25% 37%) 7%
30% 48% 10%
H-type 1238 1262 1283
Cluster 1925-1949 1950-1972  1973-1992
b) Central
.( ) 18% 8% 4%
13% 8% 66%
L-type 1930 1959 1983
r l— . v
Cluster 1925-1934 1949-1967 1970-1995
62% 29% 11%
58% 24% 11%
H-type 1940 1960 1987
Cluster | - - o
1927-1950  1951-1970 1978-1995
¢) Northeast
{© 21% 8%
21% 1% 10%
L-type 1946 1966 1989
¢ o . T
Cluster 1930-1955 1956-1976  1980-1995
49% 14% 13%
36% 13% 49%
H-type 1935 1968 1988
- o o
Cluster 1925-1948 1956-1978  1979-1996
d) South '
.( ). 67% 5%
Peninsula 62% 4% 6%
L-type 1934 1959 1986
Cluster 1926-1942 1954-1970 1975-1995
18% 6%
22% 43% 8%
H-type 1946 1969 1985
4 #r s —
Cluster 1931-1956 1959-1977  1979-1993
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020
Year
Cluster Range Cluster Range = Cluster Center _ Cluster Center s s o o
—  (H-type) = (L-type) (H-type) (L-type) M District% W Area%

Fig. 3. 2 Cluster range, cluster center, district and area covered by each cluster in terms of
percentage of six L-type and H-type clusters identified from K-means clustering technique for
(a) northwest, (b) central, (c) northeast, (d) south peninsular India. The green-colored numbers
denote the percentage of area covered, while maroon-colored numbers represent the
percentage of districts of the region. Clusters highlighted with a rectangle, indicating
prominent clusters.
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In Fig. 3.3a-d the centers of all prominent clusters for each region are shown. These
cluster centres represent major trend reversal points in the rainfall history of India during 1901-
2020. Thus, in northeast India (Fig. 3.3c), the multidecadal summer monsoon rainfall since
1901 has undergone three major trend reversals as follows: (1) from increasing to decreasing
rainfall trend around 1935; (2) from decreasing to increasing rainfall trend around 1966; (3)

from increasing to decreasing rainfall trend around 1988.

1930s 1960s 1980s
(a) Northwest 1962
(b) Central 1940
1983
(¢) Northeast 1935 1988
1966
1969
Peninsula 1934 1986
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020
Year
Cluster Center Cluster Center / Increasing Decreasing
(H-type) (L-type) Rainfall Trend Rainfall Trend

Fig. 3. 3 The prominent summer monsoon rainfall trend reversals and rainfall trends
observed in (a) northwest, (b) central, (c) northeast, and (d) south peninsular India. The
identified trend reversals are categorized into three periods: the 1930s, 1960s, and 1980s.
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The rainfall in northwest India has undergone two major trend reversals (Fig. 3.3a),
namely, (1) from increasing to decreasing trend around 1962; and (2) from decreasing to

increasing trend around 1991.

The rainfall in central India (Fig. 3.3b), has also undergone two trend reversals,
namely, (1) from increasing to decreasing trend around 1940; and (2) from decreasing to

increasing trend around 1983.

The rainfall in the south peninsula has undergone three major trend reversals (Fig.
3.3d) in the rainfall history, namely, (1) from a decreasing to an increasing trend around 1934;
(2) from an increasing to a decreasing trend around 1969; and (3) from decreasing to increasing

trend around 1986.

One of the most important outcomes of this study (Fig. 3.3) is that there are three
distinguishable decades, during which a large geographical area of India experienced reversals
in the rainfall trend in the 120 years of records in India. During the decades of the 1930s, and
1960s three out of four rainfall homogenous regions of India experienced rainfall trend
reversals. It is also evident that the decade of the 1980s was the most widespread in terms of
rainfall variability in India because the rainfall in all the four rainfall-homogeneous regions of
India has undergone major trend reversals during this decade. Three regions (northwest,
central, and south peninsula) witnessed the rainfall trend reversal from decreasing to increasing
but the rainfall in the other region (northeast) underwent the opposite trend reversal i.e. from
increasing to decreasing trend. In other words, rainfall in the northwest, central, and south
peninsula tended to increase from the 1980s onwards, the northeast India had an opposing

tendency of decreasing from the 1980s onwards.
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Apart from the identification of prominent rainfall trend reversals in the long-term
data, it is also important to examine the severity of change in the rainfall amount associated
with the identified prominent trend reversal, using Cramer’s z-test. The motive of performing
Cramer’s ¢-test is to additionally examine if the rainfall in the trend reversal years is

significantly different (higher or lower) from long-term average rainfall.

It is observed that, for a given cluster of H-type (L-type) inflection years, rainfall in
the inflection years of some districts is higher (lower) compared to the long-term average at a
95% confidence level. It is important to reiterate that regardless of whether the rainfall during
the inflection year is significantly different from the long-term average or not, the fact remains
that the inflection year demarcates the systematic change in the rainfall trend. In Table 3.3, the
number and area proportion of such districts having rainfall in the inflection year significantly

different from the long-term average for region-wise prominent clusters is presented.

In the 1930s trend reversal, during which the rainfall trend changed from increasing
to decreasing in northeast and central India, and decreasing to increasing in south peninsular
India, 30-40% of districts of the region have rainfall significantly different (wetter in northeast
and central India, and dryer in south peninsular India) from the long-term average, affecting

30-50% of the geographical area of the region.

In the 1960s trend reversal, during which the rainfall trend changed from increasing
to decreasing trend in northwest and south peninsular India, and decreasing to increasing trend
in northeast India, 10-30% of districts of the region have rainfall significantly different (wetter
in northwest and south peninsular India, and dryer in northeast India) from the long-term

average, affecting 10-20% of the geographical area of the region.

Page | 45



Similarly in the 1980s trend reversal, during which the rainfall trend changed from
decreasing to increasing in northwest, central, and south peninsular India, and increasing to
decreasing trend in northeast India, 5-25% of districts of the region had rainfall significantly
different (dryer in northwest, central, and south peninsular India, and wetter in northeast India)

from the long-term average affecting up to 25% of the geographical area of the region.

From the above-mentioned insights and observations from Cramer's z-test, it is
inferred that the three identified trend reversals in the 1930s, 1960s, and 1980s are crucial for
highlighting systematic changes in long-term rainfall in India. Further, Cramer’s #-test proves
that the rainfall trend reversals during the decade of 1930s are far more severe compared to that
in the 1960s and 1980s as the number of districts and the areas experiencing significant
variation in rainfall amount (compared to the long-term average) is higher in 1930s than the
other two decades. In other words, the rainfall trend reversal during the period around the 1930s

was the most severe in the last 120 years of Indian summer monsoon rainfall history.
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3.4. Superimposed normalized frequency of inflection points:

We have superimposed the normalized frequency of H-type/L-type inflection points
between the regions pairwise to examine if the superimposition of the frequency of inflection

points is heightened which indicates prominence.

We observed amplified superimposed frequency during the time window where
prominent trend reversal events were identified, marked by ticks in Fig. 3.4. In pairs of H-type
inflection points (Fig. 3.4a), peaks were observed in the 1930s for northeast & central, and
central & northwest pairs, and in the 1960s for the south peninsula & northwest pair. For L-
type inflection point pairs (Fig. 3.4b), peaks were observed in the 1930s for south peninsula &
central, and south peninsula & northwest pairs, and in the 1980s for south peninsula & central,
south peninsula & northwest, and central & northwest pairs. These peaks signify coherence in

rainfall trend reversals among regions.

An asymmetric rainfall pattern is discerned from the peaks of superimposed frequency
between northeast L-type & south peninsula H-type, northeast L-type & northwest H-type in
the 1960s (Fig. 3.4ci), south peninsula L-type & northeast H-type in the 1930s and 1980s, and
south peninsula L-type & central H-type in the 1930s (Fig. 3.4cii), central L-type & northeast
H-type in the 1980s (Fig. 3.4ciii), northwest L-type & northeast H-type in the 1980s (Fig.
3.4civ). This analysis corroborates the conclusions drawn regarding the prominent cluster and
trend reversals obtained from the methodology utilized in the study. Thus, this exercise proves

the robustness of the prominent clusters identified by the current study.
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Fig. 3. 4 Amplified superimposed frequency of inflection points of similar types (a) H-type
and (b) L-type of all regions, pairwise, signifying coherence in rainfall trend reversals
among regions. Amplified superimposed frequency of opposite types of inflection points
(c) L-type of one region with H-type of other regions signifying asymmetry in rainfall trend
reversal.
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3.5. Spatiotemporal distribution of prominent rainfall trend
reversals:

The geographical distribution of the districts in those regions, which experienced the
prominent rainfall trend reversals (i.e. affecting at least 33% area) during the identified time
period centered around 1930s, 1960s and 1980s (Fig. 3.2 and Fig. 3.3) are given in Fig. 3.4a-

C.

The 1930s trend reversal is experienced by more than one-third geographical area of
central, northeast, and south peninsular India as shown in Fig. 3.4a. However, this rainfall trend
reversal in 1930s is experienced only by a small geographical area (< 25%) in northwest India
and hence not shown in Fig. 3.4a. The 1960s rainfall trend reversal is experienced by a
significant geographical area (~ 33%) of northeast, northwest, and south peninsular India as
shown in Fig. 3.4b. However, this rainfall trend reversal centered around 1960s was

experienced by smaller (29%) than threshold geographical area in central India.

Unlike 1930s, and 1960s, the rainfall trend reversal centered around 1980s is
prominently experienced by all the four rainfall homogeneous regions of India Fig. 3.4c. The
most striking feature is that the L-type rainfall trend reversal (decreasing to increasing) is
experienced by three (northwest, central and south peninsula) of the four regions of India. Thus,
almost entire India experienced this L-type rainfall trend reversal and can be regarded as the
most prominent episode of shift in rainfall pattern, in terms of its geographical extent. It is
noteworthy that the fourth region (northeast) also experienced the rainfall trend reversal around
1980s, but of contrasting type (H-type: i.e. from increasing to decreasing rainfall) compared to

other three regions.
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3.6. Meridional and zonal asymmetry in rainfall:

It is important to note that based on the spatial distribution of districts experiencing
these three prominent rainfall trend reversals (in 1930s, 1960s and 1980s), as discussed above
and shown in Fig. 3.4a-c, it is possible to identify distinct zonal (east-west) and meridional
(north-south) asymmetry of rainfall trend reversal patterns across India. As an important
outcome of this study, one meridional asymmetry, and the two zonal asymmetries in rainfall

trend reversals have been identified, as described in the following.

A distinct meridional (north-south) asymmetry in rainfall trend reversal has been
identified (Fig. 3.4a) for 1930s with two regions (central & northeast vs. south peninsula) of
coherent rainfall trend reversals of contrasting nature. Another important finding from the
spatiotemporal distribution of rainfall trend reversals is a zonal (east-west) asymmetry (Fig.
3.4b) in 1960s, with two coherent rainfall trend reversal regions, namely, northwest and south
peninsula having contrasting pattern compared to that in northeast India. The second zonal
asymmetry in rainfall trend reversal is observed (Fig. 3.4¢) in 1980s, in which coherent rainfall
regions of northwest, central and south peninsula experience rainfall trend reversal which is in

contrast with that in the northeast region.

It is necessary to realize that the three constrained periods (1930s, 1960s, and 1980s)
and the three zonal and meridional asymmetries are being identified so unambiguously for the
first time in this study. Therefore, this finding has improved the current level of understanding
about summer monsoon rainfall trend reversals in India. It also highlights an important
phenomenon about the history of ISM rainfall which needs to be examined further in more

detail to decipher the underlying causal mechanism.
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Another important point emerging from this study is that it may be possible that
rainfall coherent regions as seen today, may not necessarily be the same throughout the rainfall
history. Since the geographical extent of the rainfall trend coherent regions seems to vary in
different time segments as described above, considering the fixed rainfall homogeneous
regions and meteorological subdivisions for studying long-term rainfall trend and rainfall
governing processes might have obscured the scale/dimension and timeframes of the possible
causal processes. This study highlights the necessity to carry out further analysis in the
identified time windows and corresponding coherent regions to understand region-wise rain

governing systems in more detail.

3.7. Summary:

In this study, we have observed prominent multidecadal summer monsoon rainfall
trends and trend reversal points in the long-term rainfall time series from 1901-2020, across
four rainfall homogeneous regions of India at district level. Minute details of spatial and

temporal variations in rainfall trends have been discerned as follows:

1. Using the robust methodology of rainfall pattern identification [Chakra et al., 2023], three
prominent rainfall trend reversal events have been identified as: (1) 1930s; (2) 1960s; and
(3) 1980s.

2. During rainfall trend reversal in 1930s, the trend changed from increasing to decreasing in
central and northeast India, while in the south peninsula, the trend changed from
decreasing to increasing giving rise to a north-south asymmetry of rainfall patterns over
India. In northwest India, no prominent reversal is observed during 1930s.

3. During rainfall trend reversal in 1960s, the trend changed from increasing to decreasing in

south peninsula and northwest India, while in northeast India, the trend changed from
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decreasing to increasing giving rise to an east-west asymmetry of rainfall pattern. In central
India, no prominent reversal is observed during this period.

Unlike 1930s and 1960s, the rainfall trend reversal in 1980s is experienced in all the four
homogeneous regions. In three out of four regions, (i.e. south peninsula, central, and
northwest India), the trend changed from decreasing to increasing, while in the fourth
region (northeast), the opposite trend of increasing to decreasing rainfall is observed,
resulting in an east-west asymmetry of rainfall pattern over India.

In terms of the geographical extent of the observed trend reversal, 1980s is the most
prominent among the three identified events, ~50% of geographical area of India.

In terms of magnitude of rainfall amount variation (i.e. wetter period or drier period
compared to long-term) during these three trend reversal events, investigated through
Cramer’s t-test, the 1930s turns out to be the most prominent event as more than 30% of
the region had rainfall significantly different (higher in central and northeast India; and
lower in south peninsular India) during this period.

The observed temporal changes in the identified spatial asymmetry of rainfall pattern

signify that the so-called rainfall homogeneous regions must have changed over time.

Therefore, this study also opens up a new front of research for hydrologists,

meteorologists, and modelers to understand region-wise rain governing systems in more detail

by focusing on distinct trends within specific time frames. A graphical summary of the region-

wise ISMR rainfall pattern is presented below in Fig. 3.6.

It is very important and challenging to identify the underlying processes and

controlling factors for each of the identified rainfall trend reversals. This, however, would

require concerted research efforts by the meteorology community. Nonetheless, efforts made

in this direction, as part of this study, have provided new insights into ISMR in the context of

early twentieth century warming vs. mid-twentieth century cooling.
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Chapter 4

Insights into Indian summer monsoon rainfall variability:
Early twentieth century warming vs. Mid-twentieth
century cooling

4.1. Introduction:

The fluctuation of summer monsoon rainfall has a substantial impact on agricultural
systems in India and thus affects the livelihood of more than a billion people [Xavier et al.,
2007; Falga and Wang, 2022]. This underscores the importance for researchers to extensively
investigate factors contributing to various temporal patterns such as synoptic, intraseasonal,

interannual, and interdecadal variability [Chowdary et al., 2021] in ISMR.

The notable decline observed in the ISMR during the latter half of the twentieth
century has been thoroughly investigated, with various factors and processes being attributed
to it. These include the anthropogenic aerosol induced slowing down of tropical meridional
overturning circulation [Bollasina et al., 2011], east-west shifting of monsoon circulation due
to increased sea surface temperature (SST) in the Indo-Pacific warm pool which is anchored
by increased greenhouse gas [Annamalai et al., 2013], south-eastward shifting of boundary
between ascent and descent due to increasing SST difference between equatorial east Pacific
and central north pacific [Salzmann and Cherian, 2015], decreasing recycled component of
precipitation as a consequence of deforestation [Paul et al., 2016], and irrigation induced

circulation change [Chou et al., 2018] etc.

Therefore, the reasons behind the decreasing trend in ISMR are diverse and

multifaceted, offering an opportunity to reanalyze the factors behind distinct rainfall patterns
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during the late twentieth century. For a comprehensive understanding of the rainfall governing

processes, it is necessary to investigate the rainfall patterns and factors over a longer period.

However, the ISMR patterns and governing factors in the early twentieth century
remain unexplored. An important finding, but at the All-India level, has been shown by
Annamalai et al. (2013) in the All-India Rainfall (AIR) index time series, where an increasing
trend in the 31-year running mean AIR anomalies during the first half of the twentieth century

was observed, peaking in the 1940s, followed by a subsequent decline.

In this work, by analyzing region-wise ISMR at the district level, a prominent ISMR
trend reversal was identified in the 1930s across India. This trend reversal shows meridional
asymmetry: an increasing to decreasing trend in central and northeast India and a decreasing
to increasing trend in south peninsular India. Additionally, the 1930s experienced anomalous
rainfall significantly higher than the long-term mean in central and northeast India and lower
in south peninsular India. The causal processes behind this ISMR peak and valley in the early
twentieth century and the meridional asymmetry in the ISMR trend need to be investigated in

detail.

This period of anomalous rainfall falls within a historical timeframe known as the
early twentieth-century warming (ETCW), which spans from the late 19th century to the mid-
20th century, peaking around the 1940s (Hegerl et al., 2018). This is the most pronounced
warming period in the historical global climate record before the recent warming. Many
regional anomalies during the ETCW period, such as Arctic warming, dust bowl drought and
heat waves in North America, drought in Australia, and hot summers combined with cold
winters in Europe, have been reported [Hegerl et al., 2018]. Following the ETCW, there was a

period of cooling during the mid-twentieth century, commonly known as the mid-century
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cooling (mid-20C cooling), which occurred primarily from the 1940s to the 1970s and was
most pronounced in the northern hemisphere [Heger! et al., 2018]. However, whether the
anomalous rainfall signature in the 1930s and the north-south asymmetrical rainfall pattern
have any connection to the multidecadal phases of temperature change during the ETCW and

mid-20C cooling periods has not been investigated.

This chapter investigates the probable controlling factors of the ISMR to understand
the overall dynamics of ISMR patterns during this timeframe and their connection to the
multidecadal ETCW and mid-20C cooling events, which are discussed in detail in the

subsequent sections.

4.2. Data & Methods:

The methodology and the data used for the identification of the summer monsoon
rainfall pattern have been discussed in Chapter 2. For the understanding of the 1930s rainfall
signature, the annual frequency data of monsoon depressions and storms of BoB origin are
obtained from IMD e-Atlas ( http://14.139.191.203/AboutEAtlas.aspx). Monthly product of
European Centre for Medium-Range Weather Forecasts reanalysis of the 20th Century
(ECMWF ERA-20C) [Poli and Staff, 2017] data is used in this study which includes (i) zonal
(u, ms™), meridional (v, ms™), and vertical wind (o, Pa s!) speed, (ii) relative humidity (RH,
%), and (ii1) specific humidity (q, kg/kg). Land surface and SST datasets are obtained from
Climatic Research Unit gridded Time Series (CRU TS v. 4.05) [Harris et al., 2020] and Hadley
Centre Global Sea Ice and Sea Surface Temperature (HadISST) [Rayner et al., 2003]

respectively.

Inorder to wunderstand the relative contributions of changes in individual

environmental conditions in the changes in the frequency of depressions and storms, the
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following expression of Genesis Potential Index (GPI) is used [Emanuel and Nolan, 2004; Li

etal.,2013].

3

H 3
OGPl = al % 6(%) + a2 X 6|105n 2 + a3 X §(1 + 0.1Vgp0,) 2

3

Vpot
+ a4 X 6(7)

Where,

T Ypor)”
al = 1051z X (14 0.1Vgeqr)™2 X (;)Ot) ’

a2 = (%)3 X (1+ 0.1Vspeqr) ™% X (Vs_gt)3'
a3 = @ x 10l x ()’

H)? 5015 =2
et = (%) x 110592 x 1+ 0.1Vpeqr)

H = Relative humidity (%) at 600hPa,
1n = Absolute vorticity (s!) at 850hpa,
Vishear = Vertical wind shear (ms™') between 200hPa and 850hPa,

Vpot = Maximum tropical cyclone potential intensity (ms™)

The bar () represents the summer monsoon seasonal climatology, and & represents

the difference value of individual parameter between two time frames.

Further, zonal, meridional wind component and specific humidity are used to calculate
vertically integrated moisture transport (VIMT, kg/ms) from 1000hPa to 300 hPa over Arabian

Sea and the BoB [Konwar et al., 2012]. VIMT is defined as,

1 j . . . .
VIMT = i=1 @I (W, v)Apj
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where, g is the acceleration due to gravity, qj is the specific humidity, uj is the zonal

wind, vj is the meridional wind, and Apj is the thickness of jth pressure level.

4.3 Results & Discussion:

4.3.1 Observed prominent summer monsoon rainfall trend reversals in the
ETCW period:

The prominent ISMR trend reversals for the central, northeast, and south peninsular
India were identified in 1940, 1935, and 1934, respectively, referred as the 1930s trend reversal.
Northwest India has not experienced this reversal significantly. Fig. 4.1 displays the spatial
distribution of districts in all three homogeneous regions, excluding northwest India, that
experienced the 1930s trend reversal event. A pronounced north-south asymmetry in trend

reversal is evident.

1930s summer monsoon rainfall
trend reversal

= npe /\

N

A

30°N;

20°N1
Prominent Trend
Region Reversal
Central 1940 (H-type)
Northeast 1935 (H-type)
10°N- South 1934 (L-type)

70°E 80°E 90°E

Fig. 4. 1 Spatial distribution of districts experiencing 1930s summer monsoon rainfall trend
reversal.
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From Cramer’s t-test, it is evident that, 30% geographical area of south peninsula
experienced significantly lower rainfall compared to the long-term average, while 30-40% of
the northeast and central India experienced significantly higher rainfall during the 1930s trend

reversal event (Table 3.3, Chapter 3).

4.3.2 Occurrences of monsoon depressions originated from BoB:

The dynamics over the Arabian Sea play a dominant role in governing rainfall over
the south peninsula [Joseph and Simon, 2005; Konwar et al., 2012], whereas both the Arabian
Sea and the BoB are crucial for central and northeast India [Mohapatra and Mohanty, 2004;
Konwar et al., 2012; S Vishnu et al., 2016]. It is well known that summer monsoon over India
is maintained by the northward progression of ITCZ [Sikka and Gadgil, 1980] and westward
or north-westward propagation of synoptic-scale disturbances (monsoon depressions and
cyclonic storms) to the Indian mainland generally formed from BoB (Fig. 4.2a) or cross over
to BoB from the south-China sea [Wang et al., 2006]. While cyclonic storms can occur during
the summer monsoon period, they are relatively uncommon. Therefore, we categorize monsoon
depressions and storms of higher intensities as monsoon depressions. These synoptic systems
are very important, especially for central India as they act as a significant source of moisture

(>35%) [ S Vishnu et al., 2016; Hunt and Fletcher, 2019].

To analyze the north-south asymmetry in rainfall trends, various meteorological
parameters were studied, including the frequency of monsoon depressions over the BoB. The
annual time series of monsoon depressions originating over BoB from 1901 to 2020 Fig. 4.2b
shows an increasing trend in the first half of the century, followed by a decrease. A similar
pattern is noted in the rainfall trends in central and northeast India, with reversals around 1940
and 1935, respectively. The period 31-year window around 1940 (1925-1955) stands out as

having the highest number of these monsoon depressions compared to adjacent time frames,

Page | 62



aligning perfectly with the trend reversals in central India and closer to the trend reversal of

northeast India.

30°N

25°N

20°N

15°N

10°N

Arabian Sea cu 13 Bay of Beng
65°E 70°E 75°E 80°E 85°E 90°E 95°E

S°N

1901-2020 avg. = 4.6
1925-1955 avg. = 6.9

(b)

Number of monsoon depression

1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

Year

Fig. 4. 2 (a) Track of depressions and storms forming over the Bay of Bengal, (b)
Annual time series of low-pressure systems forming over the Bay of Bengal during
the summer monsoon season.
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To further assess whether the average number of these monsoon depressions during
the 1925-1955 window significantly exceeds the long-term average (1901-2020), a two-
sample t-test was conducted at a 0.05 significance level. The average number of monsoon
depressions during the 1925-1955 window is 6.87, which is significantly higher (50% more)

than the long-term average of 4.56 + 0.44 at a 0.05 significance level.

From 1891, the earliest year for which data is accessible, until the present day, the
highest occurrences of these monsoon depressions happened during the ETCW period within
the time window of 1925-1955. This timeframe aligns with the peak in rainfall observed in
central and northeast India. This increased number of monsoon depressions might have caused
the anomalous higher rainfall over central and northeast India. This observation prompts the
question of what alterations in the environmental parameters may be accountable for the
development and intensification of these monsoon depressions during 1925-1955 in

comparison to other periods.

Studies by Vishnu et al., [2016] and Prajeesh et al.,[2013] indicate that a reduction in
mid-tropospheric relative humidity over the BoB is linked to the decreased monsoon
depression frequency. In this study, to identify the environmental factors exerting a dominant
effect on the increased frequency of monsoon depressions during 1925-1955, a similar GPI-
based approach as Vishnu et al. [2016] has been employed. Two-time frames are considered:
(1) 1925-1955 during the ETCW period (referred to ETCW subsequent descriptions) and (2)
1956-1986 during mid-20C cooling period (referred to as mid-20C cooling in subsequent
descriptions). Changes in GPI and associated environmental parameters between these two-

time frames were observed using the ERA20C reanalysis datasets, and HadISST dataset.

It's worth noting that the preceding thirty-year period before the 1925-1955 window,

specifically, 1894-2024, was not taken into consideration due to limitations in data availability.
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4.3.3 Fluctuations in environmental parameters affecting monsoon
depression genesis over the BoB:

Fig. 4.3 illustrates the GPI difference between ETCW and mid-20C cooling period,
highlighting the contribution of various environmental parameters to the GPI difference over
the BoB region (12.5-22.5°N, 82.5-95°E). The GPI difference is positive over the head of the
BoB, indicating a higher GPI in ETCW compared to mid-20C cooling (Fig. 4.3a). The
maximum value of the difference is 1.73, approximately 34% of the climatological GPI (i.e.,

5), signifying a 34% increase in GPI during ETCW.

(a) GPI (b) Absolute vorticity
: ——
20°N \%\ /
15°N
0 . 0
85°E 90°E 85°E 90°E
(¢) Vertical wind shear (d) Potential Intensity
VAR A VAP Tavac
20°N // \H\
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0 0
85°E 90°E 85°E 9%0°E

(e) Relative humidity

i - Fig. 4. 3 The epochal difference

L5 (ETCW - Mid-20C Cooling) in (a)

N 1.0 the GPI and relative contribution
0.5 of (b) the absolute vorticity term,
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the potential intensity term and (e)
| the relative  humidity  term
15°N "1-0 contributing to the changes in the

—0.5
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The relative contributions of environmental parameters to the higher GPI or increased
occurrence of monsoon depressions in ETCW are depicted in Fig. 4.3b—e. Positive values are
observed for absolute vorticity, vertical wind shear, and potential intensity, while negative
values are noted for relative humidity over the BoB. This implies that higher absolute vorticity
and potential intensity, along with lower vertical wind shear in ETCW, contribute to an
increased formation of monsoon depressions compared to the mid-20C cooling. The
contribution of absolute vorticity to GPI change is more pronounced (71%), followed by

vertical wind shear (20%).

To comprehend the factor contributing to the increased 850hPa absolute vorticity and
decreased vertical wind shear in ETCW and their connection to the large-scale monsoon
system, we further studied the epochal difference (ETCW — mid-20C cooling) of lower and
upper-level circulation at 850hPa and 200hPa, vertical wind shear between 200hPa and
850hPa. In conjunction with above analysis, we also examined the VIMT, as well as the
gradients of SST and land surface temperature for these two epochs over the Indian monsoon

region, as detailed in the following sections.

4.3.4 Epochal difference in meteorological parameters:

Fig. 4.4 depicts the summer monsoon climatology (averaging data from 1925 to 1986)
and the epochal differences in 850hPa wind speed and wind direction (Fig. 4.4a & b), as well
as VIMT magnitude and direction between 1000hPa to 300hPa (Fig. 4.4c & d). The climatology
map (Fig. 4.4a & c) reveals the presence of the low-level jet stream (LLJ), responsible for
transporting moisture from the Arabian Sea to the Indian landmass during the summer monsoon
season. With a core wind speed ranging between 18 to 20 m/s, the LLJ facilitates the transport
of 1400-1600 kg/m/s of moisture from the Arabian Sea to the Indian landmass. Multiple

studies, including those by Chakraborty et al. [2009], Sandeep and Ajayamohan [2015], and
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P. V. Joseph and Anu Simon [2005], have proposed a direct linkage between the magnitude of

the LLJ over the Arabian Sea and the strength of the ISMR.
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Positive values over 10-20°N in the difference maps between the ETCW and mid-20C
cooling periods in 850hPa wind indicate a strengthening of the LLJ over the Arabian Sea,
signifying an intensification of summer monsoon circulation during the ETCW. Conversely,
the negative values over the southern Arabian Sea (0-10°N) suggest increased wind strength in
the mid-20C cooling period. Moreover, positive values are also evident which indicates
intensified wind speed over the BoB in ETCW. The epochal difference pattern in the VIMT

aligns with the 850hPa wind pattern, supporting these observations Fig. 4.4d.

The strengthening of the LLJ and wind over the BoB during the ETCW, along with
their weakening during the mid-20C cooling period, resulted in higher rainfall during the
ETCW and lower rainfall during the mid-20C cooling period, creating a decreasing trend over
central and northeast India. Conversely, the weakening of wind over the southern Arabian Sea
during the ETCW and its strengthening during the mid-20C cooling period caused lower
rainfall during the ETCW and higher rainfall during the mid-20C cooling period, leading to an
increasing trend over southern peninsular India. This dynamic contributed to the north-south
disparity in the ISMR trend, marked by decreasing rainfall in central and northeast India and
increasing rainfall in the southern peninsula observed after the 1930s, as the transition from the

ETCW to the mid-20C cooling periods occurred.

Thus, Fig. 4.4 illustrates the shift in the background summer monsoon circulation over
the Indian region from stronger during the ETCW to weaker during the mid-20C cooling
period. Additionally, an anomalous cyclonic circulation is evident over the head of the BoB in
the epochal difference plots of 850hPa wind and VIMT (Fig. 4.4b&d). The increased wind
speed and anomalous cyclonic circulation likely caused the increased vorticity, which was
conducive to the intensification of monsoon depressions over the head of the BoB during the

ETCW.
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To further comprehend the drivers of intensifying monsoon circulation and the notably
increased vorticity over the head BoB, we examined the temperature (SST over Ocean and 2m
air temperature over land; Fig. 4.5) pattern between these two epochs. The crucial role of land-
sea thermal contrast, characterized by higher temperatures over the northern Indian landmass
and lower temperatures in the western Indian Ocean, in driving the Indian summer monsoon,
is clearly illustrated in the temperature climatology map (Fig. 4.5a). Anomalous heating over
the northern Indian landmass and cooling over the western Indian Ocean during the ETCW, as
observed in the epochal difference map (Fig. 4.5b), resulted in an increased land-sea thermal
contrast. This enhanced thermal gradient during ETCW facilitated a stronger LLJ, stronger
wind and an anomalous cyclonic circulation over BoB, thereby contributing to higher rainfall
over central and northeast India through intensified monsoon circulation and escalated

monsoon depression.

Conversely, during the mid-20th century cooling period, an opposite pattern emerged
with anomalous heating in the western Indian Ocean and cooling over the northern landmass.
This reversal weakened the land-sea thermal contrast, leading to a weakened LLJ and monsoon
circulation, and resulting in less rainfall over central and northeast India. The anomalous
heating over the Indian Ocean likely caused increased rainfall in southern peninsular India
during the mid-20th century cooling period. This highlights the role of temperature patterns
during these two multidecadal periods in the north-south rainfall trend disparity and rainfall

extremes.
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In addition to absolute vorticity, vertical wind shear also contributes significantly to
the escalation of monsoon depressions in ETCW. To delve deeper into the dynamics of
decreased vertical wind shear and the role of temperature behind it, the epochal differences of
200hPa wind speed and direction, vertical wind shear and direction, and upper tropospheric

circulation and temperature are studied and presented in Fig. 4.6.

Positive value over the 0-10°N belt, the core zone of TEJ, in the epochal difference
plot of 200hPa wind (Fig. 4.6a) indicates the strengthening of TEJ during the ETCW, which
further supports the strengthening of monsoon circulation. However, negative values observed
over the head BoB suggests weakening of TEJ in that region during ETCW. Thus, a significant
increase in lower-level (850hPa) wind speed along with a decrease in upper-level (200hPa)
wind speed is observed over the head of the BoB during the ETCW, as depicted in Fig. 4.4b
and Fig. 4.6a. This could potentially lead to a reduction in vertical wind shear (Fig. 4.6b),

creating conditions favourable for the development of depressions and storms.

The heightened intensity of the LLJ and TEJ corresponds well with the intense
summer monsoon circulation. Enhanced LLJ and moisture transport lead to increased
convection and upper tropospheric warming over the Indian subcontinent, supporting a
stronger TEJ[Krishnamurti and Bhalme, 1976; Pattanaik and Satyan,2000; Joseph and Simon,
2005; Abish et al., 2013]. However, our findings reveal a surprising weakening of the TEJ over
the head of the BoB during the ETCW, likely due to the advection of upper tropospheric cold
air from other regions, which outweighs the convective heating associated with the enhanced

monsoon locally over the BoB.
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To further investigate the decrease in TEJ wind speed over the northern BoB, we
examined the epochal average tropospheric temperature and wind circulation between 200hPa
and 500hPa, as shown in Fig. 4.6c. We observed anomalous cold air advection to northern India
and the head BoB from an adjacent anomalously colder and cyclonic regime (Fig. 4.6c). One
of these intense cooling regimes is over the western Pacific Ocean, likely influenced by the
positive phase of the PDO. This phase, characterized by cooler SST over the western Pacific
Ocean and warmer SST over the Eastern Pacific Ocean, is noted by Mantua and Hare [2002],
and Vishnu et al. [2018], and is evident during the ETCW. Another cooling regime, likely
influenced by the positive phase of the AMO, is also evident during the ETCW. The alternating
cyclonic and anticyclonic anomalies from the Atlantic to the Asian region shown in Fig. 4.6¢
indicate the atmospheric teleconnection mechanism by which the AMO affects the ISMR
[Zhang et al., 2020]. Positive AMO induces anomalous upper tropospheric warming over the
South Asian High, enhancing the tropospheric temperature gradient between the Indian Ocean
and the South Asian subcontinent, resulting in a stronger TEJ, stronger monsoon circulation,
and increased ISMR [Luo et al., 2018; Nath and Luo, 2019]. This study confirms the
strengthening of the Indian summer monsoon circulation during the ETCW, as evident from
both the lower (stronger LLJ) and upper-level (stronger TEJ) circulation patterns described
earlier. However, the cold surge of wind originating from the anomalously colder and cyclonic
circulation regime associated with the positive phases of the AMO and PDO, which can
decrease TEJ wind speed over the northern BoB, is an important observation of this study.
Upper tropospheric temperature changes are known to significantly impact TEJ intensity, as

suggested by Abish et al. [2013].
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4.3.5 Factors responsible for the temperature variation in ETCW and mid-
20C cooling:

The ETCW period, characterized by accelerated warming, and the mid-20C cooling
period, marked by a slowdown [Yao et al., 2017] showed a latitudinal temperature asymmetry
globally and within the Indian summer monsoon region [Cai et al., 2006; Yao et al., 2017; Diao
and Xu, 2022]. During the mid-20C cooling period, the northern hemisphere mid-latitudes
experience a pronounced cooling trend, the southern hemisphere mid-latitudes undergo
moderate warming. This phenomenon is attributed to internal multi-decadal variability
stemming from Pacific and Atlantic ocean-atmosphere interactions, as well as post-World War
IT anthropogenic aerosol emissions due to rapid industrial expansion [Diao and Xu, 2022]. This
interhemispheric temperature asymmetry prompts oceanic heat redistribution, particularly
through intensified northward cross-equatorial heat transport in the Atlantic and Indo-Pacific
Oceans. In the Indo-Pacific region, a cross-equatorial overturning cell generates northward
flow in the upper 250 meters of the basin, resulting in heat divergence from the equator to 20
degrees south latitude. This leads to cooling of water temperatures in that region and warming
in the northern tropical part of the basin [Cai ef al., 2006]. Consequently, warming occurs over
the northern Indian Ocean while cooling is observed over the Indian landmass, contributing to
the weakened land-sea thermal contrast resulted into weakened monsoon circulation and
decreased ISMR over the central and northeast India. However, anomalous warming over the

northern Indian Ocean caused increased rainfall over the south peninsula during this period.

Conversely, during ETCW, the greater rate of warming over land compared to sea
increases the land-sea thermal contrast, thereby enhancing monsoon circulation. This results in
a strengthened LLJ and winds over the northern Bay of Bengal, leading to increased rainfall

over central and northeast India.
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4.4 Summary:

An examination of the 31-year moving average of summer monsoon rainfall across
India over a span of 120 years (1901-2020) reveals abnormal rainfall patterns during the 1930s
in two adjacent regions. Central and northeast India exhibit significantly higher rainfall
compared to the long-term average (1901-2020), while south peninsular India experiences
notably lower rainfall. Apart from the anomalous rainfall in the 1930s, there is a discernible
decreasing trend in rainfall in central and northeast India and an increasing trend in the south

peninsula.

The increased monsoon rainfall in central and northeast India during the 1930s
coincides with the highest occurrences of monsoon depression from the BoB. The significant
contribution of these depressions to the total summer monsoon rainfall in these regions supports

that this increase was driven by a higher number of monsoon depressions

Elevated 850 hPa absolute vorticity and reduced vertical wind shear contribute to the
higher number of formations of depressions over the BoB during this period. This period
coincides with the ETCW phase, during which the heated landmass generated a significant
thermal gradient, driving winds from the BoB towards the landmass. This results in increased
low-level wind speeds and anomalous cyclonic circulation, therefore, increasing low-level
vorticity, which is conducive to the formation of more monsoon depressions. Additionally, the
upper-level winds weakened due to a cold wind surge from two adjacent anomalous cyclonic
and colder regions influenced by positive AMO and PDO phases. This combination of
decreased vertical wind shear and increased vorticity contributes to the heightened occurrences
of these monsoon depressions during ETCW, resulting in anomalous rainfall in central and

northeast India.
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During the subsequent mid-20C cooling period, colder temperatures in the northern
Indian landmass, including Tibet, reduced the thermal gradient, leading to decreased low-level

wind speeds and fewer monsoon depressions.

The transition from the ETCW to the mid-20C cooling period saw a decrease in the
land-sea thermal contrast. The decreased LLJ strength during the cooling period led to reduced
rainfall in central and northeast India, while anomalous warming over the northern Indian
Ocean increased the rainfall over the southern peninsula. Thus, a decreasing trend in rainfall is
observed in central and northeast India, and an increasing trend in rainfall is observed in south
peninsular India from ETCW to mid-20C cooling. A graphical summary is presented in the Fig.

4.7.

This study identified factors and mechanisms influencing ISMR during the ETCW
and mid-20C cooling periods. Anomalous occurrences of depressions and storms in the 1930s
led to higher rainfall in central and northeast India, a regional anomaly during ETCW.
Temperature changes from ETCW to the mid-20C cooling period contributed to the north-south

ISMR trend asymmetry.

Valuable insights into probable causal factors for early twentieth century (1930s)
rainfall variability are presented in this chapter. Similarly, exciting causal factors and processes
must be there for other two rainfall trend reversals identified in 1960s and 1980s, which are not
explored as part of this study. However, it opens up an avenue for research leading up to causal
factors for rainfall trend reversals in 1960s and 1980s. The summary of the current research

and the scope for future research it has generated is discussed in the next chapter.
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Chapter 5

Summary and scope for future works

5.1. Summary:

This doctoral study aims to identify patterns of the ISMR variability over a 120 years
period (1901-2020), with a finer spatiotemporal resolution, examine its coherence within and
across homogeneous rainfall regions, and understand the underlying processes and factors. The
research analyzes district-wise summer monsoon rainfall data from 1901 to 2020 across India.
Additionally, various meteorological parameters such as SST, 2m air temperature, winds,
humidity, vorticity, and geopotential height have been examined over the Indian summer

monsoon domain to understand the processes governing rainfall.

Previous studies on ISMR have limitations in terms of usage of long-term trend
analysis methods, which can obscure smaller-scale trends and anomalies. To enhance the
current level of understanding of ISMR, it is crucial to identify significant rainfall trends and
anomalies, determine the specific time windows in which these trends occur, compare these
trends across different spatial domains in India, and further investigate the factors and processes
influencing rainfall over specific temporal and spatial domains. This thesis aims to achieve
these objectives. The detailed explanations of all inferences drawn from this study are provided

in individual chapters, with major outcome summarized as follows:

5.1.1. Proposed methodology:

The Chapter-2 presents a methodology for identifying rainfall trends over shorter time
scales within a long-term time series by detecting trend reversals. The process of identifying
these trend reversals in a long-term dataset involves several statistical tools, which are

discussed step-by-step in the following sections:
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1. Computing daily rainfall time series for each district from daily gridded rainfall time series

by area-weighted average method.

2. Constructing district-wise summer monsoon rainfall (total rainfall from June to September)
time series.

3. Creating % departure time series, expressing deviations from the climatological standard
normal (1961-1990 summer monsoon rainfall average).

4. Applying a 31-year moving average to % departure time series to reveal multidecadal
summer monsoon rainfall patterns.

5. Identifying summer monsoon rainfall trend reversals or inflection points with a 15-year
sliding analysis. We categorized them as H-type (formed at the convergence of an
increasing and subsequent decreasing trend) and L-type (formed at the convergence of a
decreasing and an increasing trend).

6. Clustering inflection points through the K-means clustering technique.

7. Determining optimal clusters via the Elbow method and Normality test (a z-test which uses
skewness, excess kurtosis, and their standard error for calculation of the z score).

8. Associating trend reversals with cluster centers (weighted average of inflection years of
cluster).

9. Identifying prominent trend reversal events impacting at least one-third of a region's area.

5.1.2. Prominent summer monsoon rainfall trends and trend reversal events
observed in four rainfall homogeneous regions of India:

The Chapter-3 highlights significant multidecadal summer monsoon rainfall trends
and trend reversal points observed in the long-term summer monsoon rainfall time series from
1901 to 2020. Using the proposed methodology, these trends and reversal points are identified
at a district level across the four homogeneous rainfall regions of India and are summarized in

the following sections:
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. Three prominent rainfall trend reversal events have been identified as: (1) 1930s; (2) 1960s;
and (3) 1980s.

. During rainfall trend reversal in 1930s, the trend changed from increasing to decreasing in
central and northeast India, while in south peninsula, the trend changed from decreasing to
increasing giving rise to a north-south asymmetry of rainfall patterns over India. In
northwest India, no prominent reversal is observed during 1930s.

. During rainfall trend reversal in 1960s, the trend changed from increasing to decreasing in
south peninsula and northwest India, while in northeast India, the trend changed from
decreasing to increasing giving rise to an east-west asymmetry of rainfall pattern. In central
India, no prominent reversal is observed during this period.

. Unlike 1930s and 1960s, the rainfall trend reversal in 1980s is experienced in all the four
homogeneous regions. In three out of four regions, (i.e. south peninsula, central, and
northwest India), the trend changed from decreasing to increasing, while in the fourth
region (northeast), the opposite trend of increasing to decreasing rainfall is observed,
resulting in an east-west asymmetry of rainfall pattern over India.

. In terms of the geographical extent of the observed trend reversal, 1980s is the most
prominent among the three identified events, ~50% of geographical area of India.

. In terms of magnitude of rainfall amount variation (i.e. wetter period or drier period
compared to long-term) during these three trend reversal events, investigated through
Cramer’s t-test, the 1930s turns out to be the most prominent event as more than 30% of
the region had rainfall significantly different (higher in central and northeast India; and
lower in south peninsular India) during this period.

. The observed temporal changes in the identified spatial asymmetry of rainfall pattern

signify that the so-called rainfall homogeneous regions must have changed over time.
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5.1.3. Insights into Indian summer monsoon rainfall variability: Early
twentieth-century warming vs. Mid-twentieth century cooling:

Chapter 4 examines the causal processes responsible for the significantly higher
rainfall in the 1930s (ETCW) compared to the long-term average (1901-2020) in central and
northeast India, while noting that south peninsular India experienced notably lower rainfall
during this period. It also discusses the factors behind the discernible decreasing trend in
rainfall in central and northeast India, contrasted with an increasing trend in the south peninsula
from the ETCW to the mid-20th Century cooling period. These processes are summarized as

follows:

1. The period of increased rainfall in central and northeast India coincides with the highest
occurrences of monsoon depressions and storms from the BoB.

2. Elevated 850 hPa absolute vorticity and reduced vertical wind shear between 200 hPa and
850 hPa contributed to more depressions and storms over the BoB during the 1930s

(ETCW) compared to the mid-20th Century cooling period.

3. The ETCW phase created a significant thermal gradient, increasing low-level wind speeds
and cyclonic circulation. Positive AMO and PDO phases induced cold wind surges,
weakening upper-level winds, which decreased vertical wind shear and increased vorticity,
leading to more monsoon depressions and more rainfall over the central and northeast India.
ETCW is also marked by increased LLJ, which further caused more rainfall over the central

and northeast India.

4. During the mid-20th Century Cooling period, the northern Indian landmass, including
Tibet, experienced colder temperatures, reducing the thermal gradient and decreasing low-

level wind speeds creating less favorable conditions for forming depressions and storms
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and led to decreased rainfall in central and northeast India. Decreased strength in LLJ during

this period is also responsible for decreased rainfall over the central and northeast India.

5. Anomalous warming over the northern Indian Ocean during this period caused increased

rainfall in the southern peninsula compared to the ETCW period.

6. Thus, the anomalous rainfall in central and northeast India in the 1930s was driven by a
higher number of monsoon depressions. Temperature changes from ETCW to mid-20th

Century Cooling contributed to the observed north-south asymmetry in ISMR trends.
5.2. Limitations:

This study has certain limitations regarding the data and methods used, which are as

follows:

1. Uncertainty in Rainfall Data: There is some uncertainty in rainfall data due to the
instruments used and the spatial coverage of rainfall stations in the older timeframe.
However, the observed rainfall patterns align well with reanalysis products. The IMD
gridded rainfall dataset provides an opportunity to study the ISMR over a finer spatial
resolution and a longer period. Currently, this is the best dataset available for this type of
study.

2. K-Means Clustering Technique: The K-means clustering technique used to cluster
inflection points has its limitations. These include the subjective determination of the ideal
number of clusters using the elbow method and the tendency to converge towards different
cluster centroids based on the initial randomly chosen centroids. These limitations introduce
subjectivity into the K-means algorithm, such as sensitivity to centroids and the potential
overlap of cluster members. To mitigate this, a two-sample Student’s t-test is performed to
examine whether the clusters of L-type/H-type inflection points obtained for each region

significantly differ from each other.
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5.3. Scope for the future works:

The significance of this thesis lies in its identification of critical time windows
exhibiting significant reversals in summer monsoon rainfall trends, prompting further
investigation into the underlying causal factors. Efforts have been made to understand the
dynamics behind the observed rainfall patterns, particularly the trend reversal in the 1930s
during the ETCW and mid-20th Century Cooling periods. A proposed hypothesis effectively
explains the rainfall patterns in the south peninsula, central, and northeast India but only
partially accounts for the patterns in northwest India. This suggests that local processes in

northwest India may dominate over global influences, warranting further study.

There is ample scope to explore the causal factors and processes responsible for the
observed rainfall trend reversals and regional variability, particularly during the 1960s and
1980s. A notable pattern identified in this work is the increasing rainfall trend from the 1960s
to 1980s in northeast regions, while the rest of India experienced a decreasing trend. This
incoherence in regional ISMR trends requires detailed study to better understand the underlying

processes.

These trend reversals are not uniformly experienced across all geographical regions,
presenting an intriguing scientific challenge regarding their causal mechanisms. Consequently,
this work opens up new research avenues for hydrologists, meteorologists, and modelers to
investigate region-specific rainfall governing systems in greater detail by focusing on distinct

trends within specific time frames.
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