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1.1 General Introduction

The Earth’s climate has varied considerably throughout its
history. Periodic and episodic natural changes caused by
natural climate forcings such as orbital variations and vol-
canic eruptions, and amplified by feedback processes
intrinsic to the climate system, have induced substantial
changes in planetary climate on a range of timescales.

Multiple independent lines of investigation have provided
increasingly compelling evidence that human activities have
significantly altered the Earth’s climate since the industrial
revolution (Stocker et al. 2013). A distinctive aspect of the
present-day climate change is the rapid pace at which it is
proceeding relative to that of natural variations alone; a pace
that is unprecedented in the history of modern civilization.

The Earth’s energy budget, which is the balance between
the energy that the Earth receives from the Sun and the
energy that it radiates back into space, is a key factor that
determines the Earth’s global mean climate. The composi-
tion of the atmosphere alters climate by modulating the
incoming and outgoing radiative fluxes at the surface. The
key drivers of present-day climate change are anthropogenic
(human-caused) emissions of greenhouse gases (GHGs),
aerosols and changes in land use and land cover (LULC).

GHGs warm the surface by reducing the amount of Earth’s
terrestrial radiation escaping directly to space. Atmospheric
concentrations of the key GHGs—carbon dioxide, methane,
and nitrous oxide—are now at higher levels than they have
been at any time over the last 800,000 years, according to ice
core records. In addition, their mean rates of increase over the
past century are, with high confidence, unprecedented in the
last 22,000 years (Stocker et al. 2013).

Aerosols are small particles or droplets suspended in the
atmosphere produced from both natural and anthropogenic
sources. Natural sources include mineral dust from soil
erosion, sea salt and volcanic eruptions. Key anthropogenic
sources are industrial air pollution, transport, and biomass
burning, which produce airborne sulfates, nitrates, ammo-
nium and black carbon, and dust produced by land degra-
dation processes such as desertification. Aerosols tend to
cool the surface by scattering or absorption of solar radiation
(direct effect), or by enhancing cloud formation (indirect
effect). Aerosol pollution, due to human activities, has thus
offset a part of the warming caused by anthropogenic GHG
emissions (Myhre et al. 2013).

Much of the Earth’s land surface has been affected by
considerable changes in land use and land cover (LULC)
over the past few centuries (and even earlier), mainly
because of deforestation and the expansion of agriculture.
Deforested areas have a diminished capacity to act as a
carbon dioxide sink and, if accompanied by biomass burn-
ing, are a direct source of GHGs. Conversion of land from

natural vegetation to agriculture or pasturage also alters the
terrestrial albedo, contributing to changes in the surface
radiative balance.

The net effect of human-induced climate forcing has been
an increase in the global average near-surface air tempera-
ture1 by approximately 1 °C since pre-industrial times (Allen
et al. 2018). Each of the last three decades has been succes-
sively warmer at the Earth’s surface than any preceding
decade since 1850 (Stocker et al. 2013) and 2001–2018 have
been 18 of the 19 warmest years in the observational record.
Trends in other important global climate indicators such as
rate and patterns of precipitation, temperature and precipita-
tion extremes, atmospheric water vapour concentration,
continental ice melt, sea-level rise, ocean heat content, ocean
acidification and the frequency of powerful cyclones are
consistent with the response expected from a warming planet
(Stocker et al. 2013). At the current rate of temperature rise, it
is likely2 that global warming will reach 1.5 °C between 2030
and 2052 (high confidence) (Allen et al. 2018) and 3–5 °C by
the end of the century relative to pre-industrial times. Even if
warming is limited to 1.5 °C in the twenty-first century,
certain slowly evolving changes such as ocean thermal
expansion would persist well beyond 2100 causing sea levels
to continue rising (high confidence).

While climate change is global, changes in climate are not
expected to be uniform across the planet. For instance,
Arctic temperatures are rising much faster than the global
average (Stocker et al. 2013), and rates of sea-level rise vary
significantly across the world (Church et al. 2013). Changes
in climate at regional scales are not understood as robustly as
at the global scale due to insufficient local observational data
or understanding of physical phenomena specific to given
regions (Flato et al. 2013). Yet, knowledge of present and
expected changes in regional climate is critical to people and
policymakers to plan for disaster management, risk mitiga-
tion and for formulating locally relevant adaptation strategies
(Burkett et al. 2014).

The regional climate over the Indian subcontinent
involves complex interactions of the atmosphere–ocean–
land–cryosphere system on different space and time scales.
In addition, there is evidence that anthropogenic activities
have influenced the regional climate in recent decades.
Impacts associated with human-induced climate change such
as increasing heat extremes, changing monsoon patterns and
sea-level rise pose serious threats to lives and livelihoods on
the subcontinent. This makes it necessary to understand how
and why the climate is changing across India and how these
changes are expected to evolve in the future. The following

1The ‘near surface air temperature’ is defined as the temperature 2 m
above the surface over land areas, and as the sea surface temperature
(SST) for oceanic areas.
2Defined in Box 1.4.
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section provides a brief overview of the mean climate of the
Indian subcontinent and sets the context for understanding
the key aspects of climate change in the region.

1.1.1 Setting the Regional Context

The distinct topographical and geographical features of the
Indian subcontinent endow the region with widely varying cli-
matic zones ranging from the arid Thar desert in the north-west,
Himalayan tundra in the north, humid areas in the southwest,
central and northeastern parts, together with diverse microcli-
matic areas that spread across the vast subcontinent. A dominant
feature of the regional climate is the Indian Summer Monsoon
(ISM), which is characterized by pronounced seasonal migra-
tions of the tropical rain belts associated with the Inter-tropical
Convergence Zone (ITCZ), along with large-scale seasonal
wind reversals (Gadgil 2003; Schneider et al. 2014).

The Himalayas and the Hindu Kush mountains protect the
Indian subcontinent from large-scale incursions of cold
extra-tropical winds during the winter season. Additionally, the
seasonal warming of the Himalayas and the Tibetan Plateau
during the boreal summer sets up a north–south thermal contrast
relative to the tropical Indian Ocean, which is important for
initiating the large-scale summer monsoon circulation. The
climatological seasons in India are broadly classified as the
winter (December–January–February), pre-monsoon (March–
April–May), summer monsoon (June–July–August–Septem-
ber) and the post-monsoon (October–November) seasons.
A distinction of India’s climate is the exceptionally strong
seasonal cycle of winds and precipitation (Turner and Anna-
malai 2012). The Indian summer monsoon, also known as the
South Asian monsoon, is a major component of the global
climate (see Box 1.1 for a summary ofmonsoon processes over
the Indian subcontinent). In addition to monsoonal rains, areas
in the western Himalayas (WH) also receive substantial pre-
cipitation during the winter and early spring months from
eastward propagating synoptic-scaleweather systems known as
theWesternDisturbances that originate from theMediterranean
region (e.g. Dimri et al. 2015; Hunt et al. 2018; Krishnan et al.
2019a, b) (Chap. 11). The Indian region is also prone to a wide
range of severe weather events and climate extremes, including
tropical cyclones, thunderstorms, heat waves, floods, droughts,
among others.

Box 1.1: Monsoon Processes over the Indian
subcontinent
Large-scale orographic features such as the Himalayas
and the Tibetan Plateau (e.g. Boos and Kuang 2010;
Turner and Annamalai 2012 and references therein); as
well as narrow mountains such as the Western Ghats
along the Indian west coast and the Arakan Yoma

mountains along the Myanmar coast (e.g. Xie et al.
2006; Rajendran and Kitoh 2008; Krishnan et al.
2013; Sabin et al. 2013) exert control on the distri-
bution of monsoon precipitation over the Indian sub-
continent. With moisture-laden winds from the
Arabian Sea, the Bay of Bengal and the Indian Ocean
feeding bountiful rains over vast areas in central-north
and northeast India, Western Ghats and peninsular
India, central-eastern Himalayas; the summer mon-
soon activity is sustained through feedbacks between
the monsoon circulation and the release of latent heat
of condensation by moist convective processes (Rao
1976; Krishnamurti and Surgi 1987).

The ISM is home to a variety of precipitation producing
systems, which include—monsoon onset vortices,
meso-scale systems and orographic precipitation, west–
north-west moving synoptic systems (lows and depres-
sions) from the Bay of Bengal and Southeast Asia, slow
northward and westward propagating large-scale orga-
nized rainbands andmid-tropospheric cyclones, to name a
few (Rao 1976). Interactions among multiple scales of
motion (i.e. planetary, regional, synoptic, meso and
cumulus scales) render significant spatio-temporal
heterogeneity in the monsoon rainfall distribution over
the region. Warm rain processes during the summer
monsoon region are recognized to be dominant over the
Western Ghats and other areas in India, as evidenced from
the Tropical Rainfall Measurement Mission (TRMM)
Precipitation Radar (PR) satellite (e.g. Shige et al. 2017)
and aircraftmeasurements (e.g.Konwar et al. 2014). There
has been improvedunderstandingof the three-dimensional
structure of latent heating associated with convective and
stratiform clouds during the summer monsoon season
based on the TRMM satellite observations (e.g. Houze
1997; Houze et al. 2007; Stano et al. 2002; Romatschke
and Houze 2011); as well as the monsoonal circulation
response to latent heating based on numerical simulation
experiments (e.g. Choudhury and Krishnan 2011;
Choudhury et al. 2018) in the recent decades.

Several areas in south-eastern peninsular India,
including areas covering the states of Tamil Nadu and
Andhra Pradesh, receive considerable rainfall during
the northeast monsoon (October–December) (Rajee-
van et al. 2012). The northeast monsoon develops
following the withdrawal of the summer monsoon
rainy season when the northern landmass of India and
the Asian continent begins to cool off rapidly so that
high-pressure builds over northern India. The north-
easterly monsoon winds from the northern areas gather
moisture from the Bay of Bengal and contribute to
precipitation over peninsular India and parts of Sri
Lanka (Turner and Annamalai 2012).

1 Introduction to Climate Change Over the Indian Region 3



1 1.1.2 Key Scientific Issues

2 Climate over the Indian subcontinent has varied signifi-
3 cantly in the past century in response to natural variations
4 (e.g. Box 1.2 on the variability of the ISM) and anthro-
5 pogenic forcing (see Box 1.3). In recent times, there has
6 been considerable progress in understanding the influence of
7 anthropogenic climate change over the Indian subcontinent,
8 particularly the regional monsoon.
9 State-of-the-art climate models project a continuation of

10 anthropogenic global warming and associated climate
11 change during the twenty-first century, the impacts of which
12 have profound implications for India. Yet, there remain
13 substantial knowledge gaps with regard to climate projec-
14 tions, particularly at smaller spatial and temporal scales. For
15 instance, CMIP5 simulations of historical and future chan-
16 ges in the monsoon rainfall exhibit wide variations across
17 the Indian region (Sperber et al. 2013; Turner and Anna-
18 malai 2012), posing difficulties for policy making. Likewise,
19 it is necessary to reduce the range among climate models
20 projections of future changes in Indian Ocean warming,
21 regional sea-level rise, tropical cyclone activity, weather and
22 climate extremes, changes in the Himalayan snow cover,
23 etc. It is essential to deepen our understanding of the science
24 of climate change, improve the representation of key pro-
25 cesses in climate models (e.g. clouds, aerosol–cloud inter-
26 actions, vegetation–atmosphere feedbacks, etc.) and also
27 build human capacity to address these challenges.
28 Efforts in these directions have already begun in India.
29 One such initiative is the development of an Earth System
30 Model (IITM-ESM) at the Centre for Climate Change
31 Research (CCCR) in the Indian Institute of Tropical Mete-
32 orology (Swapna et al. 2018). A brief discussion of the
33 IITM-ESM is provided in the following section.

35 Box 1.2: Indian Summer Monsoon Variability
36 The ISM also exhibits a rich variety of natural varia-
37 tions on different timescales ranging across sub-
38 seasonal/ intra-seasonal, interannual (year-to-year),
39 multi-decadal and centennial timescales, which are
40 evident from instrumental records and paleoclimate
41 reconstructions (e.g. Turner and Annamalai 2012;
42 Sinha et al. 2015). The sub-seasonal/intra-seasonal
43 variability of the ISM is dominated by active and
44 break monsoon spells (e.g. Rajeevan et al. 2010) and
45 the interannual variability is associated with excess or
46 deficient seasonal monsoon rainfall over India (e.g.
47 Pant and Parthasarathy 1981). The interannual and
48 decadal timescale variations in the ISM rainfall are
49 known to have links with the tropical Pacific, Indian
50 and Atlantic oceans, particularly with climate drivers
51 such as the El Nino/Southern Oscillation (ENSO),
52 Indian Ocean Dipole (IOD), Equatorial Indian Ocean
53 Oscillation (EQUINOO), Pacific Dedacal Oscillation

54�(PDO), etc. The reader is referred to Chap. 3 for more
55�details on the ISM variability and associated
56�teleconnections.
57

58

59

61�Box 1.3 Anthropogenic Drivers of Climate
62�Change
63�Changes in the atmospheric concentration of GHGs,
64�aerosols and LULC are the key anthropogenic drivers
65�of global climate change.
66�The global atmospheric carbon dioxide concentra-
67�tion has increased from an average of 280 ppm in the
68�pre-industrial period to over 407 ppm in 2018 (https://
69�scripps.ucsd.edu/programs/keelingcurve/), contribut-
70�ing a radiative forcing (RF) of about 2.1 W/m2 at the
71�top of the atmosphere.
72�Unlike GHGs, which are well-mixed in the atmo-
73�sphere, the concentration of anthropogenic aerosols in
74�the atmosphere exhibits large spatio-temporal variability
75�and complex interactions with clouds and snow, giving
76�rise to uncertainties in the estimation of the aerosol RF.
77�The IPCC AR5 estimated the globally averaged total
78�aerosol effective radiative forcing (excluding black car-
79�bon on snow and ice) to be in the range −1.9 to
80�−0.1 W/m2. Over India, the direct aerosol RF is esti-
81�mated to range from −15 to +8 W/m2 at the top of the
82�atmosphere and −49 to −31 W/m2 at the surface (Nair
83�et al. 2016) (Chap. 5). The implications are that aerosol
84�RF can be significantly larger than the GHG forcing at
85�regional scales and large gradients in the aerosol RF can
86�significantly perturb the regional climate system.
87�The IPCC AR5 reported a globally averaged RF
88�due to anthropogenic changes in LULC to be about
89�−0.2 W/m2 although it was anticipated that this esti-
90�mate may be revised downwards with emerging
91�research. As with aerosols, there are large spatio-
92�temporal variations in RF due to LULC changes at
93�regional scales.
94�Despite the uncertainties in the estimation of RF
95�due to anthropogenic aerosol and LULC changes,
96�there is high confidence that they have offset a sub-
97�stantial portion of the effect of GHGs on both tem-
98�perature and precipitation (IPCC AR5).
99

100�1.1.3 IITM-ESM: A Climate Modelling Initiative
101�from India

102�The Coupled Model Intercomparison Project (CMIP) orga-
103�nized under the auspices of the World Climate Research
104�Programme (WCRP) forms the basis of the climate projec-
105�tions in the IPCC Assessment Reports. The CMIP experi-
106�ments have evolved over six phases (Meehl et al. 2000;
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Meehl and Hibbard 2007; Taylor et al. 2012; Eyring et al.
2016) and become a central element of national and inter-
national assessments of climate change.

The IITM—Earth System Model (IITM-ESM) has con-
tributed to the CMIP6 and IPCC AR6 assessments, the first
time from India. The philosophy behind the development of
the IITM-ESM is to create capabilities in global modelling,
with special emphasis on the SouthAsianmonsoon, to address
the science of climate change, including detection, attribution
and future projections of global and regional climate.

The IITM-ESM is configured using an atmospheric general
circulation model based on the National Centers for Environ-
mental Prediction (NCEP)Global Forecast System (GFS)with
a global spectral triangular truncation of 62 waves (T62, grid
size *200 km) and 64 vertical levels with top model layer
extending up to 0.2 hPa, a global ocean component based on
the Modular Ocean Model Version 4p1 (MOM4p1) having a
resolution of *100 km with finer resolution (*35 km)
near-equatorial regions with 50 levels in the vertical, a land
surface model (Noah LSM) with four layers and a dynamical
sea icemodel known as the Sea Ice Simulator (SIS). The details
about IITM-ESM are described in Swapna et al. (2015).
A schematic of the IITM-ESM is shown in Fig. 1.1.

1.2 Global and Regional Climate Change

This section provides a summary of assessments of the
observed and projected changes in the global climate and
regional climate over India, based on published scientific
literature, key findings from the individual chapters of this

report, together with analyses of observed and reanalysis
datasets, and diagnoses from the CMIP, CORDEX and
IITM-ESM model simulations.

1.2.1 Observed Changes in Global Climate

The evidence for a warming world comes from multiple
independent climate indicators in the atmosphere and oceans
(Hartmann et al. 2013). They include changes in surface,
atmospheric and oceanic temperatures, glaciers, snow cover,
sea ice, sea-level rise, atmospheric water vapour, extreme
events and ocean acidification.

Inferences of past climate from paleo-climate proxies
suggest that recent changes in global surface temperature are
unusual and natural processes alone cannot explain the rapid
rate of warming in the industrial era. Computer-
based climate models are unable to replicate the observed
warming unless the effect of human-induced changes such as
emissions of GHGs and aerosols, and changes in land use
and land cover are included (Bindoff et al. 2013).

The Global Mean Surface Temperature (GMST) com-
prising the global land surface air temperature (LSAT) and
sea surface temperature (SST) is a key metric in the climate
change policy framework. Historical records of GMST
extend back farther than any other global instrumental series
making it the key to understanding the patterns and magni-
tude of natural climate variations and distinguishing them
from anthropogenically forced climate change (Fig. 1.2).

The Fifth Assessment Report by the Intergovernmental
Panel on Climate Change (IPCC AR5) concluded that it is

Fig. 1.1 Schematic of IITM
Earth system model (IITM-ESM)

1 Introduction to Climate Change Over the Indian Region 5



certain that GMST has increased since the late nineteenth
century. Each of the past three decades has been succes-
sively warmer at the Earth’s surface than all previous dec-
ades in the observational record, and the first decade of the
twenty-first century has been the warmest (Hartmann et al.
2013). Global warming attributed to human activities has
now reached approximately 1 °C (likely between 0.8 and
1.2 °C) in the global mean above the mean pre-industrial
temperature (period 1850–1900) and is increasing at 0.2 °C
(likely between 0.1 and 0.3 °C) per decade (Allen et al.
2018). IPCC AR5 also summarized that it is very likely that
the numbers of cold days and nights have decreased and the
numbers of warm days and nights have increased globally
since about 1950. Regional trends are sufficiently complete
over 1901–2012 and show that almost the entire globe,
including both land and ocean, has experienced surface
warming.

IPCC AR5 assessed that it is virtually certain that glob-
ally the troposphere has warmed and the lower stratosphere
has cooled since the mid-twentieth century based on multiple
independent analyses of measurements from radiosondes
and satellite sensors. However, there is low confidence in the
rate of temperature change, and its vertical structure, in most
areas of the planet.

According to IPCC AR5, anthropogenic forcing has
contributed substantially to upper-ocean warming (above
700 m). On a global scale, ocean warming is largest near the
surface, with the upper 75 m having warmed by 0.11 [0.09
to 0.13] °C per decade over the period 1971–2010 (Stocker
et al. 2013).

Warming is expected to elevate the rate of evaporation
and increase the moisture content of the atmospheric.
Indeed, the amount of water vapour in the atmosphere,
measured as specific humidity, has increased globally over
both the land and ocean. IPCC AR5 summarized that it is
very likely that global near-surface air specific humidity has
increased since the 1970s (Hartmann et al. 2013). However,
during recent years the near-surface moistening over land
has abated (medium confidence). As a result, fairly wide-
spread decreases in relative humidity near the surface are
observed over land in recent years.

IPCC AR5 concluded that confidence in precipitation
change averaged over global land areas since 1901 is low for
years prior to 1951 and medium afterwards. Averaged over
the mid-latitude land areas of the northern hemisphere, pre-
cipitation has likely increased since 1901 (medium confi-
dence before and high confidence after 1951) (Hartmann
et al. 2013). Precipitation in tropical land areas has increased

Fig. 1.2 Evolution of global mean surface temperature (GMST) over
the period of instrumental observations. Grey-shaded line shows
monthly mean GMST in the HadCRUT4, NOAAGlobalTemp,
GISTEMP and Cowtan-Way datasets, expressed as departures from
1850 to 1900, with varying grey line thickness indicating inter-dataset
range. All observational datasets shown represent GMST as a weighted
average of near-surface air temperature over land and sea surface
temperature over oceans. Human-induced (yellow) and total (human-
and naturally forced, orange) contributions to these GMST changes are
shown calculated following Otto et al. (2015) and Haustein et al.
(2017). Fractional uncertainty in the level of human-induced warming

in 2017 is set equal to ±20% based on multiple lines of evidence. Thin
blue lines show the modelled global mean surface air temperature
(dashed) and blended surface air and sea surface temperature account-
ing for observational coverage (solid) from the CMIP5 historical
ensemble average extended with RCP8.5 (Defined in the following
section) forcing (Cowtan et al. 2015; Richardson et al. 2018). The pink
shading indicates a range for temperature fluctuations over the
Holocene (Marcott et al. 2013). Light green plume shows the AR5
prediction for average GMST over 2016–2035 (Kirtman et al. 2013).
Reproduced from Allen et al. 2018 (Fig. 1.2)

6 R. Krishnan et al.



(medium confidence) over the decade ending in 2012,
reversing the drying trend that occurred from the mid-1970s
to mid-1990s. Human influence has also contributed to
large-scale changes in precipitation patterns over land
(medium confidence; Bindoff et al. 2013). It is likely that,
since about 1950, the number of heavy precipitation events
over land has increased in more regions than it has decreased.

Local changes in temperature affect the cryosphere. The
amount of ice contained in glaciers globally has been
declining every year for over 20 years. Total ice loss from
the Greenland and Antarctic ice sheets during 1992–2011
(inclusive) has been 4260 [3060–5460] Gt, equivalent to
11.7 [8.4–15.1] mm of sea level. However, the rate of
change has increased with time and most of this ice has been
lost in the second decade of the 20-year period (Vaughan
et al. 2013).

The global average sea level rose by 19 cm from 1901 to
2010 (Stocker et al. 2013). The average rate of rise measured
by satellites has been 3.2 [2.9–3.5] mm/year since the 1990s
up from 1.7 [1.5–1.9] mm/year during the twentieth century,
obtained from historical tide gauge records (Hartmann et al.
2013). Thermal expansion and glacier melt because of
anthropogenic global warming have been the major drivers
of rise in global sea levels over the past century.

Substantial losses in Arctic sea ice have been observed
since satellite records began, particularly at the time of the
minimum extent, which occurs in September, at the end of
the annual melt season. In contrast, there has been an
increase in Antarctic sea ice, but with a smaller rate of
change than in the Arctic.

Snow cover is sensitive to changes in temperature, par-
ticularly during the spring, when the snow starts to melt.
Spring snow cover has shrunk across the northern hemi-
sphere since the 1950s. IPCC AR5 concluded that it is likely
that snowfall events are decreasing in most regions (North
America, Europe, Southern and East Asia) where increased
winter temperatures have been observed (Hartmann et al.
2013). The total seasonal snowfall is reported to be declining
along with increase in maximum and minimum temperatures
in the western Himalaya. Confidence is low for changes in
snowfall over Antarctica.

Uptake of anthropogenic CO2 by the ocean increases the
hydrogen ion concentration in the ocean water, causing
acidification. There is high confidence that the global aver-
age pH of the surface ocean has decreased by 0.1 pH units
since the beginning of the industrial era, corresponding to an
approximately 30% increase in acidity (Stocker et al. 2013).

1.2.2 Projected Changes in Global Climate

This section assesses projected long-term changes in the
global climate system during the twenty-first century. These

changes are expected to be larger than the internal variability
of the climate system and to depend primarily on how
anthropogenic emissions change the atmospheric composi-
tion in the future. Aerosol emissions are projected to decline
in the coming decades, and it is expected that future changes
will be dominated by the increasing concentrations of
GHGs.

Climate models are used to study the response of the
climate system to anthropogenic activity (also referred to as
‘external forcing’). Towards studying how the climate will
change in the twenty-first century, several standardized
scenarios have been developed, each with a specific
description of how human-induced changes would affect the
planet’s energy budget. Differences between scenarios are
based on underpinning assumptions about future changes in
fossil fuel consumption, land use change, etc., and were
developed using integrated assessment models that com-
bined economic, demographic and policy modelling, with
simplified physical climate models in order to simulate the
global economic impacts of climate change under different
mitigation scenarios (Calel and Stainforth 2017).

Earth system models, developed by climate modelling
groups worldwide, perform climate change simulations for
these forcing scenarios, whose standardization facilitates
easy intercomparison between the results of these studies.

The scenarios used by models participating in the Cou-
pled Model Intercomparison Project Phase 5 (CMIP5) that
contributed to the IPCC AR5 were termed the Representa-
tive Concentration Pathways (RCPs) and covered the period
from 2006 to 2100 (van Vuuren et al. 2011). The four RCPs
that were defined were the RCP2.6, representing a low
emissions pathway resulting in radiative forcing (RF) of
roughly 2.6 W/m2 at the end of the twenty-first century,
RCP4.5 and RCP6 representing intermediate emission
pathways resulting in an RF of 4.5 W/m2 and 6 W/m2,
respectively and the high emissions scenario RCP8.5 rep-
resenting a pathway with continued growth in GHG emis-
sions leading to an RF of roughly 8.5 Wm−2 at the end of the
twenty-first century. Various chapters of this report mainly
use the RCP pathways to study future changes in the climate
system.

The AR5 assessment concluded that GMST will continue
to rise over the twenty-first century with increasing GHGs.
The increase in GMST for 2081–2100, relative to 1986–
2005 will likely be in the 5–95% range of 0.3–1.7 °C under
RCP2.6 and 2.6–4.8 °C under RCP8.5 (Collins et al. 2013).
Assessment of precipitation based on CMIP5 models indi-
cates that it is virtually certain that global mean precipitation
will increase by more than 0.05 mm day−1 and 0.15 mm
day−1 by the end of the twenty-first century under the
RCP2.6 and RCP8.5 scenarios, respectively (Collins et al.
2013). The median of the global mean sea-level rise for the
period 2081–2100 is 0.47 m in RCP4.5 and 0.63 m in the
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RCP8.5 scenario (Church et al. 2013). The corresponding
increase in the thermosteric sea level is 0.2 m for RCP4.5
and 0.27 m for the RCP8.5 scenario. A summary of pro-
jections for temperature and precipitation from CMIP5
models, averaged globally and over India, are provided in
Table 1.1.

In the upcoming IPCC Sixth Assessment Report (IPCC
AR6), projections are utilizing the a new range of scenarios
known as Shared Socio-economic Pathways (SSPs) (O’Neill
et al. 2017) introduced in the Coupled Model Intercompar-
ison Project Phase 6 (CMIP6). The SSPs define five different
ways in which the world might evolve in the absence of
climate policy and how different levels of climate change
mitigation could be achieved when the mitigation targets of
RCPs are combined with the SSPs. These include SSP1: a
world of sustainability-focused growth and equality; SSP2: a
‘middle of the road’ world where trends broadly follow their
historical patterns; SSP3: a fragmented world of ‘resurgent
nationalism’; SSP4: a world of ever-increasing inequality
and SSP5: a world of rapid and unconstrained growth in
economic output and energy use.

Projections by the IITM-ESM of changes in key climate
variables based on different SSP scenarios are discussed in
detail in Sect. 1.2.3. A summary of these projections for
temperature and precipitation, including those from other
CMIP6 models, can be found in Table 1.2.

1.2.3 Contribution from IITM-ESM

In this section, we assess changes in the major global indi-
cators of climate change using the IITM-ESM CMIP6 sim-
ulations. Change is assessed relative to the pre-industrial
period (1850–1900). Simulations spanning over the histori-
cal period (1950–2014), near future (2040–2069)3 and far
future (2070–2099) are presented along with simulations
from other available CMIP6 models. The projections are
based on the Shared Socio-economic Pathways. Two of the
priority SSPs, the SSP2-4.5 considered as
middle-of-the-road and SSP5-8.5 as fossil-fuel-rich devel-
opment, are presented in this section.

Changes in selected global climate indices including
Global Mean Surface Temperature (GMST), global mean
precipitation and Global Mean thermosteric Sea Level
(GMSL) for the period 1900–2099 are shown in Fig. 1.3.
These include historical simulations for the period 1900–
2014 and projections from 2015 onwards. The historical
simulations enable evaluation of model performance w.r.t
observations and show whether the models are able to
reproduce the observed aspects of climate change and vari-
ability. The time-series of GMST show an increase of more
than 0.6 °C during 1951–2014 (with reference to a base
period of 1900–1930). However, the increase is not steady;
warming is more pronounced since 1970 and a slowing down
of warming occurred during the recent period with a slow
down in global warming (2000–2010). These fluctuations
arise from natural variations within the climate system or
internal climate variability, and are also driven by external
forcings. The CMIP6 models simulate the observed warming
trend but exhibit a wide range of warming levels especially in
the far future (Fig. 1.3a). The higher warming level in the
CMIP6 models may be associated with higher Equilibrium
Climate Sensitivity (ECS). The GMST from the IITM-ESM
for the historical period closely follows the observed warm-
ing (figure not shown), and the global mean temperature rise

Table 1.1 Change in surface air temperature (TAS, °C) and precipitation (PR, mm day−1) relative to 1850–1900 for the RCP4.5 and RCP8.5
scenarios from CMIP5 models for the Global and the Indian region during the historical (1951–2014), near future (2040–2069) and far future
(2070–2099) periods

Variables Estimates from CMIP5; (base period 1850–1900)

Global mean estimates Indian region estimates

Historical RCP4.5 RCP8.5 Historical RCP4.5 RCP8.5

1951–
2014

2040–
2069

2070–
2099

2040–
2069

2070–
2099

1951–
2014

2040–
2069

2070–
2099

2040–
2069

2070–
2099

TAS (°C) 0.54
(0.28 to
0.68)

2.16
(1.43 to
2.75)

2.62
(1.80 to
3.16)

2.75
(1.94 to
3.48)

4.31
(3.08 to
5.25)

0.72
(0.47 to
1.28)

2.67
(1.72 to
3.70)

3.27
(2.25 to
4.27)

3.37
(2.32 to
4.68)

5.33
(3.70 to
6.11)

Precip. (mm
day−1)

0.01
(−0.02 to
0.40)

0.09
(0.05 to
0.16)

0.13
(0.09 to
0.18)

0.12
(0.07 to
0.20)

0.20
(0.11 to
0.30)

−0.06
(−0.36 to
0.28)

0.10
(−0.32
to 0.33)

0.23 (-
0.13 to
0.49)

0.22
(−0.09
to 0.43)

0.28
(−0.31
to 0.68)

Included are CMIP5 multi-model means and range (in parenthesis) among models. Models used for this analysis are listed in Table 1.3

3Throughout this report, climate change projections refer to changes in
the ‘near future’ and ‘far future’ relative to a specified historical
baseline period. ‘Near future’ refers to the climatological average over
the period 2040–2069 and is used interchangeably with ‘middle of the
century’. Likewise ‘far future’ refers to the climatological average over
the period 2070–2099 and is used interchangeably with ‘end of the
century’.

8 R. Krishnan et al.



is within the range of warming shown by other CMIP6
models during the historical period (Fig. 1.3a).

A consistent feature across climate projections is a con-
tinuous rise in global mean temperature (Fig. 1.3a). The
evolution of GMST for the future scenarios from the AR5
assessment concluded that GMST will continue to rise over
the twenty-first century with the increase in GHGs.
The GMST change at the end of the twenty-first century w.r.
t. the pre-industrial period (1850–1900) from IITM-ESM
under the highest emissions scenario (SSP5-8.5), is 3.4 °C
and under the intermediate emissions scenarios (SSP2-4.5),
is about 2.2 °C, respectively. The corresponding increase in

GMST in CMIP6 models show a range of about 2.9 °C–
6.5 °C and 2 °C–4.1 °C under SSP5-8.5 and SSP2-4.5,
respectively. The increase in the mean surface temperature
over the Indian region projected by the IITM-ESM is 2.1 °C
and 3.3 °C under the intermediate and high emissions sce-
narios, respectively, by the end of the twenty-first century.

Time-series of global mean precipitation from observa-
tions and CMIP6 simulations of IITM-ESM and other
CMIP6 models are shown in Fig. 1.3b. Global mean pre-
cipitation in IITM-ESM and other CMIP6 models show an
increase with an increase in temperature, with higher rate of
increase in those models with higher levels of warming

Table 1.2 Change in near-surface air temperature (TAS, °C) and precipitation (Precip, mm day−1) relative to 1850–1900 for the SSP2-4.5 and
SSP5-8.5 scenarios from IITM-ESM and CMIP6 models for the Global and the Indian region during the historical (1951–2014), near future (2040–
2069) and far future (2070–2099) periods

Variables Estimates from CMIP6 & IITM-ESM (base period 1850–1900)

Global mean estimates Indian region estimates

Historical SSP2-45 SSP5-85 Historical SSP2-45 SSP5-85

1951
2014

2040–
2069

2070–
2099

2040–
2069

2070–
2099

1951–
2014

2040–
2069

2070–
2099

2040–
2069

2070–
2099

TAS
(°C)

CMIP6 0.59
(0.32 to
1.07)

2.5
(1.60 to
3.28)

3.16
(1.96 to
4.05)

3.13
(1.87 to
4.11)

5.0
(2.93 to
6.55)

0.50
(0.29 to
0.87)

2.37
(1.67 to
3.16)

3.14
(2.11 to
4.48)

3.04
(1.92 to
4.53)

5.35
(3.26 to
7.30)

IITM-
ESM

0.60 1.91 2.22 2.28 3.36 0.54 1.67 2.11 2.08 3.26

Precip. (mm day−1) CMIP6 0.01
(0.00 to
0.05)

0.11
(0.04 to
0.19)

0.15
(0.06 to
0.24)

0.13
(0.04 to
0.21)

0.21
(0.09 to
0.32)

0.01
(−0.30 to
0.31)

0.33
(−0.36
to 1.38)

0.45
(−0.60
to 1.60)

0.49
(−0.20
to 0.96)

0.84
(−0.25
to 1.89)

IITM-
E5M

0.02 0.09 0.11 0.09 0.15 −0.02 0.25 0.03 0.16 0.5

The estimates for CMIP6 constitute the multi-model mean and range (in parenthesis) across the considered models. The CMIP6 models used for
this analysis are listed in Table 1.4

Table 1.3 Climate models from the CMIP5 (Taylor et al. 2012) database used in this study. Historical, RCP4.5 and RCP8.5 forcing experiments
have been used

Model ID Institute, Country

ACCESS1.0 Commonwealth Scientific and Industrial Research Organization (CSIRO), Australia and Bureau of Meteorology (BOM),
Australia

CMCC-CM Euro-Mediterraneo sui Cambiamenti Climatici, Italy

CMCC-CMS

CNRM-CM5 Centre National de Recherches Meteorologiques, Meteo-France, France

CSIRO-Mk3-6-0 Commonwealth Scientific and Industrial Research Organization (CSIRO), Australia

Inm-cm4 Institute for numerical mathematics, Russia

IPSL-CM5A-LR Institute Pierre-Simon Laplace, France

IPSL-CM5A-MR

MPI-ESM-LR Max Planck Institute for Meteorology, Germany

MPI-ESM-MR

Total no. models 10

Only the first available realization is used. (Expansions of acronyms are available online at http://www.ametsoc.org/PubsAcronymList). *All the
models from CMIP5/CMIP6 used in the study are interpolated to the resolution of 1 � 1 degree
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(Fig. 1.3b). However, regional precipitation patterns can
deviate significantly from the global mean, driven by dif-
ferent drivers of climate change like GHGs, aerosols, etc.
Precipitation projections from IITM-ESM and CMIP6
models show a gradual increase in global precipitation over
the twenty-first century (Fig. 1.3b). Global mean precipita-
tion is projected to increase in IITM-ESM by more than 0.11
and 0.15 mm day−1 by the end of the twenty-first century
(w.r.t 1850–1900) under the SSP2-4.5 and SSP5-8.5 sce-
narios. The precipitation is also projected to increase over
the Indian region in IITM-ESM and CMIP6 models under
both SSP5-8.5 and SS2-4.5 scenarios. The far future pre-
cipitation increase over the Indian region is 0.51 mm day−1

under SSP5-8.5 and 0.03 mm day−1 under SS2-4.5 as pro-
jected by IITM-ESM.

The AR5 assessment of changes in the ocean indicates
that the global ocean will warm in all scenarios. Thermal
expansion due to ocean warming and glacier melt have been
the dominant contributors to the twentieth-century global
mean sea-level rise (Church et al. 2013). The projected
changes in global mean sea level due to thermal expansion
(thermosteric sea level) are shown in Fig. 1.3c under
SSP2-4.5 and SSP5-8.5 scenarios. The global mean ther-
mosteric sea level (TSL) from CMIP6 models shows an
increase, especially in the recent decades. The IITM-ESM
shows an increase in global mean TSL which is similar to
the TSL increase in other CMIP6 models. The global
mean TSL rise during the far future (2070–2099) will be
about 0.08 m–0.17 m under SSP2-4.5 and 0.11 m–0.23 m
under SSP5-8.5, respectively. The TSL projections from

IITM-ESM and other CMIP6 models indicate that the rate of
global mean sea-level rise for the twenty-first century will
exceed the rate observed during the historical period for
SSP2-4.5 and SSP5-8.5 scenarios.

We now assess changes in spatial patterns of surface
temperature and precipitation for the historical period
(1900–2014) and projections for far future (2070–2099)
based on IITM-ESM historical simulation and SSP5-8.5
scenario. Spatial patterns of surface temperature change
from IITM-ESM and NASA GISS surface temperature
analysis (GISSTEMPv4) w.r.t pre-industrial period are
shown in Fig. 1.4. Observations reveal increasing surface
temperatures over most of the continental region with
fastest-warming over the Arctic. Warming over land is
higher as compared to oceans. The anthropogenic warming
trend is reasonably well represented in IITM-ESM historical
simulation. The model simulates the Arctic amplification and
increasing temperature over west-central Asia while warm-
ing trends over Europe and east-central Asia are underesti-
mated in the historical simulation. Spatial maps of annual
mean surface temperature changes in the far future (2070–
2099) in the SSP5-8.5 scenario show the largest warming
over high latitudes, particularly over the Arctic. As the
GMST continues to increase, it is very likely that by the end
of the twenty-first century most of the global land and ocean
areas will be warmer than during the historical period.

The spatial patterns of temperature change over the
Indian region are well simulated in IITM-ESM histori-
cal simulation. Larger warming pattern is seen over the
north and north-west India during the historical period

Table 1.4 Climate models from the CMIP6 (Eyring et al. 2016) database used in this study

Model ID Institute, Country

BCC-CESM2-MR Beijing Climate Center, China Meteorological Administration, China

CAMS-CSM1-0 Chinese Academy of Meteorological Sciences, China

CANESM5 Canadian Centre for Climate Modelling and Analysis, Canada

CESM2 National Science Foundation, Department of Energy, NCAR, USA

EC-Earth3 EC‐Earth brings together 27 research institutes from 10 European countries, Europe

EC-Earth-Veg

IPSL-CM6A-LR Institute Pierre-Simon Laplace, France

MIROC6 Atmosphere and Ocean Research Institute (The University of Tokyo), National Institute for Environmental Studies and
Japan Agency for Marine-Earth Science and Technology, Japan

MRI-ESM2-0 Meteorological Research Institute, Japan

IITM-ESM Indian Institute of Tropical Meteorology, India

Total no. models 10

Other specifications are the same as in Table 1.3
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(1951–2014), warming exceeding 0.5 °C over most part of
the country. The warming pattern is projected to enhance in
the far future, with warming level exceeding 3 °C as can be
seen from the SSP5-8.5 scenario (Fig. 1.4).

Spatial patterns of change in observed and simulated
summer monsoon (JJAS) precipitation for the period 1951–
2014 are shown in Fig. 1.5. The precipitation pattern shows
large spatial variability over the tropical regions. It is inter-
esting to note that the IITM-ESM captures the observed
decrease in summer monsoon precipitation over Central
India during 1951–2014. A north–south pattern of monsoon
rainfall decrease over Central India and an increase over
the equatorial Indian Ocean is seen in the IITM-ESM

simulation. The observed weakening of the southwest
summer monsoon post-1950s has been attributed to
anthropogenic aerosol forcing, regional land use land cover
changes as well as rapid warming of the equatorial Indian
Ocean SST (Krishnan et al. 2016).

The global mean precipitation is projected to increase
with an increase in global mean temperature. Large-scale
increase in precipitation is seen over the tropical regions,
especially over the monsoon domains and over the Indian
landmass in the far future under SSP5-8.5 scenario
(Fig. 1.5). Quantitiative estimates of global and regional
changes in temperature and precipitation for the near
and far future, based on the IITM-ESM and other CMIP6

Fig. 1.3 Time series of CMIP6 simulations of the globally averaged
annual mean a surface air temperature (°C), b precipitation (mm day−1)
and c thermosteric sea level (TSL; m). Plotted are the anomalies with
respect to the pre-industrial baseline (1850–1900) for the historical

period (black) and future projections following the SSP2-4.5 (blue) and
SSP5-8.5 (red) scenarios. Numbers denote the number of models
selected for each variable. Solid lines represent the IITM-ESM
simulations and the shading represents the range across the models
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Fig. 1.4 Spatial patterns of change in surface air temperature
(SAT; °C) over the globe in the left-hand column, and over India
in the right-hand column. In the top row are plotted the observed
changes over the globe based on the Climate Research Unit
(CRU) dataset, and over India based on the India Meteorological
Department (IMD) dataset. Plots in the middle row are from the
IITM-ESM simulations for the historical period, and those in the last
row are from the IITM-ESM projections following the SSP5-8.5

scenario. The historical changes in the global maps are shown for the
period (1901–2014) and those over India are shown for the period
(1951–2014). Changes in the historical period (first and middle rows)
are calculated as linear trends and expressed in (°C per 114 years) for
the global maps and (°C per 64 years) over India. Changes under the
SSP5-8.5 scenario (last row) are plotted as the difference in mean
temperature between the far future (2070–2099) and pre-industrial
(1850–1900) periods
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Fig. 1.5 Spatial patterns of change in the June–to-September seasonal
precipitation (mm day −1) over the globe in the left-hand column, and
over India in the right-hand column. In the top row are plotted the
observed changes for the period (1951–2014) relative to (1900–1930)
over the globebasedon theCRUdataset, andover India basedon the IMD
dataset. Plots in the middle row are from the IITM-ESM simulations for

the historical period, and the plots in the last row are from the IITM-ESM
projections following the SSP5-8.5 scenario. The IITM-ESM simulated
changes in the historical period (first and middle rows) are plotted as
difference for the period (1951–2014) relative to (1850–1900). Changes
under the SSP5-8.5 scenario (last row) are plotted as difference between
the far-future (2070–2099) relative to (1850–1900).

1 Introduction to Climate Change Over the Indian Region 13



models, are tabulated in Table 1.2. Figure 1.6 summarizes
the temporal variations in the observed and projected
future changes by the IITM-ESM in some key regional cli-
mate variables during the twentieth and twenty-first
centuries.

1.2.4 Synthesis of Regional Climate Change

The surface air temperature over India has risen by about
0.7 °C during 1901–2018. There are clear signatures of
human-induced changes in climate over the Indian region in
recent decades, as evidenced by observations, reanalysis

datasets and climate model simulations. These changes are
on account of anthropogenic GHG and aerosol forcings, and
changes in land use and land cover (e.g. Krishnan and
Ramanathan 2002; Dileepkumar et al. 2018).

Future projections of regional climate, under different
climate change scenarios, indicate robust changes in the
mean, variability and extremes of several key climatic
parameters over the Indian subcontinent and adjoining areas,
e.g. land temperature and precipitation, monsoons, Indian
Ocean temperature and sea level, tropical cyclones, Hima-
layan cryosphere, etc.

A synthesis of the assessed past and projected changes in
key climate variables pertinent to the Indian region is

160
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Fig. 1.6 Temporal variation of selected climate variables from
observations (panels on the left) and IITM-ESM projections (panels
on the right) : Near surface air temperature (°C) over India in (a) and
(f); Summer monsoon precipitation (mm/day) over Indian land region
in (b) and (g); Sea surface temperature of the north Indian Ocean
(NIO; °C) in (c) and (h); Thermosteric sea level (m) in the north Indian
Ocean in (d) and (i); and Himalayan snow cover extent (x 10000 km2)
in (e) and (j). Note that the time-series of all variables, except

Himalayan snow cover extent, are shown as anomalies w.r.t. a
specified baseline. Absolute values of the Himalayan snow cover
extent are shown in (e) and (j). The IITM-ESM projections cover the
period from 1850 to 2100, with the future projections based on the
SSP2-4.5 scenario. All anomalies in the IITM-ESM projections are
computed w.r.t. the pre-industrial baseline (1850–1900) and anomalies
in observed changes (left panels) are w.r.t. the recent period
(1976–2005)
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presented in Table 1.5 and also illustrated in Fig. 1.6
(IITM-ESM). The qualifiers to express certainty in the
assessments are presented in Box 1.4.

Box 1.4: Qualifiers to Express Certainty in
Assessment Findings
Two qualifiers have been used in this assessment
report to express the degree of certainty in key
findings.

• Confidence is a qualitative expert judgement by the
authors based on an evaluation of available infor-
mation in terms of 1. The amount, quality and
consistency of evidence and 2. Agreement within
the surveyed literature.

Confidence levels (based on IPCC):

• Very high: Robust evidence, high agreement.
• High: Robust evidence, medium agreement; Med-

ium evidence, high agreement.
• Medium: Medium evidence, medium agreement.
• Low: Limited evidence, low agreement.

Broad criteria adopted in this Report to gauge
‘evidence’:

• >3 scientific papers: Robust evidence;
• 2–3 scientific papers: Medium evidence;
• 2 scientific papers: Limited evidence;
• 1 scientific paper: Insufficient evidence.

Broad criteria adopted in this Report to gauge
‘agreement’:

• >70% agreement in surveyed literature: High
agreement;

• 50–70% agreement in surveyed literature: Medium
agreement;

• 30–50% agreement in surveyed literature: Low
agreement;

• <30% agreement in surveyed literature: No
agreement.

Confidence cannot be interpreted statistically.

• Likelihood is a quantitative measure of uncertainty
based on the probability of an outcome or result
based on a statistical analysis of observational data

or modelling outcomes or on the authors’ expert
judgement.

Likelihood levels (adopted from IPCC):

• Virtually certain: 99–100% probability;
• Very likely: 90–100%;
• Likely: 66–100%;
• About as likely as not: 33–66%;
• Unlikely: 0–33%;
• Very unlikely: 0–10%;
• Exceptionally unlikely: 0–1%.

See for more details: Mastrandrea, M. D., C.
B. Field, T. F. Stocker, O. Edenhofer, K. L. Ebi, D.
J. Frame, H. Held, E. Kriegler, K. J. Mach,
P. R. Matschoss, G.-K. Plattner, G. W. Yohe and F.
W. Zwiers 2010: Guidance Note for Lead Authors of
the IPCC Fifth Assessment Report on Consistent
Treatment of Uncertainties, Intergovernmental Panel on
Climate Change (IPCC), Geneva, Switzerland, 4 pp.

1.3 Scope of the Report

This report provides a detailed overview and synthesis of the
published scientific literature on climate change over India
and adjoining regions. The objectives are to provide a
state-of-the-art assessment of how and why India’s climate is
changing, changes that are projected for the future, uncer-
tainties and knowledge gaps, and identification of areas that
require greater research.

The scope of this report is the physical science basis of
climate change with a focus on regional climate drivers
specific to the Indian land area and the surrounding ocean. It
is a region-focused analogue of the global scale assessment
by Working Group I of the Intergovernmental Panel on
Climate Change.

This report will be useful to advance public awareness of
India’s changing climate and to inform mitigation and
adaptation decision making. While it is meant to be policy
relevant, this report is not intended to be policy prescriptive.

This report is organized as follows: Chapters 2 and 3
focus on observed and projected trends in the mean and
extremes of temperature and precipitation. Chapters 4 and 5
quantify the spatial and temporal variations in GHG fluxes
and concentrations, and climate forcing due to anthro-
pogenic aerosol emissions and trace gases over India.
Chapter 6 discusses the observed and projected changes in
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Table 1.5 Synthesis of the assessed past and projected changes in key climate variables pertinent to the Indian region

Warming over India and the Indian Ocean (Chaps. 2, 10)

The annual mean near-surface air temperature over India has warmed by around 0.7 °C during 1901–2018 (Srivastava et al. 2019), with the
post-1950 trends attributable largely to anthropogenic activities (Dileepkumar et al. 2018) (High confidence). Atmospheric moisture content
over the Indian region has also risen during this period (Krishnan et al. 2016; Mukhopadhyay et al. 2017; Mukherjee et al. 2018) (High
confidence). The mean temperature rise over India by the end of the twenty-first century is projected to be in the range of 2.4–4.4 °C across
greenhouse gas warming scenarios relative to the average temperature over 1976–2005.

The Indian Ocean has also experienced significant warming in recent decades in association with anthropogenic radiative forcing (Du and Xie
2008), as well as ocean–atmosphere coupled feedbacks arising from long-term changes in monsoonal wind patterns (Swapna et al. 2014) (High
confidence). Sea surface temperature (SST) in the tropical Indian Ocean has risen by 1 °C on average over 1951–2015 and is projected to increase
further during the twenty-first century.

Monsoon Precipitation (Chap. 3)

Warming due to increasing concentration of atmospheric GHGs and
moisture content is generally expected to strengthen the Indian
monsoon. Yet, the observational records show that there has been a
declining trend in summer monsoon precipitation since 1950
(Kulkarni 2012), with particularly notable decreases in parts of the
Indo-Gangetic plains and the Western Ghats (Krishnan et al. 2013;
Roxy et al. 2015). Climate modelling studies suggest that the
observed changes have resulted in response to the radiative effects of
the northern hemispheric (NH) anthropogenic aerosols and regional
LULC, which have more than offset the precipitation enhancing
tendency of GHG warming in the past 6–7 decades (e.g. Bollasina
et al. 2011; Krishnan et al. 2016; Sanap et al. 2015; Undorf et al.
2018) (Medium confidence).

In contrast, the frequency of localized heavy precipitation occurrences
has risen significantly over Central India in the past 6–7 decades
(Roxy et al. 2017; Mukherjee et al. 2018) (High confidence).

With anticipated reductions in NH aerosol emissions, future changes
in the monsoon precipitation are expected to be prominently
constrained by the effects of GHG warming. With the resultant
increase in temperature and atmospheric moisture, climate models
project a considerable rise in the mean, extremes and interannual
variability of monsoon precipitation by the end of the century (Kitoh
2017).

Droughts and Floods (Chap. 6)

India has witnessed a higher frequency of droughts and expansion of
drought-affected areas since 1950. While climate models project an
enhancement of mean monsoon rainfall in the future, they
concurrently project an increase in the occurrence, severity and area
under drought. These changes are linked to increased variability of
monsoon precipitation, and increase in water vapour demand in a
warmer atmosphere that would tend to decrease soil moisture content
(Menon et al. 2013; Scheff and Frierson 2014; Jayasankar et al. 2015;
Sharmila et al. 2015; Krishnan et al. 2016; Preethi et al. 2019) (High
confidence).

Flooding events over India have also increased since 1950, in part due
to enhanced occurrence of localized, short-duration intense rainfall
events and flooding occurrences due to intense rainfall are projected
to increase in the future (Hirabayashi et al. 2013; Ali and Mishra
2018; Lutz et al. 2019) (High confidence). Higher rates of glacier and
snowmelt in a warming world would enhance stream flow and
compound flood risk over the Himalayan river basins. The Indus,
Ganga and Brahmaputra basins are considered particularly at risk of
enhanced flooding in the future in the absence of additional
adaptation and risk mitigation measures (Lutz et al. 2014).

Sea-level rise in the North Indian Ocean (Chap. 9)

Sea-level rise is intimately related to thermal expansion due to rising
ocean SST and heat content, and the melting of glaciers that add water
to the world’s oceans. Rates of sea-level variations differ from region
to region.

The North Indian Ocean (NIO) rose at a rate of 3.3 mm year−1 during
1993–2017, similar to the global mean (Swapna et al. 2017). While
thermal expansion (thermosteric) has dominated sea-level rise in the
NIO) (High confidence), the major contribution to global mean
sea-level rise is from glacier melt (IPCC AR5).

The thermosteric sea-level rise of the NIO during the recent 3–4
decades is closely linked to the weakening trend of summer monsoon
winds and the associated slow down of heat transport out of the NIO
(Swapna et al. 2017). Future changes in the strength of monsoon
winds have implications on the NIO sea-level variations.

Tropical Cyclonic Storms (Chap. 8)

The intensity of tropical cyclones (TC) is closely linked to ocean SST
and heat content, with regional differences in their relationships.

The frequency of very severe cyclonic storms (VSCS) over the NIO
during the post-monsoon season has significantly increased in the past
two decades, despite an overall reduction in the annual TC activity
(High confidence). With continued global warming, the activity of
VSCS over the NIO is projected to further increase during the
twenty-first century.

Himalayan Cryosphere (Chap. 11)

The Hindukush Himalayas (HKH) underwent rapid warming at a rate
of about 0.2oC per decade during the last 6–7 decades) (High
confidence). Higher elevations of the Tibetan Plateau (> 4 km)
experienced even stronger warming in a phenomenon alluded to as
Elevation Dependent Warming (Liu et al. 2009; Krishnan et al.
2019b) (High confidence). With continued global warming, the
temperature in the HKH is projected to rise substantially during the
twenty-first century.

The HKH experienced a significant decline in snowfall (Ren et al.
2015; You et al. 2015) and glacial area (Kulkarni and Karyakarte
2014; Wester et al. 2019) in the last 4–5 decades (Medium
confidence). With continuing warming, climate models project a
continuing decline in snowfall over the HKH during the 21st century,
but with wide inter-model spread. In contrast, parts of the Karakoram
Himalayas have experienced increase in wintertime frozen
precipitation in the recent decades, in association with enhanced
amplitude variations of Western Disturbances (Kapnick et al. 2014;
Kääb et al. 2015; Krishnan et al. 2019b).

16 R. Krishnan et al.



the characteristics of floods and droughts in India associated
with changes in precipitation. Chapter 7 discusses synoptic
scale systems including trends in monsoon depressions and
western disturbances. Chapters 8, 9, and 10 discuss the
changes in the frequency and intensity of extreme storms,
trends and projections of sea level rise and its variability
along the Indian coast, and historical changes and projec-
tions of warming of the Indian Ocean and changes in its heat
content. Chapter 11 discusses observed and projected
changes in temperature, snowfall, and glaciers in the Hindu
Kush Himalayas. Chapter 12 closes with a brief outline of
the potential impacts of climate change pertinent to India and
policies that may help advance adaption and mitigation
efforts.

Comprehensive assessments of the societal and sectoral
impacts of regional climate change will require targeted
research and are beyond the scope of this report.
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