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Chapter 15
Climate Change over the Indian 
Sub-continent

D. R. Pattnaik and A. P. Dimri

Abstract  The unique geographical locations of India with the Himalaya and vast 
Asian land mass on the north and the Indian Ocean to the south give rise to unique 
climatic regimes. The southwest monsoon season from June to September (JJAS) is 
associated with drought and flood, active and break cycle of monsoon and heavy 
rainfall over different parts of the country. Similarly, October to December (OND) 
season is associated with northeast monsoon season over south peninsula and for-
mation of cyclonic storm over North Indian Ocean. The winter season from January 
to February (JF) brings cold wave, fog and snow fall, whereas the season from 
March to May (MAM) is associated with heat wave and second peak of cyclonic 
storms.

Like the increasing trend of global mean temperature during the last 100 years, 
during 1901–2016, the annual mean temperature over Indian land mass also showed 
an increasing trend of 0.64 °C/100 years with significant increasing trend in maxi-
mum temperature (1.04  °C/100  years) and relatively lower increasing trend 
(0.25 °C/100 years) in minimum temperature.

During the period from 1901 to 2016, the JJAS monsoon rainfall does not show 
any significant trend; however, it shows epochal variations. Associated with the 
observed climate change, it also indicates trend of frequency of heavy rainfall 
events.

With respect to the climate change projection by IPCC in its Fourth Assessment 
Report, it indicates warming of the climate system on global as well as on regional 
scales with most of the observed increase in global average temperatures since the 
mid-twentieth century very likely due to the observed increase in anthropogenic 
greenhouse gas concentrations.
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15.1  �Introduction

India is a land with unique climate, a vast country situated roughly between 8°N and 
37°N latitude, which occupies a large area of South Asia. The several characteristic 
features of India include (1) two monsoon seasons (southwest and northeast); (2) 
two cyclone seasons (pre- and post-monsoon); (3) hot weather season characterized 
by severe thunderstorms, dust storms and heat waves; and (4) cold weather season 
characterized by violent snow storms in the Himalayan regions, cold waves and fog. 
In 1686 Sir Edmund Halley explained the monsoon as resulting from thermal con-
trasts between continents and oceans due to differential heating. Accordingly, 
Halley conceived summer and winter monsoons depending upon the season. Besides 
differential heating, the development of monsoon is influenced by the shape of the 
continents, orography and the conditions of air circulation in the upper troposphere. 
In summer the sun shines vertically over the Tropic of Cancer, resulting in high 
temperature and low pressure in Central Asia, while the pressure is high over the 
Arabian Sea and Bay of Bengal. This induces air flow from sea to land and brings 
heavy rainfall to India and her neighbouring countries (Fig. 15.1a). In winter the sun 
shines vertically over the Tropic of Capricorn. The north-western part of India 
grows colder than the Arabian Sea and Bay of Bengal, and the flow of monsoon is 
reversed (Fig. 15.1b). Also, as the agriculture output primarily depends on rainfall 
(Gadgil et al. 1999), the variability in monsoon rainfall during June to September 
(JJAS) can have adverse impacts due to crop failures. This occurs over a range of 
temporal scales from intra-seasonal to inter-decadal, dominated by interannual vari-
ations (Pattanaik 2012). The rain producing monsoon systems are important for 
various sectors, like agriculture, water management and power industry. As India 
receives about 75–90% of its annual rainfall during the monsoon season JJAS, a 
failure in monsoon rainfall leads to drought conditions and can affect the economy 
of the country. One-sixth area of the country is drought-prone, with the western part 
of the country, including Rajasthan, Gujarat and some parts of Maharashtra, being 
more vulnerable and hit very frequently by drought condition. In some years with 
deficient rainfall, the situation spreads into other parts of the country. The other 
extreme of the monsoon rainfall associated with excess seasonal rainfall during 
JJAS and heavy rainfall can lead to flood conditions over many parts of the country. 
About 40 million hectares (mha) of India are prone to floods, and on an average, 
floods affect an area of around 7.5 mha per year. The plain region of India is affected 
by floods almost every year during the monsoon season and is associated with heavy 
rainfall. Thus, the interannual fluctuations in the summer monsoon rainfall over 
India are sufficiently large to cause devastating floods or severe droughts.

The variability of monsoon characterized by the onset, withdrawal and active and 
dry spell of monsoon is crucial for the country. Long breaks during growth periods 
of crops can substantially reduce yield (Gadgil and Rao 2000). Thus, monsoon rain-
fall prediction in different time scales has important impact on agriculture. The 
long-range (on seasonal scale) prediction of monsoon is very useful for planners, 
especially when a large deficient rainfall scenario is foreseen. In the last few decades, 
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many dynamical models (Palmer et  al. 1992; Chen and Yen 1994; Sperber and 
Palmer 1996; Shukla et al. 2000; Saha et al. 2014; Pattanaik and Kumar 2010, 2014) 
have been developed for the seasonal prediction of rainfall over India. More impor-
tantly, the rainfall forecast on smaller spatial scale of different phases of monsoon 
(like its onset and advance, active and break cycle of monsoon) on intra-seasonal 
time scale is crucial for the farming community (Abhilash et  al. 2014; Sahai 
et al. 2013).

In addition to the failure of monsoon during a season that can influence agricul-
ture adversely, there are many other extreme weather conditions, which impact agri-
culture. The surface air temperature drives crop growth duration and influences milk 

Fig. 15.1  Mean surface 
wind and pressure for (a) 
July and (b) January. 
(Source: Rao 1976)
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production in animals and spawning in fish. Temperature and relative humidity both 
influence pest and disease incidence on crops, livestock and poultry. Thus, for an 
agro-economic country like India, the variability of surface air temperature on dif-
ferent temporal scales is crucial for policymaking and the national economy. Surface 
air temperature during the pre-monsoon season also influences soil moisture and 
hence the performance of the ensuing monsoon (Krishnakumar et  al. 1998). 
Recently, many scientists have studied the different temperature variability patterns 
over India. Kothawale and Rupa Kumar (2005) indicate that mean maximum tem-
perature (Tmax) increased over India during 1901–1987, and there is a warming 
trend in annual mean temperature over India mostly due to increasing Tmax that 
took place during 1901–2003. Associated with high Tmax in summer, most areas in 
India experience episodes of heat waves causing sunstroke, dehydration and death 
(De et al. 2005; Pattanaik and Mukhopadhyay 2012). At times, extreme tempera-
tures like heat wave can cause enormous losses of standing crops, livestock and 
fisheries. Similarly, other extreme temperatures like the cold wave during winter 
due to frost conditions are also of concern to winter crops (De et al. 2005; Dash and 
Mamgain 2011).

The current trends of climate change are expected to increase the frequency and 
intensity of existing hazards, an increased probability of extreme events and vulner-
abilities with differential spatial and socio-economic impacts. The Intergovernmental 
Panel on Climate Change (IPCC) in its Fourth Assessment Report (AR5; IPCC 
2014) has also projected more frequent and intense weather events in the twenty-
first century with high confidence levels. This is likely to further degrade the resil-
ience and coping capacities of poor and vulnerable communities. Therefore, it is 
very desirable to study the observed spatial and temporal variability of rainfall and 
temperature, as it is linked to weather and climate extremes such as high rainfall/
low rainfall/floods/droughts/heat wave/cold wave/cyclone/hail/frost. The objective 
of this study is to highlight the spatial and temporal variability of rainfall and tem-
perature, along with its projection for the future.

15.2  �Variability of Monsoon Leading to Droughts and Floods

Prior to the onset of monsoon, the Indian monsoon zone is characterized by the 
presence of a heat low centre near central Pakistan and the adjoining north-western 
parts of India. Onset of monsoon over the southern tip of India (Kerala coast) is 
marked as the beginning of the monsoon season. Once the monsoon covers the 
entire country, a tropical convergence zone (commonly known as the monsoon 
trough) gets established over the region. Indian summer monsoon (ISM) exhibits 
large spatial variability with regions of high rainfall (the west coast of the peninsula 
and over the northeastern regions) that are associated with lowest variability and 
regions of lowest rainfall (north-western parts of India) having highest variability as 
seen from the mean and coefficient of variability (CV) of JJAS rainfall shown in 
Fig. 15.2a, b, respectively.
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Fig. 15.2  Mean All India Summer Monsoon Rainfall during (a) June to September (1951–2003) 
and (b) mean coefficient of variability (%)
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The All India Summer Monsoon Rainfall (AISMR) during JJAS has a unique 
profile due to its large interannual variability. Long period average (LPA; 1951–2010) 
of summer monsoon rainfall is found to be about 89 cm with a CV of ≈8.9 cm (10% 
of LPA). As pointed by many earlier studies, there is a close correspondence between 
deficit monsoon rainfall and El Niño (Sikka 1980; Pant and Parthasarathy 1981; 
Rasmusson and Carpenter 1983). However, Krishnakumar et al. (1999) have sug-
gested that the link with El Niño has weakened in the last decade, and in fact the 
AISMR anomaly was positive in the recent intense warm event of 1997. Many other 
studies have pointed out various teleconnection patterns other than ENSO to explain 
the observed interannual variability of AISMR and also the decadal and epochal 
variability of AISMR (Pattanaik 2012). The interannual variation of AISMR during 
the 142 years period from 1875 to 2016 is shown in Fig. 15.3. As seen from Fig. 15.3, 
the period from 1875 to 2016 witnessed many deficient and excess monsoon years. 
The deficient or excess years are identified based on the rainfall departure of ±1 
CV. Large areas are therefore affected if the southwest monsoon plays truant. Most 
parts of peninsular, central, and northwest India are prone to periodic drought. 
These regions receive less than 100 cm of rainfall. The droughts of 1965–1967 and 
1979–1980 affected relatively high rainfall regions, while the droughts of 1972, 
1987, 2002, 2004 and 2009 affected low-rainfall regions, mostly semi-arid and sub-
humid regions. Recently, India witnessed two consecutive drought years of 2014 
and 2015. The interannual variability of AISMR shows more number of deficient 
years (26 years ≈ 18.3%) compared to the excess years (19 years ≈ 13.4%) during 
1875 to 2016. The deficient and excess years are identified from Fig. 15.3 and also 
given in Table 15.1. As seen from Fig. 15.3, among the drought years, the year 1877 

Fig. 15.3  All India Summer Monsoon Rainfall (AISMR) departure during June to September 
from 1875 to 2016
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received the lowest rainfall (67% of LPA) followed by the years 1918 (75.1% of 
LPA), 1972 (76.1%) and 2009 (78.2%) with negative departures exceeding 2 SD 
(≈−20% of LPA) value. Similarly, the excess rainfall ever recorded is found to be in 
1917 (122.9% of LPA) followed by 1961 (121.8% of LPA) where the positive 
departures of seasonal rainfall exceeded 2 SD (≈+20%) value. It may be mentioned 
here that even in a year of excess (deficient) monsoon on all-India scale, there are 
pockets of deficient (excess) rainfall over some parts of the country that lead to 
drought (flood) situations. It is further seen from Fig. 15.3 that there is no excess 
monsoon year that is reported after 1994.

Like the interannual variability of AISMR, the interannual variability of monthly 
rainfall during June to September from 1901 to 2010 for the country as a whole also 
shows large interannual variability. The mean, coefficient of variability (CV) and 
the monthly percentage contribution to the total seasonal rainfall are shown in 
Table 15.2. As shown from Table 15.2, the contribution of peak monsoon months of 
July and August to the seasonal total rainfall is found to be about 33% and 29%, 
respectively, whereas the contribution of June rainfall and September rainfall to the 
seasonal total is found to be about 18.6% and 19.4%, respectively. Unlike the CV of 
AISMR, which is close to 10%, the CV of monthly rainfall is high particularly dur-
ing the withdrawal and onset phases of monsoon; during September (23%) and June 
(22%), respectively. During the peak monsoon months of July and August, the CVs 
are about 14% and 15%, respectively. Thus, the onset and withdrawal phases of 
monsoon are more variable compared to that of peak monsoon months of July 
and August.

Meteorological drought happens when the actual rainfall in an area is signifi-
cantly less than the climatological mean of that area. Drought has both direct and 
indirect impacts on the economic, social and environmental fabric of the country. 
The immediate visible impact of monsoon failure leading to drought is felt by 
the agricultural sector. The impact passes on to other sectors, including industry. 

Table 15.1  Excess (19) and deficient (26) categories of years based on seasonal rainfall year 
based on the departure of 1 SD

AISMR 
(1875–2016)

Excess 
(19 years)

1875, 1878, 1892, 1893, 1894, 1914, 1916, 1917, 1933, 1942, 
1955, 1956, 1959, 1961, 1970, 1975, 1983, 1988, 1994

Deficient 
(26 years)

1877, 1899, 1901, 1904, 1905, 1907, 1911, 1913, 1918, 1920, 
1941, 1951, 1965, 1966, 1968, 1972, 1974, 1979, 1982, 1986, 
1987, 2002, 2004, 2009, 2014, 2015

Table 15.2  The mean, coefficient of variability (CV) and the monthly % contribution to the total 
seasonal rainfall

Rainfall June July August September
JJAS 
(June–September)

Mean (mm) 167.4 295.6 261.8 173.9 898.7
Coefficient of variability (CV) 22.1% 14.2% 15.1% 23.1% 10%
Contribution to seasonal total 
(JJAS)

18.6% 32.9% 29.1% 19.4% 100%
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The five recent worst drought years are 1987, 2002, 2009, 2014 and 2015. Drought 
during the year 2002 caused reduction in food grain production to the tune of 13% 
in India (Gadgil and Rao 2000). In the year 2009, the percentage area affected by 
moderate drought (when rainfall is 26–50% below normal) was 59.2%. Due to 
this drought condition, there was a fall in gross domestic product (GDP) by 
about 0.5%.

15.3  �Decadal and Epochal Variability of AISMR

Although the Indian monsoon rainfall for the country as a whole does not show 
any trend, it is however seen that the Indian Summer Monsoon Rainfall (ISMR) 
displays multi-decadal variations in which there is clustering of wet or dry anoma-
lies. The decadal mean departure of AISMR during last 13 decades from 1875 to 
2016 is shown in Fig.  15.4, which indicates an alternating sequence of multi-
decadal periods having frequent droughts and flood years. The first and last 
decades are not consisting of 6 years from 1875 to 1880 and 2011 to 2016 and the 
remaining 11 decades are from 1901 to 1910, 1911 to 1920 and so on till 2001 to 
2010. As seen from Fig.  15.4, we can delineate (1) 1901–1930 dry period (2) 
1931–1960 wet period and (3) 1961–1990 also a dry period. Earlier studies by 
Pant and Rupa Kumar (1997) using the data series of Parthasarathy et al. (1994) 
also found similar results of 30  years of alternating sequences of dry and wet 

Fig. 15.4  Decadal 
variability of AISMR 
during 1875 to 2016

D. R. Pattnaik and A. P. Dimri



545

period. As also seen from Table 15.1, during the first decade of 1901–1910, there 
are four deficient years but no excess year. In the decade 1911–1920, there are four 
deficient and three excess years, and during the decade 1921–1930, there is no 
deficient year and no excess year. Thus, during the dry period of 1901–1930, we 
observe eight deficient years and three excess years. During the next three decades 
of wet period (1931–1960), we observe two deficient years and five excess years. 
In the dry period of 1961–1990, there were nine deficient years and five excess 
years. The recent two decades also witness negative composite anomalies with 
three deficient years from decade 2001 to 2010 and two deficient years observed 
during the last 6 years from 2011 to 2016. Thus, it is seen that the ISMR displays 
multi-decadal variations in which there is clustering of wet or dry anomalies. 
Many other studies also indicated a highly variable but reduced trend of the ISMR 
with a prominent epochal nature of variability (Thapliyal and Kulshreshtha 1991; 
Pant and Rupa Kumar 1997; Hingane et  al. 1985; Rupa Kumar et  al. 1992; 
Rajeevan et al. 2006). The monsoon rainfall shows epochal behaviour with alter-
nating epochs of above and below normal rainfall. Thapliyal and Kulshreshtha 
(1991) also analysed the climate change and the epochal variations of monsoon 
rainfall over India and found no systematic climate change or trend over India. 
Kripalani and Kulkarni (1997) examined the epochal variation of monsoon rainfall 
and its association with the ENSO-AISMR relationship and showed that the 
impact of El Niño on the AISMR was more severe during the below normal epochs 
than during the above normal epochs. To examine the epochs of above and below 
normal rainfall, 11 years, 21 years and 31 years running means of AISMR were 
calculated to isolate low-frequency behaviour. These epochs of above and below 
normal rainfall are shown in Fig.  15.5a–c. The epochal behaviour as shown in 
Fig. 15.5b, c indicates the AISMR is in the negative epoch and entering into the 
above normal epoch. A recent study found that the existence of the multi-decadal 
epochal variability of rainfall is clearly established in the all-India monsoon rain-
fall, as well as monsoon rainfall over the four homogenous regions. However, over 
different homogenous regions, the phases of multi-decadal variability are found to 
be different.

15.4  �Sub-division-Wise Trend of Monsoon Rainfall

Although Fig. 15.2 indicates large variability of AISMR, it does not show any sig-
nificant linear trend. However, there exists trend in the sub-divisional rainfall 
(Guhathakurta and Rajeevan 2007). As shown by these authors and also indicated 
here (Fig. 15.6) during the season as a whole, three sub-divisions, viz. Jharkhand, 
Chattisgarh and Kerala, show significant decreasing trend, and eight subdivisions, 
viz. Gangetic West Bengal, West Uttar Pradesh, Jammu and Kashmir, Konkan and 
Goa, Madhya Maharashtra, Rayalaseema, Coastal Andhra Pradesh and North 
Interior Karnataka, show significant increasing trends.
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Fig. 15.5  Epochal 
variability of (a) 11-year, 
(b) 21-year and (c) 31-year 
moving average of AISMR
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15.5  �Extreme Rainfall and Its Variability

During the southwest monsoon season JJAS, many parts of India, including the west 
coast of the peninsula and northeast and central region of the country, receive heavy 
to very heavy rainfall during active spells of the summer monsoon. However, within 
the season, spells with heavy rainfall alternate with spells of little or no rainfall. On 
occasion, the rainfall is exceptionally heavy at some stations associated with active 
monsoon trough and passage of low pressure areas and depressions. The high rain-
fall over the west coast of India and the heavier rainfall over the Western Ghats are 

Fig. 15.6  Increase/decrease in seasonal rainfall in mm during 100 year for each of 36 meteoro-
logical subdivisions for the southwest monsoon season during June to September. Different levels 
of significance for increasing and decreasing trend are shaded with colours. (Source: Guhathakurta 
and Rajeevan 2007)
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generally attributed to forced ascent over the orography of the Western Ghats 
(Francis and Gadgil 2006). The orographic features over the west coast and 
Northeast India and the movement of synoptic-scale systems from the Bay of 
Bengal region to the central parts of India (Rao 1976; Soman and Kumar 1990; 
Gadgil 2000; Sikka 2006; Pattanaik 2007) also contribute to heavy rainfall events 
over different parts of India. These heavy rainfall events with daily rainfall, of the 
order of 10 cm or more at some stations over the west coast and other parts of India, 
cause extensive damage to life and property every year during JJAS through land-
slides and flash floods. There are many past instances of Indian stations having 
recorded as much as half of their annual mean rainfall, and sometimes more than 
that, in one single day (Dhar and Mandal 1981). The exceptionally heavy rainfall of 
944 mm over Mumbai (Santacruz) on 26–27 July 2005 was very unprecedented in 
nature, which led to large-scale urban flooding (Jenamani et  al. 2006; Sahany 
et al. 2010).

Climate change studies have indicated increasing frequency of extreme weather 
events including the frequency of heavy rainfall over the globe. Many modelling 
studies indicate that changes in intense rainfall are more likely as global tempera-
ture increases (Kharin and Zwiers 2000; Allen and Ingram 2002; Semenov and 
Bengtsson 2002). Over the Indian region, there have been some studies (Goswami 
et al. 2006; Rupa Kumar et al. 2006; Guhathakurta and Rajeevan 2007; Rajeevan 
et al. 2008; Dash et al. 2009; Pattanaik and Rajeevan 2010) highlighting different 
aspects of mean and extreme rainfall events during the southwest monsoon season. 
Dash et al. (2009) have shown significant increase in short and dry rain spells and 
decrease in long rain spells. By providing empirical evidence of changes in the fre-
quency of these extreme events, a better basis for impact assessments of the conse-
quences of these changes, including landslides, floods and soil erosion, can be 
provided. Pattanaik and Rajeevan (2010) have studied the details about the trend 
and frequency of heavy rainfall events over India and its contribution to total rainfall 
during the southwest monsoon season for a period of 55 years from 1951 to 2005 
using the daily gridded (1 × 1) rainfall. Based on the classification by IMD of rain-
fall amount in a single day, three categories of rainfall ‘R’ are considered by them to 
study the variability of frequency of heavy rainfall events such as (1) light to rather 
heavy rainfall (0 < R ≤ 64.4 mm), (2) heavy rainfall (64.4 < R ≤ 124.4 mm) and (3) 
very heavy to exceptionally heavy rainfall (R > 124.4 mm) using 55 years of data 
from 1951 to 2005. In this study, the last categories with R > 124.4 mm are referred 
hereafter as extreme rainfall events. In order to see the dominating regions of heavy 
rainfall events and no rain days, the mean frequency in terms of the % days of the 
whole season JJAS of 122 days for no rain days and three categories of rainy days 
are shown in Fig.  15.7a–d. The no rain days as shown in Fig.  15.7a gradually 
increases towards northwest parts of India where the number of rainy days in a sea-
son JJAS is less, whereas Fig. 15.7b shows the highest frequency of Category-1 
rainfall days (more than 70%) over the west coast and eastern and northeast regions, 
gradually decreasing towards the northwest of India. The average frequency of 
Category-2 and Category-3 rainfall as shown in Fig. 15.7c, d, respectively, is very 
small compared to the frequency of Category-1 rainfall over almost the entire 
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country, with the highest frequency over the west coast of India (more than 10% for 
Category-2 and more than 3% for Category-3), northeast parts of India and also 
some isolated pockets over central parts of India. Thus, it is seen that the highest 
frequency of extreme rainfall event is mainly observed over the west coast region 
extending up to the Gujarat coast, northeast parts of the country and some parts of 
Central India. Figure 15.7d also shows higher frequency of extreme rainfall events 

Fig. 15.7  Average percentage of frequency of no rain days and different categories of rain days 
identified in Table 15.1 during the monsoon season (June to September) from 1951 to 2005. (a) % 
of no-rain days, (b) % of Category 1 rainfall days, (c) % of Category 2 rainfall days and (d) % % 
of Category 3 rainfall days. Shaded regions are more than 50% in (a) and (b), more than 1% in (c) 
and more than 0.1% in (d). (Source: Pattanaik and Rajeevan 2010)
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over some parts of Central India in the belt north of 18°N, which is mainly associ-
ated with movement of synoptic-scale systems from the Bay of Bengal. Pattanaik 
and Rajeevan (2010) also found that the frequency of extreme rainfall 
(rainfall ≥ 124.4 mm) shows increasing trend over the Indian monsoon region dur-
ing the southwest monsoon season JJAS and is significant at 98% level. Their study 
also found that the increasing trend of contribution from extreme rainfall events 
during JJAS is balanced by a decreasing trend in Category-1 (rainfall ≤ 64.4 mm/
day) rainfall events. On monthly scale, the frequency of extreme rainfall events 
shows significant (95% level) increase during June and July, whereas during August 
and September, the increasing trend is not significant (data not presented). Like the 
frequency of extreme rainfall event, the contribution of extreme rainfall to the total 
rainfall in a season is also showing highly significant increasing trend during the 
monsoon season JJAS on seasonal scale and during June and July on monthly scale 
(Pattanaik and Rajeevan 2010).

15.6  �Temperature Variability and Trends

While commenting on the observed changes in the climate system, the Fifth 
Assessment Report (AR5) of IPCC (2014) stated that warming of the climate sys-
tem is unequivocal, and since the 1950s, many of the observed changes are unprec-
edented over decades to millennia. The atmosphere and ocean have warmed, the 
amounts of snow and ice have diminished, and sea level has risen. The Fourth 
Assessment Report (AR4) by IPCC (2007) had also indicated increasing trend of 
the mean annual global (land + ocean) surface air temperature by about 0.74 °C 
during the last 100 years (1906–2005) with land temperature increasing at much 
higher rate than this. This report also indicated significant increasing trend of heat 
wave (HW) over different parts of the globe. Perkins et al. (2012) based on the data 
from 1950 to 2011 found increasing global trends in the intensity, frequency and 
duration in the observed summer time heat waves and annually calculated warm 
spells. The changes in the frequency or intensity of these extreme events have pro-
found impact on human society and the natural environment (Parker et al. 1994; 
Easterling et al. 2000; Meehl and Tebaldi 2004; Coumou and Rahmstorf 2012).

Similar increasing trend of global surface air temperature is also reported over 
India, which can be seen from Fig. 15.8 for the last 116 years from 1901 to 2016, 
with the linear trend per 100 years in the annual mean land surface air temperature 
anomalies averaging over India at 0.64  °C (IMD 2017). For the year 2016, the 
annual mean temperature for the country was +0.87  °C above the 1971–2000 
average, thus making the year 2016 as the warmest year on record since 1901. The 
other nine warmest years on record in order are 2009 (anomaly +0.85 °C), 2010 
(0.82), 2015 (0.59), 2006 (0.56), 2002 (0.45), 2007 (0.417), 2014 (0.415), 1998 
(0.41) and 1958 (0.37). It may be mentioned that 12 out of the 15 warmest years 
were from the recent past 16  years (2001–2016). Also, the past decade 
(2001–2010/2007–2016) was the warmest decade on record with anomalies of 
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0.46 °C/0.51 °C above average. During 1901–2016, the annual mean temperature 
showed an increasing trend of 0.64 °C/100 years with significant increasing trend in 
maximum temperature (1.04  °C/100 years) and relatively lower increasing trend 
(0.25 °C/100 years) in minimum temperature.

Time series and trend in mean temperature anomalies for different seasons, viz. 
winter (January to February), pre-monsoon (March to May), monsoon (June to 
September) and post-monsoon (October to December) for the period 1901–2016 are 
shown in Fig. 15.9a–d, respectively (IMD 2017). The mean temperature for the win-
ter season (with anomaly +1.36 °C above average) 2016 was the third highest since 
1901. The five warmest winter years in order were 2006 (with anomaly +1.76 °C), 
2009 (1.45), 2016 (1.36), 2010 (0.83) and 1966 (0.79). January month (with anom-
aly +0.93 °C) was the fourth warmest, and February (with anomaly +1.8 °C) this 
year was the second warmest since 1901. The pre-monsoon season (March to May) 
this year was also significantly warmer. The season this year with anomaly +1.22 °C 
above average was the second warmest ever since 1901. The five warmest pre-
monsoon years in order are 2010 (1.72), 2016 (1.22), 1921 (0.97), 2009 (0.82) and 
1953 (0.78). March, April and May months were the third, second and sixth warm-
est, respectively, since 1901.

Different scientists have studied various aspects of variability of extreme tem-
perature over India. Rao et al. (2005) have reported that 80% stations in peninsular 
India and 40% stations in northern India showed increasing trend in the days with 
critical extreme maximum temperature. Kothawale et al. (2010) have found wide-
spread increasing trend in the frequency of occurrence of hot days and hot nights 
and widespread decreasing trend in those of cold days and cold nights in pre-
monsoon season. Dash and Mamgain (2011) by using the gridded temperature data 
examined this aspect over India and its seven homogeneous regions during the 
period 1969–2005. The results indicate a significant increase in the number of warm 
days in summer in the interior peninsula. In the entire country and on the east and 
west coast, the maximum number of warm days during the summer has been noticed 
in the last decade, 1996–2005. The results broadly suggest warming trends in large 

Fig. 15.8  Annual mean land surface air temperature anomalies averaged over India for the period 
1901–2016 (base period of 1971–2000). The dotted line indicates the linear trend in the time 
series. The solid blue curve represents the sub-decadal time scale variation smoothed with a bino-
mial filter. (Source: Annual Climate Summary, IMD 2017)
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Fig. 15.9  Annual mean land surface air temperature anomalies averaged over India for the period 
1901–2016 (base period of 1971–2000) during (a) winter, (b) pre-monsoon, (c) monsoon and (d) 
post-monsoon. The dotted line indicates the linear trend in the time series. The solid blue curve 
represents the sub-decadal time scale variation smoothed with a binomial filter. (Source: Annual 
Climate Summary, IMD 2017)

parts of India. Revadekar et  al. (2012) have found widespread warming with 
increase in intensity and frequency of hot events and decrease in frequency of cold 
events in India. Jaswal et  al. (2014) studied monthly extreme temperatures over 
India during summer using daily temperature data from 1969 to 2012 by using both 
the percentile and absolute values simultaneously. On the basis of percentiles and 
absolute values of daily Tmax over 227 stations during summer months, the three 
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relative/absolute hot events considered by them are hot days (HD) (Dmax > 90th per-
centile; Dmax > 35 °C, respectively), very hot days (VHD) (Dmax > 95th percentile; 
Dmax > 40 °C, respectively) and extremely hot days (EHD) (Dmax > 98th percentile; 
Dmax > 43 °C, respectively). As shown in Fig. 15.10a–f, their study indicates:

•	 On all-India scale, hot, very hot and extremely hot days are increasing in all sum-
mer months suggesting hot days have become more common now.

•	 Geographical distribution of trends suggests significant increase in hot days in 
North India in April and South India in March. Also, hot, very hot and extremely 
hot days are significantly more over west coast of India in summer months.

•	 There is significant decrease in hot, very hot and extremely hot days over Indo-
Gangetic Plains in the month of May (Fig. 15.10a–f).

The season from December to February is winter in almost all of India that expe-
riences cold wave conditions. However, the minimum temperature (Tmin) drops 
below 8 °C in many parts of northern India during November to February (Pattanaik 
and Mukhopadhyay 2012). Almost every winter, parts of North India, northwest 
India and Central India experience cold wave (CW) and severe cold wave (SCW) 
conditions. Occurrences of extreme low temperature in association with incursion 
of dry cold winds from north to the sub-continent are known as cold waves. The 
CWs mainly affect the areas to the north of 20°N, but in association with large 
amplitude troughs, CW conditions are sometimes reported from Maharashtra and 
Karnataka. After the passage of western disturbances, the CWs sometimes penetrate 
almost all the eastern states of India. In the southern part, the temperature difference 
is not marked due to the moderating effect of the Indian Ocean, the Bay of Bengal 
and the Arabian Sea. Normally, winters are dry in northern India, although there is 
rainfall associated with western disturbances. From an agricultural point, Tmin is 
very important in the protection of plants from frost injury. As plenty of moisture is 
available in the atmosphere immediately after the passage of western disturbance, 
and with other favourable regional and synoptic-scale conditions, it can lead to the 
formation of fog. A recent study by Jenamani (2007) has shown that due to the rapid 
urbanization in city like Delhi, the fog occurrences have been associated with the 
rise of pollution causing a fall in Tmax in winter.

Kothawale et al. (2010) have found widespread decreasing trend in cold days and 
cold nights in pre-monsoon season. Revadekar et al. (2012) also found decrease in 
frequency of cold events in India. While using the percentile and absolute values of 
Tmin over India during 1969–2012 simultaneously, Jaswal et  al. (2014) defined 
three relative/absolute cold events as cold nights (CN) (Dmin  >  10th percentile; 
Dmin  <  10  °C, respectively),very cold nights (VCN) (Dmin  <  5th percentile; 
Dmin < 5 °C, respectively) and extremely cold nights (ECN) (Dmin < 2nd percentile; 
Dmin < 2 °C, respectively) as shown in Fig. 15.11a–f. The percentile and absolute 
value-based data series of CN, VCN and ECN are prepared for all 227 stations for 
winter months from December to February for the period 1969–2012. Their research 
indicates the following trends: decreasing trend of cold, very cold and extremely 
cold nights in December, mixed trend in January, while in February, there is signifi-
cant decreasing trend in North India and mixed trend in South India.
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Fig. 15.10  (a–f) Spatial distribution of trends in frequencies of daily maximum temperature above 
90th, 95th and 98th percentile and daily maximum temperature above 35 °C, 40 °C and 43 °C in 
the month of May during the period 1969–2012. (Source: Rathore et al. 2016)
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Fig. 15.11  (a–f) Spatial distribution of trends in frequencies of daily minimum temperature below 
10th, 5th and 2nd percentile and daily minimum temperature below 10 °C, 5 °C and 2 °C in the 
month of January during the period 1969–2012. (Source: Rathore et al. 2016)

15  Climate Change over the Indian Sub-continent



556

15.7  �Extreme Temperatures in Terms of Heat Wave (HW) 
and Cold Wave (CW)

March, April and May are the summer months in India. The average temperature is 
around 32 °C, but in the western region, the maximum temperature (Tmax) can be 
far above the average. Hot winds known as ‘loo’ are the marked feature of summer 
in northern India. Extremely hot weather is common in India during late spring, 
preceding the climatological onset of the monsoon season in June. During April, the 
isotherm line greater than 38 °C covers most large parts of India with a small pocket 
of Central India with temperature greater than 40  °C.  During May, the Tmax 
increases and exceeds 40 °C over large parts of India covering north-western parts 
of the country extending towards the Indo-Gangetic Plain. During June, though the 
monsoon currents cool the southern parts of the country, the Tmax remains more 
than 40 °C in north-western parts of the country. During summer, most areas of 
India experience episodes of heat waves (HW definition: when normal Tmax of a 
station ≤40 °C, ‘HW’ if Tmax departure is 5–6 °C and severe HW (SHW) if Tmax 
departure ≥7 °C; when normal Tmax of a station >40 °C, HW if Tmax departure is 
4–5 °C and SHW if Tmax departure ≥6 °C) almost during every year causing sun-
stroke, dehydration and death. The global climate anomalies have indicated that 
1998 was the warmest year in the last century (Jones and Briffa 1992) where more 
than 1000 people died over India due to scorching temperatures over Orissa, Coastal 
Andhra Pradesh, Rajasthan and Tamil Nadu during May/June. Similarly, in May 
2003 the heat wave claimed over 1600 lives throughout the country, while some 
1200 individuals died in the state of Andhra Pradesh alone. Like in 2003, during 
2005 India was under the grip of severe heat wave towards the third week of June, 
and about 200 people died in the eastern parts of the country covering the state of 
Orissa and its neighbourhood (Bhadram et al. 2005). Similarly, during the recent 
heat wave over eastern coastal states of India (Telengana, Andhra Pradesh, Odisha) 
during late May and early June 2015, there were more than 2400 deaths (Pattanaik 
et al. 2016). Along with high temperature, the high humidity compounds the effect 
of heat wave, and due to this, a quantity Heat Index (HI) is defined, which is a func-
tion of both temperature and humidity (Pattanaik et al. 2013).

As shown by Pai et al. (2013), the spatial variation of seasonal climatology of 
‘HW’ days experienced over the country expressed as average ‘HW’ days per sea-
son during last 50  years from 1961 to 2010 during March to July is shown in 
Fig. 15.12a, b. It is seen from Fig. 15.12a that except over Northeast India and large 
parts of the peninsula (south of ~21°N and west of 80°E), most areas of the country 
have experienced on an average ≥2 HW days. Many areas of West Rajasthan, 
Punjab, Haryana, northern parts of East Rajasthan, Madhya Pradesh, Chattisgarh, 
Vidarbha, western Uttaranchal, East Uttar Pradesh, western parts of Jharkhand and 
Bihar, Gangetic West Bengal, northern parts of Orissa, Telangana, Coastal Andhra 
Pradesh, eastern parts of Rayalaseema and north Tamil Nadu on an average have 
experienced ≥8 HW days. Figure 15.12b is the same as Fig. 15.12a but for average 
‘SHW’ days per season. It is seen that average ‘SHW’ days of 1–3 days were mainly 
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experienced over northwest, north and eastern parts of the country. As shown by 
Pattanaik and Hatwar (2006), the ‘HW’ during the middle of June in 2005 was due 
to stagnation in monsoon progress over the region.

In addition to the loss of human lives associated with ‘HW’, the continuous 
higher temperatures during critical growth stages of rabi crops also reduce the crop 
yields considerably. Change in the characteristics of extreme temperatures of differ-
ent intensities and duration has significant impact on sectors like agriculture and 
health. Heat wave can kill birds in the poultry farm industry. It is estimated that 
about 2,000,000 birds died in May and June of 2003 with an estimated loss of 27 
crore rupees in Andhra Pradesh (Rao 2012). Heat wave can reduce a milk yield by 
10–30% in first lactation and 5–20% in second and third lactation periods in cattle 
and buffaloes; it also effects the growth, puberty and maturity of crossbreed cows 
and buffaloes.

Cold wave conditions observed in the hilly regions in the north of India and 
adjoining plains are usually influenced by western disturbances. These systems are 
transient winter disturbances in the midlatitude westerlies that often have weak 
frontal characteristics. De et al. (2005), on the basis of observations from various 
sources, have inferred that the occurrence of cold wave conditions in the last century 
was at a maximum in the Jammu and Kashmir regions followed by Rajasthan and 
Uttar Pradesh. Results of Pai et al. (2004) show that cold wave conditions were most 
often experienced in west Madhya Pradesh in the decade 1971–1980, in Jammu and 
Kashmir in 1981–1990 and in Punjab in 1991–2000. Study by Dash and Mamgain 
(2011) indicates a significant decrease in the frequency of occurrence of cold nights 
in the winter months in India and in its homogeneous regions in the north except in 
the Western Himalaya. Southern regions show a drastic decrease in the frequency of 
cold nights relative to the period 1969–1975.
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Fig. 15.12  (a) Seasonal climatology map of number of HW days during the hot weather season 
(March–July) over India. The climatology was computed by averaging the number of HW days for 
the period (1961–2010) and (b) same as (a) but for number of SHW days. (Source: Pai et al. 2013)
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15.8  �Climate Change Projection over India

The Fifth Assessment Report (AR5) published by IPCC (2014) presents four sce-
narios, known as Representative Concentration Pathways (RCPs). The scenarios 
show the result of different levels of emissions of greenhouse gases, from the pres-
ent day to 2100, on global warming. In all scenarios, carbon dioxide concentrations 
are higher in 2100 than they are today. The low-emission scenario (RCP2.6) assumes 
substantial and sustained reductions in greenhouse gas emissions. The high-
emission scenario (RCP8.5) assumes continued high rates of emissions. The two 
intermediate scenarios (RCPs 4.5 and 6.0) assume some stabilization in emissions. 
The report indicates that regardless of action taken now to reduce emissions, the 
climate will change until around the middle of this century. In the longer term, in all 
except the low-emissions scenario, global warming at the end of the twenty-first 
century is likely to be at least 1.5 °C. In the two higher-emission scenarios, global 
warming is likely to be 2 °C. In the second lowest-emission scenario, global warm-
ing is more likely than not to be 2 °C. Warming will continue beyond 2100 under all 
emission scenarios except the lowest and will continue to vary between years and 
between decades. The Fifth Assessment Report provides the strongest scientific evi-
dence of climate change yet.

The Fourth Assessment Report (AR4) of the IPCC (2007) contains the most 
detailed summary of climate change situation, involving thousands of authors from 
dozens of countries. The summary includes the following two points.

•	 Warming of the climate system is unequivocal.
•	 Most of the observed increase in global average temperatures since the mid-

twentieth century is very likely due to the observed increase in anthropogenic 
greenhouse gas concentrations.

The Special Report on Emissions Scenarios (SRES) scenarios were used for 
AR4 in 2007 and have been subject to discussion on whether growth in emissions 
since 2000 makes these scenarios obsolete. The four SRES scenario families of 
AR4 versus projected global average surface warming until 2100 are given in 
Table 15.3.

The highlights of the Fifth Assessment Report AR5 reports (IPCC 2014) over 
Asia region indicate the following.

Temperature Trends
•	 Projections indicate that, compared to the average in the twentieth century, aver-

age annual temperatures could rise by more than 2 °C over land in most of South 
Asia by the mid-twenty-first century and exceed 3 °C, up to more than 6 °C over 
high latitudes, by the late twenty-first century under a high-emission scenario. 
Under a low-emission scenario, average temperatures could rise by less than 
2 °C in the twenty-first century, except at higher latitudes, which could be up to 
3 °C warmer.

D. R. Pattnaik and A. P. Dimri

http://en.wikipedia.org/wiki/Special_Report_on_Emissions_Scenarios


559

•	 Oceans in subtropical and tropical regions of Asia could warm under all emis-
sions scenarios and would warm most at the surface. The frequency of hot days 
in South Asia is likely to increase further in the future (high confidence).

Rainfall Trends
•	 Projections indicate that more rainfall will be very likely at higher latitudes by 

the mid-twenty-first century under a high-emission scenario and over southern 
areas of Asia by the late twenty-first century. Under a low-emission scenario, 
more rainfall at higher latitudes is likely by mid-century, but substantial changes 
in rainfall patterns are not likely at low latitudes. More frequent and heavy rain-
fall days are projected over parts of South Asia (low confidence).

•	 An increase in extreme rainfall events related to monsoons will be very likely in 
the region. More frequent and heavy rainfall days are projected over parts of 
South Asia (low confidence).

15.9  �Summary and Conclusions

The observed climate variability and observed climate change is an accepted fact 
not only on global scale but also on regional scale over Indian region. Like the 
increasing trend of global mean temperature during the last 100  years, during 
1901–2016, the annual mean temperature over Indian land mass also showed an 
increasing trend of 0.64 °C/100 years with significant increasing trend in maximum 
temperature (1.04  °C/100  years) and relatively lower increasing trend 
(0.25 °C/100 years) in minimum temperature. The observed climate variability and 
change over India also indicates increasing frequency of heat wave/severe heat 
wave days over India during the hot weather season. Similarly, during the period 
from 1901 to 2016, the seasonal monsoon rainfall, although, does not show any 
significant trend; however, there exists a multi-decadal epochal variability of rain-
fall in the all-India monsoon rainfall, as well as monsoon rainfall over the four 
homogenous regions. However, over different homogenous regions, the phases of 
multi-decadal variability are found to be different; it shows epochal variation. 

Table 15.3  Four SRES scenario families of the Fourth Assessment Report (AR4) by the IPCC 
versus projected global average surface warming till 2100

More economic focus More environmental focus

Globalization (homogeneous 
world)

A1
Rapid economic growth (groups: 
A1T; A1B; A1Fl)
1.4–6.4 °C

B1
Global environmental 
sustainability
1.1–2.9 °C

Regionalization 
(heterogeneous world)

A2
Regionally oriented economic 
development
2.0–5.4 °C

B2
Local environmental 
sustainability
1.4–3.8 °C

SRES Special Report on Emissions Scenarios (Source: IPCC fourth Assessment Reports 2007)

15  Climate Change over the Indian Sub-continent

http://en.wikipedia.org/wiki/Special_Report_on_Emissions_Scenarios
http://en.wikipedia.org/wiki/Special_Report_on_Emissions_Scenarios


560

Associated with the observed climate change, it also indicates increasing trend of 
frequency of heavy rainfall events.

With respect to the projected climate change in the Fifth Assessment Report 
(AR5) by IPCC over Asian region, it indicates increase of average annual tempera-
tures by more than 2 °C over land in most of South Asia by the mid-twenty-first 
century under a high-emission scenario. Oceans in subtropical and tropical regions 
of Asia could warm under all emissions scenarios and would warm most at the sur-
face. The frequency of hot days in South Asia is likely to increase further in the 
future. It further indicates that an increase in extreme rainfall events related to mon-
soons will be very likely over the South Asian region. More frequent and heavy 
rainfall days are projected over parts of South Asia (low confidence).

Acknowledgements  The first author is very much thankful to the Director General of 
Meteorology, India Meteorological Department (IMD), for providing all facility to carry out this 
work. Thanks are also due to the office of Climate Research & Services (CRS), IMD Pune, for 
making the data available for writing this article. The authors are very much thankful to the scien-
tists, whose research results are documented/reproduced in this review article.

References

Abhilash S, Sahai AK, Borah N, Chattopadhyay R, Joseph S, Sharmila S, De S, Goswami BN, 
Kumar A (2014) Prediction and monitoring of monsoon intra-seasonal oscillations over Indian 
monsoon region in an ensemble prediction system using CFSv2. Clim Dyn 2014. https://doi.
org/10.1007/s00382-013-2045-9

Allen MR, Ingram WJ (2002) Constraints on future changes in climate and the hydrological cycle. 
Nature 419:224–232

Bhadram CVV, Amatya BSV, Pant GB (2005) Heat waves over Andhra Pradesh: a case study of 
summer 2003. Mausam 56:385–394

Chen TC, Yen MC (1994) Interannual variation of the Indian monsoon simulated by the NCAR 
Community Climate Model: effect of the tropical Pacific SST. J Clim 7:1403–1415

Coumou D, Rahmstorf S (2012) A decade of weather extremes. Nat Clim Chang 2:491. https://doi.
org/10.1038/NCLIMATE1452

Dash SK, Mamgain A (2011) Changes in the frequency of different categories of temperature 
extremes in India. J  Appl Meteorol Climatol 50:1842–1858. https://doi.org/10.1175/2011J
AMC2687.1

Dash SK, Kulkarni MA, Mohanty UC, Prasad K (2009) Changes in the characteristics of rain 
events in India. J Geophys Res 114:D10109. https://doi.org/10.1029/2008JD010572

De US, Singh A, Pandey SN (2005) Heat and cold waves affecting India during recent decades. 
Int J Meteorol 30:323–331

Dhar ON, Mandal BN (1981) Greatest observed one-day point and areal rainfall of India. Pure 
Appl Geophys 119:922–933

Easterling DR, Evans JL, Groisman P, Karl TR, Kunkel KE, Ambenje P (2000) Observed vari-
ability and trends in extreme climate events: a brief review. Bull Am Meteorol Soc 81:417–425

Francis PA, Gadgil S (2006) Intense rainfall events over the west coast of India. Meteorog Atmos 
Phys 94:27–42

Gadgil S (2000) Monsoon-ocean coupling. Curr Sci 78:309–323
Gadgil S, Rao PRS (2000) Famine strategies for a variable climate a-challenge. Curr Sci 

78:1203–1215

D. R. Pattnaik and A. P. Dimri

https://doi.org/10.1007/s00382-013-2045-9
https://doi.org/10.1007/s00382-013-2045-9
https://doi.org/10.1038/NCLIMATE1452
https://doi.org/10.1038/NCLIMATE1452
https://doi.org/10.1175/2011JAMC2687.1
https://doi.org/10.1175/2011JAMC2687.1
https://doi.org/10.1029/2008JD010572


561

Gadgil S, Abrol YP, Rao PRS (1999) On growth and fluctuation of Indian foodgrain production. 
Curr Sci 76(4):548–556

Goswami BN, Venugopal V, Sengupta D, Madhusoodanan MS, Xavier PK (2006) Increasing trend 
of extreme rain events over India in a warming environment. Science 314:1442–1445. https://
doi.org/10.1126/science.1132027

Guhathakurta P, Rajeevan M (2007) Trends in the rainfall pattern over India. National Climate 
Centre Report. India Meteorological Department, Pune

Halley E (1686) An historical account of the trade winds and monsoons observable in the seas 
between and near the tropics with an attempt to assign a physical cause of the said winds. 
Philos Trans R Soc Lond 16:153–168

Hingane LS, Rupa Kumar K, Raman Murty V (1985) Longterm trends of surface air temperature 
in India. J Climatol 5:521–528

IMD (2017) Annual climate summary 2016. National Climate Center, India Meteorological 
Department, Pune

IPCC (2007) Summary for policy-makers, climate change 2007: mitigation. In: Metz B, Davidson 
OR, Bosch PR, Dave R, Meyer LA (eds) Contribution of working group III to the fourth assess-
ment report of the IPCC. Cambridge University Press, Cambridge, UK

IPCC (2014) Climate change 2014 synthesis report summary for policymakers. http://ipcc.ch/pdf/
assessment-report/ar5/syr/AR5_SYR_FINAL_SPM.pdf

Jaswal AK, Tyagi A, Bhan SC (2014) Trends in extreme temperature events over India during 
1969–2012. In: Kamaljeet R, Mohapatra M, Bandopadhyay BK, Rathore LS (eds) High-
impact weather events over the SAARC Region. Springer Nature, Switzerland, pp 365–382. 
isbn:978-3-319-10217-7

Jenamani RK (2007) Alarming rise in fog and pollution causing a fall in maximum temperature 
over Delhi. Curr Sci 93:314–322

Jenamani RK, Bhan SC, Kalsi SR (2006) Observational/forecasting aspects of the meteorological 
event that caused a record highest rainfall in Mumbai. Curr Sci 90:1344–1362

Jones PD, Briffa KR (1992) Global surface temperature variations during the twentieth century, 
Part 1, Spatial temporal and seasonal details. Holocene 2:65–79

Kharin VV, Zwiers FW (2000) Changes in the extremes in an ensemble of transient climate simula-
tions with a coupled atmosphere-ocean GCM. J Clim 13:3760–3788

Kothawale DR, Rupa Kumar K (2005) On the recent changes in surface temperature trends over 
India. Geophys Res Lett 32:L18714. https://doi.org/10.1029/2005GL023528.

Kothawale DR, Revadekar JV, Rupa Kumar K (2010) Recent trends in pre-monsoon daily tem-
perature extremes over India. J Earth Syst Sci 119(1):51–65

Kripalani RH, Kulkarni A (1997) Climate impact of El Nino/LaNina on the Indian monsoon: a new 
perspective. Weather 52:39–46

Krishnakumar K, Rupa Kumar K, Pant GB (1998) Pre-monsoon maximum and minimum tem-
peratures over India in relation to the summer monsoon rainfall. Int J Climatol 17:1115–1127

Krishnakumar K, Rajagopalan B, Cane MA (1999) On the weakening relationship between the 
Indian monsoon and ENSO. Science 284:2156–2159

Meehl GA, Tebaldi C (2004) More intense, more frequent, and longer lasting HWs in the 21st 
century. Science 305:994–997

Pai DS, Thapliyal V, Kokate PD (2004) Decadal variation in the heat and cold waves over India 
during 1971–2000. Mausam 55(2):281–292

Pai DS, Smitha AN, Ramatathan AN (2013) Long term climatology and trends of heat waves over 
India during the recent 50 years (1961–2010). Mausam 64:585–604

Palmer TN, Brankowic C, Viterbo P, Miller MJ (1992) Modelling interannual variations of summer 
monsoons. J Clim 5:399–417

Pant GB, Parthasarathy B (1981) Some aspects of an association between the southern oscillation 
and Indian summer monsoon. Arch Meteorol Geophys Biokl B 29:245–251

Pant GB, Rupa Kumar K (1997) Climates of South Asia. Wiley, Chichester. 320p

15  Climate Change over the Indian Sub-continent

https://doi.org/10.1126/science.1132027
https://doi.org/10.1126/science.1132027
http://ipcc.ch/pdf/assessment-report/ar5/syr/AR5_SYR_FINAL_SPM.pdf
http://ipcc.ch/pdf/assessment-report/ar5/syr/AR5_SYR_FINAL_SPM.pdf
https://doi.org/10.1029/2005GL023528.


562

Parker DE, Jones PD, Folland CK, Bevan A (1994) Interdecadal changes of surface temperature 
since the late nineteenth century. J Geophys Res 99(D7):14373–14399

Parthasarathy B, Munot A, Kothawale DR (1994) All-India monthly and seasonal rainfall series 
1887–1993. Theor Appl Climatol 49:217–224

Pattanaik DR (2007, 2007) Variability of convective activity over the north Indian ocean and 
its impacts on monsoon rainfall over India. Pure Appl Geophys. https://doi.org/10.1007/
s00024-007-0243-2

Pattanaik DR (2012) Indian monsoon variability. In: Tyagi A, Asnani GC, De US, Hatwar HR, 
Mazumdar AB (eds) Monsoon monograph, vol 2. India Meteorological Department, Pune, 
pp 35–77

Pattanaik DR, Hatwar HR (2006) Analysis and impact of delayed onset of monsoon over Northeast 
India during 2005. Vayu Mandal 32(1–2):3–9

Pattanaik DR, Kumar A (2010) Prediction of summer monsoon rainfall over India using the NCEP 
climate forecast system. Clim Dyn 34:557–572

Pattanaik DR, Kumar A (2014) A hybrid model based on latest version of NCEP CFS coupled 
model for Indian monsoon rainfall forecast. Atmos Sci Lett 16:10. https://doi.org/10.1002/
asl2.513

Pattanaik, D. R. and Mukhopadhyay, B., 2012, Indian climatology in the context of human health,N 
Dogra, S Srivastava, Climate change and disease dynamics in India, 71–110, TERI Press, New 
Delhi. isbn: 9788179934128

Pattanaik DR, Rajeevan M (2010) Variability of extreme rainfall events over India during south-
west monsoon season. Meteorol Appl 17:88–104

Pattanaik DR, Kumar G, Bhatla R, Soni VK, Bist S, Bhan SC, Mukhopadhyay B (2013) Heat 
index outlooks over the Indian region using general circulation model outputs. IMS Bull Vayu 
Mandal 39(1–2):12–24

Pattanaik DR, Mohapatra M, Srivastava AK, Kumar A (2016) Heat wave over India during sum-
mer 2015: an assessment of real time extended range forecast. Meteorol Atmos Phys. https://
doi.org/10.1007/s00703-016-0469-6

Perkins SE, Alexander LV, Nairn JR (2012) Increasing frequency, intensity and duration of 
observed global heat waves and warm spells. Geophys Res Lett 39:L20714. https://doi.
org/10.1029/2012GL053361

Rajeevan M, Bhate J, Kale JD, Lal B (2006) High resolution daily gridded rainfall data for the 
Indian region: analysis of break and active monsoon spells. Curr Sci 91:296–306

Rajeevan M, Bhate J, Jaswal AK (2008) Analysis of variability and trends of extreme rainfall 
events over India using 104 years of gridded daily rainfall data. Geophys Res Lett 35:L1870. 
https://doi.org/10.1029/2008GL035143

Rao YP (1976) Southwest monsoon: synoptic meteorology, IMD Met. Monograph, No. 1/1976. 
India Meteorological Department, Pune, pp 1–367

Rao VUM (2012) Impacts of climate change on Indian Agriculture. http://www.cseindia.org/user-
files/VUM-CSE-Delhi-16-11-12.pdf. Accessed 6 Jul 2015

Rao GSP, Murthy MK, Joshi UR (2005) Climate change over India as revealed by critical extreme 
temperature analysis. Mausam 56(3):601–608

Rasmusson EM, Carpenter TH (1983) The relationship between eastern equatorial Pacific Sea 
surface temperatures and rainfall over India and Sri Lanka. Monthly Weather Rev 1:517–528

Rathore LS, Pattanaik DR, Bhan SC (2016) Weather extremes: a spatio-temporal perspectives. 
Mausam 67:27–52

Revadekar JV, Kothawale DR, Patwardhan SK, Pant GB, Rupakumar K (2012) About the observed 
and future changes in temperature extremes over India. Nat Hazards 60(3):1133–1155

Rupa Kumar K, Pant GB, Parthasarathy B, Sontakke NA (1992) Spatial and subseasonal patterns 
of long term trends of the Indian summer monsoon rainfall. Int J Climatol 12:257–268

Rupa Kumar K, Sahai AK, Krishna Kumar K, Patwardhan SK, Mishra PK, Revadekar JV, Kamala 
K, Pant GB (2006) High resolution climate change scenarios for India for the 21st century. 
Curr Sci 90:334–345

D. R. Pattnaik and A. P. Dimri

https://doi.org/10.1007/s00024-007-0243-2
https://doi.org/10.1007/s00024-007-0243-2
https://doi.org/10.1002/asl2.513
https://doi.org/10.1002/asl2.513
https://doi.org/10.1007/s00703-016-0469-6
https://doi.org/10.1007/s00703-016-0469-6
https://doi.org/10.1029/2012GL053361
https://doi.org/10.1029/2012GL053361
https://doi.org/10.1029/2008GL035143
http://www.cseindia.org/userfiles/VUM-CSE-Delhi-16-11-12.pdf
http://www.cseindia.org/userfiles/VUM-CSE-Delhi-16-11-12.pdf


563

Saha S, Moorthi S, Wu X, Wang J, Nadiga S, Tripp P, Pan HL, Behringer D, Hou YT, Chuang 
HY, Iredell M, Ek M, Meng J, Yang R, van den Dool H, Zhang Q, Wang W, Chen M (2014) 
The NCEP climate forecast system version 2. J Clim 27:2185–2208. https://doi.org/10.1175/
JCLI-D-12-00823.1

Sahai AK, Sharmila S, Abhilash S, Chattopadhyay R, Borah N, Krishna RPM, Joseph S, Roxy 
M, De S, Pattnaik S, Pillai PA (2013) Simulation and extended range prediction of monsoon 
intra-seasonal oscillations in NCEP CFS/GFS version 2 framework. Curr Sci 104:1394–1408

Sahany S, Venugopal V, Nanjundiah RS (2010) The 26 July 2005 heavy rainfall event over Mumbai: 
numerical modeling aspects. Meteorog Atmos Phys 109:115–128. https://doi.org/10.1007/
s00703-010-0099-3

Semenov VA, Bengtsson L (2002) Secular trends in daily rainfall characteristics: greenhouse gas 
simulation with a coupled AOGCM. Clim Dyn 19:123–140

Shukla J, Anderson J, Baumhefner D, Brankovic C, Chang Y, Kalnay L, Marx L, Palmer TN, 
Paolino DA, Ploshay J, Schubert S, Straus DM, Suarez M, Tribbia J (2000) Dynamical sea-
sonal prediction. Bull Am Meteorol Soc 81:2593–2606

Sikka DR (1980) Some aspects of the large scale fluctuations of summer monsoon rainfall over 
India in relation to fluctuations in the planetary and regional scale circulation parameters. Proc 
Indian Acad Sci Earth Planet Sci 89:179–195

Sikka DR (2006) A study on the monsoon low pressure systems over the Indian region and their 
relationship with drought and excess monsoon seasonal rainfall. COLA technical report, vol 
217. Center for Ocean-Land-Atmosphere Studies, Center for the Application of Research on 
the Environment, Calverton, MD. 61p

Soman MK, Kumar K (1990) Some aspects of daily rainfall distributions over India during south-
west monsoon season. Int J Climatol 10:299–311

Sperber KR, Palmer T (1996) Interannual tropical rainfall variability in general circulation 
model simulations associated with the Atmospheric Model Inter-comparison Project. J Clim 
9:2727–2750

Thapliyal V, Kulshreshtha SM (1991) Climate changes and trends over India. Mausam 42:333–338

15  Climate Change over the Indian Sub-continent

https://doi.org/10.1175/JCLI-D-12-00823.1
https://doi.org/10.1175/JCLI-D-12-00823.1
https://doi.org/10.1007/s00703-010-0099-3
https://doi.org/10.1007/s00703-010-0099-3

	Chapter 15: Climate Change over the Indian Sub-continent
	15.1 Introduction
	15.2 Variability of Monsoon Leading to Droughts and Floods
	15.3 Decadal and Epochal Variability of AISMR
	15.4 Sub-division-Wise Trend of Monsoon Rainfall
	15.5 Extreme Rainfall and Its Variability
	15.6 Temperature Variability and Trends
	15.7 Extreme Temperatures in Terms of Heat Wave (HW) and Cold Wave (CW)
	15.8 Climate Change Projection over India
	15.9 Summary and Conclusions
	References


