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Due to climate variability and climate change there is an increase in magnitude and frequency of extreme
precipitation events. During the last few decades these extreme rainfall events have been increased in
global as well as on regional scale. Our climate is very much affected by the changes in frequency of
extreme rainfall events. Particularly, variability of extreme rainfall events has been studied over one of the
most valuable Indian region i.e. over Indo-Gangetic plain (IGP). Long term trend in extreme events has
been analyzed with the help of IMD classification. The classification is considered for moderate rain (2.5-
64.4 mm; category I), heavy rain (64.5-124.4 mm; category II) and very heavy rain (124.5 mm or more;
category III) and the categorization of rainfall events is based on daily rainfall for the period 1901-2010
during Indian summer monsoon (JJAS). The significant long term trend in frequency of extreme rainfall
events is analyzed using the statistical test. Long term trend analysis shows the significant decreasing
trend for categories II and I1I. However, an increasing rainfall frequency is observed for moderate rainfall
events (category I) during the considered period. A significant interannual and inter-decadal fluctuation
in rainfall frequency and magnitude were observed over IGP. Events of moderate and heavy rainfall
increases during the withdrawal period of Indian summer monsoon, which might contribute in several
cases of flood in the region of IGP. In term of distribution and contribution of rainfall in agriculture
area categories I and II, rainfall events are more important but changes in rainfall pattern may lead to
flood and drought risk over IGP. The policy making decision for disaster risk and food security should
be based on spatial as well as temporal variability of rainfall pattern over IGP region.
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1. Introduction meteorological centers Punjab, western and east-
ern Uttar Pradesh, Bihar, Jharkhand and Gangetic

Southwest monsoon has a pronounced impact over  West Bengal. Indo-Gangetic plain, also known as
the Indian subcontinent. Indo-Gangetic belt, which  Indus-Ganga plain and north river plain, is drained
constitutes area about 6,00,000 km? and the largest by three major rivers — Indus, Ganga and Brahma-
section of Indian population and consists of seven putra. In the north of this landlocked region lies
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the Himalayan range, which predominantly
controls the weather and rainfall of the region. This
region has the most population and fertile land in
India. The agriculture of this region depends heav-
ily on monsoonal rain and hence any alteration in
the rainfall pattern can cause adverse effect on agri-
culture, health and economy.

The rising temperature of earth due to global
warming has resulted in climate change, which is
depicted by broad range of global phenomenon
like melting of ice caps (a decrease of 13.4%
per decade of arctic ice), glaciers (a decrease
of 287.0 billion ton of land ice/year), increase
in sea level (3.4 no. of rain event per year),
the increase in global temperature (0.8°C rise
since 1880), the increase in frequency of extreme
events like very heavy rainfall, heat and cold
wave. Extreme heavy/deficit rainfall events may
bring flood and drought-like situation, which have
immense adverse impact on human lives and soci-
ety including health, stability and economy. The
spread of diseases and casualties during extreme
events, such as heat wave, floods and droughts,
increases (Epstein 2005). The summer monsoon
rainfall variability and extreme rainfall conditions
were investigated on the basis of observational
data during 1901-1989 May (2004). Climatol-
ogy of variability of extreme rainfall events are
dependent on the convection associated with low
pressure or monsoon depression, mid-tropospheric
cyclones, local convection, thunderstorm and other
mesoscale phenomena (Dash et al. 2009). A small
decreasing trend in mean summer monsoonal rain-
fall has been found over India (Dash and Hunt
2007; Dash et al. 2007). A significant increasing
trend in extreme rainfall events has been observed
over west coast and central India using daily data
of rainfall during the period 1951-2005 (Pattanaik
and Rajeevan 2010).

Based on station and grid point rainfall data,
various studies on daily extreme rainfall have
been done (Goswami et al. 2006; Rajeevan et al.
2008; Ghosh et al. 2009; Guhathakurta and Menon
2011; Bhatla et al. 2016). Most of the stud-
ies done were for the whole country or on the
sub-divisional scale and these described the long
term trends. Only few studies have been done on
regional and local scale such as Saseendran et al.
(1995), Prasad and Agrawal (1996), Sinha Ray
and Srivastava (2000), Mohapatra et al. (2003),
Guhathakurta et al. (2015), Mohanty et al. (2014)
and Sonar (2014). The precipitation and temper-
ature extremes over India are changing and the
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climate of the region is shifting towards wetter
and warmer climate (Revadekar 2010). Thapliyal
and Kulshrestha (1991), Gadgil (2003) and Sahai
et al. (2003) studied the variability of Indian sum-
mer monsoon rainfall (ISMR). Various studies have
been carried out previously to describe the varia-
tions in ISMR over Indo-Gangetic region by Sinha
and Jain (1998), Adel (2001, 2002) and Chowd-
hury and Ward (2004). The duration and intensity
per day of rainfall, using gridded (1° x 1°) rain-
fall data for the period 1951-2004, was observed
to study the changes in frequency of rain events
in India and it was found that the frequencies of
moderate and low rain days have decreased in last
half century (Dash et al. 2009). Impact of climate
change on regional and some local climate events
(Bhatla and Tripathi 2014) is seen during recent
past event. Bhatla et al. (2015) examined the rain-
fall over IGP in relation to El Nino/La Nina. In the
present study, our prime objective is to study vari-
ability of extreme rainfall events over IGP during
the period of 110 years (1901-2010).

2. Data and methodology

Using the daily gridded rainfall data with reso-
lution 0.25° x 0.25° obtained from India Meteo-
rological Department (IMD), rainfall pattern and
extreme rainfall events has been studied over the
Indo-Gangetic plain for 110 years (1901-2010) as
shown in figure 1. Rainfall events have been clas-
sified and defined by IMD into various categories
(table 1), depending upon rainfall received in a
day. These rainfall categories have been further
regrouped into four major categories: non-rainy
day, categories I, II and III (Bhatla et al. 2016).
Non-rainy days have been defined (as per IMD)
as days receiving 0 to 2.4 mm of rainfall. Cate-
gory I rainfall, which includes the light, moderate
and rather heavy rainfall events, has been defined
as days receiving rainfall of 2.5-64.4 mm. The
category II rainfall is defined as rainfall of 64.5—
124.4 mm in a day and includes of heavy rainfall.
Very heavy rainfall and exceptionally heavy rain-
fall has been included in category III. Category III
has been defined as rainfall of 124.5 mm or more
in a day.

In addition to this, the analysis of dry spell, pro-
longed dry spell, short rain event and prolonged
rain events have also been carried out during the
period 1901-2010 over the region of study. When a
rainfall less than 2.5 mm/day occurs for a day or
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Figure 1. Study region and climatology of monsoon rainfall (mm/day) over Indo Gangetic plain region (black box) during
time period of 1901-2010.

Table 1. Categorization of rainfall events based on daily rainfall.

IMD classification IMD classification regrouped for this study
Rainfall categories Daily rainfall (mm)  Rainfall categories  Daily rainfall (mm)
No rain 0 Non rainy day 0.0-2.4
Very light rain 0.1-2.4
Light rain 2.5-7.5 Category I 2.5-64.4
Moderate rain 7.6-35.5
Rather heavy rain 35.6-64.4
Heavy rain 64.5-124.4 Category 11 64.5-124.4
Very heavy rain 124.5-244.4 Category III 124.5 mm or more

Exceptionally heavy rain =~ >244.5

for more than one day, it is referred as dry spell. spell. Short rain events are those events in which
However, if the rainfall <2.5 mm/day for 4 days or rainfall less than or equal to 2.5 mm/day occurs for
more occurs the event is defined as prolonged dry less than four days. When rainfall of 2.5 mm/day
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or more occurs for more than four days, it is defined
as long spell rain event Dash et al. (2009). When
a rainfall of 2.5 or more is obtained in a day then
the day is said to be rainy day. Frequency of a par-
ticular event or category is defined as the number
of day for which the event occurs.

Non-parametric Mann—Kendall technique has
been used to examine the significance of the rainfall
event trend. The Mann—Kendall trend test (Mann
1945; Kendall 1975) is one of the widely used non-
parametric tests to detect significant trends in time
series. The Mann—Kendall test is applicable to the
detection of a monotonic trend in hydrology and
climatology.

Letting X1, Xo,...,X,, be a sequence of mea-
surements over time, Mann proposed to test the
null hypothesis, Hy, that the data come from a pop-
ulation where the random variables are indepen-
dent and identically distributed. The alternative
hypothesis, H1, is that the data follow a monotonic
trend over time. Under Hy, the Mann—Kendall test
statistic is based on the statistic .S, which is calcu-
lated using the formula

n—1 n .
SZELﬂELﬂHMWQ@—&) (1)
where
+1 it X, -X;>0
sign (XJ—XZ) = 0 le]—XZZO . (2)
-1 if Xj - X; <0
Under the hypothesis of independent and randomly
distributed random variables, when n > 8, the
S statistic is approximately normally distributed

with zero mean and variance i.e. E(S) = 0 as fol-
lows

n(n—1)12n+5)

o? = 18 . (3)

As a consequence, the standardized Z statistics
follow a normal standardized distribution

=18 >0
Z=40 ifS=0. (4)
St if S <0

The hypothesis that there is no trend is rejected
when the Zvalue computed is greater in absolute
value than the critical value Z,, at a chosen level
of significance a.
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3. Results and discussion

By considering intensity of rainfall events it divides
into different categories. According to this, rainfall
frequency is for three different rainfall categories
(I, II and III) over the IGP during the period
1901-2010. The monthly (June, July, August and
September) and seasonal (JJAS) trend analysis of
frequency of rainfall events is shown in figure 2.
Decadal analysis of rainfall frequency is done as
shown in figure 3, which is termed as D1 (1901-
1910), D2 (1911-1920),....... , D11 (2001-2010).
By giving emphasis on duration of rainfall, trend
analysis is studied for dry spell, prolonged dry
event, short rain event, and prolonged rain event
during the period 1901-2010 as shown in figure 5.

3.1 Variability of monthly and seasonal rainfall
for different categories during 1901-2010

Monthly and seasonal trend analysis of category
I rainfall over IGP for the period of 1901-2010
is illustrated in figure 2(a—e). Increasing trend
of rainfall with the rate of 0.006 no. of rain
event per year has been observed in figure 2(a).
Figure 2(b) depicts a slight increasing rainfall trend
than month of June rainfall. Rainfall trend during
month of August and September shows increas-
ing trend instead of the fact September is with-
drawal month as shown in figures 2(c) and 2(d),
respectively. Figure 2(e) illustrates an overall sig-
nificant increasing trend during seasonal (JJAS)
rainfall with the rate of 0.072 no. of rain event
per year. The year 1997 shows maximum rain-
fall frequency in category I (i.e. 97 events) shown
in figure 2(e). Rainfall event variability is shown
in figure 2(f—j) for category II events during the
period 1901-2010 over IGP. Figure 2(f) shows
almost constant rainfall trend over IGP during
month of July. Slightly decreasing rainfall trend
is observed during July and August rainfall for
category II rainfall event as shown in figure 2(g
and h). Decreasing trend of rainfall continue from
June to August but September rainfall for cat-
egory II event depicts an increasing trend with
a rate of 0.01 no. of rain event per year. Over-
all as we analyze seasonal trend of category II
rainfall event, it slightly decreases with a rate of
0.002 no. of rain event per year (figure 2j). Cat-
egory II rainfall events show very less variation
and maximum monthly rainfall frequency of 39
and 37 is observed in the year 1950 and 1999,
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Figure 2. Time series of rainfall frequency of the three categories (I, II and III) during the months June, July, August,
September and JJAS over Indo-Gangetic plain.

respectively (figure 2j). Monthly and seasonal vari-  (figure 2k). A considerable decrease in rainfall
ability of rainfall events over IGP is discussed in trend is observed in figure 2(1 and m) with a rate of
figure 2(k-0) during 1901-2010 for category III.  0.003 and 0.025 no. of rain event per year, respec-
There is considerably less rainfall event than cate- tively. During month of August rainfall trend is
gories I and II rainfall event. Month of July shows significant. Similarly, figure 2(n) shows a decreas-
continuous trend similar to categories I and II ing trend of rainfall with a rate of 0.011 no. of
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Figure 3. Decadal analysis of rainfall event in different categories over Indo-Gangetic plain (1901-2010).

rain event per year. Seasonal trend of category
III rainfall event also depicts significant decreasing
trend with a rate of 0.04 no. of rain event per year
(figure 20). Seasonally maximum rainfall event in
this category has been observed to be 47 in year
1936 (figure 20), it is also obvious that the trend

is decreasing, but during the recent year such that
2007, 2008 and 2010 maximum rainfall frequency
is observed as 23, 29 and 25, respectively. Overall
an increasing trend of rainfall is observed for
category I rainfall event. This rainfall event shows
an insignificant decreasing trend for category II
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rainfall event, but rainfall trend gets a significant
decreasing trend over IGP for category III rainfall
event.

However, this time series analysis of the three
categories of rainfall event in the month of June
July, August, September and seasonal does not
depict a clear indication of rainfall trend
during recent decade, hence for further analysis of
110 years rainfall data on decadal basis i.e. DI,
D2, D3,..., D11 is considered for more significant
results.

3.2 Decadal variability of rainfall event for
different categories during 1901-2010

Decadal analysis of rainfall trend for all three cate-
gories (I, IT, and III) rainfall event over IGP during
the period 1901-2010 is shown in figure 3(a-l).
Figure 3(a—c) depicts rainfall trend during month
of June in three different categories, respectively,
for category I rainfall trend increasing with a rate
of 0.518 no. of rain event per decade, which is sig-
nificant at 5% level. In categories IT and III rainfall
event, it does not show any significant trend. Over-
all, figures depict that there are more number of
rainfall events that fall under category I events.
Figure 3(d) depicts rainfall trend during month of
July for category I rainfall event, which are more
increasing (1.13 no. of rain event per decade) than
June rainfall. Whereas, figure 3(e and f) illustrate
that there is a slight decreasing rainfall trend for
categories II and III, respectively. These decades
wise study during month of July signify that cate-
gories II and III rainfall trend decrease but on the
other hand for category I rainfall event, it increases
over the IGP. An instant and high increasing ten-
dency of category I rainfall event, i.e., 3.1 no.
of rain event per decade has been observed in
figure 3(g). During recent decade it shows max-
imum rainfall events mainly during D8, D9 and
D11. Figure 3(h and i) shows a decreasing trend
are having same rate i.e. 0.9 no. of rain event per
decade and during recent decade tendency of cat-
egories II and III rainfall event decreasing decadal
rainfall trend during month of September shown
in figure 3(j-1). A unique and different change is
observed for categories I, II and III rainfall event.
As September is known as withdrawal month of
Indian summer monsoon, it means intensity and
frequency of rainfall get reduced but figure 3(j)
shows decadal significant increasing rainfall trend
during month of September with a rate of 2.42 no.
of rain event per decade. D8 and D10 are among the
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highest rainfall decades. But, conversely as showing
a decreasing trend for the category II rainfall event
for June, July and August. Figure 3(k) shows a sig-
nificant increasing trend with the rate of 1.01 no. of
rain event per decade. During September, category
IT rainfall event are decreasing in decade D10 and
D11. Figure 3(1) depicts a significant decreasing
trend with rate of 2.4 no. of rain event per year for
category III rainfall event. This 110 years’ decadal
analysis shows middle of decade shows highest rain-
fall event mainly for D5, D6 and D7 but rainfall
event gets decreasing during recent decade i.e. DS,
D9 and D11. Hence decadal variability of mon-
soonal rainfall reveals that the no. of rainfall events
for categories II and IIT over the Indo-Gangetic
plain have been decreasing during the considered
period.

3.3 The mazimum rainfall variability during
the period 1901-2010

Maximum rainfall event variability over IGP dur-
ing month of June, July, August, September and
seasonal (JJAS) for period 1901-2010 is illustrated
in figure 4(a—e). The maximum rainfall trend is
slightly decreasing with a rate of 0.125 mm/day sig-
nificant at 5% level during June over Indo-Gangetic
plain (figure 4a). During July maximum rainfall
event was showing insignificant increasing trend
as shown in figure 4(b). Although maximum vari-
ability has been observed during month of June
and July. In figure 4(c) decreasing trend of max-
imum rainfall is observed in month of August,
which is significant at 5% level. During withdrawal
month maximum rainfall event shows a decreasing
trend with rate of 0.124 mm/day (figure 4d). Sim-
ilarly, seasonal analysis of maximum cumulative
rainfall during JJAS showing increasing trend (sig-
nificant at 5%) has been observed over IGP region
(figure 4e) in recent decade 2001-2010. The max-
imum rainfall is attained in the year 2010, i.e.,
920.66 mm.

3.4 Decade-wise analysis of monthly and
seasonal rainfall

The decadal variation of rainfall for categories I,
II and III events over IGP on monthly and sea-
sonal scale are shown in table 2. The category I
rainfall event in the month of June shows increas-
ing trend in all the decades during 1911-1980. The
maximum increasing trend for category I rainfall
events in the month of June is observed during
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Figure 4. Maximum rainfall trend during June, July, August, September and seasonal (JJAS) over IGP for the period of

1901-2010.
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Table 2. Decadal analysis of category I, category II and category III rainfall during summer monsoon months (June, July,
August and September) and season over Indo-Gangetic plain during the period 1901-2010.

Category 1 Category II Category III
Decade Jun Jul Aug Sep JJAS Jun Jul Aug Sep JJAS Jun Jul Aug Sep JJAS
D1 —-0.32 —-0.13 0.03 0.38%«—-0.04 036 0.02 0.15 —-0.18 0.35 0.63%x 0.09 —0.18 —0.18 0.36
D2 0.15 —1.15% 0.38« 0.28 —0.33 —0.20 0.10 0.20 0.30 0.13 0.06 1.02%x —0.58« —0.47« 0.01
D3 0.72« 0.23  1.08« 0.79% 0.38%« —0.33 —0.67+« —0.13 —0.62% —1.16« —0.07 —0.16 —1.10 —0.73% —2.06x
D4 0.02 —0.13 0.04 0.44% 0.37 0.13 0.11 0.18 —0.04 0.38« 0.33 0.02 —0.05 0.72 —0.41
D5 0.44% —1.29% —0.25 —0.39% —1.49% —0.13  0.78% —0.26  0.82% 1.20% —0.22 0.51% 0.43%x —0.50% 0.22
D6 0.25 —0.21 —-0.44% —0.07 —0.47« 0.02 0.05 0.05 —0.22 —0.60% —0.48% 0.66%« 0.42%x 0.22  0.81x
D7 0.12 —0.09 0.56%« 0.20 0.79%x —0.46%x —0.20 —0.20 —0.32 —0.52%« 0.22 —0.06 —0.48« 0.08 —0.23
D8 0.25 —0.80%« 0.43%x 0.40%« 0.28 —0.20 —0.56% —0.56« —0.02  0.49« 0.02 047« 0.05 —0.22 0.32
D9 —0.11 —0.50%« 0.47%« —0.02 —0.16 0.50%« —0.13  0.13 —0.55% 1.75%x —0.45% —0.33 —0.36 —0.35 —1.49x
D10 —0.21 —1.13% 0.23 1.21= 0.09 0.03 0.18 0.18 —0.53%x 0.29 0.34 0.56% 0.46%x —0.20 0.24
D11 —0.47« 0.15 —0.31 —0.04 —-0.66x —0.37 —0.15 —0.15 —0.03 —0.88+« —0.21 0.18  0.47« —0.06  0.39%

*Indicating 5% level of significance.

D3. The category I rainfall event shows continuous
decreasing trend in the last three decades during
1980-2010. The last decade, 2000-2010, shows the
highest decreasing trend in the category I rainfall
frequency (with the rate of 0.467 no. of rain event
per decade). In the July month, category I rainfall
shows a decreasing trend in all the decades from
1901-2000 but it has an increasing trend in the
last decade from 2001-2010 (with a rate of 0.152
no. of rain event per decade). The decreasing trend
in category I rainfall frequency, in the month of
July, is highest during 1911-1920, decreasing at a
rate of 1.152 no. of rain event per decade. In the
month of August there is increasing rainfall fre-
quency trend in category I rainfall in the first four
decades, from 1901-1940. The next two decades,
from 1941-1960, show decreasing trend. However,
the next four decades 1961-2000, shows an increas-
ing trend, the increasing trend being highest during
the 1961-1970 (with a rate of 0.564). However, dur-
ing the last decade the rainfall events of category
I in August month show decreasing trend, with a
rate of 0.309 no. of rain event per decade. The cat-
egory I rainfall events in the month of September
show increasing trend during the first four decades
from 1901-1940 and the increase being highest
during D3 (1921-1930). In the next decades, the
rainfall events do not have some regular variations
and decreasing trend in the last decade (with a
rate of 0.036 no. of rain event per decade). In the
last decade, category I rainfall shows decreasing
trend in all the months except where it is increas-
ing (with a rate of 0.152 no. of rain event per
decade). The decreasing trend in category I rain-
fall is highest (decreasing with a rate of 0.467 no.

of rain event per decade) in the month of June
during 2001-2010. The decadal analysis of cate-
gory I rainfall of the season during 1901-2010,
do not show any regular pattern and the rainfall
events during the last decade show a decreasing
pattern (with the rate of 0.661 no. of rain event
per decade).

Similarly, decade wise monthly and seasonal
rainfall trend analysis of category II rainfall events
is represented in table 2. In the month of June,
no regular pattern in the category II rainfall is
observed. The category II rainfall in last decade
(2001-2010) shows a decreasing trend, with rate of
0.36 no. of rain event per decade. The category II
rainfall events in the month of July show increas-
ing trend in the first six decades, from 1901-1960
with the exception of D3 (1921-1930), where it
is decreasing (with rate of 0.67 no. of rain event
per decade). However, in the next five decades the
rainfall frequency shows a decreasing trend and the
category III rainfall events show a decreasing trend
at a rate of 0.15 no. of rain event per decade. The
month of August shows no definite pattern in cat-
egory II rainfall events however, in the last decade
(D11), there is decreasing trend with the rate of
0.152 no. of rain event per decade. The month
of September shows decreasing rainfall frequency
trend for most of the decades and the variation
with a rate of 0.03 no. of rain event per decade),
in the last decade is not significant. The seasonal
rainfall events of category Il do not show any reg-
ular pattern but the last decade (2001-2010) show
decreasing trend, decreases with a rate of 0.88 no.
of rain event per decade. The decreasing rainfall
trend of category II is being found highest (with
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rate of 1.16) during the decade 1921-1930. The
increasing trend of category II rainfall events is
highest during the D9 (1981-1990) decade, increas-
ing trend of 1.76 no. of rain event per decade.
The category II rainfall in the last decade shows
decreasing trend during all the four months and
the decreasing trend is highest during the month
of June. It is observed from the table that cat-
egory II rainfall events do not show any regular
pattern over the Indo-Gangetic plain during the
period 1901-2010. Rainfall event variation during
month of September on decadal analysis represents
a decreasing trend of category I rainfall over the
years (1901-2010). The decadal analysis of cate-
gory III rainfall of the months and season over
the Indo-Gangetic region is shown in table 2. In
the month of June, the category III rainfall fre-
quency shows no regular pattern during the period
(1901-2010). The increasing trend of category III
rainfall is being highest during 1901-1910, with a
rate of 0.630 no. of rain event per decade. How-
ever, the highest decreasing trend, with a rate of
0.485 no. of rain event per decade, in the month of
June has been observed during 1951-1960. How-
ever, the month of July shows increasing trend
in category III rainfall during most decades, the
highest increasing trend being, with the rate of
1.024 no. of rain event per decade, during decade
1911-1920. During the last decade (2001-2010) an
increasing rainfall frequency trend, with a rate of
0.182 no. of rain event per decade, is observed. In
the month of August, the first four decades, during
1901-1940, decreasing trend in category III rainfall
frequency is observed and the maximum decreas-
ing trend is observed, with a rate of 1.103 no. of
rain event per decade, is observed during the D3
decade. From 1941-2010 no regular pattern in rain-
fall trend for rain greater than 124.5 no. of rain
event per decade, is observed. However, the last
decade (2001-2010) shows increasing trend in cat-
egory III rainfall events in the month of August
(with a rate of 0.473 no. of rain event per decade).
The month of September shows decreasing trend
in category III rainfall frequency during most of
the decades and the last four decades (1971-2010)
show continuous decreasing trend.

However, the wvariation in category III
rainfall during last decade does not show signif-
icant decreasing trend of 0.061 no. of rain event
per decade in the month of September. The sea-
sonal analysis of category III rainfall during most
of the decades show increasing trend during most
of the decades and the highest increasing trend is
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present during 1951-1960 (with a rate 0.812 no. of
rain event per decade). In the last decade (2001—
2010) an increasing trend is found in category III
rainfall frequency, with a rate of 0.388 no. of rain
event per decade. In the last decade (2001-2010),
category III rainfall shows an increasing trend in
July and August months and a decreasing trend in
June and September month although the decreas-
ing trend in September is not significant.

3.5 Analysis of dry spell, prolonged dry spell,
short rain event and prolonged rain event
during 1901-2010 over IGP

Frequency of dry spell, prolonged dry spell, short
rain events and prolonged rain events over the
Indo-Gangetic plain during the period 1901-2010
is represented in figure 5(a—d). The short rain
events (rainfall with intensity >2.5 mm/day for
less than 4 consecutive days), prolonged rain
events (rainfall with intensity >2.5 mm/day for
more than 4 consecutive days), dry spell (rain-
fall <2.5 mm/day for one day or more than one
day consecutively) and prolonged dry spell (rain-
fall <2.5 mm/day for more than or equal to
4 days continuously) of which trend analysis are
presented in figure 5(a—d), respectively. The fre-
quency of dry spell rain events does not show
significant trend over the Indo-Gangetic plain dur-
ing the period 1901-2010 (figure 5a). Thus, it is
clear that dry spell rain events have remained con-
stant during the considered period. The prolonged
dry spell frequency shows slight decreasing trend
(with the rate of 0.004 rain event/year) during
the period 1901-2010 (figure 5b). The short rain
events over the Indo-Gangetic region also show
very minute decreasing trend (with the rate of
0.005 rain event per year) during the considered
period. The prolonged rain events show similar
kind of decreasing trend (with the rate of 0.005 rain
events/year) over the Indo-Gangetic region dur-
ing the period 1901-2010. Thus, it is clear that
none of the four spells show considerable variation
over the Indo-Gangetic plane during the period
1901-2010.

3.6 Decadal analysis of dry spell, prolonged dry
spell, short rain events and prolonged rain
events during 1901-2010

Table 3 shows the decadal analysis of the four
categorized spells- dry spell, prolonged dry spell,
short rain spell and prolonged rain spell over
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Figure 5. Time series of frequency of (a) dry spell, (b) prolonged dry spell, (c) short rain event, (d) prolonged rain event

over the Indo-Gangetic plain.

Table 3. Decadal analysis of dry spell, prolonged dry spell, short rain event and prolonged
rain event over Indo-Gangetic Plain during the period 1901-2010.

Decades Dry spell Prolonged Short Prolonged
dry spell event rain event

D1 32 11 13 35

D2 21 7 9 26

D3 31 8 20 20

D4 18 8 11 19

D5 24 7 11 20

D6 31 8 16 24

D7 17 8 8 18

D8 24 7 8 26

D9 31 5 13 25

D10 25 4 8 21

D11 27 7 8 23

Indo-Gangetic region during the period 1901-2010.
The table represents decadal analysis of num-
ber of four rain spells. The number of dry spell
and prolonged rain event constitute maximum
number of rain spell among all four spell. The
variability of dry spell over all decades is max-
imum. Decade D3, D6 and D9 shows maximum
no. of dry spell and short rain event. During
recent decade it also shows increasing trend for
the dry spell. Prolonged dry spell shows significant
decreasing trend of the rain spell i.e. 0.38 spell/
decade. Short rain event is also depicting a decreas-
ing trend with a slope of 0.54 spell/decade. Number

of spell of prolonged rain event over decades showed
decreasing trend (0.48 spell/decade). The last four
decades (1971-2010) show increased number of dry
spell with the maximum of 31 during the period
1981-1990. The frequency of prolonged dry spell
during recent decades show decrease in number of
events over Indo-Gangetic Plain. The last three
decades (1981-2010) show minimum frequencies
during the overall period (1901-2010), with a min-
imum of 5 prolonged dry spells during the decade
1981-1990. In the last decade (2001-2010) the
frequency of prolonged dry spell is 7 over the
Indo-Gangetic plain. The short rain spell shows
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decrease in decadal frequency during the period
1901-2010. The maximum frequency for short
rain events is 20, observed during 1921-1930 and
minimum frequency of 8 is observed during the last
two decades (1991-2010). However, the frequency
of prolonged rain event does not show any reg-
ular pattern over the Indo-Gangetic plain during
the considered period. The maximum frequency
for prolonged rain event is 35, observed during
1901-1910 and the minimum frequency of 18 for
the same is observed during the decade 1961-1970.
During the recent decade (2001-2010) frequency of
prolonged rain event is 23 over the Indo-Gangetic
region.

3.7 Possible cause of variability of rainfall events
over IGP

Important synoptic system associated with heavy
monsoon rainfall over IGP is monsoon storms/
depressions, low pressure area (surface and/or
upper air), seasonal monsoon trough, north-south
oriented trough in monsoon westerlies and east/west
oriented trough (other than seasonal monsoon
trough) mentioned by Srinivasan et al. (1972).
Although our study is concentrated to the variabil-
ity in different categorized rainfall events so that
categories II and III rainfall event show decreasing
trend which can be explained by a number of possi-
ble mechanisms, viz., westward shifting of rainfall,
aerosol effect, land use change, sea surface tem-
perature changes, and global changes (Roxy et al.
2015). The westward shift in rainfall activities and
severe rainstorms over the western IGP region and
declining trend over the central and eastern IGP
region is results of the earlier studies (Singh et al.
1992a,b). Jones et al. (1986) suggested that the
changes in rainfall and arid area were a conse-
quence of the spatial changes in Indian summer
monsoon circulation characterized by strengthen-
ing of Arabian sea branch and weakening of Bay
of Bengal branch. Climatologically, eastern part
of IGP received monsoonal rainfall predominantly
from Bay of Bengal (BoB) branch of ISM. Hence,
the weakening of wind strength over BoB (Dash
et al. 2009) might be the major cause behind the
decreasing trend of heavy rainfall. Aerosol nega-
tive forcing (cooling) plays an important role in
weakening of monsoonal circulation and decreas-
ing precipitation over IGP by reducing the land
sea temperature contrast (Sanap et al. 2015). How-
ever, increasing trend of moderate rain event might
be due to increased mesoscale convection activities
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and rising rainfall trend in western IGP region
during SW monsoon.

The total precipitation has been decreasing over
eastern Gangetic plain and the existing climatology
evidence that eastern Indo-Gangetic plain receive
precipitation mainly from the Bay of Bengal branch
of the southwest monsoon. The performance of
Bay of Bengal branch during southwest monsoon
mainly characterized by formation of low pressure
center over the head of Bay of Bengal (Roy and
Balling 2004). Annual decreasing trend of total
precipitation is well understandable by decreasing
trend of categorized rainfall events of categories 11
and IIT (heavy and moderate rainfall). This infer-
ence is also focused on the subject of global climate
change, which might be affected at global and
regional scale but at sub regional and micro scale
the results could be contrasting.

4. Conclusions

The significant long-term trend analysis of extreme
rainfall events (1901-2010) were observed over IGP
during southwest monsoon. The study shows sig-
nificant interannual and inter-decadal fluctuation
in rainfall frequency and magnitude over the Indo-
Gangetic region. The intensity and occurrence of
extreme rainfall events over IGP showed significant
decreasing trend for categories II and III (heavy
and very heavy rainfall) rainfall events except cat-
egory I (moderate rainfall) rainfall event, which
showed an increasing rainfall frequency. Although
trend analysis of extreme rainfall events showed
least variation during 1901-2010, it is also found
that decrease in frequency of category III rainfall
event is more dominant than category II rainfall
event. Heavy rainfall occurrence is most proba-
ble during July, August and September month of
summer monsoon in Gangetic basin (Dhar and
Nandargi 2003). The westward shift of the mon-
soonal pattern and simultaneously weakening of
BoB branch may be the possible cause behind the
decreasing trend of heavy rainfall events. The trend
analysis on monthly scale for the period 1901-2010
shows during withdrawal of Indian summer mon-
soon event of moderate and heavy rainfall increase,
this might contribute in several causes of flood in
the region of IGP. In term of distribution and con-
tribution of rainfall in agriculture area categories
I and II rainfall events are more important but
change in rainfall pattern may lead to flood and
drought risk in IGPs. The dry spells and prolonged
dry spell remained more or less constant over the
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Indo-Gangetic plain during the period 1901-2010.
Short rain events and prolonged rain events both
have decreased over Indo-Gangetic plain during the
period of study. Maximum rainfall during every
epoch of ISM showing decreasing trend except in
July and monsoon season.
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