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A high resolution (0.2590.25) daily gridded dataset was analysed to study the spatial and temporal trend
in various regions of India during the period of 1901–2013. The non-parametric Mann–Kendall (MK) test
has been applied to the time series (1901–2013) rainfall data in order to detect the trends for both rainfall
depth and number of rainy days. Sen slope estimator test was also used to Bnd out the magnitude of the
trend. In addition, Pettitt–Mann–Whitney (PMW) test was employed so as to determine the probable
change year. The results of trend analysis of rainfall depth showed maximum number of grid points having
increasing trend in summer months, while the dry months showed higher grid points with significant
decreasing trend. Jammu and Kashmir, in particular, was found to have increasing trend in all months for
all three levels of significances, i.e., 1%, 5%, and 10%, while NE (northeastern) region continuously
reported significant decreasing trends. The annual trend analysis of the 30-year moving window of rainfall
depth showed higher number of grid points with significant increasing trend during 1901–1950, decreasing
trend during 1931–1980, and increasing trend again during 1961–2013. The PMW test for the rainfall depth
and number of rainy days for 1901–2010 showed 1961 and 1974 as the most probable change point years
with about 339 and 284 grid points agreeing upon it, respectively. The maximum increasing significant
trends in rainfall was observed during south-west monsoon months. Recent years also reported an increase
in rainfall intensity leading to probable increase of extreme events like Coods and droughts.
Keywords. Gridded rainfall; temporal and spatial trends; change point analysis; Mann–Kendall test;
Pettitt–Mann–Whitney test.

1. Introduction
For an agriculture dependent country like India,
rainfall is the most important parameter aAecting the national economy through agricultural

production as most parts of the country entirely
depends upon monsoon rain for the production of
food grains. Rainfall is also responsible for other
hazardous natural events like extreme rainfall
(both drought and Cood) which directly or

Supplementary materials pertaining to this article are available on the Journal of Earth Science Website (http://www.ias.ac.in/
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indirectly aAect the country’s economy as dry
years have negative eAect on grain production,
food security and GDP (Lacombe and McCartney
2013). On the other hand, investigating the trends
in rainy days has also become a necessity to
observe the country’s extreme rainfall condition.
Therefore, the amount of rainfall received in an
area is an important factor in determining the
amount of water available to meet various
demands, such as agricultural, industrial, domestic
water supply, and hydroelectric power generation.
As stated earlier, the country depends on monsoon
rainfall (80% of the total precipitation) and changes in climate, particularly in south-west monsoon,
would have a significant eAect on the economy of
the country.
The above-mentioned facts prompted studies on
trends of climatic variables for the country. A
number of studies have attempted to investigate
the trend. Rajeevan et al. (2006) developed and
used a 191 gridded daily rainfall dataset to
analyse the break and active monsoon spells during
the SW monsoon (June to September). They further analysed the variability of trends of extreme
rainfall conditions and supports the hypothesis that
increasing trend of extreme rainfall events in the
last Bve decades could be associated with the
increasing trend of sea surface temperatures and
surface heat Cux over the tropical Indian Ocean
(Rajeevan et al. 2008). Goswami et al. (2006)
showed that there are significant rising trends in the
frequency and magnitude of extreme rain events
over central India during the monsoon season. And
many other researchers also investigated the longterm trends in rainfall for India based on regionalwise, e.g., Kumar et al. (2010) who reported an
increasing trend in the annual rainfall. Jain and
Kumar (2008) also performed the trend analysis
basin-wise, where they found that 15 out of 22
basins had a decreasing trend in the annual rainfall
and rainy days. Taxak et al. (2013) studied upon
long term spatial trends (1901–2012) on annual and
seasonal scales for a river basin located in central
India using a gridded rainfall data of 0.5 9 0.5
resolution, where they observed an increasing
rainfall trend in the basin during 1901–1948 and a
decreasing rainfall trend during 1949–2012.
Various researchers, as above, carried out different techniques upon point based or grid based
(1 9 1 or 0.5 9 0.5) rainfall datasets over
India. Although the general conclusions made by
these researchers are more or less similar in a
way, depending on the resolution of the datasets,
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time period covered, and the approach employed
for the analysis, a much clearer picture on the
changes taking place over the country over the
years can be obtained. Another advantage of
using a Bner resolution dataset is the huge
reduction in the potential loss of spatial information, which is a quality attribute of the present
study. The present study also made an attempt to
bring about the variation in temporal trends
occurring in 30-year moving window using ArcTrends toolbar developed by Bandyopadhyay
et al. (2011). Similar work has also been carried
out on gridded temperature datasets using the
same toolbar (Nengzouzam et al. 2019) where
monthly and annual temperature trends were
analysed. Therefore, in this study, a high resolution (0.2590.25) gridded rainfall dataset is used
to analyse the overall trend, trends in 30-year
moving window in both rainfall depth and rainy
days, and change points for 113 years (1901–2013)
over entire India.
2. Data and methodology
2.1 Study area and data
In the present study, spatial and temporal analysis of
rainfall over India was done with a view to identify
the trends in various regions of India. A high resolution (0.25 9 0.25) daily gridded dataset for the
period of 1901–2013 developed by Pai et al. (2013)
using the daily rainfall records from 6,955 raingauge
stations in India, prepared by IMD, was taken for the
study. A total of 4,964 grid points covered the whole
of India. A detailed description of the preparation of
this dataset is discussed in Pai et al. (2013). In
addition to this, since it is common to analyse
30-year data to study long term behaviour of climate, a 30-year moving window was used for both
rainy days and rainfall depth to represent the climatic conditions of the region. Thus, the total 113
years daily rainfall data from 1901 to 2013 were
divided into 10 sections of 30-year moving window,
viz., 1901–1930, 1911–1940, 1921–1950, 1931–1960,
1941–1970, 1951–1980, 1961–1990, 1971–2000,
1981–2010, and 1991–2013, with each period lagged
by a decade to represent a climatic cycle. The reasons behind dividing the data into various sections
was to suppress the year-to-year variations, dominant behaviour, and to check the presence of short
trend with a climatic cycle. Further, the number of
rainy days was also calculated for all the years for all
grid points. For this purpose, a day with a rainfall
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depth greater than 1 mm (Lacombe and McCartney
2013) was considered as a rainy day and the number
of days in each month of all 113 years was determined. A 30-year moving window was also computed for rainy days as well to represent the climatic
conditions of the region. This was also done so as to
check the long-term spatial and temporal variations
in the number of rainy days over India.
2.2 Trend analysis
The monthly and annual trends for the daily rainfall
depth of 113 years, i.e., 1901–2013 was analysed at
three different levels of significances, viz., 1%, 5%,
and 10%. Again, rainfall data for 30-year moving
window was prepared and the seasonal and annual
trend analysis were carried out for all the 10 sections
at 5% level of significance. The number of rainy days
(depth [ 1 mm) was also determined and the seasonal and annual trend analysis were established at
5% level of significance. An ArcTrends toolbar,
which is a toolbar extension to ESRI ArcMap,
developed by Bandyopadhyay et al. (2011) was
employed in establishing the trends of the abovementioned rainfall variables. The toolbar uses
Mann–Kendall (MK) test (Mann 1945; Kendall
1975) to analyse the statistical significance of the
trend in the monthly, seasonal, and annual time
series data. The MK test is a non-parametric test
which checks the null hypothesis of no trend and the
alternative hypothesis of the existence of rising and
falling trend. The toolbar also employs Sen estimator
to estimate the magnitude of the trend in the time
series. As both MK test and Sen estimator are nonparametric, they make no assumption for probability
distribution of the variate and hence are less aAected
by missing values and outliers (Bandyopadhyay et al.
2011).

Statistics, S, is calculated as:
S¼



sgn xj  xi ;

ð1Þ

i¼1 j¼iþ1
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The null hypothesis that there is no trend is
rejected when:
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jZc j [ Z1 a2 ;

where, Z is the standard normal variate and a is
the level of significance for the test.
To Bnd out the eAect of auto-correlation on MK
test results, the modiBed MK test with eAective
sample size (ESS) approach, as suggested in Yue
and Wang (2004), was attempted on detrended
series. In this method, the variance r2s is modiBed as:
n
rs 2 ¼ r2s   ;
n

ð6Þ

where n  is the eAective sample size calculated as
(Matalas and Langbein 1962):
n

n ¼
1þ2

q1nþ1 nq21 þðn1Þq1
nðq1 1Þ2

;

ð2Þ

ð7Þ

where q1 is the lag-1 auto-correlation coefBcient
computed for the sample data after removing the
trend as (Salas et al. 1980):
xk ¼ xk  b  ðk  1Þ; k ¼ 1; 2; . . .; n;

2.2.1 Theoretical considerations of MK test

n1 X
n
X

When n  10; S becomes approximately normally
distributed with mean = 0 and variance as:
P
n ðn  1Þð2n þ 5Þ  t t ðt  1Þð2t þ 5Þ
2
; ð3Þ
rs ¼
18

where q1 can be determined by:
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and b is magnitude of the trend called Sen slope
calculated as (Sen 1968):


xi  xj
b ¼ median
; 8j\i;
ð10Þ
ij
in which 1\j\i\n:
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2.3 Change point detection

3. Results and discussion

An attempt was also made to check if there was
significant abrupt change taking place in the rainfall trend. For this purpose, 110 years, i.e.,
1901–2010 daily data of rainfall depth and monthly
rainy days were analysed. For detecting the most
probable change year, Pettitt–Mann–Whitney
(PMW) (Pettitt 1979) test was applied.
In PMW test, T is assumed to be the length of the
time series with t as the year of the most likely
change point. The single time series is considered as
two samples represented by X1 … Xt and Xt+1 … XT.
The index Vt is calculated as:

The trend analysis for all the rainfall variables
mentioned in Art. 2.2 were carried out using the
ArcTrends toolbar (Bandyopadhyay et al. 2011;
Lairenjam et al. 2017), which uses MK test for statistical analysis and Sen slope estimator for estimating the magnitude of trend. Inverse distance
weighing (IDW) spatial interpolation technique was
employed to generate spatial maps. PMW test for
the period of 110 years, i.e., 1901–2010 was then
carried out in order to detect the temporal shift in
the rainfall depth and number of rainy days.

Vt ¼

T
X



sgn Xt  Xj for any t;

ð11Þ

The monthly and annual trend analysis of rainfall
depth for 113 years, i.e., 1901–2013 was carried out
by analysing its daily rainfall data under three
different levels of significances, viz., 1%, 5%, and
10%. The statistical significances and slope of the
studied trends are displayed in Bgure 1.

j¼1

where,

8
<1
sgnðx Þ ¼ 0
:
1

3.1 Rainfall depth

9
for 8x [ 0 =
for 8x ¼ 0 :
;
for 8x\0

Another index Ut is deBned as:
Ut ¼

t
X

3.1.1 1% level of significance
Vt ;

ð12Þ

i¼1

when Ut is plotted against t for a time series where
there is no change point; it would result in a continually
increasing value of jUt j. However, if there is a change
point (even a local change point), then jUt j would
increase up to the change point and then begin to
decrease. The most significant change point t can be
identiBed as the point where jUt j is maximum:
KT ¼ max jUt j:
1tT

ð13Þ

The probability of a change point being at the
year where jUt j is at its maximum, is approximated
by Pettitt (1979) as:


6K 2
p ¼ 1  exp 3 T 2 :
ð14Þ
T þT
Further, if the series U^ðt Þ ¼ jUt j is introduced, for
1  t  T, the probability of change point at each or
any year can be deBned as (Kiely et al. 1998):
"
#
6U^ðt Þ2
:
ð15Þ
p ¼ 1  exp 3
T þ T2
A MATLAB code was prepared to carry out the
PMW test as described above.

At 1% level of significance, highest number of grid
points with significant trends was seen in the month
of August and January (Bgure 1a). It showed that a
positive trend prevails in almost all parts of Jammu
and Kashmir (J&K) and in few grids in the northeastern (NE) and southwestern parts of the country
while decreasing trends were seen in eastern, NE,
and central parts of the country. November showed
the least number of grids showing decreasing trends
(17 grids), while it was found highest in the month
of January (738 grids). The highest number of grids
showing increasing trends was seen in the month of
August (521 grids), while December showed the
least (124 grids). The annual trend analysis showed
negative significant decreasing trends prevailing in a
much larger area in eastern and NE region and in
patches over the country in 586 grids, while significant increasing trends was seen in the northern and
southern regions in 498 grids.
3.1.2 5% level of significance
The results of the monthly and annual rainfall
trends at 5% level of significance are shown in
Bgure 1(b). At 5% level of significance, January
again showed the highest number of grids showing significant decreasing trends (1,503 grids).
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Figure 1. Monthly and annual trends in rainfall depth (1901–2013) at (a) 1%, (b) 5%, (c) 10% level of significances, and
(d) annual Sen slope.

Similarly, August showed the highest number of
grids showing increasing significant trends which
increased to 810 grids. J&K, in particular, was
found to have increasing trends in all months. The
annual trend analysis showed 870 grids showing
significant decreasing scattered over India but
more pronounced in NE and eastern regions. It also
showed 734 grids showing significant increasing
trends scattered over India but more pronounced in
the northern and in the southern regions.

3.1.3 10% level of significance
The results of the monthly and annual rainfall
trends at 10% level of significance are shown in
Bgure 1(c). At 10% level of significance, all the
months except June, September, October and
November showed significant trends in more than
30% of the region. January again showed the
highest number of grid points showing significant
trends (2,156 grids) with 1994 points showing
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Figure 1. (Continued.)

decreasing significant trends. The month of June,
August, October, November and December are
found to have more regions with increasing significant trends, while the rest has more regions with
decreasing significant trends. The annual trend
analysis showed an increase in grids showing significant decreasing trends (1,063 grids) scattered
over India but found to be more pronounced in NE
and eastern region. It also showed 910 grids with
significant increasing trends scattered over India,

but more pronounced in the northern and in the
southern regions.
The pictorial representation of the annual Sen
slope (Bgure 1d) also showed that positive slope
prevailed throughout the country with exception in
parts of eastern and NE region where decreasing
slopes are reported. The annual maximum
increasing slope was reported in Maharashtra with
a Sen slope value of 0.1040 mm/year, while the
annual maximum decreasing slope was found in
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Figure 1. (Continued.)
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Arunachal Pradesh with a Sen slope value of
0.0514 mm/year.

3.2 Rainfall depth for 30-year moving window
The seasonal and annual trend analysis of the
rainfall depth for the 30-year moving window was
carried out for all 10 sections, viz., 1901–1930,
1911–1940, 1921–1950, 1931–1960, 1941–1970,
1951–1980, 1961–1990, 1971–2000, 1981–2010, and
1991–2013 at 5% level of significance. The results
are discussed seasonally dividing the year into four
seasons, viz., winter (January and February), premonsoon (March to May), south-west monsoon
(June to September), and post-monsoon (October
to December) (Oza and Kistawal 2015) and the
corresponding Bgures are given in Supplementary
materials.

3.2.1 Winter months (January and February)
The initial three periods, viz., 1901–1930,
1911–1940, and 1921–1950 showed very few grids
showing significant increasing trends dominant in
the northern half of the country, while significant
decreasing trends were seen in the central and
southern regions. However, an increase in the grids
with significant decreasing trends was seen in
almost the whole country in the periods 1931–1960,
1941–1970, and 1951–1980 which decreases again
for the next two periods, 1961–1990 and 1971–2000
where significant increasing trends were found to
be more dominant. The period 1941–1970 reported
maximum significant decreasing trends (927 grids),
while period 1971–2000 reported maximum significant increasing trends (1,053 grids). The recent
periods, 1981–2010 and 1991–2013, however,
reported significant decreasing trends again in the
upper-half of the country including NE region
indicating a decrease in amount of rainfall received
during the winter months with an average Sen
slope of 0.4224 and 0.5867 mm/year, respectively. The recent years also reported an increasing
trend in the southern region of the country.

3.2.2 Pre-monsoon months (March to May)
The periods 1901–1930 and 1911–1940 showed
significant decreasing trends to be more dominating than significant increasing trends during
the pre-monsoon months although few grids
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reported significant increasing trends in the
southern and NE regions. Although significant
increasing trends were reported to be more dominant in the period 1921–1950 stretching along the
Indo-Gangetic plains and NE region. The trends
again change in the next three periods, namely,
1931–1960, 1941–1970, and 1951–1980 where significant decreasing trends were reported all over
the country in patches. The period 1961–1990, in
particular, showed significant increasing trends in
J&K and NE region, whereas decreasing trends
were seen in the central and peninsular regions
although these same regions showed significant
decreasing trends in the recent periods, i.e.,
1981–2010 and 1991–2013 indicating decreasing
rainfall depth with an average Sen slope of
1.1974 and 0.7465 mm/year, respectively,
during the pre-monsoon months. Further, in the
periods, 1971–2000 till 1991–2013, the peninsular
region was reported to show significant increasing
trends.

3.2.3 Southwest monsoon months
(June to September)
The periods 1901–1930 and 1911–1940 showed
significant increasing trends concentrated mainly
in the northern, central, and NE regions, while
significant decreasing trends were seen in few
grids in the southern, NE, and eastern regions.
However, the next three periods, viz., 1931–1960,
1941–1970, and 1951–1980, showed an increase in
grids showing significant decreasing trends over
the country such that the period 1941–1970
reported the maximum significant decreasing
trends (602 grids) indicating drier condition
(–2.7514 mm/year on average). A change in trend
was reported again in 1961–1990 and 1971–2000
in which significant increasing trends increase all
over the country. Further, the period 1971–2000
reported maximum significant increasing trends
(640 grids) with an average Sen slope of 4.6449
mm/year. However, the recent periods, viz.,
1981–2010 and 1991–2013, reported the rise in
significant decreasing trends mostly concentrated
in the Indo-Gangetic belt and NE regions indicating the decline in rainfall received during the
monsoon months over the country, while significant increasing trends were reported mainly in
the north-west and peninsular regions which is
similar to the results observed by Lacombe and
McCartney (2013).
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Figure 2. Analysis of (a) annual trend and (b) annual Sen slope of rainfall depth for the 30-year moving window.

3.2.4 Post-monsoon months
(October to December)
Both the periods 1901–1930 and 1911–1940
reported significant increasing trends in few grids
scattered all over the country along with fewer
grids showing significant decreasing trends in the
northern and central regions. A decrease in rainfall amount was reported in the northern region of
the country during 1921–1950, whereas few grids
in the central and peninsular regions still showed
decreasing rainfall during 1931–1960. J&K, in
particular, showed an increase in rainfall during
1931–1960 and 1941–1970 and an increase in significant decreasing trends were observed in

1941–1970. The period 1951–1980 reported maximum
significant decreasing trends (501 grids) covering
parts of the northern, NE, eastern, and the peninsular regions with an average Sen slope of 0.9524
mm/year. The northern, Gangetic plains, and the
NE regions reported significant decreasing trends
in the recent periods, viz., 1971–2000, 1981–2010,
and 1991–2013, whereas the peninsular region
showed significant increasing trends in few grids.
Similar Bndings were also observed by Lacombe
and McCartney (2013). In addition, the NE region,
in particular, indicated significant decreasing
trends in all periods except 1911–1940 and
1961–1990.
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Figure 2. (Continued.)

3.2.5 Annual
The annual trends and Sen slopes of the rainfall
depth for all 10 sections are shown in Bgure 2.
The periods 1901–1930, 1911–1940, 1921–1950,
1961–1990, 1971–2000, and 1991–2013 showed
increasing trends to be more dominating than
decreasing trends and occurred in patches all over
the country (Bgure 2a). The period 1971–2000
was reported to have the highest grids showing
significant increasing trends scattered in all regions
in 628 grids. On the other hand, the periods,
1931–1960, 1941–1970, 1951–1980, and 1981–2010
showed decreasing trends to be more dominating
than increasing trends and occurred in all regions
of the country. Among these, the period 1941–1970

was found to have the highest grids showing
decreasing trends in 738 grids covering parts of the
northern region and the central region extending
horizontally from Rajasthan to NE India. The most
recent period, i.e., 1991–2013 showed significant
decreasing trends mostly in the northern and NE
regions indicating decreasing rainfall depth. On the
other hand, the western, eastern and the peninsular
regions showed significant increasing trends indicating heavy rainfall in these regions. Similar
results were observed by Kumar et al. (2010). The
annual Sen slope for all 10 periods showed that the
maximum increasing slope occurred in Arunachal
Pradesh in the period 1961–1990 with a Sen slope
value of 0.6078 mm/year and the maximum
decreasing slope also occurred in Arunachal
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Pradesh during 1931–1960 with a Sen slope value of
0.672 mm/year (Bgure 2b).

3.3 Number of rainy days with 30 years moving
windows
The seasonal and annual trend analysis of the
number of rainy days for 30-year moving window
was carried out for all 10 sections, viz., 1901–1930,
1911–1940, 1921–1950, 1931–1960, 1941–1970,
1951–1980, 1961–1990, 1971–2000, 1981–2010, and
1991–2013 at 5% level of significance. Similar to
the rainfall depth, the results of the analysis are
discussed seasonally dividing the year into four
seasons and the corresponding Bgures are given in
Supplementary material.

3.3.1 Winter months (January and February)
The initial period, i.e., 1901–1930 showed almost no
significant trend apart from few significant
decreasing trends visible in the states of J&K,
Rajasthan, and Madhya Pradesh whereas increasing
significant trends were visible in J&K and NE and
peninsular regions. However, an increase in significant increasing trends was reported in the northern,
NE, and eastern regions during 1911–1940, which
however declined in the next period, i.e., 1921–1950.
The period 1931–1960 marked a change in trend
when significant decreasing trends were found to be
dominantly scattered in all parts of the country.
The period 1941–1970 reported the highest number
of grids (934 grids) showing significant decreasing
trends indicating a sharp decline in the total number
of rainy days (–0.0505 days/year on average) during
the winter months although an abrupt decline in
significant decreasing trends was reported in the
next period, i.e., 1951–1980. Again, the periods,
1961–1990 and 1971–2000 reported an increase in
significant increasing trends. The period 1971–2000
had maximum number of grids (988 grids)
(Bgure 3a) indicating significant increasing trends
mostly concentrating in the northern region, along
the Indo-Gangetic plains up to the NE states and
the east coast extending from West Bengal to Tamil
Nadu with an average Sen slope of 0.0439 days/
year. However, these same regions reported significant decreasing trends back during the last two
periods, viz., 1981–2010 and 1991–2013 indicating
fewer rainy days with 0.0439 and 0.0719 days/
year on average, respectively, which corresponds to
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the decrease in the amount of rainfall depth during
the winter months.
3.3.2 Pre-monsoon months (March to May)
During 1901–1930, almost all grids reported no
significant trend although few mostly contained in
the northwest, eastern, and NE region reported
significant decreasing trends, while fewer grids in
the NE and southern regions reported significant
increasing trends. The period 1911–1940 reported
an increase in increasing significant trends in the
southern and NE regions and significant decreasing
trends were contained mostly in the NE, northern,
and western regions. However, an abrupt increase
in significant increasing trends was reported during
1921–1950, which were contained mostly along the
Indo-Gangetic plains and the eastern region of the
country. The periods, 1931–1960, 1941–1970, and
1951–1980, all reported dominant significant
decreasing trends scattered all over the country,
wherein the highest number of grids indicating
significant decreasing trends was reported during
1941–1970 (715 grids) (Bgure 3b). The period
1971–2000, however, reported significant increasing trends occurring in the central and peninsular
regions of the country. Similar trends were
observed in the periods 1981–2010 and 1991–2013
with increasing number of grids reporting significant decreasing trends which were mostly contained in the northern, NE, and eastern regions.
This further indicated fewer rainy days in both the
periods, 1981–2010 and 1991–2013, with an average
Sen slope of 0.0946 days/year and 0.0598 days/
year, respectively. The last four periods, viz.,
1961–1990, 1971–2000, 1981–2010, and 1991–2013
reported a higher number of grids showing significant increasing trends in rainfall depth against the
number of rainy days indicating greater rainfall
intensities during the pre-monsoon months
(Bgure 3b).

3.3.3 South-west monsoon months
(June to September)
During 1901–1930, 378 grids scattered all over the
country except the western showed significant
increasing trends, while fewer grids in the northern
and southern regions reported significant decreasing trends. The periods, 1911–1940 and 1921–1950,
however, reported an increase in the grids indicating significant increasing trends distributed all
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Figure 3. Comparison of grids indicating significant trends in rainfall depth against rainy days.

over the country whereas significant decreasing
trends were reported in few grids in the northern,
NE, western, and southern regions. Again, the
periods, 1931–1960, 1941–1970, 1951–1980, and
1961–1990 reported a tremendous increase in the
grids showing significant decreasing trends scattered in patches all over the country. Further, the

period 1961–1990 reported an increase in significant increasing trends in the northern and NE
regions which spread all over the country during
1971–2000. Again, significant decreasing trends
were observed to be dominant during 1981–2010
indicating decrease in the rainfall depth which,
however, decreased during 1991–2013 where a

J. Earth Syst. Sci. (2020)129:232
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Figure 4. Analysis of (a) annual trend and (b) annual Sen slope of rainy days for the 30-year moving window.

tremendous increase in significant increasing
trends was reported all over the country except
the NE region where significant decreasing trends
were observed. This indicated greater rainy days
in the recent years during the monsoon months
(0.1401 days/year on average). Further, in the
periods from 1961–1990 till 1981–2010, higher
number of grids indicating significant increasing
trends were reported in rainfall depth against the
number of rainy days indicating the greater rainfall intensities during the monsoon months
(Bgure 3c). Similar results were reported by
Goswami et al. (2006) and Rajeevan et al. (2008)
where significant rising trends were observed in
the magnitude of extreme rain events during the
monsoon months.

3.3.4 Post-monsoon months
(October to December)
The initial period, i.e., 1901–1930 showed significant increasing trends mostly concentrated in the
northern region, which however decreased during
the next two periods, i.e., 1911–1940 and
1921–1950, where significant decreasing trends
were found dominant. Although the grids indicating significant decreasing trends decrease in the
northern region, the peninsular region indicated an
increase during 1931–1960, which however increases again during 1941–1970 and 1951–1980 which
concentrated mainly in the northern, NE, eastern,
and peninsular regions. The trend changed again
during 1961–1990 when the grids indicating
decreasing trends decreases, whereas an increase in
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Figure 4. (Continued.)

grids indicating significant increasing trends could
be seen in the northern and the NE regions. The
period 1971–2000 showed an increase in grids
indicating significant increasing trends occurring in
all regions except the NE and western regions.
Further, significant decreasing trends were
observed in parts of the NE, northern part, and
along the Gangetic plains during 1971–2000,
1981–2010, and 1991–2013. The NE region, in
particular, reported significant decreasing trends in
all the 10 sections except 1911–1940 which corresponded to the decreasing rainfall during the postmonsoon months in this region. In recent years,
from 1971–2000 till 1981–2010, significant
increasing trends in both rainfall depth and rainy
days were observed to be very similar, where lower

rainfall was observed with greater number of days
(Bgure 3d).
3.3.5 Annual
The results of the annual trend analysis and Sen
slope of rainy days in all 10 sections are shown in
Bgure 4. In the Brst three periods, i.e., 1901–1930,
1911–1940, and 1921–1950, significant increasing
trends was found to be more pronounced than
significant decreasing trends and the maximum
number of grids showing significant increasing
trends was 796 during 1921–1950, mostly concentrated in the central and eastern regions
(Bgure 4a). On the other hand, the significant
decreasing trends was found dominating in the rest
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1.055 days/year in the period 1961–1990 whereas
the maximum decreasing slope was found in Arunachal Pradesh in the period 1931–1960 with a Sen
slope value of 0.636 days/year (Bgure 4b).
3.4 Grid-wise change point detection

Figure 5. Change point detection for (a) rainfall depth and
(b) rainy days (1901–2010).

of the sections and the maximum number of grids
showing significant decreasing trends was 965
during 1941–1970, scattered all over the country.
In addition, in the periods 1941–1970, 1971–2000,
1981–2010, and 1991–2013, maximum number of
grids showing significant decreasing trends occurred in both the northern and NE regions indicating
high reduction in the number of rainy days every
year in these regions. On the contrary, the southern, central, and western regions showed significant increasing trends indicating more wet days in
these regions. The annual maximum increasing
slope was found in Assam with a Sen slope value of

Figure 5(a) represents the result of the grid-wise
change point detection analysis for rainfall depth
using PMW method where the change year of the
grids are categorized on a decadal basis. The PMW
test for the rainfall depth for 1901–2010 showed
that out of the 4,964 grid points, 339 grid points
had 1961 as change point year with 100% probability. It covered parts of Andhra Pradesh (4
grids), Assam (3 grids), Bihar (1 grid), Chhattisgarh (68 grids), Gujarat (7 grids), Himachal Pradesh (2 grids), J&K (7 grids), Jharkhand (17
grids), Karnataka (7 grids), Kerala (13 grids),
Madhya Pradesh (99 grids), Maharashtra (44
grids), Orissa (25 grids), Punjab (3 grids), Rajasthan (22 grids), Tamil Nadu (4 grids), Uttar Pradesh (10 grids), Uttarakhand (2 grids) and West
Bengal (1 grid). No other year was found to be the
change point of so many grids. It also showed that
maximum number of grids (1,098) were reported
change point year in between 1961–1970, whereas,
the decade 1901–1910 had the change points for the
lowest number of grid points (only 11). No grid
points had change year in the years 1902, 1903,
1906, 1910, 1911, 2006, 2009, and 2010. In the
northern region, J&K had the highest change year
in the period 1971–1980 (204 grids) which corresponded to the change in trends from decreasing to
increasing trends during this period. In the western
region, Gujarat showed change years in similar
number of grids in 1951–1960 (53 grids), 1961–1970
(63 grids), and 1971–1980 (48 grids) which corresponds to the change in trend from decreasing to no
significant trend during the period. In the NE
region, Arunachal Pradesh showed the maximum
grids (46 grids) indicating their change years during 1951–1960 where increasing trends were seen
during this period. In the NE region, Arunachal
Pradesh showed the maximum grids (46 grids)
indicating their change years during 1951–1960
where increasing trends were seen during this period. And lastly, in the southern region, Kerala had
maximum grids (21) indicating change years during 1961–1970 which corresponds to the significant
decreasing trend during these periods.
Similarly, the pictorial representation of the
result of the grid-wise change point detection test
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for the number of rainy days are shown in
Bgure 5(b). The highest number of grids (1,144)
was found to have change points in the decade of
1971–1980. The PMW test for the number of rainy
days for 1901–2010 showed that, out of the 4964
grid points, year 1974 was the change point for
maximum number of grid points (284) with 100%
probability. It covered parts of Andhra Pradesh
(41 grids), Arunachal Pradesh (1 grid), Assam (5
grids), Bihar (9 grids), Chhattisgarh (41 grids),
Gujarat (3 grids), Haryana (1 grid), Himachal
Pradesh (5 grids), J&K (38 grids), Jharkhand (2
grids), Karnataka (19 grids), Kerala (8 grids),
Madhya Pradesh (2 grids), Maharashtra (45 grids),
Nagaland (4 grids), Orissa (11 grids), Punjab (1
grid), Rajasthan (3 grids), Tamil Nadu (10 grids),
Tripura (2 grids), Uttar Pradesh (13 grids),
Uttarakhand (4 grids), and West Bengal (16 grids).
No grid points had change point in the years 1902,
1903, 2005, 2006, 2007, 2009, and 2010.

4. Summary and conclusions
Rainfall is one key parameter which aAects the
availability of water in a region. Therefore, analysis
of rainfall trends is important in studying the
impacts of climate change for long-term water
resources planning and management. In the present study, MK test and Sen slope estimation were
carried out to analyse the trend and magnitude of
trends for rainfall depth and number of rainy days
for the whole India during the period 1901–2013.
Further, in order to detect the change year, Pettitt–Mann–Whitney test was also carried out for
both the rainfall depth and number of rainy days.
On grid basis, the annual trend analysis for
rainfall depth during the period of 1901–2013 at
1%, 5%, and 10% level of significance showed
1,085, 1,604, and 1,980 grid points reporting significant trends respectively. Out of these, 586, 871,
and 1,064 grids reported significant falling trend
for 1%, 5%, and 10%, respectively. This points out
that maximum grids reported significant decreasing trends and, therefore, it can be concluded that
decreasing trends dominates over the country in
the past years. On seasonal scale, the wet months
were found to show positive trends, while the dry
months were characterized more by negative
trends. Regional-wise, the NE India, in particular,
reported significant decreasing trends in all months
(also observed by Oza and Kishtawal 2014). On the
other hand, J&K, in particular, continuously
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reported significant increasing trends in all
months. It can also be concluded from the study
that the central zone extending horizontally from
NE to the eastern portion of Gujarat experienced
decreasing trends while the southern and the
northern regions faced rising trends (similar
reports were made by Kumar et al. 2010). The
PMW test for the rainfall depth for the time period
1901–2010 found 1961 as the most probable change
point year with about 339 grid points agreeing
upon it. The PMW test for the number of rainy
days for 1901–2010 found 1974 as the most probable change point year with about 284 grid points
agreeing upon it.
The 30-year moving period of rainfall depth
for the periods, 1901–1930, 1911–1940, 1921–1950,
1961–1990, 1971–2000, and 1991–2013 had higher
number of total grids indicating significant
increasing trends while the periods of 1931–1960,
1941–1970, 1951–1980, and 1981–2010 had higher
number of grid points with significant decreasing
trends. On seasonal scale, maximum significant
increasing trends was reported during the periods
1961–1990 and 1971–2000 in all seasons except the
post-monsoon months. This indicated that maximum change in trend took place during these
periods justifying the outcome of PMW test carried
out. Further, in the last three sections, the maximum significant increasing trends for both rainfall
depth and rainy days was reported during the
south-west monsoon months wherein the number
of grids in rainfall depth exceeds rainy days. On the
other hand, the total number of grids indicating
significant decreasing trends during the same period for rainy days was much higher than that of
rainfall depth. Therefore, it can be concluded that
the huge amount of rainfall received is mainly due
to heavy intensity of rainfall during the monsoon
months in the recent years.
Section-wise, during the initial years comprising
of the Brst six sections of the 30-year moving window, from 1901–1930 till 1951–1980, the number
of grids showing significant increasing trends in
rainfall depth was found to be more or less in
conformity with the rainy days. This suggested
that the increase in the amount of rainfall was
mainly because of greater number of rainy days
rather than greater rainfall intensities in short
duration. However, in the recent years, i.e.,
1961–1990, 1971–2000, and 1981–2010, a much
greater differences between the number of grids
indicating significant increasing trends in rainfall
depth and rainy days suggested a higher rainfall
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intensity. Hence, there might be an increase in the
intensity of rainfall on the rainy days as opposed to
prolonged dry periods leading to increase in
extreme events like Coods and droughts in the
recent years. Also, it is clearly visible that the
country is experiencing a huge shortage of rainwater during the recent years accentuating the
need for conservation of water to satisfy the
country’s increasing demand.
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