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Abstract
Over the past century, extreme precipitation events have posed many problems on socio-economic status of India, a country that
spans over a wide variety of climate regimes. Assessment of past changes in precipitation associated climate change indicators is
very essential for effective management of the hydroclimatic risks. Present study evaluates spatio-temporal variation of eleven
precipitation-based climate change indices over three 35-year epochs, i.e., 1906–1940, 1941–1975, and 1976–2010. The analysis
is undertaken with the annual and monsoon season (June–September) daily precipitation data separately. Regions of significant
changes are identified across the country, reflecting different characteristics (magnitude, frequency, intensity, and duration) of
precipitation-based climate change indices. The results indicate a clear temporal evolution in the spatial distribution of trends over
the years. During the recent epoch (1976–2010), a split is noticed with segregated increasing trends in southern region and
patches of decreasing trends in northern region of the country. In contrast to the indices derived with monsoonal daily precip-
itation, significant trends over the country were more prominent for the indices derived with annual daily precipitation. Duration
of annual maximum dry spell (wet spell) is found to significantly increase (decrease) over most of the regions. However, there is
no change in total precipitation indicating an increase in short spell heavy rainfall events. The analysis and the results offer an
opportunity to identify the regions of interest and to adopt revised water management policies in the future through revised water
allocations, alteration of cropping pattern, etc.

1 Introduction

Increased frequency of recent extreme climatic events has result-
ed in severe consequences of damage in various facets like agro-
economy, loss of lives, and property. Occurrences of
hydroclimatic extremes, such as heavy rainfall, floods, and
droughts, are posing serious impacts on the community. This
study focuses on a century-long assessment of precipitation-
based climate change indices over whole of India. There is an
observed evidence of increased frequency of extreme precipita-
tion in India. For instance, Mumbai (in July 2005) has experi-
enced a heavy rainfall event; Ladakh (in August 2010) has come
across huge loss of lives and property due to landslides and
floods; Uttarakhand (in June 2013) flood event is regarded as
the worst disaster in India which led to major loss of lives in-
duced by cloud burst; Tamil Nadu and Puducherry (in November

and early December 2015) have gone through series of heavy
(64.5–124.5 mm), very heavy (124.5–244.5 mm), and extremely
heavy (≥ 244.5 mm) rainfall events, where Cuddalore district in
North coast of Tamil Nadu received 480 mm of rainfall on 10
November 2015 in 24 h (available on http://nwp.imd.gov.in/
NWP-CHENNAI-RAINFALL-REPORT-2015.pdf accessed in
January 2019); recently in August 2018, Kerala was affected
by severe flood caused by extreme precipitation event, which
amounted to huge economic losses with more than 450 loss of
lives (https://indianexpress.com/article/india/483-dead-in-kerala-
floods-and-landslides-losses-more-than-annual-plan-outlay-
pinarayi-vijayan-5332306/ accessed in April 2019). In recent
years, India has gone through two faces of extreme events
simultaneously, i.e., drought and flood. For instance, in 2016,
the southern states faced the worst drought in the last 40 years
(available on http://164.100.47.190/loksabhaquestions/annex/12/
AS33.pdf accessed in January, 2019) and five states, namely
Kerala, Bihar, Assam, Maharashtra, and Uttarakhand, suffered
from severe flood, among them the worst scenario was seen in
Assam. The extreme events are reported to be occurring at an
escalating rate at many parts of India and not only the number of
extreme rainfall events is rising but also these events are getting
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intensified over time (Pichuka et al. 2017; Roxy et al. 2017). This
escalation of extreme events is one of the consequences due to
global warming, as the water holding capacity of the atmosphere
increases by about 6–7% per 1 °C temperature rise (Trenberth
2011; Muluneh et al. 2017).

These extreme climatic events have notable associated im-
pacts on the agriculture sector in terms of reduced crop yield.
For instance, in the year 2002, out of 36 sub-divisions in India,
12 faced moderate to severe droughts, dropping the crop pro-
duction from 212 million tonnes in 2001 to 183 million tonnes
(Mahdi et al. 2015). Recent studies show that the loss in food
production will be 10–40% by the end of twentieth century
(Aggarwal 2008; Mahdi et al. 2015). Increasing extremes in
countries like India, chiefly dependent on agriculture, will
introduce various challenges in stabilizing the future food se-
curity (Singh 2012).

Identification of spatio-temporal changes in precipitation
characteristics is inevitable for assessing the climate change
impacts owing to various hydrologic extremes. Many studies
have been incorporating the evaluation of changes in extreme
precipitation events over India with gridded precipitation data.
Decreasing heavy rainfall events are noticed at most of the
regions over the country (Sinha Ray and Srivastava 2000).
In contrast, Goswami et al. (2006) revealed that magnitude
and frequency of extreme rainfall events have increased sig-
nificantly over central India during the period 1951–2000.
Significantly increasing magnitudes of 90th and 99th percen-
tile exceedance rainfall are noticed with a significantly lower-
ing frequency (Krishnamurthy et al. 2009). Dash et al. (2009)
suggested that moderate and low rain days are being less fre-
quent over the country, whereas heavy rainfall events are be-
ing more frequent, specifically over northwest, northeast, and
central northeast regions. Decreasing trends of extremes are
noticed at most of the central and north India, while increasing
trends in peninsular and northeast regions of India
(Guhathakurta et al. 2011). Considering 57 different cities in
India, the extremes found to be increasing significantly over
four cities, namely Coimbatore, Kolkata, Solapur, and Surat
(Ali et al. 2014). Assessment of changes in climate extremes
over major river basins of India suggests that dry spells are
increasing at many parts of the country (Deshpande et al.
2016). Spatial heterogeneity corresponding to extreme events
found to be increasing significantly over the past half century
(Ghosh et al. 2012; Vinnarasi and Dhanya 2016). In contrast,
over central India, i.e., from west coast of Gujarat to east coast
of Odisha, the spatial variability of extremes found to be near-
ly homogeneous (Roxy et al. 2017).

However, these studies are inconsistent regarding their re-
sults as they deal with different spatial domain, statistical
thresholds, and definition of precipitation characteristics
(Singh et al. 2014), and most of them laid weightage on the
use of fine resolution precipitation data (Vinnarasi and
Dhanya 2016). The present study incorporates precipitation

indices, developed by the Climate Variability and
Predictability (CLIVAR) project of UNWMO’s World
Climate Research Programme jointly with the Expert Team
on Climate Change Detection, Monitoring and Indices
(ETCCDI). Involving these standardized indices, several stud-
ies have been carried out around the world over the last decade
to evaluate the changing characteristics of precipitation ex-
tremes. For instance, Klein Tank et al. (2006) found inconsis-
tent pattern of changes in precipitation extremes over central
and south Asia; trends of extreme precipitation studied in
Koshi river basin revealed increasing rainfall intensity and
total rainfall over the basin (Shrestha et al. 2017); despite the
increase in extreme rainfall and rainy days, the total annual
rainfall has decreased significantly in Amazon basin
(Heidinger et al. 2018). In India, few studies have been
attempted using these indices, e.g., influences imparted on
agricultural productivity were evaluated in Bihar with respect
to changes in the seasonal precipitation extremes (Subash
et al. 2011); Preethi et al. (2011) obtained that CPC (Climate
Prediction Center) data depicts better precipitation scenario
over India compared with 1° × 1° data from the India
Meteorological Department (IMD), as the coarse spatial reso-
lution smoothed out various localized rainfall activities;
changing characteristics of monsoon precipitation (1° × 1°)
have notably shifted from wetting condition to a drying ten-
dency in central north India during the pre-1940 and post-
1960 duration (Panda et al. 2016); in upper Tapi basin, fre-
quency as well as magnitude of extreme rainfall is found to be
increasing significantly (Sharma et al. 2017). Specifically, in
the Indian context, some of these studies are implemented
using station-based observed precipitation data (e.g., Klein
Tank et al. 2006; Subash et al. 2011; Sharma et al. 2017;
Shrestha et al. 2017) and the rest used gridded precipitation
data obtained from different agencies (e.g., Preethi et al. 2011;
Panda et al. 2016).

As understood from the literature, these studies have cer-
tain limitations in their evaluation as the precipitation data
employed in these studies in India using ETCCDI indices
were of coarse spatial resolution. Furthermore, the analyses
were conducted at a local spatial/temporal scale and/or for a
specific season. This prohibits to draw any holistic conclusion
or view for a large area spanning over a wide range of climatic
regimes. The objective of this study is to investigate the
spatio-temporal changes in the precipitation-based climate
change indices across the country. In total, 11 indices are used
and the changes within and beyond the monsoon season are
studied. Over the time, the evolution of spatio-temporal trend
pattern is also analyzed to extract the characteristics of chang-
es to find out the contrast between pre- and post-1975 features,
if any.
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2 Study area and data

The entire India is considered as the study area, which is the
seventh largest country in the world located between 6.5° N to
38.5° N and 66.5° E to 100° E. A variety of climate regimes
are noticed across India ranging from tropical in the south to
alpine in the north, near the Himalayan region. It also com-
prises a wide range of weather conditions as a result of its
position, size, and geographical features. There are four cli-
matological seasons in India as defined by IMD, i.e., winter
(January to February), summer or pre-monsoon (March to
May), monsoon (June to September), and post-monsoon
(October to December). Gridded daily precipitation data used
in this study are obtained from India Meteorological
Department (IMD) for the period 1901–2013. This data with
spatial resolution of 0.25° × 0.25° is collected from a network
of 6995 number of stations over the country (Pai et al. 2013).

3 Methodology

3.1 Climate change indices

The climate change indices based on precipitation, throughout
the year as well as only monsoon season, are computed for the
period 1906–2010 at each grid point across the country.
ETCCDI has established several climate change indices based
on daily temperature and precipitation data, which are statis-
tically robust covering a wide range of climates. In this study,
eleven indices based on precipitation are considered. These
indices address various basic and extreme characteristics of
precipitation events such as magnitude, intensity, duration,
and frequency (Klein Tank et al. 2006; Zhang et al. 2011).
Details of these indices are as follows:

3.1.1 PRCPTOT (annual total wet day precipitation in mm)

It represents the total annual wet day precipitation. The wet
day corresponds to the days having precipitation ≥ 1mm. If Pij
is the wet day precipitation on ith day of jth year and k is the
number of wet days in the jth year, then PRCPTOT is given
by,

PRCPTOT j ¼ ∑
k

i¼1
Pij ð1Þ

3.1.2 SDII (simple daily intensity index in mm/day)

The index SDII is evaluated as the total annual wet day pre-
cipitation (PRCPTOTj) divided by the total number of wet
days. Thus, SDII for jth year is expressed as

SDII j ¼ PRCPTOT j

k
ð2Þ

where k is the total number of wet days as explained before.

3.1.3 R95p (very wet days in mm)

The index R95p is the summation of very wet day precipita-
tion on an annual basis. A very wet day is defined as the day
when precipitation exceeds some extreme threshold. The in-
dex R95p considers 95th percentile of daily values as the
extreme threshold. In this study, current climatological stan-
dard normal (CSN) period, i.e., 1981–2010, is considered for
determining the extreme threshold. Let W95 is the number of
very wet days in the jth year considering the aforementioned
threshold. If R95

ij is the amount of precipitation on the ith very
wet day in the jth year, then R95p for the jth year is expressed
as

R95pj ¼ ∑
i¼1

w95

R95
ij ð3Þ

3.1.4 R99p (extremely wet days in mm)

The index R99p is similar to R95p except that the extremely
wet days are considered, which are defined as the days having
precipitation more than 99th percentile of the daily values. Let
W99 is the number of extremely wet days in the jth year con-

sidering the 99th percentile threshold. If R99
ij is the amount of

precipitation on the ith extremely wet day in the jth year, then
R99p for the jth year is expressed as

R99pj ¼ ∑
i¼1

w99

R99
ij ð4Þ

3.1.5 RX1day (maximum 1-day precipitation in mm)

If Pij is the precipitation on ith day in jth year, RX1day for the
jth year is expressed as

RX1dayj ¼ max Pij
� � ð5Þ

3.1.6 RX5day (maximum 5-day precipitation in mm)

The index RX5day is the maximum of 5-day precipitation
totals in jth year which is expressed as

RX5dayj ¼ max R5kj
� � ð6Þ

where R5kj is the kth 5-day precipitation total in jth year.
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3.1.7 R10mm (number of 10-mm or more precipitation days)

The index R10mm is the number of days when the precipita-
tion is greater than 10mm in a day. If Pij is the precipitation on
ith day in jth year, then R10mmj is the count of days when Pij
> 10 mm.

3.1.8 R20mm (number of 20-mm or more precipitation days)

The index R20mm is similar to R10mm except that the thresh-
old is raised to 20 mm. Thus, R20mmj is the count of days
when Pij > 20 mm, where Pij is the precipitation on ith day in
jth year.

3.1.9 R50mm (number of 50-mm or more precipitation days)

The index R50mm is a specific form of the index Rnnmm,
where nn is the user defined threshold and we selected it as
50 mm following the rainfall characteristics in India (Sonar
2014). Thus, R50mm is similar to R10mm and R20mm except
that the threshold is raised to 50 mm. Thus, R50mmj is the
count of days when Pij > 50 mm, where Pij is the precipitation
on ith day in jth year.

3.1.10 CDD (consecutive dry days)

A dry day is defined as the day having no precipitation or less
than 1-mm precipitation. The index CDD corresponds to the
maximum number of consecutive dry days in a particular pe-
riod. Let Pij is the daily precipitation on ith day of jth year.
Then CDD is the maximum count of consecutive days when
Pij < 1 mm.

3.1.11 CWD (consecutive wet days)

It is just opposite of CDD. The index CWD corresponds to the
maximum number of consecutive wet days in a particular
period of time. Let Pij is the daily precipitation on ith day of
jth year. Then CWD is the maximum count of consecutive
days when Pij ≥ 1 mm.

Out of the aforementioned indices, R10mm, R20mm, and
R50mm are based on fixed threshold value for all the grids;
R95p and R99p are based on varying threshold value across
the grids; PRCPTOT and SDII signify the magnitude and in-
tensity of total annual precipitation respectively; the maxi-
mum amount of precipitation from 1-day and consecutive 5-
day precipitation are constructed as RX1day and RX5day;
CDD and CWD are the duration-based indices, which indicate
the maximum dry and wet spells respectively over a period.

3.2 Computation of trend in climate change indices

Mann-Kendall (M-K) trend test is used to detect statistically
significant (p < 0.05) trends in the precipitation indices. This
test is a non-parametric test which considers the rank of the
data instead of actual values, which makes the computation
less sensitive to the distribution of data (Goyal et al. 2012;
Ongoma et al. 2018); further, it is less sensitive to the non-
linear trends, abrupt breaks, and inhomogeneity in the time
series (Tabari et al. 2011). M-K test was introduced by
Mann (1945) and then Kendall (1975) came up with the z
statistic distribution. It is found to be an outstanding tool for
detection of trend in various hydro-meteorological applica-
tions (Guhathakurta et al. 2011; Li et al. 2018; Maity 2018).
For evaluating the statistical significance of the trends, 95%
confidence level is adopted in this study.

4 Results and discussion

4.1 Spatio-temporal changes in the indices
considering annual daily precipitation

Spatio-temporal distribution of significant trends for the 11
climate change indices is illustrated in Fig. 1a and b, consid-
ering annual daily precipitation. These indices are evaluated
for three 35-year epochs, i.e., 1906–1940, 1941–1975, 1976–
2010, which helps to identify the most recent change with
respect to previous epochs.

Figure 1a shows the spatial distribution of significant tem-
poral trends at 95% confidence level of PRCPTOT, SDII,
R95p, R99p, and RX1day for the three epochs. For
PRCPTOT, during the first epoch, i.e., 1906–1940, significant
trends are noticed at a few zones. These are mostly increasing
trends. Zones with decreasing trend are relatively larger dur-
ing the second epoch and most of them are located in eastern
and hilly regions. In the third epoch, even larger areas exhibit
significant trends than the previous two epochs. In this epoch,
increasing trends are noticed mostly in the southern India
(southward from 23.5° N latitude), whereas patches of de-
creasing trend are mostly confined in the northern India
(northward from 23.5° N latitude).

Areal extents with increasing and decreasing trends of SDII
are more or less equal during the first epoch. However, over
the time, the areas with increasing trend are expanding and in
the third epoch, the areas with increasing trends are mostly
located in the peninsular, eastern, and some parts of northwest
and west central regions (highlighted within red triangular
box). It is noticed that areas with significant trends of SDII
are comparatively more over the country than in the case of
PRCPTOT. It suggests that the area exhibiting significant rate
of changes in intensity of precipitation is more as compared
with total precipitation amount. Increasing trends of very wet
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(R95p) day and extremely wet day (R99p) precipitation are
also noticed mostly in the southern part of India during the
third epoch.

The change in the maximum 1-day precipitation (RX1day)
is more spatially extensive as compared with the maximum
consecutive 5-day annual precipitation (RX5day). During the
third epoch, areas with increasing trends are mostly confined
in the southern part of India (peninsular, eastern, and west
central), whereas patches of decreasing trends are located in
the northern India. This is consistent with the pattern of trends
noticed during the third epoch for other indices.

During post-1975, decreasing trends of number of days
with 10-mm or more precipitation (R10mm) are noticed in
northern India, whereas increasing trends are noticed in the

southern region (peninsular, eastern, and west central). This
holds true for R20mm (number of days with 20-mm or more
precipitation) and R50mm (number of days with 50-mm or
more precipitation) also. However, patches of significant
change in R50mm are relatively less over the country. As
noticed from trend distribution of CDD (maximum consecu-
tive dry days), very few grids possessed significant trends
during the first two epochs, whereas during 1976–2010, areas
exhibiting positive trends escalated notably, particularly in the
west central, eastern, and hilly regions and a very few negative
trends were noticed in the southern peninsular region only. In
the first epoch, most of the significant trends corresponding to
CWD (maximum consecutive wet days) were increasing in
nature. After 1941, a number of decreasing trends started to

Index ID Index Name Trend patterns over the country across three epochs

1906-1940 1941-1975 1976-2010

PRCPTOT Annual total 

wet-day 

precipitation

SDII Simple Daily 

Intensity 

Index

R95p Very wet 

days

R99p Extremely 

wet days

RX1day Maximum 1-

day 

precipitation

aFig. 1 a Spatial distribution of
significantly increasing (blue-
shaded regions) and decreasing
(green-shaded regions) trends for
the climate indices (PRCPTOT,
SDII, R95p, R99p, and RX1day)
considering annual daily precipi-
tation over three epoch periods,
i.e., 1906–1940, 1941–1975, and
1976–2010. b The same as panel
a but for the climate indices
RX5day, R10mm, R20mm,
R50mm, CDD, and CWD
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rise particularly in central part of the country and eastern re-
gions. Post-1975, areas with decreasing trends become highly
extensive all over the country with almost negligible areas
with increasing trends. This indicates that most of the regions
experienced shortened wet spells.

Summarizing the findings, the spatial extent exhibiting
significant changes and their regional distribution over the
country have evolved notably. During the first two epochs,
many parts of northern India exhibited significant changes

in extreme events (reflected through R95p and R99p). Such
changes are found to be translated towards the southern
region in the third epoch. This is indeed a new finding
and we could not find any specific existing literature that
throws some light on the reason of such transition.
However, it could be due to the combination of various
factors that might have changed over time differently over
northern and southern India. Two possible major factors
may include regional Land Use Land Cover (LULC) and

b
Index ID Index Name Trend patterns over the country across three epochs

1906-1940 1941-1975 1976-2010

RX5day Maximum 5-

day 

precipitation 

in mm

R10mm Number of 

10 mm or 

more 

precipitation 

days

R20mm Number of 

20 mm or 

more 

precipitation 

days

R50mm Number of 

50 mm or 

more 

precipitation 

days

CDD Consecutive 

Dry Days

CWD Consecutive 

Wet Days

Fig. 1 (continued)
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changes in large-scale atmospheric circulation. In order to
ascertain the actual reason responsible for such translation,
further analysis is needed. Secondly, the spatial extent in-
volving significant changes is more for maximum precipi-
tation resulting from short duration of precipitation
(RX1day) and intensity of precipitation (SDII) than maxi-
mum precipitation resulting from longer duration
(RX5day) and amount of precipitation (PRCPTOT) respec-
tively. During the third epoch, a transition in the spatial
pattern of trends is noticed showing most of the increasing
trends in the southern region (combined areal extent of
peninsular, eastern, some parts of northwest and west cen-
tral regions) and the decreasing trends in the northern re-
gion. However, the exception is noticed in the case of

duration-based indices only. The grids showing decreasing
trends of annual maximum wet spell and increasing trends
of dry spell (CWD and CDD) simultaneously escalated
during the third epoch; indicating shorter duration heavy
precipitation during post-1975 than pre-1975 periods. This
may result in increased flood-related risk over the country
due to such short duration heavy precipitation events.

4.2 Spatio-temporal changes in the indices
considering only monsoon period

Next, the climate indices are examined considering (daily)
precipitation from monsoon season only (hereinafter mon-
soonal precipitation). The monsoon season spans over June

Index ID Index Name Trend patterns over the country across three epochs

1906-1940 1941-1975 1976-2010

PRCPTOT Annual total 
wet-day 

precipitation

SDII Simple Daily 
Intensity 

Index

R95p Very wet 
days

R99p Extremely 
wet days

RX1day Maximum 1-
day 

precipitation

aFig. 2 a Spatial distribution of
significantly increasing (blue-
shaded regions) and decreasing
(green-shaded regions) trends for
the climate indices (PRCPTOT,
SDII, R95p, R99p, and RX1day)
considering daily precipitation
from monsoon season only over
three epoch periods, i.e., 1906–
1940, 1941–1975, and 1976–
2010. b The same as panel a but
for the climate indices RX5day,
R10mm, R20mm, R50mm, CDD,
and CWD
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through September, which is the principal rainy season in
India that receives the maximum portion of the annual total
precipitation over many parts in the country, however, with
significant spatial variation, particularly over east coast and
extreme north (Jammu & Kashmir). The difference in the
characteristics of climate change indices with respect to the
monsoonal precipitation from the daily data series is
investigated.

Although the spatial patterns of significant trends of
many indices derived from both cases (annual and

monsoonal daily precipitation) are quite similar, there
are some notable issues that help draw some specific
conclusions. These are summarized as follows. First,
the areal extent exhibiting significant changes is smaller
for monsoonal precipitation (Fig. 2a and b) as compared
with the annual precipitation (Fig. 1a and b). Area with
decreasing trends for PRCPTOT, R10mm, R20mm, and
R50mm has increased after 1941. North/south split in
the trend pattern for few indices using monsoonal pre-
cipitation, namely SDII, R95p, RX1day, and RX5day,

Index ID Index Name Trend patterns over the country across three epochs

1906-1940 1941-1975 1976-2010

RX5day Maximum 5-
day 

precipitation 
in mm

R10mm Number of 
10 mm or 

more 
precipitation 

days

R20mm Number of 
20 mm or 

more 
precipitation 

days

R50mm Number of 
50 mm or 

more 
precipitation 

days

CDD Consecutive 
Dry Days

CWD Consecutive 
Wet Days

b

Fig. 2 (continued)
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during the third epoch is not as prominent as in case of
using annual precipitation. This indicates that the change
in the precipitation characteristics is not confined within
the monsoonal season only. Areal extent with decreasing
trends corresponding to maximum consecutive wet days
(CWD) is noticed to expand during the third epoch (sim-
ilar spatial pattern with CWD obtained for annual daily
precipitation), which could be due to the shortening
length of the monsoonal precipitation post-1975.
Characteristics of monsoon are found to have undergone

a regime shift in terms of onset (Sahana et al. 2015) as
well as withdrawal during 1976/1977 climate shift
(Sabeerali et al. 2012). Sabeerali et al. (2012) established
an early withdrawal and Sahana et al. (2015) had
established a delayed onset after 1976/1977 climate shift.
Thus, the duration of monsoon is shortened. As a result,
the rainfall characteristics within and beyond the mon-
soon period are expected to exhibit a spatio-temporal
change in the third epoch (after 1975). However, signif-
icant trends of CDD and R99p are limited to very small

Index ID (a) Northern region (b) Southern region

PRCPTOT

SDII

R95p

R99p

RX1day

aFig. 3 a Grid counts of the
significantly increasing (blue-
shaded part) and decreasing
(yellow-shaded part) trends cor-
responding to the climate indices
(PRCPTOT, SDII, R95p, R99p,
and RX1day) for the northern and
southern India, considering annu-
al daily precipitation for 30 years
moving window with 5-year slid-
ing steps from 1901 to 2010. b
The same as panel a but for the
climate indices RX5day, R10mm,
R20mm, R50mm, CDD, and
CWD
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areas, which is not true in the case of respective annual
daily precipitation-based indices. This implies that the
extremely wet days precipitation (R99p) and maximum

consecutive dry days (CDD) have been changed signifi-
cantly, mostly during non-monsoon seasons over most of
the regions.

Index ID (a) Northern region (b) Southern region

RX5day

R10mm

R20mm

R50mm

CDD

CWD

b

Fig. 3 (continued)
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4.3 Time-varying analysis

From the above discussion, it is inferred that the pattern
of significant trends for all the indices has changed with
the epochs. For most of the annual daily precipitation–
based indices and few indices derived from monsoonal
daily precipitation, significant increasing and decreasing
trends are noticed to be splitted over northern and
southern India respectively (during the third epoch).
Considering 23.5° N latitude as the divider between
these regions, a time-varying analysis is undertaken to
assess the variation in spatial extent (in terms of grid
counts) in the northern and southern regions with re-
spect to 30-year moving windows with 5-year sliding
steps over the period 1901 to 2010.

Figure 3 a and b represent the variation in spatial extent
with significant increasing and decreasing trends in northern
and southern regions for all the indices. For the southern re-
gion (right panel of Fig. 3a and b), variation in the area with
increasing and decreasing trends evolved in a similar cyclic
manner for most of the indices except CWD and CDD.
LeavingCDD andCWD, total area with increasing trend dom-
inates until 1921–1950 window and then the area with de-
creasing trend increases gradually. It continues until 1961–
1990 approximately and area with increasing trend started
dominating afterwards. The area with increasing trends of
CWD dominated up to 1941–1970 and then the area with
decreasing trends started dominating gradually, which is al-
most omnipresent in the recent periods. In the case of CDD,
the variation is quite abrupt as comparedwith other indices but
maintains the general observation of cyclicity over time.

In the northern region, more or less equal share of areas
with change exists over the time in the case of PRCPTOT,
SDII, RX1day, RX5day, and R50mm. Swapping in dominance
of areas between increasing and decreasing trends is found for
R95p, R99p, R10mm, R20mm, and CDD. Swapping charac-
teristic ofCDD is more abrupt as compared with other indices.
CWD exhibits a gradual increase in the dominance of decreas-
ing trend over the years leading to its omnipresence, similar to
the southern region.

From the above discussion, several implications can be
drawn regarding probable outcomes and their associated
regional impacts. Firstly, there is a relatively increased
possibility of flood-related risks over the country resulting
from short duration heavy precipitation. Further, simulta-
neously escalated decreasing (increasing) maximum wet
(dry) spell over most of the regions during post-1975 pe-
riod indicates the need for better regional water manage-
ment strategies. The observed changes in different char-
acteristics of annual as well as monsoonal precipitation
over the country are relevant in managing hydroclimatic
risks regionally in different sectors such as water re-
sources and agriculture.

5 Conclusions

Spatio-temporal change in the precipitation-based cli-
mate change indices is explored in this study.
Observed precipitation data is analyzed during the last
century over whole of India that covers a wide range of
hydroclimatic characteristics. The results from this study
provide an understanding about the significant changes
and their evolution pattern in the climate change indices
considering annual and monsoonal daily precipitation
data series separately. Trends of all the indices are ex-
amined and it is clearly established that the spatial ex-
tent of the area with significant trend was more during
post-1975 as compared with pre-1975. Most of the in-
dices are noticed to exhibit increasing trend over most
of the country with some patches of decreasing trend,
which are mostly confined in the northern part.

Spatial coverage of the area that exhibits the changes in
precipitation characteristics, as revealed through different in-
dices, is more when considering precipitation all through the
year as compared with only monsoon period. This suggests
that the changes in the precipitation characteristics are realized
beyond monsoon season at many places. Specifically, the pre-
cipitation on the extremely wet days (R99p) and maximum
consecutive dry days (CDD) has not changed significantly
during monsoon season but found to change over non-
monsoon seasons. Short duration precipitation (RX1day) is
noticed to increase over a larger area compared with longer
duration precipitation (RX5day). Simultaneous escalation in
increasing (decreasing) trends of CDD (CWD) during 1976–
2010 indicates an increase in short spell heavy rainfall events.

Time-varying analysis considering the splitted north-
ern and southern regions indicates that during the recent
two windows (1976–2005 and 1981–2010), the grid
count of decreasing trends has become dominant for
most of the wet indices (PRCPTOT, SDII, R95p, R99p,
RX1day, RX5day, R10mm, R20mm, R50mm, and CWD)
in the northern region. For both regions, different evo-
lution fashion corresponding to spatial extent of changes
is noticed for CDD compared with other indices over
the time. The understanding from the present study can
be taken as a basis to take future hydrologic decisions
and to manage hydroclimatic risks. An analysis with
different climate model simulations for the future period
may also be helpful towards this. Furthermore, extensive
areal extent with increasing trends for all the indices
except the ones based on duration is found to be trans-
lated towards the southern region in the third epoch. A
combination of various factors including the change in
regional LULC and in large-scale atmospheric
(monsoonal) circulation may be responsible for such ob-
servation. However, further analysis is needed in order
to ascertain the actual reason for such translation.
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