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The present study aims at analysing the relationship between meteorological and soil moisture droughts
over different meteorological regions of India based on change-point, trends and probability analysis. The
long term gridded standardized-precipitation-evapotranspiration-index (SPEI) and standardizedsoil-moisture-index (SSMI) data during 1980–2015 were used to address the meteorological and
soil-moisture drought, respectively. The significant changes in the time-series SPEI and SSMI data at
different time-scales were estimated using Pettitt’s test. The variations in change-points among different
time-scales of SSMI were much lower than SPEI, specifically in parts of NW and central India. The interannual variability of drought parameters, i.e., duration and magnitude, showed good agreement between
meteorological and soil moisture droughts for mild drought conditions. However, under moderate drought
conditions, the behaviour of meteorological and soil moisture drought was different, specifically over
peninsular India. The trend analysis revealed that SSMI based drought occurrences were significantly
decreasing over all the four meteorological regions, whereas in case of SPEI, significant trends were
observed only over peninsular India for mild drought condition. The probability of occurrences of both
meteorological and soil moisture droughts were higher over major parts of India in case of mild droughts,
whereas the values were lower for moderate drought conditions.
Keywords. Standardized soil moisture index; standardized precipitation evapotranspiration index;
meteorological drought; MERRA-2; trend analysis; drought probability.

1. Introduction
Drought is a common climatic extreme that occur
in almost all parts of the globe, irrespective of wet
or dry areas (Wang et al. 2016). Despite the
existing controversy on changes in drought during
last few decades (SheDeld et al. 2012; Dai 2013;

Damberg and AghaKouchak 2014), the increasing
drought intensity and magnitude are evident in
most parts of the world (Masih et al. 2014). In the
last century, among all other, climatic extreme
drought has aAected maximum number of people
across the globe (Wilhite 2000). In India, the
drought during 1987 and 2002 aAected more than
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250 million people by damaging millions of hectares
of crop land and production (Murthy et al. 2010).
Hence, understanding and monitoring of different
kinds of droughts are the pre-requisite for planning
and developing any sustainable drought preparedness system.
Droughts are generally categorized into meteorological, agricultural, hydrological and socio-economical droughts for its eAective planning and
management (Heim 2002). Meteorological drought
is generally developed due to interplay between
precipitation deBciencies and/or excessive evapotranspiration, whereas agricultural drought is
characterized by the total soil moisture deBcit
and associated loss in agricultural production (Hao
and AghaKouchak 2013). Precipitation deBcits
combined with excessive evapotranspiration disseminate through the hydrological cycle from
meteorological drought to total soil moisture deBcit
to damaged crops or vegetation ecosystem, and
Bnally into a hydrological drought (Wilhite 2000;
Wang et al. 2016). Hence, it becomes essential to
understand the relationship among different kinds
of droughts and their spatio-temporal distribution
for improved monitoring and mitigation planning.
During last few decades, a number of drought
indices were proposed based on different parameters, like precipitation, evapotranspiration, soil
moisture, runoA, vegetation status, etc. (Mishra
and Singh 2010). Among them, SPI was adopted by
many users due to its temporal Cexibility and
simplicity (Svoboda et al. 2002). In recent drought
studies, the standardized precipitation–evapotranspiration index (SPEI) has been used extensively
by many researchers (Vicente-Serrano et al. 2010;
Meza 2013; Spinoni et al. 2013; Das et al. 2016).
Soil moisture is often considered as the proxy to
the agricultural drought, as the significant deBcit
in soil moisture may lead to reduced agricultural
production (Boken et al. 2005; Wilhite 2005). The
monitoring of soil moisture status is essential for
studying the drought persistence over an area
(AghaKouchak 2014). Many researchers have
proposed several soil moisture drought indices, like
soil moisture drought index (Hollinger et al. 1993),
soil moisture deBcit index (Narasimhan and Srinivasan 2005), standardized soil moisture index (Hao
and AghaKouchak 2013), soil moisture anomaly
percentage index (Mao et al. 2017). Due to its
simplicity and non-intensive data requirements,
the standardized soil moisture index is being
adopted by many researchers for soil moisture or
agricultural drought related studies.
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Many studies have been carried out during last
many years on trend analysis of various kinds of
droughts, separately. However, the present study
aimed at characterizing the Indian drought conditions in terms of both meteorological and soil
moisture droughts and their interactions at different severity levels using probability/frequency
analysis. Moreover, the change-point analysis
provided the period of significant changes over
different parts of the India using multi-scalar
meteorological and soil moisture drought indices.
The study may help in understanding the existing
relationship between these two kinds of droughts
and its spatio-temporal variation over different
parts of the country.

2. Study area
The present study has been conducted over Indian
mainland (Bgure 1). It extends between 08040 –
37060 N latitude and 68070 –97250 E longitude.
Around 70% of the Indian population is either
directly or indirectly dependent on agriculture
related sectors for their livelihood (Roy 2007). In
India, almost 28% of the geographical area is
drought-prone which covers around 278 districts of
11 states (Anonymous 2009; Nagaraja et al. 2011).
During the last six decades, India has faced around
16 drought years and out of them 10 was severe.

Regions
NW India
NE India
Central India
0

340

680
KM

Peninsular India

Figure 1. The study area with meteorological regions, viz.,
NW India, central India, NE India and peninsular India.

Page 3 of 17 197

J. Earth Syst. Sci. (2020)129:197
According to India Meteorological Department
(IMD), there exist four major seasons, viz., (i) winter (December–March), (ii) Summer (April–June),
(iii) Monsoon or rainy (June–September) and
(iv) Post-monsoon or Autumn (October–November). The major parts of the total rainfall, i.e., around
80%, is generally received during monsoon season
(Sahai et al. 2003), with large spatial variability. The
total Indian mainland is generally classiBed into four
homogeneous regions based on the long term rainfall
average and variability, i.e., north-east (NE), northwest (NW), central and peninsular India (Guhathakurta et al. 2014). The rainfall average (% standard
deviation) are 1324.6 (11%), 618.7 (19%), 976.4
(14%) and 730.5 (15%) mm for NE, NW, central and
peninsular India, respectively.
In India, there are diverse types of soils. Around
76% of the Indian soils comes under three major
categories, viz., alluvial, black, and red soils (www.
ncert.nic.in). Except that there are other soil
categories like laterite, arid and deserts, saline
and alkaline, peaty and marshy, and forest and
mountain soils.
3. Data used and methodology
3.1 Data processing
The SPEI dataset at different time-scale (1-, 3-, 6and 12-month) was downloaded from Global SPEI
database
(https://digital.csic.es/handle/10261/
104742). The datasets are available at 0.5 (latitude) by 0.5 (longitude) grid at monthly basis.
The entire datasets were developed based on
records of few thousand individual stations and
regular validation is carried out using different
global gridded and point datasets.
The SPEI is based on the climatic water balance,
i.e., the difference between precipitation and PET.
D ¼ P  PET;

ð1Þ

where P and PET are monthly precipitation and
potential evapotranspiration in mm.
The calculated D values were aggregated at
various time-scales:
Dnk ¼

k 1
X
ðPni  PETni Þ;

n  k;

ð2Þ

i¼0

where k (months) is the time-scale of the aggregation and n is the calculation number. The D values
are undeBned for k [ n.

A log-logistic probability distribution function
was Btted to the data series of D, as it adapts very
well to all time-scales. For further details on SPEI,
one may refer Vicente-Serrano et al. (2010) and
Das et al. (2016).
The long-term (1980–2015) modelled soil moisture from the Modern-Era Retrospective analysis
for Research and Applications-2 (MERRA-2) was
used in the present study. The soil moisture data
from MERRA-Land reanalysis were used, as it
provides improved modelled soil moisture data
over regular MERRA model for hydrological
studies (Reichle et al. 2011). The uses of more
accurate precipitation forcing along with improved
catchment surface models are the keys towards
improved output over regular MERRA model. The
datasets are available in a 0.5 (latitude) by 0.5
(longitude) grid at monthly interval over the period of 1979–2015. The soil moisture datasets were
resampled at 0.5 9 0.5 to bring at same spatial
resolution of SPEI datasets. Long-term and
coherent datasets with Bner spatial resolution
would represent the existing heterogeneity in the
Indian agriculture in a better way, leading to
improved characterization of drought conditions.

3.2 Preparation of standardized soil moisture
index (SSMI)
In the present study, different time-scales, i.e., 1-, 3-,
6- and 12-month, soil moisture data were prepared
by cumulating the data over speciBed time period.
Further, the soil moisture data was transformed to
non-parametric standardized soil moisture index
(SSMI) using empirical distribution, instead of any
speciBc distribution function (parametric). Farahmand and AghaKouchak (2015) successfully used
this approach for transforming any time-series
hydrological/climate data into standardized index.
In the present study, the marginal distribution of soil
moisture was derived using empirical Gringorten
plotting position (Gringorten 1963):
pðxi Þ ¼

i  0:44
;
n þ 0:12

ð3Þ

where, n is the sample size, i represents the rank of
non-zero soil moisture data in ascending order, and
p(xi) is the corresponding empirical probability.
The standardized soil moisture index (SSMI) was
calculated by transforming the output of equation
(3) using the following equation:
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SSMI ¼ /1 ðpÞ:

ð4Þ

The /1 is the normal distribution function, and p is
the probability values derived from equation (3).
The scale of both SSMI and SPEI ranges from 4
to 4. To bring both the SSMI and SPEI into similar
spatio-temporal scale, the temporal sub-setting of
SPEI data was carried out, whereas spatial resampling was done on the soil moisture data. Hence, the
Bnal monthly datasets for both SSMI and SPEI
were available at 0.5 (latitude) by 0.5 (longitude)
grid for the period of 1980–2015.

In the present study, the change-point analysis
was carried out using different time-scale, i.e., 1-,
3-, 6- and 12-month, SSMI and SPEI datasets over
the Indian region. For the ease of representation of
the change-point at spatial level, the change-point
years were categorized into six classes, instead of
individual year (Bgure 2). Further, the zone-wise
statistics was generated for calculating the percentage area under change during different periods

1 month-SSMI

1 month-SPEI

3 month-SSMI

3 month-SPEI

6 month-SSMI

6 month-SPEI

12 month-SSMI

12 month-SPEI

3.3 Change-point detection
The Pettitt’s test (Pettitt 1979) for change-point
detection is a non-parametric test for detecting a
single change-point in climate records with continuous data (Gao et al. 2011). Due to its sensitivity to identify the occurrence of abrupt changes
in the middle of the time series, the Pettitt’s test
is usually adapted by many users (Winingaard
et al. 2003). While the exact time of change is not
known, by using this method, the significant
change in the time series mean can be detected.
For example, for x1, x2, x3, …, xn is a series of
observed data with a change point at t, the distribution F1(x) of part one, i.e., x1, x2, x3, …, xt is
different from the distribution F2(x) of the second
part of the series xt+1, xt+2, xt+3, …, xn. The nonparametric test statistics Ut for this test may be
described as:
Ut ¼

t X
n
X



sign xt  xj ;

ð5Þ

i¼1 j¼tþ1

2

1;


 6
sign xt  xj ¼ 4 0;
1;



3
if xi  xj [ 0


7
if xi  xj ¼ 0 5:


if xi  xj \0

ð6Þ

The test statistics (K) and associated conBdence
level (q) for the sample length (n) can be expressed
as:
K ¼ maxjUt j;


K
q ¼ exp 2
:
n þ n3

ð7Þ
1980-1985
1986-1991

ð8Þ

If the value of q is smaller than the speciBc
conBdence level, the H0 (null hypothesis) is rejected,
against the alternative hypothesis, denoting there
exists a change point.

1992-1997
1998-2003
2004-2009
0

720
KM

2010-2015

Figure 2. The change point maps for SSMI and SPEI at 1-, 3-,
6- and 12-month time-scales.
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Table 1. Meteorological region wise account of percentage area under change during different period for 1-,3-,6- and 12-month
time-scale SSMI and SPEI.
Zone

Indices

Time-scale

1980–1985

1986–1991

1992–1997

1998–2003

2004–2009

2010–2015

NW India

SSMI

1-month
3-month
6-month
12-month
1-month
3-month
6-month
12-month
1-month
3-month
6-month
12-month
1-month
3-month
6-month
12-month
1-month
3-month
6-month
12-month
1-month
3-month
6-month
12-month
1-month
3-month
6-month
12-month
1-month
3-month
6-month
12-month

9.3
7.3
6.2
0.0
16.1
10.6
2.1
0.0
2.9
0.8
0.0
0.8
2.1
3.8
4.2
2.1
2.8
1.4
1.4
1.4
10.6
8.1
3.2
1.8
0.7
0.7
0.7
0.7
9.0
5.6
3.0
4.1

4.9
3.6
3.6
3.6
17.4
12.7
13.5
15.5
8.4
9.6
8.8
8.4
16.3
20.9
29.3
34.7
4.2
4.6
5.1
4.8
8.5
6.9
6.7
8.1
7.5
6.3
9.0
9.0
5.6
6.3
17.2
26.1

25.9
28.0
28.0
24.1
11.1
14.0
14.2
20.7
48.5
49.0
49.4
30.5
29.7
29.3
28.9
26.4
46.9
52.4
57.3
47.8
23.1
23.1
17.6
17.6
57.8
67.5
73.1
71.3
23.5
29.9
21.3
15.3

32.6
32.1
31.1
37.6
40.4
43.5
35.0
36.3
15.9
17.6
19.7
34.3
40.6
31.8
25.9
22.6
32.6
29.6
28.4
36.7
13.9
14.1
26.6
35.8
7.1
7.5
4.5
9.0
20.9
9.0
7.8
10.1

26.4
28.2
30.1
32.9
13.7
10.9
14.8
15.5
20.1
22.2
21.8
23.8
10.5
13.4
8.4
10.5
13.6
11.8
7.9
9.0
29.1
37.6
36.3
28.9
24.6
16.0
11.2
9.0
41.0
48.9
50.7
42.9

0.8
0.8
1.0
1.8
1.3
8.3
20.5
11.9
4.2
0.8
0.4
2.1
0.8
0.8
3.3
3.8
0.0
0.2
0.0
0.2
14.8
10.2
9.7
7.9
2.2
1.9
1.5
1.1
0.0
0.4
0.0
1.5

SPEI

NE India

SSMI

SPEI

Central India

SSMI

SPEI

Peninsular India

SSMI

SPEI

under each homogeneous meteorological zone at
different time-scales (table 1).
3.4 Calculating drought parameters
According to previous studies, the negative values of SPEI or SSMI can be considered as
drought episodes (Vicente-Serrano et al. 2011;
Das et al. 2016). In the present study, the SSMI
or SPEI values \0 were considered as ‘mild
drought’, whereas the values \ –1 were considered as ‘moderate drought’ condition (McKee
et al. 1995). Based on the pre-deBned criteria, the
SSMI and SPEI data was converted to soil
moisture and meteorological drought (mild as
well as moderate) duration and magnitude

information, respectively. The drought duration
was calculated based on the number of months
under drought condition during kharif season,
whereas, seasonal drought magnitude was estimated by cumulating the SSMI or SPEI values
during the drought months (Vicente-Serrano
et al. 2011; Das et al. 2017).
3.5 Inter-annual variability
The inter-annual variability of the soil moisture
(SSMI) and meteorological (SPEI) drought
parameters, i.e., duration and magnitude, was
analysed for characterizing four meteorological
zones based on their long-term soil moisture and
meteorological drought, respectively. Zone-wise
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SSMI\SPEI magnitude &
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(d)
SPEI_m

SPEI_d

Figure 3. Inter-annual variability of mild drought duration
and magnitude based on SSMI and SPEI criteria for (a) NW
India, (b) NE India, (c) central India and (d) peninsular
India.

SSMI_m

SSMI_d

SPEI_m

SPEI_d

Figure 4. Inter-annual variability of moderate drought
duration and magnitude based on SSMI and SPEI criteria
for (a) NW India, (b) NE India, (c) central India and
(d) peninsular India.

3.6 Trend analysis
mean drought (both mild and moderate) duration
and magnitude based on standardized index values
were calculated to represent the inter-annual
variability (Bgures 3 and 4). The positive side of
the curves represented the drought duration,
whereas the magnitude was represented in negative
side.

The trend analysis of the drought parameters for
both mild and moderate was carried out to detect
the significant changes in the long-term drought
condition. This analysis will address the impact of
changing climate on soil moisture based and
meteorological drought conditions. In the present
study, the seasonal anomalies of the standardized
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Figure 5. Trends in mild and moderate drought duration derived from SSMI and SPEI over Indian region during monsoon
season (1980–2015).

SSMI (mild drought)

SPEI (mild drought)

SSMI (moderate drought)

SPEI (moderate drought)

Magnitude (per year)
< -0.1

0 to 0.05

-0.10 to -0.05

0.05 to 0.10

-0.05 to 0

> 0.10

No trend

0

340

680
KM

Significant trend at p=0.05

Figure 6. Trends in mild and moderate drought magnitude derived from SSMI and SPEI over Indian region during monsoon
season (1980–2015).

N, number of total grid with the meteorological regions. Average magnitude of trend (positive or negative) estimated by Sen’s method are presented as values, meteorological
regions passed ‘Beld significant test’ at p = 0.05 are marked as asterisk. The meteorological regions with significant positive or negative trends of moisture anomaly duration
using Mann–Kendall test are marked as asterisk.
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Magnitude

Duration

SPEI
SSMI
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Duration
Magnitude

NW India
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Central India
Peninsular India

The change point analysis of long-term (1980–
2015) SSMI and SPEI revealed that the spatio-

N

4.1 Change-point analysis

Meteorological regions

4. Results and discussion

Duration

Towards spatial characterization of the repetitiveness of different kinds of drought combinations,
the probability analysis was performed over the
entire Indian region. The probability values of
drought occurrence based on (i) both SPEI and
SSMI, (ii) only SSMI, (iii) only SPEI, and (iv) no
drought (neither SSMI nor SPEI), was calculated
for both mild and moderate drought separately.
Hence, for mild and moderate drought condition,
the cumulative probability of (i–iv) will be equal to
one. The probability maps are provided in Bgures 7
and 8. Hence, the maps and statistics may inform
about the spatial distribution of different kinds of
drought and non-drought conditions along with
their percentage share in each zone.

SSMI

3.7 Probability analysis

Moderate drought

indices, i.e., SSMI and SPEI, were computed by
calculating the deviations of index values from its
long-term normal.
The direction of time series anomalies for the
drought duration was detected using Mann–
Kendall test, whereas the Sen’s method (Sen 1968)
was executed to Bnd the magnitude of the significant trends in the time series anomalies of drought
magnitude. It tells us about how much values of
drought magnitude have changed each year on an
average. This method is advantageous over parametric statistics since the missing values in time
series data are included and the conformation of the
data to any particular distribution is not required
(Yu et al. 1993). The grids with significant
(p = 0.05) drought duration and magnitude trends
were represented in Bgures 5 and 6. As each of the
homogeneous meteorological region consists of
grids with positive as well as negative trends, the
Beld significance test was carried out at p = 0.05, to
conBrm the overall trend within each meteorological zone. This will inform about whether the zone
has any significant trend or not. One may refer Das
et al. (2014) for details of Sen’s and Beld significance
method. The details of the zone-wise trends of mild
and moderate drought duration and magnitude
based on SSMI and SPEI are provided in table 2.
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Table 2. Meteorological region wise account of temporal trend of time-series drought occurence in terms of duration and index magnitude based upon SSMI and SPEI.
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Only SSMI
(mild drought)

Both SPEI and SSMI
(mild drought)

Probability

Probability

0.0 - 0.2

0.0 - 0.2

0.2 - 0.4

0.2 - 0.4

0.4 - 0.6

0.4 - 0.6
0.6 - 0.8

0.6 - 0.8

(a)

0.8 - 1.0

(b)

0.8 - 1.0

Only SPEI
(mild drought)

None
(mild drought)

Probability

Probability

0.0 - 0.2

0.0 - 0.2

0.2 - 0.4

0.2 - 0.4

0.4 - 0.6

(c)

0.4 - 0.6

(d)

0.6 - 0.8

0.6 - 0.8

0.8 - 1.0
0

340

680
KM

0.8 - 1.0

Figure 7. The probability map representing frequency of different kinds of droughts combinations, i.e., (a) both SSMI and SPEI,
(b) only SSMI, (c) only SPEI, and (d) no-drought in case of mild drought condition over different parts of India.
Only SSMI
(moderate drought)

Both SPEI and SSMI
(moderate drought)

Probability

Probability

0.0 - 0.2

0.0 - 0.2

0.2 - 0.4

0.2 - 0.4

0.4 - 0.6

0.4 - 0.6
0.6 - 0.8

0.6 - 0.8

(a)

(b)

0.8 - 1.0

0.8 - 1.0

None
(moderate drought)

Only SPEI
(moderate drought)

Probability

Probability

0.0 - 0.2

0.0 - 0.2

0.2 - 0.4

0.2 - 0.4

0.4 - 0.6

(c)

0.4 - 0.6
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(b) only SSMI, (c) only SPEI, and (d) no-drought in case of moderate drought condition over different parts of India.
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temporal pattern of change point was distinct for
those two datasets except few parts over India. It
was interesting to observe that the variations in
change point among different time-scales of SSMI
was much lower, whereas, it was quite high in SPEI
specifically in parts of NW and central India
(Bgure 2). Hence, the eAect of soil moisture seems
to be more persistent over period.
In case of NW India, the change point in SSMI
datasets was observed during the period of
1992–2009 in major parts of the region, i.e., 84.9,
88.3, 89.2 and 94.6%, for 1-, 3-, 6- and 12-month
time-scale (table 1). During 1980–1991, the percentage area under change was varying from 3.6
to 14.2, whereas it was \2% during 2010–2015
(Bgure 2). In case of SPEI datasets, major changes
were observed during 1998–2003 irrespective of the
time-scale. The area under change during that
period was within the range of 35.0–43.5% of the
geographical area (table 1). During 1980–1991,
significant change in SPEI time-series was
observed in large area over western parts of NW
India for both 1- and 3-month time-scale, whereas
in case of 6- and 12-month SPEI, it was during
2010–2015 (Bgure 2). On the other hand, in the
adjoining lower parts, the change point was
observed in 2004–2009 in case of 1- and 3-month
SPEI. For higher time-scale, i.e., 6–12 months, the
significant change for that area occurred within the
period of 1992–1997 (Bgure 2).
In major parts of NE India, i.e., around 50% of
the geographical area, the significant changes in
SSMI time-series was observed during 1992–1997
for 1-, 3- and 6-month time-scales, whereas for
12-month time-scale it was 1998–2003 (table 1).
However, irrespective of time-scale the overall
changes (around 90% of the geographical area) was
recorded during the consecutive span of 15 years,
i.e., 1992–2009. In rest of the period, the area under
change was almost negligible. It was interesting to
observe that in the eastern parts of NE India, the
change point in SSMI time-series appeared later
than the western part (Bgure 2). The significant
changes in SPEI datasets (around 85% of the geographical area) were observed during the span of
1986–2003. In the period of 2004–2009, the change
point was observed in around 10% of area, whereas,
it was \ 5% in rest of the period. In NE India, the
variation among different time-scale was found to
be lesser than NW India for both SSMI and SPEI.
In central India, the period of significant change
in SSMI time-series was during 1992–2003 covering
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almost 80–85% of the geographical area (table 1).
In Gujarat and some parts of Maharashtra and
Chhattisgarh, the change point was observed during 1998–2003, whereas in rest of the area it was
around 1992–1997 (Bgure 2). Over eastern coast,
the significant change in SSMI time-series was
observed during 1986–1991. In case of SPEI datasets, the major area (around 30–35%) under
change-point was observed during 2004–2009, followed by 1992–1997 (around 18–23%) and
1998–2003 (around 14–36%). In north-western
parts of central India, the change point was
observed during 2010–2015 for 1-month time-scale
SPEI, whereas it was gradually converted to
1986–1991 with the increase in SPEI time-scale
(Bgure 2). In north-eastern and south-western
parts of central India, the change point remains
almost unaltered with the variation in SPEI timescale.
In peninsular India, major parts of the region, i.e.,
around 60–75% of the area, the change point was
observed during 1992–1997, followed by 2004–2009
(table 1). Except some parts of southern Karnataka
(1998–2003) and small parts of coastal Andhra
Pradesh (1986–1991), in the rest parts of the region,
the change point was observed during 1992–1997
(Bgure 2). In case of SPEI datasets, the maximum
changes (around 42–50% of the area) were recorded
during 2004–2009, followed by 1992–1997 and
1998–2003 (table 1). In central parts of the peninsular India, the change points were observed during
1992–1997, whereas in eastern and western parts of
the region it was around 2004–2009. Similar to NE
region, the variation in the period of change point
across different time-scale was lesser than NW and
central India (Bgure 2).
4.2 Annual variability in drought parameters
4.2.1 Mild drought
In all the Bgures, good corroboration between
drought magnitude and duration was observed
during the entire study period (Bgure 3). In case of
NE India, the duration values are showing an
undulating proBle across time, with a plateau
between 1993 and 2004, in both SPEI and SSMI. In
SSMI derived drought duration, the minimum
value was recorded in 1980, whereas it was 1990 in
case of SPEI. The annual variability of drought
duration derived from SSMI has close agreement
with SPEI, i.e., the increasing and decreasing patterns of drought duration across time is similar in
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both SPEI and SSMI, except for 1983 and 2013. In
case of SSMI derived drought magnitude, few major
drought episodes were recorded up to 1991–1992,
whereas a sharp decreasing trend in drought magnitude was observed beyond 1992 (Bgure 3a).
Unlike drought duration no plateau was observed
for magnitude values. In the year 1983, 1991, 1999
and 2014, major differences among SSMI and SPEI
based drought magnitude was observed. In the
former three years, the drought magnitude was
lower in SPEI, whereas in 2014 it was higher. A
negative trend was also recorded in SPEI based
drought magnitude beyond 1992, except the value
in 2014 (Bgure 3a).
In case of NW India, the variations in drought
duration derived from SSMI was lesser than NE
India, with mean drought duration of more than
2.5 in almost all the years. The inter-annual variability was more profound in SPEI derived drought
duration, where the values were varying from 0.5
to more than 3.5 (Bgure 3b). The agreement
between drought duration and magnitude derived
from SPEI was found to be more than SSMI.
Similar to the NE India, a distinct decreasing trend
in drought magnitude was found in NE India also.
The drought magnitude derived from SSMI and
SPEI were following almost similar pattern during
entire study period.
Typical peak and valley proBles were observed in
case of drought duration and magnitude over central India. Based on the soil moisture derived
drought information (SSMI), the worst drought
year was 1991, whereas based on meteorological
information (SPEI) it was 2002. Like other parts of
India, in central India also the agreement between
drought duration and magnitude was found to be
higher in case of SPEI, than SSMI. The drought
episodes were found to be increasing in the initial
years until 1991, followed by a decreasing trend up
to 1997 (Bgure 3c). Further, an increasing trend in
both the drought duration and magnitude was
observed with a maximum value during 2002, followed by decreasing drought incidence until 2007.
It was interesting to note that in all the meteorological homogeneous regions, the major drought
events during 1987, 1992, 2002 and 2012 were
distinctly captured by both SSMI and SPEI.
In case of peninsular India, the inter-annual
variability of drought duration based on SSMI was
very low, except a consecutive low drought years
during 2004–2008. Though the variation in SSMI
based drought magnitude was higher than duration, the similar observations were recorded.

According to SSMI derived drought information,
1983 was the worst drought aAected year in this
region, followed by 1987 and 1991. On the contrary, the year 2007 was found to be the least
aAected year, followed by 2005 (Bgure 3d). Similar
to NE and NW India, peninsular India also had a
distinct decreasing trend in SSMI derived drought
magnitude was observed beyond 1991–1992. In
case of SPEI derived drought parameters, i.e.,
duration and magnitude, the agreement was found
be better than SSMI, with a higher range of interannual variability. Based on the meteorological
observations (SPEI), the year 1987, 2002 and 2012
were found to be the most drought aAected years
during the study period. It was interesting to note
that based on the SSMI derived drought information, the year 1983, 1989, 1991 and 2007 were
major drought aAected years, but the same was
not captured by SPEI derived drought parameters. On the other hand, both SSMI and SPEI
were able to capture the drought episodes during
1987 and 2012.

4.2.2 Moderate drought
In case of moderate drought, a stringent criterion
of SPEI or SSMI \ –1.0 was applied to detect the
drought incidence. Invariably with the regions,
distinct decreasing trends in the drought duration
along with its magnitude were observed in case of
SSMI derived drought parameters. More specifically, the major drought incidences were found to
be within the period of 1992–1993, beyond which
the overall moderate drought incidences
decreased significantly, except for the year 2002,
2012, etc. Similar to mild drought, the higher
agreement between drought duration and magnitude was observed in case of SPEI, over SSMI
(Bgure 4).
In case of NE India, both the SPEI and SSMI
based drought parameters were showing similar
variability across study period, except for the years
1983, 1991, 1999, 2005 and 2014. In the former
three years, the magnitude and duration were quite
higher in SSMI than SPEI, whereas it was viceversa in the latter two years (Bgure 4a). According
to SSMI based drought information, the worst
drought aAected year was 1983, followed by 1991,
whereas based on SPEI analyses, it was 2014
followed by 1986 and 1992.
The inter-annual variability of moderate
drought parameters showed similar pattern in both
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SSMI and SPEI, over NW India. The major
drought incidences of 1987, 1992 and 2012 were
captured well using both the SSMI and SPEI
indices. During 1997 and 2002, the SPEI derived
drought duration and magnitude values were
higher than SSMI, whereas opposite results were
recorded during 1983, 1985 and 2009 (Bgure 4b).
In central India also, a good agreement was
observed between drought duration and magnitude
derived from SSMI and SPEI, separately. In major
part of the study period, there exists corroboration
among drought parameters derived from SSMI and
SPEI, but like other regions some differences
among them were also recorded. According to
SSMI based drought parameters, the worst aAected
year was 1991, whereas it was 2002 based on SPEI.
During 1995, 1991, 1999 and 2000, both the
drought duration and magnitude values were
higher in SSMI in comparison to SPEI derived
drought information, whereas it was lower during
2009 and 2010 (Bgure 4c).
In case of peninsular India, there exists significant difference between the drought parameters
derived from SSMI and SPEI, during all major
drought episodes up to the year 1993. Beyond that,
the decrease in overall values of drought duration
and magnitude was quite distinct (Bgure 4d).
Moreover, the difference between SSMI and SPEI
drought parameters was marginal. Based on the
soil moisture drought analyses (SSMI), the year
1983 was the most drought aAected, whereas it
was found to be 2012 based on meteorological
information (SPEI).
4.3 Trends analysis
4.3.1 Drought duration
The positive values of the duration signify the
increased drought duration for a region, and
vice-versa. In case of SSMI derived mild drought
duration, negative trends were observed in almost
entire Indian region, except northern parts of NW
India, eastern parts of NE India, some adjoining
patches over central and peninsular India and
south-eastern parts of peninsular India (Bgure 5).
The grids with significant negative trends were
distributed over north-east, south-eastern and
eastern parts of NW India, central parts of central
and peninsular India, and some isolated parts of
NE India. The Bndings are in agreement with the
results of Beld significant test, where it was
observed that in all the four meteorological
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homogenous regions, the mild drought duration
decreased significantly (table 2). Only few grids
with significant positive trends were observed in
the adjoining parts over central and peninsular
India (Bgure 5).
In case of SPEI derived mild drought duration,
positive trends were observed over major parts of
NW and NE India, whereas negative trends were
observed in major parts of central and peninsular
India. The grids with positive trends mainly were
distributed over north-eastern and north-western
parts of NW India, entire western and some central
parts in NE India, eastern and central parts of
central India, and northern and west coast of
peninsular India (Bgure 5). In rest of the parts
of Indian region, negative trends in mild drought
duration was observed. The grids with significant
positive trends were only conBned over eastern
parts of NW India, whereas significant negative
trends were recorded over central parts of peninsular India, western parts of central India and in
some isolated grids of NW India. The number of
overall significant grids is lesser in case of SPEI,
in comparison to SSMI. The results are in corroboration with the Bndings of table 2. It can be
observed that there is no significant trend in mild
drought duration in any of the meteorological
regions based on Bled significant test (table 2).
The trends of SSMI derived moderate drought
duration were almost similar to the mild drought,
except the grids with positive trends were further
reduced in comparison to the mild drought. The
grids with significant negative trends were generally distributed over eastern parts of NW India,
south-eastern parts of NE India, western parts
of central India, and central and eastern parts of
peninsular India (Bgure 5). A group of grids with
significant negative trends were also found over
adjoining parts of central and peninsular India.
According to the Beld significant test, in all the
meteorological regions significant negative trends
in moderate drought duration was observed
(table 2).
In case of SPEI based moderate drought duration, the major grids with positive trends were
observed over large parts of NW India, with significant grids mainly conBned in the eastern and
south-eastern part of the region. In addition, the
positive trends were also recorded over almost
entire west coast, central parts of NE India, and
north-eastern arts of central India. In rest of the
parts of Indian region, the negative trends of
moderate drought duration were observed with few
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significant grids over central parts of peninsular
India (Bgure 5). According to the Beld significant
test, out of the four meteorological regions only
NW India showed significant positive trend as a
whole (table 2).
The negative anomalies of meteorological
drought over different parts of the country were in
corroboration with the Bndings of earlier studies
(Rajeevan et al. 2006; Pattanaik 2007), whereas the
positive anomalies were in agreement with the
results of other researchers (Parthasarathy and
Dhar 1974; Singh et al. 2008). The significant
increase in meteorological drought conditions over
parts of east coast, north-eastern and central India
was also reported by earlier studies (Kothawale
et al. 2010; Rathore et al. 2013). The reduction in
meteorological drought over north-western parts of
India due to decreasing atmospheric demand was
supported by the other research Bndings (Jain and
Kumar 2012).
The recent studies by Pangaluru et al. (2019)
showed that there are significant positive trends of
soil moisture over major parts of India, which are
in corroboration with the Bndings of the present
studies. Similar observations were recorded by
Rajeevan and Nayak (2017), showing increasing
trends of soil moisture in most of the stations over
Indian region. Another study conducted by Jaswal
and Koppar (2011) on trends of relative surface
atmospheric moisture studies showed that there
exist significant increasing trends in moisture.
Vezhapparambu et al. (2019) found positive correlation between rainfall and soil moisture over
Indian region, along with positive trends of soil
moisture during last two decades over major parts
of the country.

4.3.2 Drought magnitude
In the present study, the negative values of SSMI
or SPEI was considered as the drought occurrence.
Hence, the positive values in magnitude trends
represent the decrease in drought occurrence and
vice-versa. The trends of magnitude for both mild
and moderate were estimated using Sen’s method.
The higher magnitude values represent more
changes in the drought magnitude during the study
period. In case of SSMI derived mild drought
condition, in almost entire Indian region, the positive drought magnitude was observed except
north-western parts of NW India, eastern parts of
NE India, western parts of central India, a small

Page 13 of 17 197
part in the adjoining areas of central and peninsular regions, and a small patch in the southern
parts of peninsular India (Bgure 6). Almost no
significant grid with negative magnitude trend was
found, whereas the significant grids with positive
values were mainly distributed across eastern and
south-western parts of NW India, central and
southern parts of NE India, central and western
parts of central India and central to eastern parts
of peninsular India. The similar results were found
based on the Beld significant test also (table 2).
The mild drought magnitude was found to be significantly positive in all of the four meteorological
regions.
The trends of SSMI based moderate drought
magnitude was almost a subset of the mild condition. Few grids with negative trends were conBned
over the adjoining parts of central and peninsular
India, whereas the positive trends were mainly
distributed in eastern parts of NW India, eastern
parts of NE India, in major parts of central India,
and northern and eastern parts of peninsular India
(Bgure 6). According to the Beld significant test,
overall significant positive trends in drought magnitude was observed in NE, central and peninsular
India, whereas the trend was non-significant in NW
India (table 2).
In case of SPEI based mild drought magnitude,
NW and NE India was found to be dominated by
negative trends, whereas in major parts of central
and peninsular India positive trends were observed.
The negative trends are mainly distributed over
the south-eastern parts of NW India, eastern parts
of NE India, western coast and northern parts of
peninsular India. On the other hand, the positive
trends were mainly recorded over south-western
parts of NW India, central and eastern parts of
central India, eastern parts of NE India, and central and eastern parts of peninsular India
(Bgure 6). In western parts of central India, central
parts of peninsular India and in some isolated grids
of NW India, the significant positive trends were
observed, whereas the significant negative trends
were mainly conBned in the eastern parts of NW
India, with higher (\ 0.1) magnitude values.
Based on the Beld significant test results, only
peninsular India was found to be showing overall
positive trends (table 2).
In most of the grids, no trend was observed in
case of SPEI derived moderate drought magnitude.
Only few grids with negative trends were recorded
in the eastern parts of NW India, among them
majority of the grids were found to be significant
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(Bgure 6). The Bndings are in corroboration with
the results of Beld significant test, where it was
observed that there is no significant trends in the
drought magnitude in any of the meteorological
regions (table 2).
4.4 Probability analysis
Probability analysis for both mild and moderate
drought was carried out to Bnd the probability of
each grid to be aAected by (i) both SPEI and SSMI,
(ii) only SSMI, (iii) only SPEI, and (iv) no drought
(neither SSMI nor SPEI) occurrence. Hence, for
each grid the cumulative probability of all these
four types of occurrence is equal to one.
4.4.1 Mild drought
In case of mild drought, it was observed that the
majority of the area under NW India, the probability of both SPEI and SSMI based drought was
around 0.6 to 0.8, with lower values (0.2–0.4) in the
northern and north-western parts and higher
(0.8–1.0) in the central region (Bgure 7). Around
49% area of NW India is under 0.6–0.8 probability
category for both kind of drought, followed by area
under 0.4–0.6 probability category, which is around
15% of the total geographic area. In NE India also
similar observation was recorded, where major
area, i.e., around 50% was under 0.6–0.8 probability category. This area was mainly distributed in
the eastern part of the NE India, whereas higher
values of probability for both kind of drought
occurrence, with around 22% areas, were conBned
in the western parts of NE India (Bgure 7). In
central India, the values are around 51% and 38%
for 0.6–0.8 and [ 0.8 probability categories,
respectively. The area with higher probability
classes, i.e., 0.8–1.0, is mainly distributed in the
central and northern parts of central India
(Bgure 7). Like other regions, in peninsular India
also the major area, i.e., 67% of the total geographical area was coming under 0.6–0.8 probability category, followed by 0.4–0.6 covering around
11%. The area with lower probability values are
mainly conBned in the central parts of peninsular
India (Bgure 7).
In case of only SSMI based drought, the probability map (Bgure 7) showed that in NW India, the
probability values for majority of the area, i.e.,
around 86% of the total geographic area were
below probability value of 0.4. It was interesting to
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observe that the area with higher probability values ([0.8) over central, NE and peninsular India
based on both SPEI and SSMI based drought, were
coming under lower probability (\ 0.2) category in
case of only SSMI based drought. On the other
hand, the patches with moderate probability values (0.4–0.6) in both kind of drought over peninsular India and east coast of central India remained
in the same class for only SSMI based drought also
(Bgure 7). Similar to NW India, in NE and central
India also the majority of the area, i.e., 77% and
90%, were coming under low probability (\0.4)
category, whereas in case of peninsular India, it
was the 0.2–0.6 probability category which alone
consisted of around 66% of the total geographic
area.
The probability analysis of both only SPEI based
drought and no drought showed that over central
India the probability was almost nil (Bgure 7),
whereas very low (\0.2) probability values were
found in eastern parts of NE India (24%) and
central parts of peninsular India (16%). In case of
NW India, around 57% of the area was coming
under probability values of \ 0.4, with lower values (\0.2) mainly conBned in the northern parts of
the region (Bgure 7).

4.4.2 Moderate drought
In case of moderate drought condition, the probability analysis revealed that in NW India around
91% of the total geographic area was coming
under \0.4 probability values for both SPEI and
SSMI based drought occurrence. In northern and
north-western parts of the NW India, the values
are lower (\ 0.2) whereas in rest of the parts, it was
within 0.2–0.4 probability value (Bgure 8). Similar
to NW India, in other three regions also the
majority of the area was coming under probability
values \ 0.4. In NE India, comparatively higher
values (0.2–0.4) were distributed in the western
part, whereas lower (\0.2) values were conBned in
the eastern parts of the region (Bgure 8). In central
India, the entire eastern coast and parts of western
coast were showing relatively lower probability
values of \ 0.2, in comparison to rest of the parts
of that region (Bgure 8). In peninsular India,
around 34% of the area was under 0.2–0.4 probability category, whereas around 55% was under
0.0–0.2 probability category.
In case of only SSMI based drought occurrence,
the probability values were almost similar to both
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SPEI and SSMI based drought occurrence, except a
considerable part of both central (34%) and peninsular India (35%) was under probability category
0.4–0.6. However, it was around 6% and 8% over
NW and NE India, respectively. In central India, the
high probability values are mainly distributed in the
eastern coast as well in the central part, whereas in
peninsular India, it was mainly conBned in the
northern parts of the region (Bgure 8).
In case of only SPEI based drought, more or less a
uniform probability value with \0.2 was observed in
the entire Indian region, except eastern parts of NE
India, north-eastern parts of NW India and southern
parts of peninsular India with slightly higher values,
i.e., 0.2–0.4 (Bgure 8). The areas under 0.2–0.4
probability category were 22%, 18% and 9% for NW,
NE and peninsular India, respectively.
The probability analysis of no drought condition
during 1980–2015 revealed that, the probability of
no drought was high (0.6–0.8) in north and northwestern parts of NW India, and moderate (0.4–0.6)
in western and central parts of NW India, northeastern parts of NE India, western coast of central
India and central parts of peninsular India
(Bgure 8). The areas under [0.4 probability were
59%, 19%, 12% and 23% for NW, NE, central and
peninsular India, respectively. In some parts over
central India (around 21%), the probability value
of \0.2 was also found (Bgure 8).

5. Conclusions
The knowledge on sequential interaction among different kinds of droughts is important for developing
eAective drought preparedness and mitigation planning. In the present paper, the meteorological and
soil moisture droughts were studied simultaneously
and their response over different homogeneous
meteorological regions were observed based on interannual variability and trends of different drought
parameters, like duration and magnitude. Finally,
the probability-based frequency analysis was carried
out to Bnd the most probable zones for different
combination of droughts, i.e., combination of both
meteorological and soil moisture droughts, and their
individual occurrence. The change point analysis
revealed that variation of the period of significant
changes among different time-scale SSMI was much
lower comparison to SPEI. In most of the central and
peninsular India, the major changes in SSMI occurred during 1992–1997, whereas in north-western and
north-eastern India, it was around 1998–2003. The

period of significant changes in SPEI was varying
from 1980’s to 2010’s over different parts of India.
The inter-annual variability of drought magnitude
and duration showed similar patterns, individually
for SPEI and SSMI. In majority of the regions, good
agreement between SPEI and SSMI derived drought
parameters were observed for mild drought conditions, whereas it was quite low in moderate drought
conditions more specifically over peninsular and
central India. Moreover, the inter-annual variability
showed that in major parts of the country, the SSMI
based drought magnitude was decreasing during the
study period. Based on the trend analysis it was
found that, in case of both mild and moderate
drought condition, the soil moisture drought duration was decreasing during the study period. Similar
observations were recorded in meteorological
drought also, but with some increasing drought
duration in parts of NW and NE India. In all the
regions, significant positive trends in drought magnitude were observed, representing better soil moisture condition over the period. In case of SPEI, the
drought magnitude was positive in most of the parts
of India, except parts of NE and NW India. It was
observed that over major parts of the country, the
probability of occurring both SPEI and SSMI was
around 0.6–0.8 for mild drought conditions. Central
India showed even higher values of [ 0.8. In case of
moderate drought, the probability of both SPEI and
SSMI based drought incidents were generally \ 0.4.
Due to the stringent criteria of moderate drought, the
probability of occurring no drought was quite higher
than mild drought conditions, more specifically over
NW India and parts of peninsular India.
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