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Agriculture in hill and mountain ecosystems is predominantly rainfed with common occurrence of
moisture stress. It is a natural disaster which evolves in time and its impacts last for a long time. In the
present investigation, long-term monthly precipitation data for 40 years (1980–2019) were used for
characterizing agricultural drought in Almora and Nainital districts of Uttarakhand in India. Different
drought indices based on meteorological data like standard precipitation index (SPI), percentage of
departure (Pd) and percent of normal (Pn) were used. Percentage of departure is calculated from deviation of monthly precipitation from the long-term average monthly precipitation. Percent of normal is
calculated by dividing the precipitation by normal precipitation for time being considered. SPI values
were calculated based on gamma distribution of long-term monthly precipitation data. The Pearson’s
correlation coefBcient between monthly percentage of departure and different SPI time scales (1, 3 and
6 months) were analyzed. SPI-1 (July and August) for both the stations showed very strong correlation
with the corresponding monthly percentage of departure (r [ 0.97) than SPI-3 and SPI-6. Therefore, it is
suggested that SPI as a stand-alone indicator should not be interpreted to identify drought in a hilly
region.
Keywords. Hilly region; precipitation; remote sensing; standard precipitation index (SPI).

1. Introduction
Generally, drought can be deBned as a temporary
meteorological event that originates from deBciency of precipitation over a long period of time
(Mishra and Singh 2010). It plays a pivotal role in
the agrarian economy-based country like India
where the main occupation of people is agriculture.
Mostly drought-prone areas of the country lie in
western and peninsular India especially arid, semiarid, and sub-humid regions (Dutta et al. 2013).
Overall impact of drought is a function of its
duration, severity, frequency and spatial extent. In

context to mountain ecosystem, farming is the
main livelihood of the people in the Himalayan
states of India accounting to 53.8 m ha land under
cultivation and contributing 45% of total regional
income. The frequency and extent of drought are a
function of erratic precipitation and topological
differences. This microclimate speciBcity makes
the drought problem location-speciBc. The irrevocable climate change in the form of unstable monsoons, long dry spells etc., directly aAects the two
most important agricultural inputs, viz., water and
temperature ultimately aAecting productivity. The
agricultural Beld becomes less productive for whole
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year and it leads to harsh and uncomfortable
weather condition both for human being and
livestock population (Siddiqui 2004). One of the
worst droughts faced by India was in the year
2002–2003 (Patel et al. 2012; Dutta et al. 2013).
About 32% of the total geographical area of India
is under different levels of water stress and drought
situation (Subramanya 2005). Similar to other
natural event, drought evolve slowly and its impact
lasts for a long period. Hence, there is an urgent
need for integrated monitoring of drought events
with different time scales (Rathore 2004; Srivastava et al. 2020). An organised approach for combating and proper strategic approach can help the
policy makers to alleviate the impact of drought. In
order to understand the deBciency of precipitation
on different hydrological parameters, several
drought indices were evaluated and tested both at
different temporal and spatial scales world-wide by
various researchers (Pashiardis and Michaelides
2008; Raziei et al. 2009; Pandey et al. 2010; Tabrizi
et al. 2010; Karavitis et al. 2011; Pai et al. 2011;
Santos et al. 2011; Angelidis et al. 2012; Bonsal
et al. 2013; Dogan et al. 2012; Zin et al. 2013). In
the present context, monitoring of the start of
drought, time span and severity has become prime
factors for reducing post-drought impact. Based on
the previous studies, the standardized precipitation
index (SPI) is the most popular tool for monitoring
meteorological drought which is mainly based on
precipitation data only. Based on SPI scale, Mckee
et al. (1993) have classiBed the drought at different
scales ranging from near normal (0.99) to
extreme drought condition (\2.0). Several studies suggested its utility to assess meteorological
drought at different time scales (Guttman 1998;
Patel et al. 2007; Kumar et al. 2009, 2012; Quiring
and Ganesh 2010; Poonia and Rao 2012; Dutta
et al. 2013; Zhang and Jia 2013; Belayneh et al.
2014). The various advantage of SPI over different
drought indices like China Z Index (CZI), Z-score
Index, modiBed CZI, percent of normal and eAective drought index because of its simplicity, temporally Cexible, identiBcation of emerging drought
months sooner have proved by various researcher
across the globe (Guttman 1998; Hayes et al.
1999, 2000; Szalai and Szinell 2000; Morid et al.
2006; Patel et al. 2007; Pandey et al. 2008; Jain
et al. 2009; Mishra and Singh 2009; Edossa et al.
2010; Roudier and Mahe 2010; Zhai et al. 2010;
Karavitis et al. 2011; Dutta et al. 2013; Srivastava
et al. 2017, 2018). However, the applicability and
accuracy parameter of drought indices may vary

J. Earth Syst. Sci. (2021)130:121
spatially (Jain et al. 2015). Edwards (1997) found
that due to wide applicability in different climate
condition, SPI is popularly adopted in India.
The advantage of SPI over drought indices is
that it requires only precipitation as input and at
different temporal scales. It is less complicated,
Cexible and considered as universal drought index
by World Meteorological Organisation (WMO). It
can provide early warning and can be used to assess
the severity of drought. It can be calculated with
missing data in the input.
Hence, this has been employed in the present
study for drought identiBcation in the mid and high
hilly region of Uttarakhand. Along with SPI (1, 3
and 6 months), percentage of departure and percent of normal indices have been used to evaluate
the result and hence to assess the applicability of
SPI in the hilly region of Uttarakhand.
2. Study area
Uttarakhand is the 27th state in India lies between
28°440 –31°280 N latitude and 77°350 –81°010 E longitude covering an area of 53,483 km2. The terrain
and topography of the state is mostly hilly with a
large area under snow cover and steep slopes. Two
districts of Uttarakhand state, India under
Kumaon region, namely, Almora and Nainital were
selected (Bgure 1) for the present study. The total
geographical area of Almora district is 3083 km2
and that of Nainital district is 3860 km2. As of 2011
census, the population of Almora district is 621,972
with population density 202 persons per km2 and
that of Nainital district is 955,128 with population
density 247 persons per km2. The climate of
Almora is humid subtropical and that of Nainital is
subtropical highland according to K€
oppen climate
classiBcation. The normal annual precipitation of
the state is 1500 mm. The important crops harvested in both the districts are Bnger millet, rice,
black soyabean, barnyard millet, horse gram
(Kharif), wheat, barley and lentil (Rabi). Finger
millet, rice, wheat and lentil are the major crops
harvested in the study area.
3. Data collection
Observed monthly precipitation data for 40 years
(1980–2019) were acquired from India Meteorological Department (IMD, Dehradun) and ICARVPKAS, Almora (table 1). The monthly observed
precipitations were arranged to seasonal, viz.,
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Figure 1. Location of the study area and rainguage.

Table 1. Data used to estimate SPI and percentage of departure.
Location
Station
Hawalbagh (ICAR-VPKAS)
Mukteshwar (IMD)

Latitude

Longitude

Period

Elevation (m)

29°370 11.400 N
29°270 25.400 N

79°370 48.100 E
79°390 16.200 E

1980–2019
1980–2019

1250
2286

pre-monsoon (MAM), monsoon (JJAS), postmonsoon (ON), and winter (DJF) according to the
classiBcation of Basistha et al. (2009) and Singh
and Mal (2014). The descriptive statistics of seasonal and annual precipitation (1980–2019) for
both the surface observatory are shown in table 2
(Hawalbagh, Almora) and table 3 (Mukteshwar,
Nainital). The average annual precipitation
observed in the highest elevation surface observatory (Mukteshwar) was more than the Hawalbagh
which is located at lower elevation. In addition to
this, we have used SPEIbase, which oAers longtime, robust information about drought conditions
at the global scale, with a 0.5° spatial resolution
and a monthly time resolution. It has a multi-scale
character, providing SPEI time-scales between 1

and 48 months. Currently, it covers the period
between January 1901 and December 2018. The
SPEIbase is based on monthly precipitation and
potential evapotranspiration.

4. Methodology
4.1 Estimation of standardized precipitation
index
SPI is deBned as the precipitation values as a
standard deviation with respect to precipitation
probability function. It is based on precipitation
value alone and identiBed as potential drought
index in the recent years. It is calculated in
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Table 2. Seasonal and annual rainfall statistics at Hawalbagh, Almora.
Parameter

MAM

JJAS

ON

DJF

Annual

Mean
Standard deviation
Minimum
Maximum
CoefBcient of variation

145.6
75.27
29
369.5
0.52

691.91
159.26
424.2
1156.5
0.23

31.69
42.65
39.25
210.4
1.35

119.41
63
13
261.1
0.53

988.61
207.49
667.9
1415.1
0.21

Table 3. Seasonal and annual rainfall statistics at Mukteshwar, Nainital.
Parameter

MAM

JJAS

ON

DJF

Annual

Mean
Standard deviation
Minimum
Maximum
CoefBcient of variation

157.19
70.98
50.4
335.4
0.45

947.51
274.46
570.2
1816.7
0.29

44.2
65.57
0
308.3
1.48

127.89
73.54
23
306.6
0.58

1276.79
291.49
718.3
2070.8
0.23

Table 4. ClassiBcation of drought based on
SPI (McKee et al. 1993).
SPI range
Greater than 2
1.5 to 1.99
1.0 to 1.49
0.99 to 0.99
1.0 to 1.49
1.5 to 1.99
2 to less

ClassiBcation
Extremely wet
Very wet
Moderately wet
Near normal
Moderately dry
Severely dry
Extremely dry

different time scales (SPI 1, SPI 2, SPI 3, SPI 6,
SPI 9, SPI 12, SPI 24, SPI 48 months). In the
present study, 1-, 3- and 6-month time scale of SPI
for the period 1980–2019 of monthly precipitation
is used to identify the drought for both the stations. We have adopted the drought classes proposed by McKee et al. (1993) (table 4). The
computation of SPI involves Btting a gamma probability density function (PDF) to a given frequency
distribution of total precipitation of a station. The
gamma distribution is deBned by its PDF as:
Z
1 x a1 xb
x e dx;
ð1Þ
G ðx Þ ¼ a
b 0
where a and b are deBned as shape factor and scale
factor, respectively. The value of both the parameters should be greater than zero.
4.2 Estimation of percentage of departure (Pd)
The percentage of departure from normal is simple
drought index deBned as the actual precipitation as

percentage deviation from normal. It represents
both drought and non-drought conditions (Jain
et al. 2015). It was calculated using equation (2).
The classiBcation of drought based on Pd is given in
table 2. This drought index can be estimated as:


Pi  P
Pd ¼
 100;
ð2Þ
P
where Pi is the actual precipitation in the present
year and PFor calculation is average precipitation
for the long-term precipitation.
4.3 Estimation of percent of normal
It is an easy and simple drought index which
represents the deBciency of precipitation from wet
season to dry season or vice versa as precipitation
Cuctuates from the normal annual precipitation. It
is the most common drought monitoring tool which
is widely used by news reporters and common
people (Morid et al. 2006). For calculation of percent of normal, at least 30 years mean past
precipitation data are used, but for more accuracy
40-year (1980–2019) monthly precipitation data
are used in the present study. It can be computed
at different time scales such as daily, weekly,
monthly, seasonal and annually based on user
needs. Because of its simplicity and easy calculation, it is favourable to communicate drought
levels to the society (Keyantash and Dracup 2002).
There is no speciBc boundary condition to classify
drought levels for this index. A lower value of
percent of normal less than 100% indicates drought
condition. It is obtained using equation (3).
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Figure 2. Annual rainfall variation at Hawalbagh and Mukteshwar.

Pni ¼

P
 100;
P30

ð3Þ

where Pni is the percent of normal index, P is the
annual precipitation and P30 is the average annual
precipitation for the past 30 years.
5. Results and discussion
5.1 Precipitation variation at the study area
The long-term (1980–2019) monthly precipitation variation of two stations located in the study
area is shown in Bgure 2. The normal annual
precipitation for Hawalbagh (Almora) and
Mukteshwar (Nainital) based on long-term precipitation data is 988 and 1276 mm, respectively.
Both the surface observatories experienced
decreasing precipitation trend having Z value
2.82 and 1.56 for Hawalbagh and Mukteshwar, respectively. The proBle of precipitation
with respect to elevation was generated using
precipitation data from three stations. The precipitation proBle was found to be linear with
elevation as shown in Bgure 3.
5.2 SPI value
The SPI 1-, 3- and 6-monthly value is computed for
the location as shown in Bgures 4 and 5 for years
1980–2019 for both the stations. The SPI-1 values
for the study location are shown in Bgures 4 and 5
for the years 1980–2019. From Bgure 4, based on
SPI values criteria it can be inferred that 12 years

Figure 3. Precipitation proBle vs. elevation in the study area.

can be characterized as drought years in the monsoon season (July–September) and the remaining
years can be identiBed as non-drought years in the
monsoon season. Because of 1-month time scale of
SPI, the years which are identiBed as drought years
can be designated as agricultural drought years.
The 1-month SPI reCected short-term conditions,
its application can be related closely to meteorological types of drought along with short-term soil
moisture and crop stress, especially during the
growing season. According to standardized precipitation index user guide of World Meteorological
Organisation (WMO), one may want to look at a
1- or 2-month SPI for meteorological drought,
anywhere from 1-month to 6-month SPI for agricultural drought, and something like 6-month up to
24-month SPI or more for hydrological drought
analyses and applications. For Mukteshwar station, from Bgure 4 it can be inferred that 11 years
can be characterized as drought years and the
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Figure 4. Time series of SPI plot for Hawalbagh.

remaining were identiBed as non-drought years.
Monthly SPI may be resembled to conditions represented by the crop moisture index. Result of this
study is found in accordance with Kumar et al.
(2017) who has noted that 1987, 1991 and 2001 as
drought years for Uttarakhand. It is noteworthy
that the years 1987, 2002, 2009, 2014 and 2015 are
major drought years in the context of India. The
results of the present study were in accordance
with the Bndings of previous study conducted
(Sahu et al. 2018; Kamble et al. 2019). Kamble
et al. (2019) demonstrated the capability of linear
regression to identify drought using the relationship between SPI and the vegetation condition
index.
Drought is classiBed based on the condition
given in table 5, on the basis of percentage of
departure value. Since in recent years drought
frequency is increasing, therefore in the present
study we have taken decadal time scale to capture
drought at Bner time scale. Decadal frequency of
drought for Hawalbagh and Mukteshwar is shown
in tables 6 and 7, respectively.

The result of percentage of departure (Bgure 6,
Hawalbagh) showed that 20 years are agricultural
drought years, while the rest years are non-drought
years. Mukteshwar (Bgure 7) showed that 22 years
are agricultural drought years, while the remaining
years are non-drought years. The same result is
conveyed by percent of normal index analysis
(Bgure 8, Hawalbagh) and (Bgure 9, Mukteshwar).

6. SPI vs. percentage of departure
In order to compare the validity of different SPI
time scale (1-, 3- and 6-month), the Pd of July and
August was compared with same month of different SPI time scale. Pd includes both positive
(present precipitation is greater than normal) and
negative (present precipitation is less than normal)
values. July and August are vital from a rainfed
agriculture point of view. July is important for
sowing different crops, August is critical for crop
growth. The occurrence of precipitation in these
two months is important for an agricultural
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Figure 5. Time series of SPI plot for Mukteshwar.

Table 5. ClassiBcation of drought based on
percentage of departure (Meshram et al.
2014).
Percentage of departure
C0
0 to 25
26 to 50
C 50

ClassiBcation
No drought
Mild drought
Moderate drought
Severe drought

whereas the SPI values were 0 and below for
monthly percentage of departure less than 150%
(Mukteshwar, Bgure 11). The performance of SPI 1
was found to be better as compared to longer time
scale, 3- and 6- month for identifying agricultural
drought in the hilly region of Uttarakhand.

7. SPI of drought and normal year
drought. Pearson’s correlation analysis indicated
that monthly percentage of departure was strongly
correlated with 1-month time scale for both July
and August (table 8). The comparison of different
time scales, 1-, 3- and 6-month SPI for July and
August with corresponding monthly percentage of
departure for both the stations were carried out
using scatter plots (Bgures 10 and 11). The range of
monthly percentage of departure and SPI was
found to be more for Hawalbagh than Mukteshwar
as depicted from the scatter plot. The SPI values
were 0 and below for monthly percentage of
departure less than 150% (Hawalbagh, Bgure 10),

The intensity of drought is observed from the
statistics published by Government of India which
shows that the yield of rice Kharif in 2002–2003
was 0.67 tonnes/hectare and 1.03 tonnes/hectare
in Kharif 2010–2011 (Almora). The value of SPI in
the drought year 2015 varies from 1.5 to 0 in most
of the months. For Hawalbagh, SPI was lowest at
2 in the month of September, around 1.75 in
August and 1.25 in July (Bgure 12). For Mukteshwar, SPI was lowest at 1 in the month of
August, around 0.65 in September and 0.02 in the
month of July (Bgure 12). The SPI variation for
normal year is shown in Bgure 13.
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Table 6. Decadal variability of drought events at Hawalbagh, Almora.
Decade
1980–1989
1990–1999
2000–2009
2010–2019

No drought

Mild drought

Moderate drought

Severe drought

8
6
3
3

2
4
4
5

0
0
3
2

0
0
0
0

Table 7. Decadal variability of drought events at Mukteshwar, Nainital.
Decade
1980–1989
1990–1999
2000–2009
2010–2019

No drought

Mild drought

Moderate drought

Severe drought

3
4
6
5

5
3
3
5

2
3
1
0

0
0
0
0

Figure 6. IdentiBcation of wet and dry years at Hawalbagh, Almora.

Figure 7. Occurrence of wet and dry years at Mukteshwar, Nainital.

8. SPEI of drought and normal year
and SPEI vs. SPI
The satellite SPEI for drought year 2015 and
normal year 2010 during monsoon period (JJAS)
is presented in Bgures 12 and 13, respectively. As

the spatial resolution of global SPEI database is
0.5 degree, we have taken a point (29.25,79.25)
nearest to both of our districts as the representative of SPEI of the place. SPEI in drought
year 2015 decreases from 1 in June to 1 in
September approximately. However, SPEI shows
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Figure 8. IdentiBcation of drought and non-drought years using percent of normal at Hawalbagh.

Figure 9. IdentiBcation of drought and non-drought years using percent of normal at Mukteshwar.

Table 8. The Pearson’s correlation analysis between percentage of departure and SPI.
July (1980–2019)
Station
Hawalbagh

Mukteshwar

August (1980–2019)

Pd vs. SPI

Pearson’s r

p-value

Pearson’s r

p-value

SPI-1
SPI-3
SPI-6
SPI-1
SPI-3
SPI-6

0.98
0.32
0.59
0.96
0.77
0.65

\0.01
0.04
\0.01
\0.01
\0.01
\0.01

0.98
0.25
0.39
0.98
0.42
0.37

\0.01
0.11
0.01
\0.01
0.13
0.01

continuous increasing trend during normal year
2010 with 1.6 in June to 1.1 in September
approximately. Both SPI and SPEI show quite
similar pattern, with a rising trend in 2010 and
decreasing trend in 2015. It is evident from this
that satellite SPEI can differentiate between the
normal and drought year. We also computed the
Pearson’s correlation analysis between SPEI and
SPI to identify their relationship. We performed

the correlation analysis for different time scales
1-, 3- and 6- month SPEI for July and August
with the corresponding time scale of SPI. All the
correlation is positive (table 9) which reCects
that both follows the similar pattern. Moreover,
the performance of SPEI 6 was found to be more
closely correlated with the corresponding month
SPI as compared to other time scales, 1- and
3-months.
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Figure 10. Monthly percentage of departure vs. SPI (1, 3, 6) for July and August at Hawalbagh, Almora.

Figure 11. Monthly percentage of departure vs. SPI (1, 3, 6) for July and August at Mukteshwar, Nainital.

9. Conclusion
In the study, after calculating the SPI at 1-, 3-,
6-month timescales at two meteorological stations
in Kumaon region of Uttarakhand from 1980 to
2019, we compared and analyzed the performance
of the SPI with respect to percent of departure and
percent of normal in drought monitoring for

different time scales. The present study was aimed
to utilize meteorological data along with climatic
variables for drought identiBcation using three
different drought indices. Out of various indices
available for identiBcation of drought, the standardized precipitation index, percentage of departure and percent of normal can be used as a guiding
tool for drought management. The rainwater
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Figure 12. Variation of SPI 1 and SPEI 1 for drought year (2015) for June to October.

Figure 13. Variation of SPI 1 and SPEI 1 for non-drought year (2010) for June to October.

Table 9. The Pearson’s correlation analysis between SPEI and SPI.
July (1980–2019)
Station
Hawalbagh

Mukteshwar

August (1980–2019)

SPEI vs. SPI

Pearson’s r

p-value

Pearson’s r

p-value

SPI-1
SPI-3
SPI-6
SPI-1
SPI-3
SPI-6

0.49
0.57
0.59
0.49
0.57
0.62

\0.001
0.0001
0.0001
\0.001
0.0001
\0.0001

0.61
0.57
0.67
0.59
0.57
0.55

\0.0001
0.0001
\0.0001
\0.0001
0.0001
0.0002

harvesting technique during monsoon season
should be implemented for combating drought
situation. Further, this study can be used to identify present and future drought years. Furthermore, spatial and temporal variation of
precipitation in Himalayan region is responsible for
frequent drought spells. The limitation of the present study is that we have tried to use three
drought indices with limited data availability in
the hilly region. Therefore, In future, research work
should be undertaken with integrated approach
with robust datasets.

Acknowledgements
Authors are thankful to all the Beld and laboratory
staA for their help in this study. We are very much
thankful to the ICAR-VPKAS, Almora as well as
ICAR, New Delhi for providing Bnancial support
during the course of investigation.
Author statement
UK did the modelling exercise with the help of SS,
and prepared the manuscript with contributions

121

Page 12 of 13

from all the co-authors. UK along with SS performed the research, literature survey, result
interpretation, and manuscript revision during
peer-review process. UK and SS conceptualized
and supervised the entire research and arranged
the necessary data and resources. JKB and LK
reviewed the Brst draft and provided inputs for
improvement.

References
Angelidis P, Maris F, Kotsovinos N and Hrissanthou V 2012
Computation of drought index SPI with alternative
distribution functions; Water Resour. Manag. 26(9)
2453–2473.
Basistha A, Arya D S and Goel N K 2009 Analysis of historical
changes in precipitation in the Indian Himalayas; Int.
J. Climatol. 29 555–572.
Belayneh A, Adamowski J, Khalil B and Ozga-Zielinski B
2014 Long-term SPI drought forecasting in the Awash
River Basin in Ethiopia using wavelet neural networks and
wavelet support vector regression models; J. Hydrol. 508
418–429.
Bonsal B, Aider R, Gachon P and Lapp S 2013 An assessment
of Canadian prairie drought: Past, present, and future;
Clim. Dyn. 41 501–516.
Dutta D, Kundu A and Patel N R 2013 Predicting agricultural
drought in eastern Rajasthan of India using NDVI and
standardized precipitation index (SPI); Geocarto. Int.
28(3) 192–209.
Dogan S, Berktay A and Singh V 2012 Comparison of multimonthly precipitation-based drought severity indices, with
application to semi-arid Konya closed basin, Turkey; J.
Hydrol. 470–471 255–268.
Edossa D C, Babel M S and Gupta A D 2010 Drought analysis
in the Awash river basin, Ethiopia; Water Resour. Manag.
24(7) 1441–1460.
Edwards D C 1997 Characteristics of 20th-century drought in
the United States at multiple time scales; Master of science
dissertation submitted to the Department of Atmospheric
Science, Colorado State University, Fort Collins, Colorado.
Guttman N B 1998 Comparing the palmer drought index and
the standardized precipitation index; J. Am. Water Resour.
Assoc. 34(1) 113–121.
Hayes M J, Svoboda M D, Wilhite D A and Vanyarkho O V
1999 Monitoring the 1996 drought using the standardized
precipitation index; Bull. Am. Meteorol. Soc. 80(3)
429–438.
Hayes M J, Wilhite D A and Svoboda M D 2000 Monitoring
drought using the standardized precipitation index; In:
Drought: A Global Assessment (ed.) Wilhite D A, Routledge, London, UK, pp. 168–180.
Jain S K, Keshri R, Goswami A, Sarkar A and Chaudary A 2009
IdentiBcation of drought vulnerable areas using NOAA
AVHRR data; Int. J. Remote Sens. 30(10) 2653–2668.
Jain V K, Pandey R P, Jain M K and Byun H R 2015
Comparison of drought indices for appraisal of drought
characteristics in the Ken River Basin; Wea. Climate Extr.
8 1–11.

J. Earth Syst. Sci. (2021)130:121
Kamble D B, Gautam S, Bisht H, Rawat S and Kundu A 2019
Drought assessment for Kharif rice using Standardized
Precipitation Index (SPI) and Vegetation Condition Index
(VCI); J. Agrometeorol. 21(2) 182–187.
Karavitis C A, Alexandris S, Tsesmelis D E and Athanasopoulos G 2011 Application of the Standardized Precipitation Index (SPI) in Greece; Water (Switzerland) 3(3)
787–805.
Keyantash J and Dracup J A 2002 The quantiBcation of
drought: An evaluation of drought indices; Bull. Am.
Meteorol. Soc. 83(8) 1167–1180.
Kumar M N, Murthy C S, Sesha Sai M V R and Roy P S 2009
On the use of Standardized Precipitation Index (SPI) for
drought intensity assessment; Meteorol. Appl. 16 381–389.
Kumar M N, Murthy C S, Sesha Sai M V R and Roy P S 2012
Spatiotemporal analysis of meteorological drought variability in the Indian region using standardized precipitation
index; Meteorol. Appl. 19 256–264.
Kumar V, Shanu and Jahangeer 2017 Statistical distribution
of precipitation in Uttarakhand, India; Appl. Water Sci. 7
4765–4776.
McKee T B, Doesken N J and Kleist J 1993 The relationship
of drought frequency and duration to time scales; In:
Proceedings of the IX Conference on Applied Climatology,
Am. Meteorol. Soc. 17(22) 179–183.
Mishra A K and Singh V P 2009 Analysis of drought severityarea-frequency curves using a general circulation model and
scenario uncertainty; J. Geophys. Res. 114 (D6).
Mishra A K and Singh V P 2010 A review of drought concepts;
J. Hydrol. 391(1–2) 202–216.
Meshram S, Kant S and Sahu K C 2014 IdentiBcation of
meteorological drought year for varnasi district, UP;
Recent Res. Sci. Technol. 6(1) 245–247.
Morid S, Smakhtin V and Moghaddasi M 2006 Comparision of
seven meteorological indices for drought monitoring in Iran;
Int. J. Climatol. 26(7) 971–985.
Pai D S, Sridhar L, Guhathakurta P and Hatwar H R 2011
District-wide drought climatology of the southwest monsoon season over India based on standardized precipitation
index (SPI); Nat. Hazards 59(3) 1797–1813.
Patel N R, Parida B R, Venus V, Saha S K and Dadhwal V K
2012 Analysis of agricultural drought using vegetation
temperature condition index (VTCI) from Terra/MODIS
satellite data; Environ. Monit. Assess. 184(12) 7153–7163.
Pashiardis S and Michaelides S 2008 Implementation of the
standardized precipitation index (SPI) and the reconnaissance drought index (RDI) for regional drought assessment:
A case study for Cyprus; European Water 23 57–65.
Pandey R P, Dash B B, Mishra S K and Singh R 2008 Study of
indices for drought characterization in KBK districts in
Orissa (India); Hydrol. Process. 22(12) 1895–1907.
Pandey R P, Pandey A, Galkate R V, Byun H R and Mal B C
2010 Integrating hydro-meteorological and physiographic
factors for assessment of vulnerability to drought; Water
Resour. Manag. 24(15) 4199–4217.
Patel N R, Chopra P and Dadhwal V K 2007 Analyzing spatial
patterns of meteorological drought using standard precipitation index; Meteorol. Appl. 14(4) 329–336.
Poonia S and Rao A S 2012 Analysis of meteorological drought
at arid Rajasthan using Standardized Precipitation Index;
In: 92nd Am. Meteorol. Soc. Annual. Meet. (January 22–26,
2012).

J. Earth Syst. Sci. (2021)130:121
Quiring S M and Ganesh S 2010 Evaluating the utility of the
vegetation condition index (VCI) for monitoring meteorological drought in Texas; Agr. Forest Meteorol. 150(3) 330–339.
Rathore M S 2004 State-level analysis of drought policies and
impacts in Rajasthan, India; International Water Management Institute, Paper 93.
Raziei T, SaghaBan B, Paulo A A, Pereira L S and Bordi I
2009 Spatial patterns and temporal variability of drought in
Western Iran; Water Resour. Manag. 23(3) 439–455.
Roudier P and Mahe G 2010 Study of water stress and
droughts with indicators using daily data on the Bani River
(Niger Basin, Mali). Int. J. Climatol. 30(11) 1689–1705.
Szalai S and Szinell C S 2000 Comparison of two drought
indices for drought monitoring in Hungary – A case study;
In: Drought and drought mitigation in Europe (eds) Vogt J
V and Somma F, Adv. Nat. Technol. Hazards Res. 14,
https://doi.org/10.1007/978-94-015-9472-1˙12.
Santos J F, Portela M M and Pulido-Calvo I 2011 Regional
frequency analysis of droughts in Portugal; Water Resour.
Manag. 25(14) 3537–3558.
Sahu Y K, Mishra E P and Rawat S 2018 QuantiBcation of
crop water stress index (CWSI) for maize crop under
different microclimatic conditions of Allahabad; J. Agrometeorol. 20 368–371.
Siddiqui A R 2004 Regional Evaluation of DesertiBcation Hazards
in the Aridlands of Western Rajasthan (an unpublished Ph. D.
thesis), AMU, Aligarh, Uttar Pradesh, India, 221p.
Singh R B and Mal S 2014 Trend and variability of monsoon
and other precipitation seasons in Western Himalaya,
India; Atmos. Sci. Lett. 15 218–226.

Corresponding editor: PARTHASARATHI MUKHOPADHYAY

Page 13 of 13 121
Srivastava A, Kumari N and Maza M 2020 Hydrological
Response to agricultural land use heterogeneity using
variable inBltration capacity model; Water Resour. Manag.
34 3779–3794.
Srivastava A, Sahoo B, Raghuwanshi N S and Chatterjee C
2018 Modelling the dynamics of evapotranspiration using
variable inBltration capacity model and regionally-calibrated Hargreaves approach; Irrig. Sci. 36 289–300.
Srivastava A, Sahoo B, Raghuwanshi N S and Singh R 2017
Evaluation of variable inBltration capacity model and
MODIS terra satellite-derived grid-scale evapotranspiration estimates in a river basin with tropical monsoon-type
climatology; J. Irrig. Drainage Eng. 143(8) 04017028.
Subramanya K 2005 Engineering Hydrology; Tata-Mcgraw
Hill, New Delhi, India.
Tabrizi A A, Khalili D, Kamgar-Haghighi A A and ZandParsa S 2010 Utilization of time-based meteorological
droughts to investigate occurrence of streamCow droughts;
Water Resour. Manag. 24(15) 4287–4306.
Zin W Z W, Jemain A A and Ibrahim K 2013 Analysis of
drought condition and risk in Peninsular Malaysia using
Standardised Precipitation Index; Theor. Appl. Climatol.
111(3–4) 559–568.
Zhai J, Su B, Krysanova V, Vetter T, Gao C and Jiang T 2010
Spatial variation and trends in PDSI and SPI indices and
their relation to streamCow in 10 large regions of China;
J. Climate 23(3) 649–663.
Zhang A and Jia G 2013 Monitoring meteorological drought in
semiarid regions using multi-sensor microwave remote
sensing data; Remote Sens. Env. 134 12–23.

