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Abstract

Understanding the relevance of potential (PET) and actual evapotranspiration (AET) in the drought characterization over energy
and water-limited regions is unexplored. The present study tries to restructure the Standardized Precipitation Evapotranspiration
Index (SPEI) with AET to represent the anomalies of actual water availability in addition to precipitation over India. The AET is
estimated using the Budyko hypothesis at annual scale which was validated with Global Land Evaporation Amsterdam Model
(GLEAM) satellite-based AET data. AET-based drought index was in more agreement with remote sensing-based drought
severity index (DSI) for major drought events compared to PET-based drought index for water-limited zone compared to
energy-limited. For water-limited zones, the PET-based drought index has overestimated the drought intensities, while for
energy-limited zones such effect is not significant. AET-based drought index has estimated lesser areal extents under extreme
drought conditions compared to PET-based drought index for water-limited zones of India. The rate of increase of drought
frequencies was noted to be higher with AET for extreme droughts when compared to other categories. Overall, considerable
differences in drought characteristics based on PET and AET drought indices over water-limited zones of India stresses on the use

of AET in the drought assessment instead of PET.

1 Introduction

Drought is a natural hazard which is expected due to the de-
viation of a hydro-meteorological variable (e.g., rainfall, run-
off, and soil moisture) from the long-term average conditions
affecting millions of people all around the world (Dai 2011,
Sheffield et al. 2012). Various drought monitoring tools have
been evolved to study various forms of droughts (meteorolog-
ical, hydrological, and agricultural) by considering various
hydro-meteorological variables (rainfall, runoff, and soil
moisture). Meteorological drought plays a major role in the
drought forecasting, assessment, and monitoring by several
government agencies. In this context, characterization of
drought in terms of severity, frequency, areal extent, and du-
ration is of relevance which is conventionally performed using
various meteorological drought indices such as Standardized
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Precipitation Index (SPI) (McKee et al. 1993) and
Standardized Precipitation Evapotranspiration Index (SPEI)
(El1 Kenawy et al. 2010; Vicente Serrano et al. 2010;
Vicente-Serrano et al. 2010) (Table 1). Several studies
adopted various indices to evaluate drought events for
Indian subcontinent for current and under climate change sig-
nals (Aadhar and Mishra 2017; Kumar et al. 2013; Mallya
et al. 2016; Nath et al. 2017) as given in Table 1. The SPEI
has gained much attention in the research community due to
its capability to account for atmospheric water demand in
terms of difference between precipitation (P) and potential
evapotranspiration (PET), (P-PET) in the drought characteri-
zation as proposed by (Vicente Serrano et al. 2010). The PET-
based drought formulation of SPEI has been identified as a
reliable measure in the drought characterization compared to
solely on precipitation (Spinoni et al. 2019). The PET-based
drought indices, however, cannot account for the actual atmo-
spheric water demand and variations of land and vegetation
(Liu et al. 2016), whereas the actual evapotranspiration (AET)
represents the transfer of moisture from the land surface to the
atmosphere in response to both energy demand and moisture
supply (Shelton 2008). Therefore, inclusion of AET in the
drought estimation can account for the actual water
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availability or residual amount of water available in addition
to precipitation. Few authors attempted to use AET explicitly
in the formulation of drought characterization (Kim & Rhee,
2016). The efforts made in the literature to include AET in the
drought indices are Drought Severity Index (DSI) (Mu et al.,
2012) and U.S. Drought Monitor (USDM) (Svoboda et al.,
2002). Kim and Rhee (2016) developed the Standardized
Evapotranspiration Deficit Index (SEDI) using the AET esti-
mated from the Bouchet hypothesis and the structure of SPEI as
a fully ET-based drought index without consideration of pre-
cipitation. The use of AET in the formulation of SPEI has been
tried by few researchers (Dai, 2011; Homdee et al., 2016;
Joetzjer et al., 2013; Liu et al., 2016). Homdee et al. (2016)
compared SPEI with AET-based drought indices, where AET
was modeled based on SWAT (Soil and Water Assessment
Tool). However, hydrological model-driven AET-induced
drought indices will provide a limitation over the applicability
over large spatial scales given with the rigorous catchment
characteristic requirement. Liu et al. (2017) adopted dynamic
parameter Budyko hypothesis to estimate AET in the develop-
ment of drought index, Standardized Wetness Index (SWI), as
the ratio of residual available water (P-AET) and energy (PET-
AET) with SPEI as basic mathematical formulation. However,
application of such dynamic Budyko model requires accurate
measurements of runoff data at finer resolution. Furthermore,
the suitability of use of PET and AET in the formulation of
SPEI has been tested for both humid and arid climates by
(Begueria et al., 2014). Additionally, most of the earlier drought
assessment studies with SPEI for Indian subcontinent were
based on PET (e.g., Kumar et al., 2013; Mallya et al., 2016;
Nath et al., 2017). Suitability of AET, which can account for
both water and energy based evaporative demands, in drought
characterization is unexplored for Indian context. The present
study made an effort to use AET in the formulation of SPEI to
study various drought characteristics all over India. The AET is
estimated using the Budyko hypothesis, a robust classical mod-
el for the estimation of AET relating long-term-average water
and energy balances at catchment scales relating precipitation
and PET (Budyko, 1974). It can be noted that as the Budyko
approach of estimation of AET workability is suitable for long-
term-average scale, the study mainly focused on 12-month time
scale (annual drought) characterization. In order to guarantee
the relevance of AET-based drought index for Indian context
and to avoid the use of short-term soil moisture storages, the
focus will be only on 12-month drought characterization in
terms of areal extent, frequency, intensity, and duration. The
study used fine-resolution rainfall and temperature data provid-
ed by India Meteorological Department (IMD). The annual
scale drought-induced modeled using AET is named as
Standardised Precipitation Actual Evapotranspiration Index
(SPAEI). The newly framed drought index has been validated
with most advanced state-of-the-art satellite-based datasets. The
annual scale AET estimated using the Budyko approach has

@ Springer

been tested with Global Land Evaporation Amsterdam Model
(GLEAM) satellite-based AET data. Further, the AET-based
drought index of SPAEI was tested with remote sensing-
based DSI to evaluate the performance over water and
energy-limited regions of India. Moreover, the study analyzed
various drought characteristics of frequency, areal extent, sever-
ity, and drought duration along with evaluation of such drought
characteristics for three time periods of 1951-1971, 1972—
1992, and 1993-2013 with fine resolution of 0.25 x 0.25° ob-
served meteorological data for India.

2 Materials and methods
2.1 Estimation of AET

The drought index, SPEI, is based on the climatic water bal-
ance, the accumulated monthly difference (in mm) between
precipitation and PET as follows:

RAW ppr = P—PET (1)

where P is the monthly precipitation (mm) and PET is the
monthly potential evapotranspiration (mm). The estimated D
values represents the water demand or surplus (P-PET), while
the evapotranspiration is the result of complex relationship
between atmosphere and surface water available, vegetation,
and soil characteristics (Brutsaert, 1982). Conventionally, it is
assumed that available water and energy are the primary fac-
tors affecting the rate of evapotranspiration (Budyko, 1974).
In this context, the use of PET in the drought assessment
studies may not be able to include the actual surface available
moisture. Further, the AET includes the interception, actual
soil evaporation and actual plant transpiration (Homdee et al.,
2016). If the difference between precipitation and AET is
considered, it can account for the actual residual available
water (RAW) or water budget during drought conditions.

RAWgr = P-AET (2)

The original formulation of SPEI used the Thornthwaite
model, which calculates PET based on the mean temperatures.
Most of the earlier SPEI-based drought studies all over India
were also based on the Thornthwaite model (Kumar et al.,
2013; Mallya et al., 2016). The Thornthwaite model tends to
underestimate PET in arid and semi-arid regions (Jensen et al.,
1990) and overestimate PET in humid and tropical regions
(Schrier et al., 2011). The Hargreaves equation (Hargreaves,
1975; Hargreaves & Allen, 2003) strikes a balance between
minimum data requirements and accurate PET estimation
(Stagge et al., 2014). The present study employed the
Hargreaves equation for PET calculation which requires min-
imum, maximum, and mean temperatures along with the geo-
graphical location of the region as follows:
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ol—

PET = 0.0023 X (Timax—Tmin)? X (Tmean + 17.8) X Ry (3)

where Tiaxs Tmins and Tinean represent the maximum, mini-
mum, and mean temperatures respectively, whereas R, is the
extra-terrestrial radiation expressed in equivalent evaporation
units and calculated using the latitude of the location and time
of the year.

To calculate SPAEI, accurate estimates of AET will be
essential, which is more complex compared to PET estima-
tion. The conventional ways of estimation of AET includes,
water budget (difference (P-R) between precipitation (P) and
runoff (R)) at annual and catchment scales (Twine et al. 2004).
Furthermore, satellite-based AET data also has been evolved
for developing spatially and temporally fine terrestrial AET
data by integrating surface energy models (Kalma et al.,
2008). However, direct measurements of AET for Indian case
study are scarce and global datasets (Mueller etal., 2011) have
limitations over the spatio-temporal data availability and val-
idation, while interest towards more simple and robust ap-
proaches to estimate AET have also gained much attention
which can use readily available operational meteorological
variables of precipitation, temperature, PET, etc. (Zhang
et al., 2004). Furthermore, the study emphasizes the use of
common operational high-resolution meteorological data ob-
tained by IMD in AET estimation all over India. In this con-
text, one of the conventional methods to estimate AET in
hydrology for many years is to estimate PET first and then
applying a limiting factor to account for the water availability
and soil (Anabalon & Sharma, 2017). To this end, several
empirical models have been developed for estimating AET
which are based on the assumption that AET is limited by
the water availability in terms of precipitation under very dry
conditions and energy availability in terms of PET under very
wet conditions (Budyko, 1974; Zhang et al., 2004). Budyko
(1974) has developed a relationship between three hydro-
climatic variables for a basin: P, PET, and AET. Budyko
hypothesis states that the ratio of the AET over precipitation
(AET/P) is fundamentally related to the ratio of the PET over
precipitation (PET/P) as follows:

AET _ | PET_(  (PET\ (1) @
P P P

Fu’s parameter w accounts for the effects of climate vari-
ability, basin characteristics such as soil, vegetation, and ter-
rain (Donohue et al., 2007). The Budyko framework provides
a simple and powerful tool to estimate the AET on multiyear
time scales (Bai et al., 2020). There are several advancements
has been made over the Budyko formulation including single
parameter by Fu (1981) or more parameters by Choudhury
(1999). As the study was aimed for the implementation at
climate regional scale and due to the lack of streamflow data
at a finer resolution, the study has considered a non-parametric

formulation, which allows a direct implementation with min-
imum data. One such non-parametric formulation which has
been widely used is by Zhang et al. (2004) for estimating
AET, which is given as follows:

AET = [P (l—exp (T) >PETtanh (;};ﬂ v (5)

It can be noted that any such other non-parametric
formulations can be implemented in the analysis which
can account for the soil moisture and storage anomalies
in the estimation of AET.

The original Budyko equation (Eq. 5) has been developed
for a long-time scale (Budyko, 1974; Zhou et al., 2015).
However, the Budyko framework can be applied over short
periods of monthly and annual scales (Buytaert & Biévre,
2012; M. Liu et al., 2017), if the parameter w, which repre-
sents the joint effect of climate and land surface is estimated.
For a reasonable application of the Budyko equation as
developed by Zhang et al. (2004) (Eq. 5), we used a 12-
month scale for the estimation of drought indices.
Estimation of w based on the observed AET and P values is
beyond the scope of the present study. The main emphasis of
the study is to compare the applicability of AET in the drought
characterization for Indian subcontinent.

Therefore, Budyko equation is subjected to the following
boundary conditions (Sposito, 2017) as follows:

AET—PET as Pfoo(energy supply is limiting) (6)

AET—P as PET{oo(water supply is limiting) (7)

That is for energy-limited regions, the AET is defined by
PET and for water-limited regions the AET is defined by P.
Given this, there will not be any difference between the PET
and AET-based drought indices for energy-limited regions,
whereas such differences for water-limited zones are more
evident compared to energy-limited regions.

As the workability of AET model applied in the present
study, which is based on the Budyko formulation, is more
towards annual scales, the study worked to estimate the 12-
month scale drought indices. The monthly rainfall and PET
are accumulated to 12-month scale as follows:
Pi=Y%%, P wherek =12 (8)

l

PET! = Y

i1 PET;  where k = 12 9)

where Pf.‘ and PETf.‘ are the accumulated rainfall and PET in
month, i. The 12-month accumulated P and PET values will
be used in Eq. 5 to estimate the accumulated AET values at
12-month scale. By applying accumulated values of P and
PET directly in the Eq. 5, the conditions of P as zero
for any given month can overcome in the calculation.
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After the calculation of accumulated PET and AET, the
accumulated RAW values were calculated for estimating
SPAEI, as follows:

RAW]? = P/*~AET}? (10)

2.2 Fitting different probability distributions for (P-
PET) and (P-AET)

The SPEI formulation necessitates fitting of an appropriate
parametric probability distribution for the transformation of
accumulated estimates of (P-PET) into standard normal distri-
bution. The choice of an inappropriate probability distribution
may lead to bias in the index values leading to inaccurate
drought indices (Sienz et al., 2012; Stagge et al., 2015).
Moreover, most of the earlier drought studies allover India
were based on the original structure of SPEI formulation by
Vicente Serrano et al. (2010) following three-parameter log—
logistic (LL) distribution. However, Stagge et al. (2015) rec-
ommended generalized extreme value (GEV) distribution for
formulating the SPEI. Few more studies (e.g., Homdee et al.,
2016) also revealed that GEV distribution fits well for the
climatic water balance. Also, Wang et al. (2019) noted that
Pearson type III (PT-III) distribution is a reliable distribution
for formulating SPEI over China. The performance of candi-
date distributions to fit SPEI/SPAEI was tested with GEV, LL,
PT-III, and normal distributions over Indian land mass for
various meteorologically homogeneous regions was studied
by Monish and Rehana (2019). Based on the Akaike informa-
tion criterion (AIC) (Akaike, 1974), the GEV distribution was
identified as the best fit with more than 50.26% of grid points
for 12-month time scale of SPEI values for all over
India in the study by Monish and Rehana (2019). The
present study compared GEV and LL distributions for
formulating the SPAEI for 12-month time scale.

2.2.1 Generalized extreme value distribution

GEV distribution comes under the family of extreme value
theory, which is the limiting distribution for an observed var-
iable of maximum or minimum values that are indepen-
dent and identically distributed. The probability density
function (f(x)) of the three-parameter GEV distribution
is given as follows:

G) [0+ €2y el g0, 14 ) > 0

(l) e
a

Sfx) =

E=0,—0< x< ®

(11)

where
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(12)

where u, o, and & are the location, scale, and shape
parameters respectively which are estimated using the
maximum likelihood method. The cumulative distribu-
tion function (CDF), F(x), for GEV can be calculated
as follows:

F(x) = e ) (13)

where

) = <1 +§<(x;“)>)% g0,
PR it £=0

2.2.2 Three-parameter log-logistic distribution

The probability density function (f{x)) of the three-parameter
log—logistic distribution is given as follows:

=202 [+ ()]

a\ @
where «, (3, and +y are the scale, shape, and origin parameters
respectively which are obtained by the following L-moments
procedure:

(15)

2W1*W0
= 6w1—wo—6w, (16)
B (wo—2w1)f3
T T+ 1/BT(1-1/p) 1)
v = wo-al(1+ 1/8)0(1-1/5) (18)

where wy, wy, and w, are the probability weighted moments
calculated based on method by Sheng and Hashino (2007), as
follows:

1 /i \ e [
Wr:(”l) z<’”>x, r=0,1,2
n r j=1 r :

where n is the sample size and x; is the ordered vector of
observations in descending order.

Next, the cumulative distribution function of log—
logistic distribution can be calculated with the estimated
parameters as:

()]

(19)

-1

F(x) = (20)
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2.3 Performance evaluation criteria for SPEI and
SPAEI

The best probability distribution for fitting the values of RAWpgt
and RAW ,g in the formulation of SPEI and SPAEI value can
be selected based on (i) Kolmogorov—Smirnov (K-S) goodness-
of-fit tests to study the distance measured between selected dis-
tribution and the empirical distributions (i) AIC likelihood ratio
tests which is based on the information criteria for relative rank-
ing of the distributions (e.g., AIC test). In the present study, two
performance evaluation criteria, K-S goodness-of-fit and
AIC statistical method (Akaike 1974), are used to select the most
appropriate candidate distribution in the formulation of SPEI and
SPAEI for meteorologically homogeneous zones and overall
India at 12-month time scales.

2.3.1 Kolmogorov-Smirnov test

The K-S goodness-of-fit test estimates the maximum differ-
ence between the theoretical and empirical cumulative distri-
bution of sampled points. If xq, . . ..., x,, are the random
samples from a candidate distribution with CDF (F(x)), the
empirical CDF can be estimated as

F,(x) = number of observations<x

21
: e1)

The K-S test statistic will be based on the largest vertical
difference (A) between the theoretical and empirical CDFs of
candidate distribution.

A = max| F, (x)=F(x)| (22)

The hypothesis that the data follows a particular distribu-
tion will be rejected if the test statistic, A, is greater than the
critical value obtained from the standard table for a given
significance level (Chakravarty et al. 1967).

2.3.2 Akaike information criterion

AIC works by capturing the bias of fit and unreliability from
the number of model parameters. According to AIC criterion,
each probability distribution will be ranked and best probabil-
ity distribution function will be selected with minimum AIC
value. The AIC values were estimated for both RAWpgr and
RAW 4t for each grid point all over India.

AIC = 2k—2In(L) (23)

where £ is the number of parameters of a probability distribu-
tion and L is the maximized value of the likelihood function
for the distribution.

2.4 Estimation of SPAEI

The basic structure of SPEI has been followed to test the AET-
based drought index of SPAEI. The original formulation of
SPEI works by selecting the cumulative distribution function
(CDF) values, F(x), for the selected probability distribution
function. The SPEI values were calculated as follows:

Fig. 1 Meteorological 70.000 _ 75.000 _ 80.000 __ 85.000 _ 90.000 __ 95.000 _ 100.000
homogeneous zones of India
~’\\
35.000 35.000
30.000 30.000
25.000 25.000
20.000 20.000
15.000 15.000
10.000 10.000
~
70.000 75.000 80.000 85.000 90.000 95.000 100.000
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Table2 K-S rejection frequencies (%) for the probability distributions of generalized extreme value (GEV) and 3-parameter log—logistic distributions
for various homogeneous zones and all over India for SPEI and SPAEI (values in the bracket) at 12-month accumulation period

Distribution North South Central West NE NE hills J&K India

GEV 2.91 (9.85) 11.16 (6.13)  7.07 (8.67) 4.11(49.63)  15.31(8.33) 30.70 (18.11)  35.16(37.91)  10.00 (19.48)
Log-logistic =~ 3.52(17.63)  4.08 (12.89)  6.62(23.05)  9.06(85.58)  9.23 (14.11)  29.92 (40.94)  35.71 (45.60)  9.09 (34.63)

Co+ C\W + CW?
S A L (24)
L+d\W +daW? + dsW

where W = y/—2In(p) for P<0.5 (25)

where P is the probability of exceeding a determined RAW
value, P = 1 — F(x). If P> 0.5, then P is replaced by (1 — P)
and the sign of the resultant SPAEI is reversed. The constants

are Cy = 2.5515517, C, = 0.802583, C, = 0.010328, d, =
1.432788, d, = 0.189269, and d5 = 0.001308. By substituting
the Cy, Ci, and C, values in Eq. 13, we calculate the SPEI/
SPAEI values at 12-month scale. The drought severity was
identified using the SPEI/SPAEI ranges as described by
Vicente-Serrano et al. (2010) as follows: A drought event
was classified as moderate if SPEI/SPAEI between — 1.0
and — 1.49, severe if SPEI/SPAEI was between — 1.50 and —
1.99, and extreme if SPEI/SPAEI was less than — 2.0.

40 1 40 r
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251

20

Invalid grids

Data unavailable
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20

15
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Invalid grids

Data unavailable

GEV

Log-logistic

65

Fig.2 a, b Results from the K-S test for all over India with accepted and
rejected grid points at a significance level 0of 0.05 for GEV distribution for
the accumulated period of 12 months for SPEI and SPAEI respectively. ¢,
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d Results from AIC for best relative fit all over India for SPEI and SPAEI
respectively
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Fig. 3 Monthly spatial average of AET-based residual available water, RAW g, (P-AET), and PET-based residual available water, RAWpgr, (P-PET)

3 Study area and data

Fine-resolution (0.25°) daily rainfall data from the India
Meteorological Department (IMD) for the period of 1901 to
2014, covering main land region of India with a spatial domain
of 6.5° N to 38.5° N, and 66.5° E to 100° E (Fig. 1), was used in
the study (Pai et al., 2014). Similarly, daily maximum, minimum,
and mean temperature datasets at 1° x 1° resolution for the period
of 19512014 from IMD were used in the study (Srivastava et al.,
2009). The temperature datasets were brought to a common reso-
lution of 0.25° by bilinear interpolation. The precipitation and
temperature datasets were aggregated to monthly scale to perform
the analysis. A common data period of 1951 to 2014 was consid-
ered, which is further divided in to three segments (19511971,
1972-1992, and 1993-2013) to understand the trends and vari-
ability associated with SPEI and SPAEI drought formulations. The
three time periods of 1951-1971, 1972-1992, and 1993-2013
here onwards denoted as TS1, TS2, and TS3 respectively.
Further, to proceed with the validation of the estimated AET
as demonstrated in the present study, a comparison between
modeled AET and remote sensing-based AET data has been
carried out. For this purpose, the study adopted GLEAM
satellite-based AET data which provides the land evaporation
data considering the evaporation from land, soil, plant surfaces,
open water and transpiration from vegetation along with dynamic
land cover information and has showed high skill scores for most

of the land cover types (https:/www.gleam.cu/) (Martens et al.,
2017; Miralles et al., 2011). Due to the availability of long time
series ET datasets of GLEAM for the period of 1980 to 2018 at 0.
25° x 0.25° resolution, the present study used GLEAM-based
AET data to validate the estimated AET of the present study.

30t
0.8

20 ¢
10.6

0.5
10|

: : s 0.4
70 80 90 100

Fig. 4 Correlation coefficients between modeled (Budyko formulation)
estimates of AET and remote sensing (GLEAM) data
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4 Results and discussions
4.1 Construction of SPEI and SPAEI

The present study tested GEV and LL distributions for fitting
the time series of RAWpgr and RAW 51 values using the K-S
goodness-of-fit test. A rejection frequency based on the K-S
test was defined to study the suitability of a particular distri-
bution for fitting the time series of RAWpgr and RAW gt for
each homogeneous zone and overall India. The rejection fre-
quency is defined as the ratio of number of grid points which
did not fit the time series of RAWpgr or RAW sgt for the

2002

selected distribution, to the total number of grid points in that
region at a given significance level of 0.05. The lower the
rejection frequency, the better the distribution performance
in a particular region according to the K-S test. All over
India, the K-S rejection frequencies were estimated as 10.0%
(19.5%) and 9.1% (34.6%) with SPEI (SPAEI) respectively
with GEV and LL distributions (Table 2). The GEV distribu-
tion has performed consistently better over three-parameter
LL distribution to fit the time series of RAWpgt and
RAW sgt according to the K-S test (Fig. 2a, b). Further, the
present study used AIC relative ranking to investigate the best
fitted distribution for RAWpgr and RAW sgt time series all

DSI

SPEI

SPAEI

1307

1257
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sl W

110} \/f

130+

125}
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115¢
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70 8 9 100 79 80
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Fig. 5 Spatial comparison of SPEI and SPAEI drought intensities with DSI drought intensities for the year 2002 and 2009
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over India. The AIC values were estimated for each grid point
for a given probability distribution and ranked to select a best
distribution based on the minimum AIC value (Fig. 2c, d).
About 70 and 91% of grid points have ranked GEV distribu-
tion as the best fit for both RAWpgt and RAW s g1 time series
respectively at 12-month time scale. The results of the present
study was consistent with the earlier research findings by
Monish & Rehana (2019) on the selection of GEV distribution
as the best fit for SPEI at 12-month time scale for various
meteorological zones of India. Hence, the present study con-
sidered GEV distribution as the best fit for formulating SPEI
and SPAEI drought study all over India.

4.2 Analysis of (P-PET) and (P-AET) for various zones
of India

The study characterized each homogeneous meteorological
zone as energy and water-limited zones by comparing the
annual total precipitation and PET for the period of 1951 to
2014. If the annual mean P < PET, then the zone is defined as
water-limited zone, whereas if the annual mean P > PET, then
the region is defined as energy-limited region (Donohue et al.,
2007). Based on such definition, the values of annual (P/PET)
values were estimated for central (1084/1800 mm), south
(1248/1695 mm), west (545/1768 mm), north (1180/1688
mm), and J&K (1025/1343 mm) and characterized as water-
limited zones, whereas the northeast (2118/1473 mm) and
northeast hills (2715/1434 mm) were characterized as
energy-limited zones. Meanwhile, Padmakumari et al.
(2013) characterized entire India as water-limited with pan
evaporation and station rainfall datasets. It can be noted that
the research findings of the present study were based on ob-
served gridded precipitation and temperature datasets with
modeled AET and PET estimates in the water and energy-
limited zonal characterization. Such characterization will help
to analyze the suitability and adoptability of PET and AET in
drought analysis.

The spatial averaged monthly RAWpgr (P-PET) and
RAW sg1 (P-AET) for the historical data of 1951 to 2014 were
compared (Fig. 3). The (P-E) is considered as a more reliable
estimate and proxy to estimate the water availability
(Sebastian et al., 2016). Both northeast and northeast hills
zones, which are characterized as energy-limited zones, have
shown similar pattern of water availabilities based on both (P-
PET) and (P-AET) throughout the year. There is a consider-
able difference between the water availabilities of (P-PET)
and (P-AET) for the water-limited zones of India (central,
south, west, north, and J&K). This is evident from the assump-
tions adopted in the estimation of AET; as for the energy-
limited zones, the AET is mainly defined by PET and for
water-limited zones, the AET is mainly defined by precipita-
tion (Sposito, 2017). Therefore, the comparison of PET and
AET-based drought characterization is of more relevance for

the water-limited zones (central, south, west, north, and J&K).
Though the range of values for (P-PET) and (P-AET) is dif-
ferent for all the zones, the pattern of values which is impor-
tant for the drought index calculation is consistent for most of
the zones as shown in Fig. 3. Due to the noticeable difference
between (P-PET) and (P-AET), the variation of drought char-
acterization based on SPEI and SPAEI over water-limited
zones is also expected (discussed in Section 4.2).

4.3 Validation of the drought analysis with remote
sensing data

Further, to proceed with the validation of the estimated AET
as demonstrated in the present study, a comparison between
modeled AET and remote sensing-based AET data has been
performed (Fig. 4). Figure 4 shows the correlation coefficients
estimated between annual AET estimated using the Budyko
formulation and GLEAM-based remote sensing data for the
period of 1980 to 2014. Higher correlation coefficients were
observed for western and northeast zones and lower correla-
tions for central, north, and south zones (Fig. 4). About 99%
of the grid points all over India has shown correlation coeffi-
cients greater than 0.5, estimated between AET with the
Budyko model and AET with remote sensing data, which
shows a reasonable agreement for most part of the country.
With this, the modeled AET as proposed in the present study
can be valuable to predict annual droughts having the limita-
tions towards neglected storages and fixed parametric models
at monthly scale.

Further, the SPEI and SPAEI were compared with satellite-
based terrestrial drought index, drought severity index (DSI)
developed by Mu et al. (2012). DSI is based on the Moderate
Resolution Imaging Spectroradiometer (MODIS) MOD16
ET-PET product driven by the National Centers for
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Fig. 6 Spatial correlation between SPEI and SPAEI over India for the
period of 1951 to 2014 for 12-month accumulation period
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«Fig. 7 Drought intensity for 1965, 2002, and 2009 drought years as ~ Table 3 Spatial averaged percentages of various drought areal extent
estimated by SPEI (top) and SPAEI (bottom) for water-limited categories for SPEI and SPAEI for all meteorologically homogeneous

(western) and energy-limited (NE) regions zones of India

Zone Index  Droughttype 1951- 1972— 1993—
Environmental Prediction—-Department of Energy 1971 1992 2013
Atmospheric Model Intercomparison Project Reanalysis II India  SPEI Moderate 387 1677 1307
(NCEP-DOE II) (Jung et al. 2010). DSI is formulated based Severe 35'35 49'23 49'76
on normalized difference vegetation index (NDVI) data prod- i X ’
ucts from MODIS, which has potential to connect climate and Extreme 378 4.99 717
vegetation responses (Xu et al. 2011). Furthermore, DSI has SPAEL Moderate 57.03 52.06 45.23

Severe 39.54 46.14 51.49

been widely applied all over the world to compare various

drought indices Shah & Mishra (2020). DSI is at 0.5° x Extreme 343 18 3.28

0.5°resolution from 2000 to 2011. The DSI data was interpo- NE  SPEL Moderate 4662 49.1 33.14
lated to 0.25° x 0.25° resolution for comparison of SPEI and Severe 39.86 43.92 47.75
SPAEI and well in agreement for the major drought years of Extreme 13.51 6.98 17.12
2002 and 2009 all over India (Fig. 5). The drought intensities SPAEL Moderate 4932 5045 37.61
of DSI is more comparable for the year 2002 compared to Severe 38.96 46.17 51.58
2009 with both SPEI and SPAEI. Here, we have compared Extreme 1.7 338 10.81
the intensities of DSI with SPEI and SPAEI for western and ~ West SPEI Moderate 62.2 36.15 4531
NE zones of India to show the suitability of PET and AET- Severe 36.66 61.79 51.08
based drought indices for water and energy-limited zones. The Extreme L13 2.06 3.60

SPEI values has shown higher intensities compared to DSI SPAEL Moderate 5026 40.89 4171
and SPAEI over the western zone compared to NE. For ex- Severe 483 57.67 55.61
ample, the DSI intensity for a random grid (26° 75’ N x 72° Extreme 1.44 1.44 2.68

75" E) over the western zone was noted as — 1.753, the SPEI

value as — 2.30, and the SPAEI value as — 2.17. Similarly, for
another random gnd in the western zone (270 25'"N x 70° 75' 193, and the SPAEI value as — 1.71. It can be concluded that

E), the value of DSI was noted as — 1.31, the SPEI value as —  the SPEI values has resulted in higher drought intensities
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Fig. 8 Percentage of drought (SPEI/SPAEI < — 1) areal extent estimated by SPEI and SPAEI for all over India, water-limited (western), and energy-
limited (NE) regions along with linear trends of SPAEI for period of 1951 to 2014
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compared to both DSI and SPAEL It is also clear that SPEI
being solely depends on the atmospheric evaporative demand
without consideration about the actual water availabilities on
the landscape, overestimating of drought intensities for the
arid or water-limited regions. A similar comparison for
energy-limited zone was also carried out by comparing the
drought intensities for the most affected drought year of
2002 over NE region at a random grid (28° 00’ N x 95° 00’
E) as — 0.07, the SPEI value as 0.32, and the SPAEI value as
0.33. For another random grid point (27° 75’ N x 94° 25" E)
over the NE regions also, the values of DSI was found to be as
0.68, the SPEI value as — 0.48, and the SPAEI value as — 0.51.
It is clear that while the difference between DSI values com-
pared to SPEI and SPAEI is very small, the difference be-
tween the SPEI and SPAEI values are also negligible for
energy-limited regions compared to water-limited regions.
Such differences are evident for water and energy-limited
zones due to the model estimates of PET and AET, which
is based on the assumption that for water-limited re-
gions the AET is defined by P and for the energy-
limited regions the AET is defined by PET. Therefore,
the study can conclude that, for energy-limited zones,
both PET and AET-based drought indices will provide
the similar drought intensities, whereas for water-limited
zones, the SPEI can lead to overestimates of drought
intensities, for which the AET-based drought indicator
is most suitable.

4.4 Comparison of spatial and temporal drought
characteristics of SPEI and SPAEI

The results of the study found that SPEI and SPAEI are sig-
nificantly correlated with about 97% of grid points having
correlation greater than 0.95, whereas the western zone and
rain shadow regions of Western Ghats in the south zone ex-
hibited slightly lower degree of correlation with a range of
0.95 to 0.93 (Fig. 6). As the precipitation used in the drought
estimation is same for both SPEI and SPAEI, the difference in
the values of SPEI and SPAEI exists is only due to the varia-
tion in the values of PET and AET. Due to these differences in
water availabilities (P-PET and P-AET) for water-limited
zones (Fig. 3), which is evident that existence of considerable
difference between the PET and AET, use of AET in the
drought estimation is of relevance for the water-limited zones
of India compared to energy-limited zones.

To assess SPEI and SPAEI for drought detection, the
drought characteristics such as severity, frequency, duration,
and areal extent of droughts for each meteorologically homo-
geneous zone were studied from 1951 to 2014. Also, to test
the difference between PET and AET is significant enough
and use of AET could provide more insights in the drought
estimation, the values of SPEI and SPAEI were compared for
the period of 1951 to 2014. To elaborate the significance of
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PET and AET-based drought indices characterization, the
study adopted one water-limited zone of western and one
energy-limited zone of northeast for the comparison of
drought severity, intensity, frequency, and durations.

Both SPEI and SPAEI were able to capture major droughts all
over India and for each zone occurred in 1951, 1965, 1966, 1968,
1972, 1974, 1979, 1982, 1985, 1986, 1987, 2002, 2004, 2009,
2014, and 2015 (De et al. 2005; Mallya et al. 2016) (Fig. 7). To
study the drought areal extents with SPEI and SPAEI, yearly
drought percentage of area experiencing drought were compared
for each zone. The areal extent of drought for each zone was
estimated as percentage of area experiencing drought calculated
based on the ratio of number of grid points with SPEI/SPAEI < —
1 to the total number of grid points for each zone and all over
India. A grid point is drought affected if SPEI/SPAEI < — 1 to
account for all categories (including moderate, severe, and ex-
treme drought) of droughts (Fig. 8). The spatial extent of drought
was observed to be increasing all over India over the period of
1951 to 2014 (Fig. 8) both with SPEI and SPAEI. Specifically,
the linear trend lines for SPAEI values have shown significant
positive trends with a significance level of 0.05 for central (1.7%/
decade), J&K (0.26%/decade), northeast hills (3.3%/de-
cade), northeast (1.1%/decade), north (1.9%/decade),
south (1%/decade), west (0.15%/decade), and allover
India (1.2%/decade) (Fig. 8). Such positive trends were
also observed with SPEI for all zones.

It can be observed that the difference between drought areal
extents with SPEI and SPAEI are relatively small when the
drought event was defined as SPEI/SPAEI < — 1 (Fig. 8).
Therefore, the comparison of areal extents with reference to vari-
ous drought categories has been done to study the effect of inclu-
sion of PET and AET in the drought assessment of all over India
and water and energy-limited zones (Table 3). For the comparison
of moderate, severe, and extreme spatio-temporal drought chang-
es, the ratio of grids in each particular category to the total number
of grids in each region were compared with both drought indices
of SPEI and SPAEI as given in Table 3. All over India, the severe
and extreme drought percentage areal extents have been increased
(Table 3), which is consistent with the earlier research findings
with SPEI based on PET (Kumar et al., 2013, Mallya et al.,
2016). For instance, the severe (extreme) percentage drought area
of the entire country was observed to increase by 35% (6%), 48%
(5%), and 50% (7% for the periods of TS1, TS2, and TS3 respec-
tively with SPEI, whereas for SPAEI, the severe (extreme) per-
centage drought area was observed as 40% (3.4%), 46% (2%), and
52% (3.3%) for the periods of TS1, TS2, and TS3 respectively.
For overall India, the extreme drought affected area was noted as
5.8% (3.4%), 4.9% (1.8%), and 7.2% (3.3%) for periods of TS1,

Fig. 9 Epochal variation in average intensity of droughts with P
SPEI and SPAEI for all over India, water-limited (western), and
energy-limited (NE) regions
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Fig. 9 (continued)

TS2, and TS3 respectively with SPEI (SPAEI). The year 2002 was
identified as the most widespread drought year over India with
about 52% of area affected with SPEIL in which 20.0% was mod-
erate, 17.8% was severe, and 13.6% was extreme drought. For the
same year, SPAFI has identified drought affected area as 52%, in
which 20.5% was moderate, 21.5% was severe, and 11.4% was
extreme drought. Here, the comparison of severity of droughts
between SPEI and SPAEI reveals that the percentage of area
which was categorized under extreme droughts was found to be
less with SPAEI indicating lower extreme drought areal
extents with SPAEI particularly for water-limited re-
gions as shown in Fig. 7.

At zonal scale, the difference between moderate and severe
drought affected areas of SPEI and SPAEI was observed to be
relatively less compared to extreme droughts, for water-
limited zone (Table 3). For another water-limited zone of the
central zone, the area under extreme drought was noted as
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6.2% (3.0%), 6.2% (1.3%), and 4.1% (1.1%) for TSI, TS2,
and TS3 respectively with SPEI (SPAEI), whereas such dif-
ference between the area under extreme drought captured by
SPEI and SPAEI is relatively small for energy-limited zones
of the northeast (Table 3). For instance, the northeast zone,
exhibited the area under extreme drought as 13.5% (11.7%),
7% (4%), and 17% (11%) for TS1, TS2, and TS3 respectively
with SPEI (SPAEI). Hence, considerable difference in ex-
treme drought affected area was noticed between SPEI and
SPAEI for all water-limited zones (central, J&K, north, south,
west), while such differences were not observed for energy-
limited zones (northeast, northeast hills). Therefore, the

Fig. 10 Epochal variation in average frequency of droughts with P>
SPEI and SPAEI for all over India, water-limited (western), and
energy-limited (NE) regions
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research findings of the study reveal that the use of AET in the
drought categorization perhaps provide more insight towards
the extreme drought event assessment for water-limited zones.

The spatio-temporal variability of SPEI and SPAEI drought
indices were studied for each epoch (TS1, TS2, TS3) for all over
India, western, and NE zones in terms of drought intensity (Fig. 9),
frequency (Fig. 10), and duration (Fig. 11). Regarding drought
intensity, for TSI, the extreme intensities of droughts were noted
for north, central, and NE and only few parts of south and western
zones (Fig. 8), while for TS2, more intensified droughts were
observed for entire western zone, Western Ghats of the south
zone, and north and NE zones of the country. Such increasing
trends of drought events were also estimated by Mallya et al.
(2016) for western and Deccan plateau regions with IMD data
for the period of 1936 to 1970 for the 12-month time window.
For the recent time epoch of TS3, intensified droughts were ob-
served all over India with marked attention on western and south
zones. More drought intensities were observed for the recent pe-
riods of 1993 to 2013 with both indices, whereas for the period of
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40 40
35 35 m
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30 30| / ; “g

25+

TS3 (Fig. 9), the SPEI has estimated droughts with more intensity
for NE hills, northeast, and south zones compared to SPAEI.
The spatio-temporal variation in the drought frequencies
for three-time epochs for all over India, western, and NE zones
are presented in Fig. 10. The frequency of droughts occurred
during TS1, TS2, and TS3, for each grid, was estimated as the
number of drought years under consideration with 12-month
drought ending in December (SPEI/SPAEI < — 1). Figure 10
showed an increase in frequency of droughts in terms of num-
ber of years over each epoch for various meteorological ho-
mogenous zones and for the country. All over India, spatial
averaged frequencies were estimated for SPEI (SPAEI) as 2.6
(3.2),3.5(3.9),and 3.7 (4.1) years (Table 4) for TS1, TS2, and
TS3 respectively. Particularly, the north zone has exhibited
higher frequency of drought years for TS3 for which signifi-
cant decrease in annual precipitation was observed (Chen
etal., 2018). Similar trends of increase of drought events over
eastern Indo-Gangetic plain of India were observed in the
study of Mallya et al. (2016) for the period of 1971 to 2004
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Fig. 11 Epochal variation in average duration of droughts with SPEI and SPAEI for all over India, water-limited (western), and energy-limited (NE)
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Table 4 Spatial averaged drought frequencies in years for all Table 6 Spatial averaged drought duration in months for all

meteorologically homogeneous zones of India meteorologically homogeneous zones of India

Zone Index 1951- 1972— 1993— Zone Index 1951- 1972— 1993—

1971 1992 2013 1971 1992 2013

India SPEI 2.6 35 3.7 India SPEI 6.16 6.60 7.14
SPAEI 3.2 39 4.1 SPAEI 6.62 7.06 7.75

NE SPEI 3.0 2.7 3.7 NE SPEI 7.24 6.49 7.72
SPAEI 3.7 32 4.1 SPAEI 9.62 8.71 9.46

West SPEI 2.8 43 32 West SPEI 6.37 7.85 6.99
SPAEI 35 4.6 3.6 SPAEI 6.33 8.02 7.95

with SPEI. Although, the difference between the number of
drought events of SPEI and SPAEI was relatively small, con-
siderable difference between the rate of increase in the drought
frequency (estimated across TS1, TS2, and TS3) has been
observed. The SPEI (20.1%) has exhibited a considerable
higher rate of increase in average drought frequencies com-
pared to SPAEI (13.4%) for water-limited zone (western)
compared to energy-limited zone (NE) (Fig. 10).

An analysis was made related to the drought frequencies
for each category at zonal scale (Table 5). Both SPEI and
SPAEI has shown an increase in the drought frequencies for
all categories over India. However, the rate of increase in
frequencies (estimated across TS1, TS2, and TS3) was

Table 5 Spatial averaged frequencies in months for various drought
categories for SPEI and SPAEI for all meteorologically homogeneous
zones of India

Zone Index  Drought type 1951- 1972— 1993—
1971 1992 2013

India SPEI = Moderate 19.59 23.23 24.10
Severe 8.90 11.46 12.64

Extreme 4.02 6.94 7.63

SPAEI Moderate 22.54 24.61 25.32
Severe 12.22 16.16 17.07

Extreme 3.89 4.87 5.83

NE  SPEI  Moderate 20.97 16.93 22.62
Severe 9.04 8.34 11.58

Extreme 5.48 5.28 9.16

SPAEI Moderate 24.94 18.37 24.94
Severe 11.73 10.40 14.14

Extreme 5.14 4.46 8.34

West SPEI  Moderate 22.25 26.22 21.94
Severe 9.54 13.97 11.27

Extreme 3.43 9.24 522

SPAEI Moderate 24.08 24.66 20.84
Severe 14.99 2231 17.17

Extreme 4.56 6.13 441

observed to be significantly higher in the case of extreme
droughts when compared to other categories. The average rate
of increase of extreme drought frequency was observed to be
40% (20%), while for severe drought as 13% (19%) and for
moderate drought as 14% (4.2%) for SPEI (SPAEI) respec-
tively for India.

The spatio-temporal variation in the drought durations for
three-time epochs for each zone were presented in Fig. 11.
The drought durations, in terms of number of months with
SPEI/SPAEI < 1, for each drought event were estimated for
the time epochs of TS1, TS2, and TS3 and for each grid point
(Fig. 11). The spatial averaged drought durations were noted
as 6.16 (6.62), 6.60 (7.06), and 7.14 (7.75) months (Table 6)
for TS1, TS2, and TS3 respectively by SPEI (SPAEI),
depicting increase of drought durations for the entire country.
In particular, south, northeast, and northeast hills zones exhib-
ited a pronounced increase in drought duration in the recent
years (TS3). The research findings of the present study are in
support with the study of Mallya et al. (2016), with increased
drought durations over central and eastern Indo-Gangetic
Plain and southern parts of India for the period of 1971—
2004. The energy-limited zones (northeast and northeast hills)
have exhibited considerably higher average drought durations
(by ~ 20%) as estimated by SPAEI when compared to SPEI
(Table 6), whereas for water-limited zones, there was negligi-
ble difference between SPEI and SPAEI in terms of drought
durations. It is evident that for the water-limited zones, the
AET is mainly defined by precipitation and the resultant
drought indices estimated, SPAEI, is not much deviating from
SPEI. Therefore, the study reveals that accurate estimation of
AET, which is not only a function of precipitation and PET
but also a function of vegetation, soil moisture, and open
water evaporation may provide more insight towards the
drought durations more accurately. However, the use of such
detailed AET estimations can be a potential area of research;
instead, the study aims to use more operational and readily
available climate variables to formulate a drought index based
on AET instead of PET which can be further used to under-
stand the drought characterization under climate variability.
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5 Advantages and limitations

The study demonstrated the restructure of a standardised PET-
based drought index, SPEI, to include AET, which is modelled
based on P and PET. The proposed drought indices are well in
agreement with state-of-the-art of satellite-based drought indices.
The study can be valuable tool for the analysis of annual droughts
according to the climate and actual water availability of a region
with operational meteorological data.

Despite the ability of SPAEI in capturing drought conditions
over water-limited zones, it has some caveats. The major obser-
vation which was found in comparison of PET and AET-based
drought estimations was differences in the drought characteriza-
tion over water-limited zones compared to energy-limited zones.
This is the resultant of the unique assumption which was made in
the estimation of AET, when P is unlimited (energy-limited
zone) AET tends to be PET and when PET is unlimited
(water-limited zone) AET tends to be P. Because of this, for
energy-limited regions, the dependency between SPEI and
SPAEI is less compared to water-limited regions.

Secondly, SPAEI proposed in the study is based on the
Budyko hypothesis (Budyko 1958) and empirical equations gen-
erated by Zhang et al. (2004), with the stationary parameter,
which defines the changes in vegetation and climate change.
However, a dynamic parameter of Budyko-type modelling
framework can represent the joint effect of climate and land
surface variability explicitly in drought assessment. In order to
guarantee the relevance of AET-based drought index for Indian
context and to avoid the use of short-term soil moisture storages,
the focus will be only on 12-month drought. Analysis of short-
term droughts are therefore beyond the scope of the present
study, although they can be studied if the AET can be modelled
considering monthly storage changes by adopting a hydrological
model. Further, the study mainly focused on 12-month time scale
(annual drought) by neglecting the storage changes and season-
ality of root zone. Employing a land surface hydrological model
to simulate AET accounting for storage changes and to include
the dynamic parameter Budyko-type structure can be potential
future research problem. Secondly, the evaporative demand esti-
mation of SPAEI is accounted for variability of temperatures
alone. Given the declining rates of global wind speed, the evap-
orative demand gradually decreases. Hence, the PET model used
can be improved by adopting the Penman—Monteith PET model
which can include various meteorological variables, such as wind
speed, relative humidity, and radiation. However, due to the
unavailability of such operational gridded meteorological
datasets for Indian case study, the present study is limited to
use the Hargreaves model for the estimation of evaporative de-
mand for the Indian drought analysis. Further studies could im-
prove the drought assessment framework presented here with
better AET and PET estimates, which are most difficult variables
to measure and deserve more attention towards the measurement
in the regional water balance assessment.
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To overcome such major limitation of the proposed
drought indices, most accurate estimates of AET should be
used in the formulation of SPAEI. One such possibility is to
use the most dependable satellite-based remote sensing AET
estimates. However, use of remote sensing-based AET esti-
mates provides limitations over the validation and spatio-
temporal resolutions. Also, remote sensing-based data based
on AET estimates can be useful for understanding the drought
variability for historical periods but limited to implement for
the future scenarios. Therefore, the proposed drought formu-
lation can be still valuable to study the projected drought char-
acteristics under climate change due to its dependency over
the most dependable projections of precipitation and temper-
atures from any climate model.

6 Conclusions

The study stressed on the relevance of use of AET instead of
PET in the drought analysis for water-limited zones compared
to energy-limited zones of India. A drought-monitoring
framework was developed based on the Budyko hypothesis
which allowed the study to estimate AET with readily avail-
able climate data. The drought index developed is dependent
on the water available for the actual evaporative demand with
reference to AET and precipitation using the structure of a
SPEI The AET-based drought index was consistent with con-
ventional PET-based drought index in identifying the histori-
cal droughts for the meteorological homogeneous zones of
India. The study compared the drought assessment with PET
and AET for various meteorological homogeneous zones of
India, which are characterised as water and energy-limited
zones. The central, south, west, north, and J&K are identified
as water-limited zones and NE and NE hills as energy-limited
zones. Furthermore, the present study noted GEV distribution
as the most promising in formulating the SPEI and SPAEI for
India in contrary with the original formulation of SPEI with
log—logistic distribution. Considerable difference in extreme
drought affected area was noticed between SPEI and SPAEI
for all water-limited zones, while such differences were not
observed for energy-limited zones. Further, higher percentage
of area was categorized under extreme/severe conditions with
SPEI, which was identified as severe/moderate respectively as
compared with SPAEI for all water-limited zones. The
energy-limited zones have exhibited considerably higher av-
erage drought durations (by ~ 20%) as estimated by SPAEI
when compared to SPEIL The study observed that inclusion of
AET in the drought characterization instead of PET has not
affected the drought frequencies but the rate of increase of
drought frequency was higher in case of SPAEI. Overall, the
study reveal that the use of AET in the drought categorization
perhaps provides more insight towards the drought intensity
assessment for water-limited zones of India.
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