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Abstract The Standardized Precipitation and Evapo-
transpiration Index (SPEI) became one of the popular
drought indices due to the consideration of difference
between precipitation (P) and potential evapotranspira-
tion (PET), which represents the energy-based climatic
water balance. Implementation of actual evapotranspi-
ration (AET), which accounts for both water and energy-
based climatic evaporative demand in drought charac-
terization studies, is limited. This study proposes a me-
teorological drought index with the structure of the SPET
and actual evapotranspiration modeled with empirical
formulations and remote sensing data integrated with
surface energy models at annual scale. The proposed
drought index imposes the effect of precipitation, PET,
and AET using operational meteorological data sets of
precipitation and temperatures. The present study aimed
to test how a drought index based on PET and P can
outperform with the inclusion of AET at a river basin
scale at 12-month scale. The proposed hypothesis was
tested considering Krishna River basin, India, as a case
study for which most of the basin is in arid climate. The
performance of drought indices was compared using
historical droughts in terms of severity, areal extent,
frequency, and duration based on empirical AET models
along with satellite-based land surface ET data-based
drought indices. The proposed AET-based drought indi-
ces have effectively captured the historical drought
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years over the Krishna River basin. The empirical AET
formulation-based drought index was identified as a
more reliable measure in the estimation of drought char-
acteristics by comparing with satellite-based land sur-
face AET-based drought index. The AET-based drought
indices were able to drive the areas into moderate, which
or otherwise categorized under severe drought regions
with PET-based drought indices. Inclusion of AET in the
drought characterization along with precipitation and
PET can drive the highly intensified drought events
determined by SPEI into moderate and less frequent
droughts with short durations over a large river basin
with arid climate.

Keywords Budyko equation - Turc model - Remote
sensing - Thornthwaite model - SPET - SPAEI

Introduction

Among the extreme events, droughts are the most wide-
spread and slowly developing atmospheric hazards
which remain for a long duration affecting natural re-
sources, environment, and people. Several drought in-
dices have been developed, which evaluate the deviation
of climate variables in a given year from the normal
conditions (Dai, 2011; Liu et al., 2017). The most wide-
ly and tested worldwide drought index is Palmer
Drought Severity Index (PDSI) developed by Palmer
(1965) that considers precipitation, evapotranspiration,
and soil water holding capacity. The applicability of
PDSI is limited due to the computational complexity,
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requirement of significant meteorological data, and ap-
plicability on different time scales. One of the widely
accepted drought indices by the World Meteorological
Organization (WMO) is Standardized Precipitation In-
dex (SPI) developed by McKee et al. (1993). SPI mea-
sures the drought index at different time scales and
enable to detect different drought types and it is widely
accepted in the research community for drought moni-
toring and early warning (e.g., Hayes et al., 1999). The
Standardized Precipitation and Evapotranspiration In-
dex (SPEI) has been proposed by Vicente-Serrano
etal. (2010, 2011), which considers the potential evapo-
transpiration (PET) in addition to precipitation and it can
be used at several time scales. Due to the consideration
of PET, SPEI combines the sensitivity of PDSI and the
probabilistic and multi-temporal nature of SPI. In recent
years, the SPEI has been widely used to evaluate
drought events worldwide (Allen et al. 2011, Aadhar
and Mishra 2017) as well as for Indian subcontinent
(Kumar et al. 2013; Mallya et al. 2016; Nath etal. 2017).

To this end, the use of PET in the drought estimation
(e.g., SPEI) has been identified as a reliable measure to
characterize droughts that would experience modest
drying if only precipitation is considered (Cook et al.
2014). Although PET-based drought indices consider
the climatic water demand, it is limited towards the
inclusion of the effects of regional land surface changes
and actual moisture availability in the drought estima-
tion (Vicente-Serrano et al. 2010). However, PET is the
maximum possible moisture loss limited only by the
energy endowment or it is the energy-driven ET
(Shelton, 2009), whereas the actual evapotranspiration
(AET) represents the transfer of moisture from the sur-
face to the atmosphere in response to both the energy
demand and available moisture supply. Therefore,
drought indices estimated based on AET will consider
both climatic water demand and actual available mois-
ture. The inclusion of AET in the drought index will also
be useful to consider the joint effect of land surface
changes or variability and water-energy balance (Liu
etal., 2017). The efforts made in the literature to include
AET in the drought indices are Drought Severity Index
(DSI) Mu et al., 2013) and U.S. Drought Monitor
(USDM) (Svoboda et al., 2002). However, these indices
use AET estimated using remote sensing datasets and
vegetation information from normalized difference veg-
etation index (NDVI) and tries to account for land
surface changes implicitly. Recently, Kim and Rhee
(2016) developed Standardized Evapotranspiration
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Deficit Index (SEDI) using the AET estimated from
Bouchet hypothesis and the structure of SPET as a fully
ET-based drought index without consideration of pre-
cipitation. Towards the inclusion of AET in meteorolog-
ical drought assessment, few authors made effort to use
hydrological model driven AET outputs in the drought
index estimation (e.g., Narasimhan and Srinivasan,
2005; Homdee et al., 2016). Narasimhan and
Srinivasan (2005) developed Evapotranspiration Deficit
Index (ETDI), where a distributed hydrologic model,
Soil Water Assessment Tool (SWAT), was used to
model AET. Homdee et al. (2016) compared SPEI with
AET-based drought indices, where AET was modeled
based on SWAT. 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 requirements.
Therefore, an AET-based drought index should be able
to use operational meteorological data for the ease of
drought assessment at various spatial and temporal
scales and for the impact assessment under climate
variability. For this purpose, empirical models which
assume 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 (Turc, 1954; Budyko, 1958; Fu, 1981;
Milly, 1994; Zhang et al., 2004) could provide a prom-
ising solution. Among these AET models, widely used
classical approach to estimate AET at river catchment
scale relating precipitation and PET is Budyko
(Budyko, 1958) model.

Thus, the present study aims to develop a meteoro-
logical drought index, named Standardized Precipitation
Evapotranspiration Index (SPAEIg,4yo), based on AET
estimated by the Budyko hypothesis and the structure of
SPEI The original Budyko equation was developed for
long-time scales (e.g., Budyko, 1974; Zhou et al., 2015)
and implication of the model lower than annual scale
necessitates boundary conditions (Sposito, 2017) as the
accumulated precipitation values tending to zero for dry
months. Therefore, the present study adopted another
empirical AET model with minimum data requirement
developed by Turc (1954) and named as SPAEI 1. The
comparison and validation of two AET-based drought
indices enables to study the sensitivity of AET models
on the drought characterization. Further, to study the
strength of the proposed empirical AET-based drought
indices in predicting the drought characteristics, the
study used satellite-based land surface ET data with
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the SPEI formulation (SPAEIgs gr). The drought char-
acteristics over the river basin were compared in terms
areal extent, severity, frequency, and duration with four
drought indices: PET-based drought index as SPEI,
AET-based drought index with Budyko formulation as
(SPAElgyqyio), AET-based drought index with Turc
formulation as (SPAEIr,.), AET based on remote sens-
ing data as (SPAEIrs gr). The proposed drought indices
were used to characterize historical drought events over
a large river basin, Krishna River basin (KRB), India,
for which most of the basin is with arid climate.

Study area

The study was conducted on KRB, which is fifth largest
river system in India. Krishna River basin occupies an
area of 258,948 km? which is 8% of the total geograph-
ical area of the country. Nearly 44% lies in Karnataka,
26% of the basin falls in Maharashtra, about 15% in
Telangana, and another 15% in Andhra Pradesh within
the range 73° 17'-81° 9’ E and 13° 10'-19° 22" N. The
river originates in the Western Ghats and flows for about
1400 km before reaching to the Bay of Bengal. The
major tributaries of the river are Ghataprabha,
Malaprabha, Tunga-Bhadra, Bhima, Vedavathi, and
Musi. There are two major cropping seasons: Kharif
occurs from June to November and Rabi from Decem-
ber to March (George et al., 2011). Most of the Krishna
River basin is covered by arid climate (Fig. 1) with
annual average precipitation in the basin as 784 mm,
of which approximately 90% occurs during the South-
West Monsoon from June to October (http:/india-wris.
nrsc.gov.in/wrpinfo/?title=Krishna). Some parts of the
Krishna River basin especially the Rayalaseema area of
Andhra Pradesh, Bellary, Raichur, Dharwar,
Chitradurga, Belgaum, and Bijapur districts of
Karnataka and Pune, Sholapur, Osmanabad, and
Ahmednagar districts of Maharashtra are drought-
prone (source: http://india-wris.nrsc.gov.
in/wrpinfo/index.php? title=Krishna) (Fig. 1).

Development of Standardized Precipitation-Actual
Evapotranspiration Index

Conventionally, it is assumed that available water and
energy are the primary factors affecting the rate of
evapotranspiration (Budyko, 1958). 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.

Therefore, the water budget at a river basin scale can
be expressed as

AS =P+ Q,, + GWy—GW,;=0,,,—AET (1)

m

where S is the storage volume, GW,, (GW,,,,) is the
ground water inflow (outflow) volume, and Q;, (Q,..,) is
the surface runoff inflow (outflow) volume. For suffi-
ciently long-time scales, the net change in storage vol-
umes corresponding to ground water can be assumed to
be zero. This will direct to a simplified water budget
equation or actual residual water available (RAW) over a
river basin, which can be expressed as follows:

RAW = P-AET (2)

where RAW, P, and AET are in millimeters.

Estimation of actual evapotranspiration

Various empirical models have been developed for es-
timating AET which is based on the assumption that
AET is limited by the water availability in terms of
precipitation under very dry conditions and available
energy under very wet conditions in terms of potential
evapotranspiration (Budyko, 1958; Fu, 1981; Milly,
1994; Zhang et al., 2004).

AET estimation based on Budyko model

Budyko (1958) has developed a relationship between
three hydro-climatic variables for a basin: precipitation
(P), PET, and AET. The Budyko hypothesis states that
the ratio of the AET over precipitation (AET/P) is fun-
damentally related to the ratio of the PET over precipi-
tation (PET/P) (Budyko 1958; Fu 1981) as follows:

AET PET PET
— =14 ——11 ——

The parameter “w” accounts for the effects of climate
variability and basin characteristics such as soil, vegeta-
tion, and terrain (Donohue et al., 2007). The original
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Fig. 1 Map for the Krishna River basin (KRB). a Location of the
catchment in India showing rainfall grids and basin outlet dis-
charge gauge station at Vijayawada and elevation map
superimposed on the basin. b Krishna basin and districts map

Budyko equation (Eq. 3) has been developed for a long-
time scale (e.g., Budyko, 1974; Zhou et al., 2015).
However, the Budyko framework can be applied over
short periods and at annual scales (e.g., Zhang et al.,
2008; Buytaert and Bievre, 2012; Liu et al., 2017), if the
parameter “w,” which represents the joint effect of
climate and land surface is estimated. The present
study used Budyko equation as implemented by Zhang
et al. (2004) for estimating the AET, given as follows:

3 0.5
AET oo = {P (l—exp <_};f r ) ) PETtanh (%)} (4)

where P, PET, and AET are at the monthly scales in
millimeters. As the study intended to compare a stan-
dard PET-based drought indices (SPEI) with the pro-
posed empirical AET and remote sensing ET-based
drought indices, the study followed the formulation of
SPEI. Therefore, Thornthwaite model (explained in the
“Estimation of potential evapotranspiration” section)
can be adopted for the estimation of monthly PET as
per the original structure of SPEI (Vicente-Serrano et al.
2015). The monthly precipitation and PET estimated
based on Thornthwaite model at monthly scales and
were aggregated as given as follows:

Pt

=Y Pjwhere k= 6,12,18,24 (5)

PETY =", . \PET; where k =6,12,18,24 (6)

where Pf and PET f‘ are the accumulated precipita-
tion (in mm) and PET (in mm) in month #, and for
various accumulation time periods of £.

AET estimation based on Turc model

Another AET model which also considers precipitation
and PET and accounting for the soil and vegetative
characteristics implicitly is Turc model (Turc, 1954). It
is also one of the widely used AET models in the
hydrological applications (e.g., Shibuo et al., 2007,
Asokan etal., 2010; Jarstet al., 2004). The Turc model
estimates the annual AET (mm) by using accumu-
lated precipitation (Eq. 5) and PET (Eq. 6) in
millimeters as follows:

P

AET e = > (7)

09+——
* PET?

The study used Budyko hypothesis and Turc models
to estimate AET, which works at annual scale with a
reasonable assumption of storage changes can be con-
sidered as constant (Gentine et al., 2012). It should be
noted that, if the water balances were estimated at
monthly scale, then the assumption of constant storage
changes is no longer valid (Wang and Tang, 2014).
Therefore, parametric formulations of Budyko (w =
0.5 in Eq. 4) and Turc (0.9 in Eq. 7) have to be tested
for the applicability of the model for the river basin
under consideration. The observed ET, which can be
estimated with catchment scale water-balance equation,
ET = precipitation (P) — runoff (R), has been compared
with the AET estimated with parametric formulation of
Budyko and Turc models. The study used Nash-
Sutcliffe efficiency (NSE) and root mean square error
(RMSE) values as performance measures in the compar-
ison of modeled AET (Budyko and Turc) and observed
AET estimates over KRB.

Estimation of potential evapotranspiration

The PET can be estimated based on Thornthwaite
(1948) model, which considers the monthly average
air temperature and geographical location of the region
of interest as input variables as follows:

107\ °
PET = 16k (%) (8)

where 7 is the mean monthly temperature (Oc)s I is the heat
index (Eq. 10), and « is the location dependent coeffi-

cient (Eq. 11):
2 rrals

=% M ©)
j=1

where T} is the mean monthly temperature during the
month j (°C) for the location of interest.

a=0675x10"P~7.7x 10°1* + 1.8 x 1072/ +0.49 (10)

1 (heat index) and a (location dependent coefficient)
have the same units as temperature (°C). K is the cor-
rection coefficient depending on the latitude and month,
given as follows:

@ Springer
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(e

where NDM is the number of days of the month and
N is the maximum number of sun hours (Eq. 13) as
follows:

N=(§)ws (12)

where w is the hourly angle of sun rising, which can
be calculated as follows:

wy = arccos(—tan¢ptand) (13)

where ¢ is the latitude in radians. If ¢ is the solar
declination, in radians and J is the average Julian day of
the month, then § can be estimated as follows:

2w _

6:0%%m<§514%> (14)

Standardized Precipitation Evapotranspiration Index

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

D = P-PET (15)

where P is the monthly precipitation (mm) and PET
is the monthly potential evapotranspiration (mm). The
estimated D values represent the water demand or sur-
plus (P—PET), while the evapotranspiration is the result
of complex relationship between atmosphere and sur-
face water available, vegetation, and soil characteristics
(Brutsaert, 1982). The present study adopted the struc-
ture of SPEI to produce standardized drought indices
with three-parameter log-logistic distribution to fit the D
(Eq. 15) and RAW(Eq. 2) series following to Vicente-
Serrano et al. (2010). The probability density function
(pdf) (fix)) and cumulative distribution function (CDF)
(f(x)) of the three-parameter log-logistic distribution are

given as follows:
512
X\
1+ (—7> 1 (16)
o

: B (x—\""
fw=2(=2
a\ «
where «, f3, and +y are the scale, shape and origin
parameters respectively, for D and RAW values in the
range of (y>D, RAW < ). The parameters of the log-

@ Springer

logistic distribution are obtained by following the L-
moment procedure as follows:

- 2W1_W0
B 6W1—W0—6W2 (17)
o (w0—2w1)ﬁ
S ERVE T "
v =wo—al (1 +1/8)I(1-1/5) (19)

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

1 =1 n—r ;
W, = (,H) 5 (n-/)x,r ~0,1,2 (20)
n r j=1 r ‘

where n is the sample size and x; is the ordered vector
of observations in descending order. Next, the cumula-
tive distribution function of log-logistic distribution can
be calculated with the estimated parameters of Pearson-
III distribution.

1+(§;)11 C1)

The three-parameter log-logistic distribution was ap-
plied to model the time series of (P—PET) and (P-AET)
for various time scales. Furthermore, the fitted three
parameter log-logistic distribution is validated with the
Kolmogorov-Smirnov (K-S) (Chakravarty et al. 1967)
goodness of fit test for both the climatic water balance
time series of D and RAW. A rejection frequency was
defined as the ratio of number of grid points which did
not fit the time series of D and RAW for log-logistic
distribution, to the total number of grid points in the
river basin at a given significance level (Monish and
Rehana 2020).

With the values of F(x) (Eq. 21), the SPEI values
were calculated as follows:

F(x) =

Co+ CIW + C,W?

SPEI = W~ : .
1+diW+doW +d;W

(22)

where W = /—2In(p) for P<0.5 (23)
where P is the probability of exceeding a determined D

value, P=1—F(x). If P> 0.5, then Pis replaced by 1—P and
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the sign of the resultant SPET is reversed. The constants are
C0 = 25515517, C1 = 0.802583, C2 = 0.010328, d1 =
1.432788, d2 = 0.189269, and d3 = 0.001308, by substitut-
ing the CO, Cl, and C2 values in Eq. 22. The drought
severity of SPEI/SPAEIgg4y1o/SPAElT,/SPAEIRs gr can
be identified based on Vicente-Serrano et al. (2010) catego-
rization as follows: moderate if SPEI/SPAEIgydyko/
SPAEIr,,/SPAEIgs gr were in between — 1.0 and —
1.49, severe if SPEI/SPAEIgudyko/SPAEIT o/
SPAEIlgs gr were in between — 1.50 and — 1.99, and
extreme if SPEI/SPAEIBudka/SPAEITurC/SPAEIRSiET
were less than — 2.0.

The Standardized Precipitation-Actual Evapotranspi-
ration Index (SPAEI) can account for the hydrological
drought also to some extent because it considers actual
evapotranspiration as it is defined as a function of major
hydrological variables (i.e., P, PET, and AET). Gener-
ally, SPEI can be expressed at different time scales as
SPEI (6), SPEI (12), etc., where the number in the
bracket indicates the timescale in months for which the
P—PET values are accumulated and the estimated SPE/
at these timescales. The present study used the drought
indices as 6-, 12-, 18-, and 24-month accumulation time
periods for the drought characterization over the river
basin. The ability of SPEI and various formulations of
SPAEI to reproduce drought conditions has been com-
pared at a river basin scale of Krishna River, India.

Data used in the study

The gridded daily precipitation data from the India Mete-
orological Department (IMD) available for the period of
1901 to 2015 at 0.25° x 0.25° resolution was used as
precipitation observational dataset (Rajeevan and Bhate,
2009). The gridded daily average temperature at a resolu-
tion of 1° x 1° for the period of 1951-2014 was used as
temperature observational data sets (Srivastava et al.,
2009). More details about the data are available from
http://www.imd.gov.in/advertisements/20170320
advt 34.pdf. The daily temperature data was interpolated
to 0.25° x 0.25° resolution using the inverse distance
weighting method. The daily gridded precipitation and
temperature data at 0.25° x 0.25° resolution available
over the Indian land mass were cropped for KRB. About
348 grid points encompassing the entire basin were
considered in the drought analysis. The daily
precipitation and temperatures data sets obtained from
IMD were aggregated over monthly time scale to serve
as primary inputs to calculate SPEI, SPAElggyk0, and

SPAElt,, at each grid at 0.25° x 0.25° resolution. The
average monthly air temperature data sets were used in the
estimation of PET using Thornthwaite model. Further, the
estimated monthly PET and P were forced in the
AETguayko and AET 7, models to estimate the SPEI,
SPAEIg,dyko, and SPAEIr,,. drought indices. A common
data period of 1951 to 2014 was considered for the drought
analysis, over KRB to understand the climate and drought
variability.

Further, to study the strength of the proposed AET-
based drought indices (SPAElgygyko, SPAEITy) in
predicting the drought characteristics, the present study
used satellite-based land surface ET estimates. In the pres-
ent study, satellite-based land surface global ET product
derived from the Numerical Terradynamic Simulation
Group (http://files.ntsg.umt.edu/data/ET global
monthly ORIG/Global HalfDegResolution), from 1983
to 2006 at 0.5° x 0.5° resolution was adopted. The
continuous satellite-derived global land surface ET was
developed based on Moderate Resolution Imaging
Spectroradiometer (MODIS) data, meteorological obser-
vations, and satellite-based vegetation parameters. The ET
data accounts for the canopy transpiration and soil evapo-
ration with modified Penman-Monteith approach, biome-
specific canopy conductance from Normalized Difference
Vegetation Index (NDVI), and open water evaporation
from Priestley-Taylor approach (Zhang et al., 2010), which
was found in general agreement with most of the global
basins (Liu et al., 2016). The original land surface satellite-
based ET data was at 0.5° x 0.5° resolution which was
rescaled to 0.25° x 0.25° resolution by bilinear spatial
interpolation method.

Results and discussions

The present study compared the AET estimated with
Budyko (Eq. 4) and Turc (Eq. 7) models at basin
averaged annual scale with observed AET estimated
with water balance equation as shown in Fig. 2. On the
basin scale, the modeled AET values of Budyko and
Turc yielded a bias of 51.1 and 38.4 respectively in
comparison with water balance—based AET. The NSE
values estimated between observed and Budyko and
Turc modeled AET estimates were noted as 0.63 and
0.74 respectively, whereas the RMSE values estimated
between observed and Budyko and Turc modeled AET
estimates were obtained as 87 and 74 respectively.
With this, the parametric formulations of AET was
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identified as reliable measures to estimate AET over
KRB. However, applicability of annual scale AET
models in the short-term scale monthly drought as-
sessment is always debatable question (Wang and
Tang, 2014), but the present study made efforts to test
the success of implication of such catchment scale
annual AET models in the drought assessment at re-
gional scales.

The K-S rejection frequencies with three-parameter log-
logistic distribution for the overall basin including all valid
grid points were obtained as 6%, 8%, and 7.7% for SPEI,
SPAElg,ayko» and SPAEI . respectively at a significance
level of 0.01. To assess SPEI and SPAEI, for meteorolog-
ical drought detection, the years when the annual precipi-
tation is less than 75% of the annual average estimated
over a period of 1951 to 2014 were considered based on
the IMD definition of drought year (http://imd.gov.in/sec-
tion/nhac/wxfaq.pdf). Four drought years were identified
based on the deviation of annual precipitation from the
normal precipitation of the period 1951-2014. Based on
Fig. 3 (a), these drought years have been identified as
1972, 1985, 2002, and 2003. These drought years are
among the major documented drought events over Indian
monsoon region (De et al.,, 2005; Mallya et al., 2016).
Among these, the 2002 was one of the severe drought
years in India, which has affected 56% of its geographical
area, livelihoods of 300 million people (https://public.
wmo.int/en/bulletin/flood-and-drought-management-
through-water-resources-development-india).
Furthermore, the drought years over the basin as identified
in the present study were also agreeable with the study of
Sinha et al. (2019), in which the period July 2002 to
June 2005 was identified as longest drought period. There-
fore, various drought indices of SPEI and SPAEI based on
empirical models were studied for the drought affected
years of 1972, 1985, 2002, and 2003 over KRB in terms
of areal extent, severity, frequency, and duration. Further-
more, as the satellite-based E7 data used in the estimation
of drought indices considered the surface energy balances,

@ Springer

ET from vegetated areas, evaporation from water bodies,
biome-specific NDVI-derived canopy conductance in the
ET estimation (Zhang et al., 2010), the study considered
the drought indices estimated based on such data as a base
for the comparison of empirical AE7-based drought indi-
ces (Shah and Mishra, 2015). The present study compared
various drought characteristics estimated based on empir-
ical AET models with remote sensing-ET (RS-ET) data for
the drought affected years of the basin.

To study the spatial drought characterization, the
areal extent of droughts represented as percentage of
grids for moderate (— 1 < SPEI/SPAEIlggyko/ SPAEL T/
SPAEIrs.gr < — 1.49), severe (— 1.5 <
SPEI/SPAElg 4o/ SPAELT/SPAEIgg g1 < — 1.99),
and extreme (SPEI/SPAElg,gyko/SPAElT,/SPAEIRs.
er < — 2) was studied out of total number of 348 grid
points over the basin at 12-month time scale (Fig. 3,
Table 1). The percentages of annual moderate and se-
vere drought affected areas were observed to be increas-
ing over KRB for the period of 1951-2014 with all
drought indices under consideration. The areal extents
of moderate, severe, and extreme droughts were ob-
served to be more for the drought years of 1972, 1985,
2002, and 2003 with all four drought indices. The re-
mote sensing-based drought index, SPAEIrs.gr, also
identified the years 1985, 2002, and 2003 as highly
affected drought years in terms of higher percentage of
areal extent for moderate, severe, and extreme catego-
ries of droughts for the period of 1983 to 2006. The
percentage of drought areal extents with SPEI,
SPAElgudykor SPAElry, and SPAEIgg g1 for various
categories of droughts were studied for the major
drought years over the basin (Table 1). The moderate
drought areal extents with empirical AE7T-based drought
indices (SPAElgqyko and SPAEIr,,.) were observed to
be more compared to SPEI (Fig. 3(b), Table 1). How-
ever, the percentage of the severe and extreme drought
areas were noted to be higher with SPEI compared to
both SPAElg4yk, and SPAEILr,,. (Fig. 3(c), Table 1).


https://doi.org/http://india-wris.nrsc.gov.in/wrpinfo/?title=Krishna
https://doi.org/http://india-wris.nrsc.gov.in/wrpinfo/?title=Krishna
https://doi.org/http://india-wris.nrsc.gov.in/wrpinfo/?title=Krishna
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Table 1 Drought area in Krishna basin based on SPEI, SPAEIgq4yko, SPAElry, and SPAEIgs gt

Year Drought type SPEI SPAElguayko SPAEl T SPAEIrs g1

1972 Moderate 16.00 34.40 4427 *
Severe 33.33 3333 19.47 *
Extreme 28.53 6.67 2.40 *

1985 Moderate 28.80 39.73 45.87 27.01
Severe 15.73 14.13 7.20 13.22
Extreme 4.53 3.73 2.40 3.16

2002 Moderate 35.20 42.93 52.80 27.01
Severe 3547 13.87 11.73 10.92
Extreme 11.47 2.40 1.87 2.30

2003 Moderate 13.60 31.20 36.53 25
Severe 16.27 28.80 21.60 17.82
Extreme 49.07 7.20 5.07 7.18

*Data unavailable

As SPEI consider the residual water available for evap-
oration based on energy available, in terms of PET,
higher severe and extreme drought areal extents were
estimated. While AET-based drought indices account
for the residual available water for evaporation based
on both energy and water, moderate drought percentage
areal extents were noted compared to SPE!. For exam-
ple, for the recent consecutive drought years of 2002 and
2003, about 11.47%, 2.4%, 1.87%, 2.3%, and 49.07%,
7.2%, 5.07%, 7.2% of the river basin was noted under
extreme with SPEI, SPAElgudyko, SPAElry, and
SPAEIRg gt respectively. Furthermore, SPAEI gy in-
dices were identified as a more reliable measure in the
estimation of drought areal extent by comparing with
satellite-based land surface ET data (SPAEIrg gt), while
the Turc model has under predicted the extreme drought
areal extents compared to SPAElguq4yxo and SPAEIgs.
gt Furthermore, to support such research findings, the
spatial drought characterizations for the major drought
years of 1972, 1985, 2002, and 2003 were presented in
Fig. 4. The years 1972 and 2003 were noted as most
severe historic droughts occurred over KRB as most of
the basin was classified under extreme drought. For the
1972 drought year, the upper portion of the basin, par-
ticularly, Maharashtra, North Karnataka, and
Telangana, was classified under extreme drought re-
gions with SPEI, whereas AET-based drought indices
have noted few districts into moderate. Such noticeable
deviation in the drought categorization from extreme/
severe to moderate can also be seen for the drought
years of 2002 and 2003. Therefore, the driving of areal
extents between SPEI/ and SPAEI for severe and

@ Springer

extreme droughts is more evident, then the moderate
drought areal extents. For drought years of 1985, 2002,
and 2003, the severe and extreme drought extents with
SPAElg,dyko and SPAElr,,. were found to be the more
comparable with SPAEIrg gt than with SPET (Table 1).
Thus, PET-based drought indices categorize more per-
centage of area as severe or extreme, which were iden-
tified as moderate drought areas otherwise with AET-
based drought indices.

The PET- and AET-based drought indices were com-
pared in terms of drought intensity for 12-month accu-
mulation periods as shown in Fig. 5. The drought sever-
ity for major droughts for 12-month accumulated time
period was compared for four drought indices as given
in Table 2. The SPEI is able to reconstruct most of the
drought years as moderate and severe, whereas SPAEI-
based drought indices have recognized them as mild
drought years. The SPAEI formulations of empirical
and remote sensing-based drought indices were identi-
fied the major droughts as less intensified compared
to SPEI. For example, the SPEI-12, SPAElgydyko-
12, SPAEIt,..-12, and SPAEIgg 12 values for the
drought years of 2002 and 2003 were obtained as —
1.43, — 1.06, — 1.10, — 0.83 and — 1.80, — 1.15, —
1.06, — 0.88 respectively. Overall, the severities of
the drought indices were found to be more with
SPEI compared to SPAElg,gyko» SPAElrTu, and
SPAEIrg.gr. Therefore, the present study revealed
that inclusion of AET in the drought assessment
characterize the droughts as moderately intensified
which were otherwise identified as severe droughts
with PET-based drought indices.
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River basin for drought years of 1985, 2002, and 2003

Further, drought severities were noted to be less
with SPAEIy,,. compared to SPAElg,gyk, due to
the lower estimates of AET with Turc model,
representing the dependence of severity or intensi-
ty of droughts on the quantification of AET esti-
mates. Also, the SPAEIgg pr-12 was not able to
detect the major drought years of the basin, due to
the less magnitude of AET estimates compared to
the Budyko and Turc modeled AET estimates. The
basin average AET estimates for observed,

Budyko, Turc, and remote sensing were noted as
710.4, 662.35, 689.82, and 505.7 mm respectively.
Therefore, the drought intensities are defined more
by ET compared to the precipitation over an arid
region. Overall, there exists a strong influence on
drought severities with the use of various formu-
lations of ET estimates in drought characterization
over an arid river basin.

Figure 6 shows the comparison of severe and
extreme drought frequencies (SPEI/SPAElg,gyko)/
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SPAEItyrc/SPAEIRs.gr > — 1.50) over Krishna
River basin for 1983-2006. The PET-based
drought index (SPEI) has resulted in higher
drought frequencies for the period of 1983-2006
compared to both empirical based AET
(SPAEIlg,4yko and SPAEIlr,) and remote sensing-
based (SPAEIrg.gt) drought indices over KRB.
The remote sensing-based severe and extreme
drought frequencies were more comparable with
Budyko model drought frequencies for the river
basin for the period of 1983-2006.
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Moderate Severe Extreme
Wet Wet Wet

The present study considered a threshold of — 1
for both SPEI and SPAEI formulations in drought
duration estimation. The drought duration was
identified as the period of months which is con-
tinuous negative, started from the
SPEI/SPAElgydyko/SPAEI T/ SPAEIRs g1 values
are more than — | and ends when the
SPEI/SPAEIqyko/SPAEI1y,o/SPAEIgs g1 values
turns out to be positive. The duration and intensi-
ties of droughts were studied for the recent two
consecutive drought years of 2002 and 2003 over
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the river basin for 6-, 12-, 18-, and 24-month
scales (Fig. 7). The SPEI at 6-month drought
duration was noted as from May to August and
May to September for year 2002 and 2003 respec-
tively with intensity as moderate, whereas the
SPAEIBudyko—é and SPAEITurc—G have identified
2002 and 2003 as normal conditions from March
to September and February to September respec-
tively and the SPAEIlgg pr at 6-month time scale
has identified the drought duration as April for
2002 and 2003 years. Similarly, SPEI12 duration

of moderate drought months was noted from Sep-
tember 2002 to December 2003, whereas
SPAEIgudyko and SPAElr,,. have identified May
and June 2003 as major drought affected months.
The SPAElgs.gr at 12-month scale has estimated
the drought duration as June 2003. Similarly, such
short and less intensified droughts were noted also
with 18- and 24-month time scale of the drought
indices. Further, the empirical based AET drought
indices and remote sensing—based ET drought in-
dex has shown comparable drought durations at
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period of 1951 to 2014 over Krishna River basin

Table 2 Drought intensity for major drought years of 1972, 1985,
2002, and 2003 drought years as estimated by SPEZ, SPAEIg,ayko»
SPAElr,, and remote sensing £7 over Krishna River basin

various accumulation periods. Overall, short
drought durations were noticed with both AET-
based drought indices compared to PET-based
drought index.

Year  SPEI  SPAElguue  SPAEln,  SPAElgsgr
6-month scale

1972  —-142 -0.69 -0.77 *

1985 —140 —098 -0.74 -0.30
2002 -—-157 -0.85 -1.01 -0.42
2003 —2.00 —0.97 -0.81 -0.23
12-month scale

1972 -1.51 -1.24 -1.05 #*
1985 —-098 —1.03 -0.98 -0.86
2002 —143 -1.06 -1.10 -0.83
2003 —-1.80 —1.15 - 1.06 -0.88
18-month scale

1972 -2.07 —1.33 -1.20 *
1985 —146 —1.21 -1.19 -0.39
2002 —221 -1.40 -1.38 -0.18
2003 -—-1.76 —1.15 -1.15 -0.89
24-month scale

1972 —-177 —-140 -1.35 *
1985 —1.08 —1.14 -1.11 -0.89
2002 —-126 —0.99 -1.03 -0.77
2003 —-199 -142 -1.40 -1.09

*Data unavailable
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Summary and discussion

The hypothesis of use of climatic water balance
based on AET in the drought characterization will
drive the extreme drought characterization into
moderate was tested in terms of severity, spatial
extent, duration, and frequency. For this, the pres-
ent study developed a drought index which can
combine the structure of SPEI/ and AET, the
SPAEI. The formulation of SPAEI based on P
—AET accounts for the water balance of the river
basin representing the available water to fulfil the
evaporation demands, where long-term storage
losses are neglected. The use of AET in the
drought estimation conceptually accounts for the
soil water storage, water supply, and energy avail-
able; therefore, SPAEI can also characterize the
hydrological drought conditions implicitly. The
drought characterization based on two climatic wa-
ter balances, one is with PET and other with AET,
was compared for KRB, India. For calculating
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SPEI and SPAEI at different time scales of 12, 18,
and 24 months, for the period of 1951 to 2014,
the monthly precipitation and temperatures at 0.25-
degree resolution have been used. To validate and
to assess the strength of the use of empirical AET
estimates in the drought characterization, the re-
sults were compared with drought indices resulting
from remote sensing—based ET estimates. The
drought indices developed in the present study
has revealed that inclusion of AET in the drought
assessment will result in less intensified droughts
compared with PET-based drought indices. The
PET-based drought index, SPEI, overestimates the

drought intensity as it is based on unlimited water
supply and energy, whereas the SPAEI is a reli-
able measure as it agrees better with the natural
water budget of a river basin. The AET-based
drought indices were able to drive the areas into
moderate, which or otherwise categorized under
severe drought regions. Inclusion of AET in the
drought characterization along with precipitation
and PET can drive the highly intensified drought
events determined by SPEI into moderate and less
frequent droughts with short durations. Further, the
comparison and validation of drought indices in
terms of areal extent, intensity, frequency, and

@ Springer



427 Page 16 of 18

Environ Monit Assess (2020) 192:427

SPEL:12 months
2 2

Loy

Jan2002 Jul  Jan Jul Dec2003  Jan2002 Jul  Jan

SPEI'18 months SPAEI B udyko:w months
: 2

i | ol

SPAEI 12 months
Budyko

udyk

Jul Dec2003 Jan2002 Jul

0

-2

2 2
qu 0%
) -2

o

SPAEI . 12 months

SPAEITum:n months RSET

Jan  JulDec 2003 Jan 2002 Jul
SPAEI

Jan  Jul Dec2003

:18 months

SPAEITum:18 months RS.ET

2

i

J

Jul Dec 2003 Jan2002 Jul

Jul Dec 2003 Jan 2002 Jul

Jan2002 Jul Jan JulDec2003 Jan2002 Jul  Jan Jan Jan  Jul Dec2003
SPEL24 months SPAEI Budyko:24 months SPAEI .24 months SPAEI ¢ ;24 months
2 2 2 2
0

[ ——

Jan2002 Jul  Jan  JulDec2003 Jan2002 Jul  Jan

-2
Jul Dec 2003 Jan2002 Jul

Jul Dec2003 Jan2002 Jul Jul Dec 2003

J

Jan Jan

Fig.7 Duration and intensities of drought for the drought years of 2002 and 2003 over Krishna River basin for various time scales for SPEI

and SPAEI

duration based on Budyko- and Turc-based AET
models have provided the sensitivity of AET esti-
mates in the drought characterization. Further, the
Budyko model integrated drought formulation as
presented in the study is more comparable with
remote sensing ET-based drought index.
Nevertheless, the proposed methodology to estimate
the monthly and annual AET is based on Budyko hy-
pothesis (Budyko, 1958) and the empirical equations
generated by Zhang et al. (2004). The parameter which
represents the basin characteristics of vegetation and
climate change in the estimation of AET was considered
as stationary. However, to consider the joint effect of
climate and land surface variability, a dynamic parame-
ter of Budyko-type formula can be applied (Liu et al.,
2017). Further, employing a regional hydrological mod-
el to simulate the AET at river basin scale and account-
ing for the dynamic parameter of Budyko-type formula
can be a potential future research problem. As most
difficult variables to measure in the regional water bal-
ance assessment (Lettenmaier and Famiglietti, 20006) are
PET and AET in addition to precipitation and
streamflow, these variables deserve more attention to-
wards estimation and understanding the variability. Giv-
en the concern of increasing droughts worldwide under
climate change, evaluation of variability associated with
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retrospective drought events will be valuable towards
the understanding of regional drought patterns. Such
analysis will provide as a basis of possible future
droughts and potential vulnerabilities.
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