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Long period data and information indicate that India faced number of droughts-like situation from
colonial period. A number of indices have been developed nationally and internationally to monitor
agricultural drought based on remote sensing; however, to predict the onset of agricultural drought and
its evolution and monitoring in time and space in a more eDcient way qualitatively, Combined Drought
Index (CDI) has been developed using meteorological, land based and remote sensing observations. In this
study, an eAort has been made to monitor agricultural drought based on exploitation of new data,
methodologies and metrics that would aid the experts to make best judgments of regional-scale drought
conditions through CDI using geospatial technology. The present study has been carried out for three
consecutive years of 2014, 2015 and 2016 in Bve states (Andhra Pradesh, Chhattisgarh, Haryana,
Maharashtra and Telangana) in India at district level for southwest monsoon season when rainfed kharif
crops are grown extensively across the above-mentioned states in India. CDI gives a synthetic and
synoptic overview of the drought situations using a classiBcation scheme derived from various individual
indices as it has been developed to combine the strength of various indices.
Keywords. Agricultural drought; drought monitoring; remote sensing; geospatial technology; combined
drought index.

1. Introduction
Drought is a recurrent phenomenon in the Indian
subcontinent. During the colonial period, many
droughts in India turned into severe famines
causing massive human losses. According to the
estimate, in the latter half of the 19th century,
there were approximately 25 major famines across
India resulting in death of 30–40 million people.
From 1871 to 2002, 22 major drought events (1873,

1877, 1899, 1901, 1904, 1905, 1911, 1918, 1920,
1941, 1951, 1965, 1966, 1968, 1972, 1974, 1979,
1982, 1985, 1986, 1987, and 2002) were experienced
in India. From 1899 to 1920, there were seven
drought years. Again, during 1965–1987, of the 21
years, 10 were drought years. Also, in the year
2002, the overall rainfall deBciency for the country
as a whole was 19%. Over 300 million people
spread over 18 states were aAected by drought in
varying degrees. Around 150 million cattle were
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aAected due to lack of fodder and water. Food
grains production registered the steepest fall of 29
million tonnes (Drought Manual of Government of
India 2016).
In the recent decade both the years, 2009 and
2012, put a benchmark in the variable behaviour of
the Indian summer monsoon. Poor rainfall distribution, mostly across the rice belt of northern and
eastern India and some parts of south India, significantly impacted India’s rice production in 2009.
The comparative analysis of the sowing pattern for
2012 to different monsoon years since 2009 shows
that there has been a significant decline in the area
of the southwest monsoon rainfall of 2014 which
was delayed from its normal date of onset. The
spatial and temporal variability of the monsoon
impacted the productivity and production of
major crops in the country (IMD monsoon report
2014; Ganesh Chandra et al. 2016). The substantial
deBcit seasonal rainfall in June–September in 2015
was the worst monsoon season since 2009 highlighting the uncertainty faced by the agricultural
sector. This resulted in the parched swathes of
farm land across the country, impacting rain
dependent kharif crops such as rice, pulses, oilseeds, sugarcane and coarse cereals, etc.
As far as loss of crop due to drought is concerned, it is the agricultural drought aAecting the
crop growth as well as production. Agricultural
drought can be thought of as the result of a
shortage of precipitation over a particular timescale that leads to a soil moisture deBcit that limits
water availability for crops to such an extent that
yields are reduced (Sepulcre-Canto et al. 2012).
Agricultural drought can have severe economic and
social consequences, especially in regions with
limited water resources or with imbalances
between water demand and natural supply capacity. As a result, a range of indicators is used to
detect and monitor agricultural drought, which are
typically based on the use of meteorological
observations and estimates from remote sensing
and/or modelling. To reduce the serious consequences of drought, besides improving the understanding of the hazard and the factors that
inCuence vulnerability, there are calls for more
attention to prediction/early warning activities
(i.e., risk assessment) that could improve drought
preparedness and response, as well as to reduce
future impacts (Sivakumar and Wilhite 2016).
As a result of such sizeable losses incurred due to
drought in India, there is need to operationally
provide indicators that correctly estimate the
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onset, severity and cessation of a drought event so
that the most eAective mitigation responses, such
as water conservation measures and water resource
allocation strategies, can be triggered. The principal meteorological indicators used operationally in
India and other countries are the Standardized
Precipitation Index (McKee and Doesken 1993)
and the Palmer Drought Severity Index (Palmer
1968). Both of these indicators have been demonstrated to be useful agricultural drought monitoring tools in multiple studies (Ashok and Vijay
2010).
The development of a single combined drought
indicator that makes use of meteorological, soil
moisture and remote sensing derived information
will enable the onset of agricultural drought and its
evolution in time and space to be monitored in a
more eDcient way. With the use of a single index to
trigger a response, the process becomes more
streamlined and the potential for incorrect decisions will be reduced. Such an approach has
already been followed successfully by the US
National Drought Mitigation Centre (NDMC) in
the frame of the US Drought Monitor and the
North American Drought Monitor (Svoboda et al.
2002). The NDMC is able to take advantage of
information provided at local, state and federal
levels. This information consists of key and ancillary indicators from different agencies. This set of
indicators is used by an expert panel from across
the United States to obtain a map representing the
status of drought conditions.
Based on dozens of indicators to monitor agricultural drought (Ashok and Vijay 2010; Todisco
et al. 2008), an eAort has been made in this study to
improve the current drought monitoring capabilities, including the exploitation of new data,
methodologies and metrics that would aid the
experts to make best judgments of regional-scale
agricultural drought conditions through combined
drought index (CDI) using geospatial technology.
The CDI was developed in order to provide an
easily understandable indicator describing the
severity and extent of a developing drought problem. The CDI generated in this study was evaluated in few selected states by comparing it with
crop yield as a consequence of agricultural drought.
Besides, inter-comparison between CDI with
Standard Precipitation index (SPI) and also
NOAA drought index, both used extensively across
the world, have been made separately to understand the usability of CDI as drought index
operationally in India.
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2. Data and methodology
In the present study indictors like rainfall, soil
moisture and indices typically computed as
numerical representations of drought severity are
assessed using climatic or hydrometeorological
inputs including the above-mentioned indicators
have been analysed for three consecutive years of
2014, 2015 and 2016 in the Bve states (Andhra
Pradesh, Chhattisgarh, Haryana, Maharashtra and
Telangana) using geospatial technology at district
level for monsoon season. They are categorized by
type and ease of use, and grouped into the
following classiBcations: (a) meteorology, (b) soil
moisture, and (c) remote sensing rainfall/vegetation-based indices. Many of the indices used in
this paper are indicated in ‘Handbook of Drought
Indicators and Indices’ published by World Meteorological Organization under its Integrated
Drought Management Programme (IDMP) in
2016.

transferability of the crop coefBcients from one
location to another. In addition to that, the use of
reference evapotranspiration makes it easier to select
crop coefBcients and to calibrate evapotranspiration
equations for a given local climate.
2.1.3 Crop data
Data on productivity (kg/ha) of crops like arhar,
cotton, groundnut for different districts of the Bve
states namely Andhra Pradesh, Chhattisgarh,
Haryana, Maharashtra and Telangana were
obtained from the Directorate of Economics and
Statistics Department, Agriculture and Cooperation Ministry, Government of India, has been
compiling data on the classiBcation of land, irrigated area (source-wise and crop-wise) and total
area under crops at the state and district level
along with district-wise crop production statistics.
2.2 Methodology

2.1 Data

2.2.1 Soil water balance model (SWB)

2.1.1 Gridded rainfall

Soil moisture, a key parameter that integrates the
responses of climate, soil, and vegetation to water
balance and the inCuence of water balance on
vegetation dynamics, play a very important role in
the terrestrial water cycle. Agricultural drought
reCects the extent to which soil moisture is lower
than crop demand water, resulting in crop wilting
and even failure.
Daniel Hillel (1982) referred that the water
balance is simply a statement of the law of conservation of matter, i.e., matter can neither be
created nor destroyed but can only change from
one state or location to another. The water content
of a given soil volume cannot increase without
addition from the outside, nor it can reduce unless
transported to the atmosphere by evaporation or to
deeper zones by drainage. Among the methods to
estimate the soil water balance from simple soil and
climate data, the method proposed by Thornthwaite and Mather (1955) is one of the most widely
used due to its simplicity and single layer. It is
especially useful for evaluating the eAectiveness of
agricultural practices (Durval et al. 2010). The
model is mentioned as simple as it requires
knowledge of just three variables, available water
capacity, rainfall and potential evapotranspiration.
During the periods of deBcient rainfall, i.e.,
P–PE is negative, soil moisture is used for evapotranspiration purposes. Here P and PE refer for

Grids of meteorological data are central to the
prediction of weather on both local and global
scales. The gridded daily rainfall data generated by
IMD over India at a grid resolution of 0.25° 9 0.25°
of 2016 for over 3525 rain-gauge stations distributed over India were used for the present study.
The data were obtained from Climate Prediction
Group of IMD (Rajeevan et al. 2006; Pai et al.
2013).
2.1.2 Potential evapotranspiration (PET)
Weather data for the period (1971–2005) of 144
locations in India was used for estimation of potential
evapotranspiration (PET) by Penman–Monteith
equation (Allen 1998) and stored as point data in the
GIS software. These points information was interpolated using Shepard’s method to prepare spatial
raster layers of PET. These values were further used
to calculate the available soil moisture for the years
2014 and 2015. For 2016, estimation of the available
soil moisture was further reBned by taking the
available high resolution reference evapotranspiration data derived from INSAT 3D satellite at 4 km
resolution generated by Space Application Centre,
Ahmedabad. Introduction of the reference
evapotranspiration concept helped to enhance the
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precipitation and potential evapotranspiration,
respectively. As the soil dries, the rate of evaporation decreases. According to Thornthwaite and
his associates, the release of moisture is according
to an exponential function.
S ¼ AWC  expACC ðPPETÞ=AWC ;

ð1Þ

where S is the moisture remaining in the soil as
storage, AWC is available water capacity (difference between the Beld capacity and wilting point),
P is precipitation, PET is potential evapotranspiration, and ACC is the accumulated.

evapotranspiration deBcit or soil moisture recharge
during the week. It measures both evapotranspiration deBcits (drought) and excessive wetness
(precipitation is more than enough to meet evapotranspiration demand and recharge the soil).
Table 1 shows the classiBcation of CMI.
The CMI index indicates general conditions and
not local variations caused by isolated rain. CMI
can be used to measure the status of dryness or
wetness aAecting warm season crops and Beld
activities.
2.2.5 Soil Water DeBcit Index (SWDI)

2.2.2 NOAA Drought Index (NDI)
The NDI is a precipitation-based index that
compares the actual measured precipitation with
normal values during the growing season. Mean
precipitation for each week is calculated and a
running eight-week average of measured average
precipitation is summed and compared. If the
actual precipitation is greater than 60% of the
normal precipitation for the eight-week period,
then the current week is assumed to have little or
no water stress. If stress is detected, it remains
until the actual precipitation is at 60% or more of
normal.
2.2.3 Evaporative Stress Index (ESI)
The index is based on the ratio of actual to
potential evapotranspiration rates. Generally,
healthy green vegetation with access to an adequate supply of water warms at a much slower rate
than does dry and/or stressed vegetation. Based on
variations in land surface temperature, the ESI
indicates how the current rate of ET compares to
normal conditions. Negative ESI values show below
normal ET rates, indicating vegetation that is
stressed due to inadequate soil moisture.

The Soil Water DeBcit Index (SWDI) was proposed by Martınez-Fern
andez et al. (2015) in order
to characterize the agricultural drought based on
in-situ soil moisture series and basic soil water
parameters. The SWDI was formulated as follows:
SWDI ¼ 10  ½ðSWCFCÞ=AWC;

where SWC is the soil water content, FC denotes
Beld capacity and AWC available water content,
which is the difference between FC and WP
(wilting point). ClassiBcation of SWDI proposed by
Martınez-Fern
andez (2015) are indicated in
table 2.
Since agricultural drought is closely connected to
soil moisture and crop water deBcit, remote sensing
of water inversion in soil and vegetation is an
eAective way for large-scale agricultural monitoring in India.
2.3 Vegetation indices
Remotely sensed vegetation condition indices, such
as the normalized difference vegetation index
(NDVI) and the vegetation condition index (VCI),
satellite-derived temperature indices such as the
temperature condition index (TCI), and combination of vegetation greenness and temperature

2.2.4 Crop Moisture Index (CMI)
Table 1. ClassiBcation scheme of CMI.

It is intended to be a drought index especially
suited to drought impacts on agriculture, it
responds quickly to rapidly changing conditions. It is
calculated by subtracting the difference between
potential evapotranspiration and moisture, to
determine any deBcit. Palmer in 1986 designed the
Crop Moisture Index (CMI) as an agricultural
drought index that depends on the drought
severity at the beginning of the week and the

ð2Þ

Class
[3
2 to 3
1 to 2
0 to 1
–1 to 0
–2 to –1
\ –3

ClassiBcation
Excessively moist
Wet
Abnormally moist
Slightly dry
Abnormally dry
Excessively dry
Severely dry
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Table 2. ClassiBcation of SWDI.
SWDI

Severity categories

[0
1 to –2
–2 to –5
–5 to –10
[–10

No drought
Mild
Moderate
Severe
Extreme

Table 3. Drought severity classiBcation.
Severity class

VCI, VHI, TCI

Extreme drought
Mod drought
Moderate drought
Mild drought
ND

0–10
10.1–20
20.1–30
30.1– 40
[ 40

indices such as vegetation health index (VHI) are
widely applied to identify agricultural droughts
through monitoring vegetation health and temperature conditions of vegetation canopy using
AVHRR data (1–4 km) at regional to global scales
(Tucker et al. 2010; Dipanwita et al. 2015) have
been used in the study. The agricultural drought
severity classiBcation scheme utilized in our study
is adopted from the US Drought Monitor’s (UMOD
DM) classiBcation scheme, which includes abnormally dry, mild drought, moderate drought,
extreme drought, and exceptional drought in
ascending order of severity. It has been suggested
by Kogan (1995) that VHI \ 40 indicates drought
related vegetation stress, that is to say, agricultural drought. In this study, classiBcation of
drought severity is shown in table 3 for VCI, VHI
and TCI values to understand the level of
agricultural drought severity.

European Drought Observatory based on the
logical combination of indicators like SPI, soil
moisture and the fraction of absorbed photosynthetically active radiation (FAPAR). Hence, an
eAort has been made in this study to generate a
combined drought indicator using US National
Drought Mitigation Centre (NDMC) approach in
Geospatial Technology (GIS). While developing the
CDI, the following weightage has been given to each
index giving preference to land surface variables
followed by satellite-based indices as indicated in
table 4. Data Cow for generation of CDI is indicated
in Bgure 1.
Poor rainfall in successive years tend to compound the adverse eAect on replenishment of soil
moisture as rainfall is highly variable in spatial and
temporal distribution. Soil moisture is an important parameter governing crop growth as it calculates the amount of water available to crops
depending upon crop water requirement, climatic
evaporative demand and soil water holding
capacity. Soil moisture plays a vital role in linking
drought, climate, and vegetation and hence, it is
closely associated with agricultural drought.
Vegetation indices are based on the concept that
vegetation vigour is an indicator of water availability or lack thereof. Studies have also found that
there is a significant difference in plant water
uptake depth under different rooting patterns
nearly 50 cm during the Cowering state (Nippert
and Knapp 2007). The weightage of each parameter is based on its importance in agriculture where
some are index and some are indicators as consequence to the index.
The CDI consists of Bve classes in which each
class is derived by checking various conditions for
the same grid-cell as indicated in table 5.

3. Results and discussion
2.4 Combined drought indicator
The range of indices and indicators typically used
to detect agricultural drought makes the decisionmaking process that triggers a drought response
complicated. The development of a single combined drought indicator that makes use of meteorological, soil moisture and remote sensing derived
information will enable the monitoring of onset of
agricultural drought and its evolution in time and
space in a more eDcient way. Such an approach has
already been followed successfully by the US
National Drought Mitigation Centre (NDMC) and

Agriculture in India is mainly dependent on Indian
Summer Monsoon (June–September), its arrival
marks the beginning of the cultivation of rain-fed
kharif crops which are heavily dependent on the
monsoon and also determines the agricultural
production. About 56% of the net cultivated area
of the country is rain-fed accounting for 44% of
food production, where the monsoons play a critical role. Thus, the varied agro-climatic context of
Indian agriculture and its general dependence on
monsoon rainfall makes it particularly vulnerable
to drought. There are a few indicators or indices
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Table 4. Weightage of each parameter in the CDI
Index

Weightage
2014–2015

Weightage
2016

Soil moisture at 60 cm
Rainfall
Soil water deBcit index
Crop moisture index
Evaporative stress index
Normalized differential vegetation index
Vegetation condition index
Temperature condition index
Vegetation health index

30
20
15
10
–
10
5
5
5

25
20
15
10
5
10
5
5
5

Sl. no.
1
2
3
4
5
6
7
8
9

Figure 1. Data Cow chart for generation of CDI.

Table 5. ClassiBcation of CDI.
Classes
1–3
4–5
6–7
8
9

ClassiBcation
ND
Mild drought
Moderate drought
Severe drought
Extreme drought

which can precisely forecast the advent and
severity of a drought event, nor project its possible
impacts. Agriculture drought can occur during
early season, midseason and as terminal drought
which has a direct impact on the agricultural yield.
In this study, performances of CDI, integrated
from various indices, have been tested both by crop
yield and by an evaluation of the ability to predict
agricultural drought impact though out the season.
The behaviour of CDI has been assessed for the

major drought events that occurred in 2014, 2015
and 2016 showing its capability to discriminate
areas aAected by agricultural drought. The analysis further showed the coherency of the indicator
and variation with respect to crop yield. In order to
compare the spatial and temporal extent of agricultural drought using CDI, it was compared with
SPI and NOAA drought index also.
It is observed that droughts are becoming more
regional and are showing a general shift to the
agricultural important regions of coastal south
India, central Maharashtra and Indo-Gangetic
plains indicating higher food security and socioeconomic vulnerability in these regions (Ganesh
Chandra et al. 2016). The CDI has been tested on a
pilot mode in the Bve states of Andhra Pradesh,
Chhattisgarh, Haryana, Maharashtra and Telangana with diverse agricultural practices falling
under the above regional divisions. The frequency
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Figure 2. Week-wise eAect of various indices on CDI for the state of Haryana 2014.

Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod

D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D

CDI
Mod D
Mild D
Mild D
Mild D
Mild D
Mild W
Mild D
Mod D
Mild W
Mild W
Mild D
Mild W
Mild D
Mild D
Mild W
Mild D
Mild W
Mod D
Mild W
Mild D
Mild D

SPI
S
S
NS
NS
S
S
S
S
S
NS
S
S
S
NS
S
S
S
S
S
S
S

NOAA
Mild D
Mod D
Mod D
Mod D
Mod D
Mod D
Mod D
Mod D
Mod D
Mod D
Mod D
Mod D
Mod D
Mild D
Mod D
Mod D
Mod D
Mild D
Mod D
Mod D
Mod D

CDI

July 2014

Mild D
Mild D
Mod D
Mild D
Mild D
Mild D
Mild D
Sevr D
Mod D
Mild W
Mod D
Mild D
Mod D
Mild D
Mod D
Sevr D
Mild D
Mod D
Sevr D
Mild D
Mod D

SPI

CDI: Mild D: Mild drought, Mod D: Moderate drought, Sevr D: Severe drought.
NOAA: S: Stress NS: No stress, SPI: D: Dry W: Wet.

S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S

NOAA

June 2014

NS
S
S
S
S
S
S
NS
NS
NS
S
S
NS
NS
S
S
S
NS
S
NS
S

NOAA
ND
Mod D
Mod D
Mod D
Mod D
Mod D
Mod D
Mod D
Mod D
Mod D
Mild D
Mod D
Mod D
ND
Mod D
Mod D
Mod D
ND
Mod D
Mod D
Mod D

CDI

August 2014

Mild D
Ex D
Sevr D
Mod D
Sevr D
Mod D
Sevr D
Sevr D
Mod D
Sevr D
Ex D
Mod D
Mod D
Sevr D
Ex D
Mod D
Mod D
Sevr D
Sevr D
Mild D
Sevr D

SPI
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
S
NS
NS
NS
S
NS
NS
NS
NS
S

NOAA
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod

D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D

CDI

D
D
D
W
W
W
D
D
D
D
W
W
D
W
W
W
W
D
D
W
D

SPI
Mild
Mild
Mild
Mild
Mild
Mild
Mild
Mild
Mild
Mild
Mild
Mild
Mild
Mild
Mild
Mild
Mild
Mild
Mild
Mild
Mild

September 2014

YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES

Declaration of
drought
Government
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Ambala
Gurgaon
Hisar
Jind
Karnal
Mahendragarh
Mewat
Rohtak
Bhiwani
Faridabad
Kurukshetra
Sirsa
Sonepat
Yamuna Nagar
Kaithal
Panipat
Rewari
Panch Kula
Fateha bad
Jhajjar
Palwal

District
Index

Table 6. Week-wise comparison of CDI with SPI, NOAA and end of season drought districts declared by Government of India in 2014.
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Figure 3. Week-wise eAect of various indices on CDI for the state of Maharashtra in 2015.

of occurrence of drought in these states has
increased during the past decade due to the intricate relationship of land surface processes, soil
moisture, evapotranspiration and local climate.
Farmers in interior Andhra Pradesh, Maharashtra

and Telangana mainly depend on rain-fed water
sources for agriculture. Haryana lies in the basins
of the Indus and Yamuna rivers and receives water
from the Sutlej and Yamuna rivers and its share of
surplus water from the Ravi and Beas rivers due to
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Figure 4. Week-wise eAect of various indices on CDI for the Andhra Pradesh and Telangana in 2016.

which it has a good irrigation network. Chhattisgarh, on the other hand, has rich biodiversity,
higher average rainfall and varied soil type
suitable for various crops.

3.1 Performance of CDI in 2014
During 2014 due to temporal and spatial variation
in the rainfall, most of the districts of Haryana,
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Figure 5. Week by week progression of CDI in Chhattisgarh in 2014–2016.

Marathwada, Telangana, and Rayalaseema
received deBcient rainfall during the month of July
(IMD monsoon˙report˙2014) which lead to
decrease in optimum soil moisture (SM reserves
were 10–15% above wilting point of the respective
soils) required for sowing operations. The satellite
indices at surface level like NDVI, VCI and TCI
reCected the same as captured by the CDI indicating moderate drought in these states. NOAA
drought index and SPI Bgures also indicated the
stress condition for agricultural operations. However, during the month of August and September,
due to receipt of some amount of rainfall soil
moisture reserves increased supported by VCI, but
NDVI and TCI and land-based indices SWDI
indicate contradictory information suggesting that

either sowing operations have not been undertaken
or the crops in these areas are facing thermal stress
due to rise in temperature levels as indicated in
Bgure 2. Hence, in some of the districts, CDI indicate decrease in severity of drought in Haryana,
Maharashtra, Andhra Pradesh and Telangana
during June–September. CDI provides an insight
on the progression of drought through the hydrological cycle from the translation of a rainfall
deBcit into soil and its impact on the vegetation.
Agricultural drought is concerned with the
impact of meteorological/hydrological drought on
crop yield. When soil moisture and rainfall conditions are not adequate enough to support a healthy
crop growth to maturity, thereby causing extreme
moisture stress and wilting of major crop area.
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Figure 6. Comparison of yield data with combined drought index (a) for Maharashtra 2014 and 2015, (b) for Andhra Pradesh
2014 and 2015, and (c) for Telangana 2014 and 2015.

Trenberth et al. (2014) stated that SPI are based
on precipitation alone and provide a measure only
for water supply. They are very useful as a measure
of precipitation deBcits or meteorological drought,
but are limited because they do not deal with the
ET side of the issue. NOAA drought index generated under Integrated Drought Monitoring Program of World Meteorological Organization is also
used as an indicator of drought conditions aAecting
agriculture by many countries worldwide. Hence
combined drought indicator generated for the state
of Haryana for 2014 has been compared with
above-mentioned indicators due to its superiority
as it is generated using rainfall and rainfall-induced
parameters. It is noticed that from table 6, that
during middle of June and July 2014 all the districts of Haryana, NOAA drought index and SPI
were indicating stress related to rainfall which were
well captured in CDI. But during August and
September, some of the districts in Eastern Haryana due to increased rainfall activity NOAA

drought index exhibited no stress for agricultural
activity; however, CDI indicates moderate drought
like situation in these districts as soil moisture
could not be replenished at 60 cm depth as by that
time as agricultural activity is in peak season.
Moreover, the crops were facing moisture stress
due to rise in temperature as indicated in TCI
index. The qualitative analysis of CDI during the
year 2014 for the state of Haryana indicated mild
to moderate drought throughout the season and
various government agencies also declared that all
the districts of Haryana faced agricultural drought
during 2014 kharif season. The results were compared with available oDcial records of drought
event.
3.2 Performance of CDI 2015
Southwest monsoon of 2015 exhibited strong interseasonal variability in terms of rainfall leading to
large deBciency especially in July and 1st half of
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Figure 6. (Continued.)

August attributed to long dry spell (IMD monsoon
report 2015) in Maharashtra, Andhra Pradesh and
Telangana. Soil moisture at 60 cm depth were
20–30% above wilting point suitable to undertake
sowing of crops which was captured in VCI during
the month of June. During July and August, the
rainfall activity was subdued resulting into minimal agricultural activity during the peak normal
sowing operations. The Cuctuations of rainfall and
soil moisture along with supporting indices were
well captured in the CDI throughout the season
indicating moderate drought as indicated in
Bgures 3 and 4. Haryana state received normal
rainfall during 2015.
Southwest monsoon in 2016 showed spatial and
temporal rainfall anomaly with large intra-seasonal
Cuctuations during the season; however, spatial
rainfall distribution was fairly well distributed

during the monsoon season. In June 2016, onset of
monsoon experienced normal rainfall activity in
various districts of Andhra Pradesh. However, the
deBcient rainfall during the subsequent months
was reCected with poor NDVI. Haryana, Maharashtra and Telangana received normal rainfall in
2016 with occurrence of increased heavy rainfall
events in some regions.
3.3 Performance of CDI 2016
In 2016, evaporative stress index (ESI) was introduced additionally in the CDI for further reBnement to capture early signals of drought without
using observed rainfall data. The ESI is able to
capture early signals of drought. The integration of
one more index to the CDI, the weights assigned to
soil moisture were reduced from 25 to 20 giving 5%
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Figure 6. (Continued.)

weight to ESI. CDI for the state of Andhra Pradesh
indicated mild drought conditions during June and
progressed to moderate drought by the end of the
season as indicated in Bgure 4.
3.4 Performance of CDI during normal
monsoon
The state of Chhattisgarh experienced normal
rainfall during 2014 and 2016 and all the indices
exhibited good agriculture vigour indicating its
positive impact on yield of the crops which was well
captured by CDI. In 2015, intermittent dry spells
were recorded in July and August; however, the
availability of sufBcient soil moisture at 60 cm
depth reduced the stress conditions at the surface
which was well captured in CDI indicating mild
to no drought conditions during the season as
indicated in Bgure 5.
3.5 Comparison with crop yield
The results of CDI were also studied for its impact
on various crops in the selected states, the yield
data for kharif crops like groundnut, cotton, and
arhar/tur for the year 2014–2015 and 2015–2016
was obtained from crop production statistics of
Government of India. The difference in yield from
average of past Bve years prior to the drought years
was calculated at district level and compared with
CDI.

It is observed from Bgure 6(a) that the state
Maharashtra indicated moderate drought (scale
5–7) and there is reduction of yield in cotton during
2014 and 2015 in most of the districts except
Gadchiroli, Jalgaon and Nagpur in 2014 and Akola,
Chandrapur, Gadchiroli, Nagpur and Washim due
to the introduction of pest resistant Bt Cotton and
irrigated area. Yield of groundnut except in Satara
in 2014 and Kolhapur in 2015 with moderate
drought as indicated in CDI saw reduction from
average in most of the districts. These two districts
saw increase in yield as they are situated in the
river basins of Bhima, Krishna and Panchganga.
Similar to groundnut, yield of tur also reduced in
all the districts except Satara, Sangali, Solapur in
2014 and Pune in 2015. Many areas in Solapur and
Pune are having command irrigation facility which
helped the crops to survive even in drought
conditions.
In the state of Andhra Pradesh as indicated in
Bgure 6(b), tur, cotton and groundnut production
saw a slight increase from average in many districts
as drought was mild in 2014. But in 2015, with
increase in drought severity, the yield of major
crops saw decrease but some of the districts in
coastal Andhra Pradesh saw slight increase due to
rich in water resources. State of Telangana
(Bgure 6c) showed similar results as that of Andhra
Pradesh, CDI depicted moderate drought both in
2014 and 2015. Increase in yield of cotton and tur
was noticed in the districts of Adilabad and
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Khammam as they fall under river basin of
Godavari.

4. Conclusion
In recent years, significant progress has been made
in employing multiple drought indices in drought
management by many countries. Generally, the
drought assessment is done using individual indices, based on meteorological data or on remote
sensing images. The development of a combined
index integrating meteorological and remote sensing indicators can help to reduce false alarms.
Composite drought indicator gives a synthetic and
synoptic overview of the drought situations using a
classiBcation scheme derived from various individual indices as it has been developed to combine
the strength of various indices. CDI can be used to
explain drought severity classes for research areas
or in operational mode through composite analysis
of vegetation-response to the climatic factors,
which alters spatially and temporally, depending
upon the type of vegetation (natural or agricultural) and intensity of the climatic factors. CDI
developed in this paper does not need any complicated numerical computation like SPI and PDSI.
The qualitatively generated CDI can be used as a
guide by the planners and other organizations involved
in monitoring drought to issue types of alerts on weekly
scale during the crop growing period.
1. ‘Watch’ when the mild drought condition
appears in CDI,
2. ‘Warning’ when the severity of drought
increases from mild to moderate,
3. ‘Alert’ when the crops are facing stress either
due to moisture or thermal.
Based on the above alerts, CDI can depict the
onset of drought either early in the season or midseason or end of the season.
In the study, behaviour of CDI has been assessed
for the major drought events that occurred in India
during 2014 and 2015 showing its capability to
discriminate between areas aAected by agricultural
drought. The analysis further showed the coherency of the indicator variation with the variation in
crop yields during a drought period, and proved its
potential to serve as an indicator for drought early
warning. Results also indicate a good match
between the CDI and reported drought impacts
from both the start and the end of the season in the
states under study.

With the help CDI, the decision makers can
easily visualize the stress/recovery eAect on the
vegetation either through supply of moisture or
thermal in terms of its distribution and intensity on
a grid point at a spatial resolution of 0.25° (roughly
28 km). In future, this model can be further reBned
by improving various aspects of the input data by
incorporating irrigation, temperature, soil moisture
at different depths and SPEI.
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