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Abstract

The Jaisalmer district of Rajasthan province of India was known to suffer with frequent drought due to poor and delayed
monsoon, abnormally high summer-temperature and insufficient water resources. However flood-like situation prevails in the
drought prone Jaisalmer district of Rajasthan as torrential rains are seen to affect the region in the recent years. In the present
study, detailed analysis of meteorological, hydrological and satellite data of the Jaisalmer district has been carried out for the
years 2006—2008. Standardized Precipitation Index (SPI), Consecutive Dry Days (CDD) and Effective Drought Index (EDI)
have been used to quantify the precipitation deficit. Standardized Water-Level Index (SWI) has been developed to assess
ground-water recharge-deficit. Vegetative drought indices like Vegetation Condition Index (VCI), Temperature Condition Index
(TCI), Vegetation Health Index (VHI), Normalized Difference Vegetation Index (NDVI) and Modified Soil-Adjusted Vegetation
Index 2 have been calculated. We also introduce two new indices Soil based Vegetation Condition Index (SVCI) and Composite
Drought Index (CDI) specifically for regions like Jaisalmer where aridity in soil and affects vegetation and water-level.

OPRACOWANIE WSKAZNIKA OCENIAJACEGO STOPIEN SUSZY
Z. WYKORZYSTANIEM DANYCH GEOREFERENCYJNYCH
NA PRZYKEADZIE OKREGU JAISALMER W RADZASTANIE (INDIE)

Stowa kluczowe: susza, wskazniki teledetekcyjne, opady, NDVI, Jaisalmer

Abstrakt

Okreg Jaisalmer w indyjskiej prowincji Radzasthan znany byt z czestych susz, spowodowanych stabymi i pojawiajacymi si¢ zbyt
p6zno opadami monsunowymi, wyjatkowo wysokimi temperaturami w lecie i niewystarczajgca ilo§cig zasobéw wodnych. Jed-
nakze ostatnio, w podatnym na susz¢ okrggu Jaisalmer w Radzasthanie, czestsze jest zagrozenie ze strony powodzi, spowodowa-
nych ulewnymi deszczami. W niniejszej pracy przedstawiono szczegotowa analize¢ danych meteorologicznych, hydrologicznych
i satelitarnych z okregu Jaisalmer, zgromadzonych w latach 2006—2008. Aby ilosciowo opisa¢ deficyt opadow, uzyto nastepu-
jacych wskaznikow: standaryzowany wskaznik opadow (Standardized Precipitation Index — SPI), ciagly wskaznik dni suchych
(Consecutive Dry Days — CDD) oraz efektywny wskaznik suszy (Effective Drought Index — EDI). Aby oceni¢ deficyt wod grunto-
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wych, opracowano standaryzowany wskaznik poziomu wod (Standardized Water-Level Index — SWI). Obliczono wskazniki suszy
wegetacyjnej takie jak: wskaznik stanu wegetacji (Vegetation Condition Index — VCI), wskaznik stanu temperatury (Temperature
Condition Index — TCI), wskaznik zdrowia wegetacji (Vegetation Health Index — VHI), znormalizowany r6znicowy wskaznik we-
getacji (Normalized Difference Vegetation Index — NDVI) oraz zmodyfikowany wskaznik wegetacji z uwzglednieniem poprawki
na glebe — wskaznik wegetacji 2 (Vegetation Index 2). Wprowadzono réwniez dwa nowe wskazniki: oparty na glebie wskaznik
stanu wegetacji (Soil based Vegetation Condition Index — SVCI) i ztozony wskaznik suszy (Composite Drought Index — CDI),
uwzgledniajac specyfike dla regionow takich jak Jaisalmer, gdzie sucho$¢ w glebie ma wptyw na wegetacj¢ i poziom wad.

1. INTRODUCTION

Drought is defined as phenomena of a prolonged
period of dry conditions [1, 2] where a region observes
a deficit in its water supply, whether surface or under-
ground water. It is viewed as normal, repetitive climat-
ic process, though few consider it as a rare and random
event, occurring globally with varied scenarios in dif-
ferent regions. Drought, which is treated as a temporary
condition, should not be confused with aridity, which is
a permanent feature of areas with scanty rainfall. Since
the intensity of drought conditions is dissimilar across the
world, it is difficult to precisely define ‘what is drought’
keeping in view of their regional differences and disci-
plinary perspectives [3, 4]. For example, Libya identifies
drought conditions in the country if annual rainfall is less
than 180 mm, in contrast to Bali, which considers a peri-
od of six days without rain as drought [5].

Drought can be mainly of three types: Meteorolog-
ical droughts occur, when the actual precipitation in an
area is much less than the mean rainfall of that area.
It is characterized based on the extent of dryness and
length of dry episode. This kind of drought is region-
al specific as precipitation conditions vary across the
regions worldwide. Hydrological droughts occur when
the water reserves available in sources such as reser-
voirs, lakes, and stream flow fall below the statistical
average. Hydrological droughts show up more slowly
because it involves storing water that is used but not
replenished. Agricultural Droughts are droughts that
affect crop production and vegetation. This condition
can also arise independently from any change in pre-
cipitation levels when soil conditions and erosion cause
a shortage in water available to the crops.

Drought has a significant adverse effect on the so-
cio-economic, agricultural, and environmental condi-
tions of the affected area [6, 7, 8]. In this context, it is
imperative to define and quantify drought characteris-
tics to have a detailed understanding about its severity

and the impact on the local conditions [9, 10].Thus it is
vital to treat drought as a natural disaster and propose
a mechanism to assess, analyze, mitigate and combat
the situation wisely [11].

In the current scenario geospatial tools like remote
sensing and Geographical Information System (GIS)
proved to be better in assessing, monitoring and man-
aging drought conditions of an area [12, 13, 14, 15, 16,
17, 18]. Satellite data sets like AVHRR (Advanced Very
High Resolution Radiometer) and MODIS (Moderate
Resolution Imaging Spectroradiometer) are widely ac-
cepted for better analysis of drought scenarios by vari-
ous researchers [18, 19, 20, 21, 22 ].

A variety of drought analysis methods and indices us-
ing meteorological, hydrological and vegetation parame-
ters such as rainfall, soil moisture, potential evapo-tran-
spiration, vegetation condition and ground-water levels
have been developed by many scientists [8, 23, 24, 25,
26, 27, 28, 29, 30]. The drought measuring parameters
are not linearly related to one another and often have
diminutive correlation among themselves. Therefore, it
is quite common that when one drought index identifies
drought at a particular place, another drought index indi-
cates a normal condition at the same place and time [19].

Keeping in view of the advantages of geospatial tech-
nology, in the present an attempt has been made to eva-
luate the vegetative and hydrological stress using vario-
us indices for drought monitoring in Jaisalmer district
of Rajasthan, India.

2. STUDY AREA

Jaisalmer district lies in the Thar Desert, which strad-
dles the border of India and Pakistan (Figure 1). The
district is located between 26°4 — 28°23" N and 69°20’
—72°42'E, spanning a geographical area of about 38401
km?, Jaisalmer is almost entirely a sandy waste. The
average rainfall is 201.05 mm and the average tem-
perature is 34.2°C during summers and 15.61°C during
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Jaisalmer
district

R (8

Well locations for gathering  Rain stations for gathering
hydrological data meteorological data

Figure 1. Map showing study area

Ryec. 1. Mapa przedstawiajgca obszar badan; u dotu z lewej:
rozmieszczenie studni, na podstawie ktorych zbierano dane
hydrologiczne, z prawej: rozmieszczenie stacji meteorolo-
gicznych do badania opadoéw deszczu

winters. Water is scarce, and generally brackish; the av-
erage depth of the wells is about 76.2 m. There are no
perennial streams, and only one small river, the Kakni,
which, after flowing a distance of 28 m spreads over
a large surface of flat ground, and forms a lake called
the Bhuj-Jhil. The climate is dry and healthy. Through-
out Jaisalmer only rain crops are grown; spring crops
of wheat, barley, etc., are very rare. Owing to the scanty
rainfall, irrigation is almost unknown. More than 80%
of the district is occupied by sandy soils [31].

Drought is frequent in the Jaisalmer district due to
poor, limited and untimely rainfall. The monsoon is the
only possible means for ground-water recharge in this
arid area. Hence this scarcity of surface-water bodies
makes people dependent entirely on ground-water re-
sources. A continuous period of poor rainfall in com-
bination with high temperature hinders replenishment
of ground-water table thereby creating a hydrological
stress on ground-water resources leading to severe
drought in many parts.

In the present study, detailed analysis of season-
al drought dynamics has been carried out to identify
drought patterns in meteorological, hydrological, and
agricultural spheres for Jaisalmer district of Rajasthan.
We aim to study various indices to identify drought
characteristics like severity and spatial extent. These in-
dices can be used to describe, quantify and map drought
events, comparing them in space and time to provide

a base for drought management. We also introduce
a new index Composite Drought Index (CDI) to assess
the arid conditions in Jaisalmer district.

3. MATERIALS AND METHODS

For the present study, we make use of MODIS data
having 36 spectral bands with a spatial resolution of 1km
and a temporal resolution of 15 days. Daily precipita-
tion data and bi-monthly ground-water level data has
been collected from Indian Meteorological Department.
Data from 6 rain stations (Fatehgarh, Pokhran, Jaisalmer,
Nokh, Ramgarh and Sam) and 35 wells in the Jaisalmer
district was gathered for calculating meteorological and
hydrological drought indices respectively (Figure 1).

The India Meteorological Department (IMD) desig-
nates four official seasons: (1) Winter, occurring from
December to early April, (2) Summer or pre-monsoon
season, lasting from April to June, (3) Monsoon or
rainy season, lasting from June to September and (4)
Post-monsoon season, lasting from October to Decem-
ber. The indices of interest are calculated for the above
mentioned seasons for each year.

The following are the indices of interest to study
drought patterns in Jaisalmer district.

3.1. Meteorological Drought Indices

Standard Precipitation Index (SPI) assesses the
anomalous and extreme precipitation conditions based
on the probability of precipitation for any desired time
scale [29].

SPI = (X;—Xi,) /0 e)

where, X is the seasonal precipitation at the i rain
gauge station and j” observation, .X;, the long-term sea-
sonal mean and o is its standard deviation.

Effective Drought Index (EDI) is calculated based on
Effective Precipitation (EP) data, considering the loss of
precipitation due to evaporation and runoff. Byun and
Wilhite [32] suggested the following equation for EP.

n=l m=1

ER =% (2 F,)/n

where 7 is the number of days of the time window, n
running from 1 till 7 and P,, denotes the precipitation of
m days ago in mmd . EDI is calculated as,

© Copyright by Polska Akademia Umiejetnosci & Autorzy, Krakéw 2015



32 VAIDEHI CHHAJER, SUMMATI PRABHAKAR, RAMA CHANDRA PRASAD

Standard Precipitation Index (SPI)
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Figure 2. Meterological drought indices
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EDI=(EPi—p) /o

where 1 is the mean of effective precipitation, which is
subtracted from the EP and divided by o, the standard
deviation of the EP.

Consecutive Dry Days (CDD) The number of Con-
secutive Dry Days (CDD) is the number of dry days
between two wet days

Cny=31

where C(n) is the number of consecutive dry days and
L is the last wet day.

Meteorological Drought Mapping:

SPI, EDI and CDD (Figure 2) have been used to
quantify the precipitation deficit from 2006 to 2008.
The geographical coordinates of rain stations and well

locations were collected and precipitation values were
normalized. For the computation of SPI, long-term
mean is calculated using seasonal rainfall data for max-
imum available years, i.e. of 35 years (1973-2008).
To calculate the CDD we used the ratio of maximum
number of consecutive dry days in the season and the
total number of days. Since drought is a regional phe-
nomenon, to demonstrate its spatial extent, SPI, CDD
and EDI values of the 6 rain-gauge stations in Jaisalmer
district have been interpolated using moving average
technique in ILWIS (Integrated Land and Water Infor-
mation System) software.

3.2 Agricultural Drought Indices

Normalized Difference Vegetation Index (NDVI) (Fi-
gure 3) reflects the vegetation health and vigor conditions
along with green percent cover and biomass through

Deviation of Normalized Difference Vegetation Index (NDVI)
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Figure 3. Agricultural drought indices — NDVI and VCI
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the ratio of responses in red and near infrared bands
[33, 34, 35, 36 ]. It is calculated as:

NDVI (%) =100 * (pm'r _pred) / (pnir + pred)

Where p,;. and p,., is reflectance in the near infrared
band and red band respectively.

Vegetative Condition Index (VCI), (Figure 3) is relat-
ed to the long-term minimum and maximum NDVI (21)

VCI (%) =100 x (NDVI -
(NDVI,,.. — NDVI,.)
where NDVI, NDVI,,, and NDVI,,,. are the seasonal

average of smoothed weekly NDVI, absolute multi-
year minimum and maximum respectively.

NDVI,,,) /

Temperature Condition Index (TCl)

Temperature Condition Index (TCI) represents the
relative change in thermal condition in terms of bright-
ness temperature [21] whose values are obtained from
the thermal band (band 31 of the MODIS data).

TCI (%) = 100 * (BT, — BT) / (BT,0e — BT,11)

where BT, BT,,, and BT, are the seasonal average
of weekly brightness temperature, absolute multi-year
minimum and maximum respectively (Figure 4).

Vegetation Health Index (VHI), While VCI and TCI
are characterized by varying moisture and thermal con-
ditions of vegetation, VHI represents overall vegetation
health (Figure 4) and is calculated as [37].

VHI=0.5(VCI)+0.5(TCI)
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Figure 4: Agricultural drought indices — TCI and VHI
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Modified Soil-Adjusted Vegetation Index 2 (MSA-
Vi2), addresses the soil moisture problem of NDVI
(Figure 6). It is calculated as:

MSAVI2Z= (2 *p,, +1-p(2*p,, +
*(pnir - pred)) / 2

where p,;. and p,.; is reflectance in the near infrared
band and red band respectively.

1)2 -8 *

Agricultural Drought Mapping: Satellite data with
a temporal resolution of 10 days was averaged for a sea-
son. The images were geo-referenced prior to this. The
region of interest was then extracted followed by calcu-
lation of indices. Data with a deviation of NDVI values
is calculated with respect to the mean NDVI.

VCI, VHI, TCI and MSAVI 2 maps have been gen-
erated by plotting pixel values having 1 km spatial res-
olution, and have been classified to represent various
drought intensities.

3.3. Hydrological Drought Indices

Standardized Water-level Index (SWI) proposed to
monitor anomaly in ground-water level as a correspon-
dent of aquifer-stress [19]. The SWI is computed by
normalizing seasonal ground-water level and divid-
ing the difference between the seasonal water level
and its long term seasonal mean, by standard deviation
(Figure 5).

WI=(W,-W,)/c

where, W, is the seasonal ground-water level at the i*
well and j* observation, W,, the long-term seasonal
mean and o is its standard deviation.

Hydrological Drought Mapping: SWI value has
been classified and used as a reference to map hydro-
logical drought severity. It has been computed using the
mean seasonal water levels of 5 years (2004 — 2008).
SWI values of the wells have been interpolated in a GIS
environment to generate SWI maps of the region using
a similar technique used in SPL.

3.4. Generic Drought Indices

Drought in Jaisalmer district mainly affects the veg-
etation condition, soil moisture and the groundwater
level. This leads to its high arid climate. We introduce
the following indices to assess such conditions.

Soil based Vegetative Condition Index (SVCI) relat-
ed to the long-term minimum and maximum MSAVI2.
Using MSAVI2 we account for the soil moisture condi-
tions for vegetative growth (Figure 6).

MSAVI2 — MSAVI2,,,,
SVCI(%) = 100 x

MSAVI2,,,. —MSAVI2,,,

where MSAVI2, MSAVI2,,, and MSAVI2,,. are the sea-
sonal average of smoothed weekly MSAVI, absolute
multi-year minimum and maximum respectively.

Standard Water-level Index (SWI)

Winter Pre-Monsoon

o A - »
/\ ? ( (\E& /\’7 Extremely g
{ i Wet =
2006 :
- e 3

2007 /

2008

Figure 5. Hydrological drought index
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Soil based Vegetation Condition Index (SVCI)
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Figure 6. Generic drought indices
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Composite Drought Index assesses overall drought
conditions using fluctuations in vegetation and wa-
ter-table (Figure 7). It is a composite of indices: SVCI,
TCI and SWI. CDI index does not measure physical pa-
rameters of vegetation or soil; neither does it attempt to
simulate the physical phenomena. It is a statistical com-
parison, it measures how much the present conditions
deviate from the reference level, which is the multi-year
long-term average, characteristic for the given period.

CDI (%) = aSVCI + BTCI + y(8SW I + 1)
at+tpB+y=1

where a, B, v are weight coefficients for the three in-
dices, & and n are scale coefficients for SWI to match

the scale of TCI and SVCI. We use 8 = 0.2 and 1 =0.4.
Coefficients are calculated as follows:

Variance of agricultural yield
o= = 0.3046
Mean of agricultural yield

Variance of temperature
p= = 0.1377
Mean of temperature

Variance of water table

y= = 0.5577

Mean of water table

where, mean and variances are calculated for long term
period.
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Composite Drought Index (CDI)
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Figure 7. New Index to assess overall drought conditions
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4. RESULTS AND DISCUSSIONS

Meteorological drought: All the four seasons of
2006—2008 were mostly drought free. The region ob-
served very less rainfall days in the non-monsoon sea-
sons. However, heavy rains were observed during spe-
cific days in the winter of 2006 and 2008. The results
show that the region has been observed extremely wet
flood-like conditions during monsoon of 2006 and
2007. In June and August 2006, the usual drought prone
district of Jaisalmer was hit by flash floods. Rains due
to cyclone Phet caused havoc in the district. Pokhran
in Jaisalmer reported one of the highest rainfalls of the
season during these days. The post-monsoon season of
2008 observed high departure of rainfall in December
[Indian Meteorological Department]. Departure from
rainfall was also seen in winter of 2007. Our results
appropriately show these unusually high rainfall pat-
terns for these times.

Hydrological drought: Decline of water level takes
place in small pockets both during the monsoon and the
non-monsoon periods depending upon rainfall, tempera-
ture and draft. During the years 2006—2008, major parts
of the Jaisalmer district were free from water-stress. One
of the reasons for this is the increase in precipitation,
which helped replenish water-levels. Water levels are
seen to rise in winter and pre-monsoon season of 2008.

Agricultural drought: During pre-monsoon of 2007,
the vegetation experienced the stress and loss of veg-
etation health (VHI<0.2).We see a decline of both fa-
vorable vegetation and temperature conditions during
this period. MSAVI2 shows that post-monsoon season
of 2006 witnessed mild drought in patches of Jaisalmer
district. Winter of 2006 sees improvement in vegetation
conditions enhanced by an increase in precipitation and
mild temperature conditions. The monsoon season is
majorly seen as productive across all indices whereas
winter pre-monsoon and post-monsoon seasons expe-
rience vegetative stress.

Relative Dynamics: SP1 maps indicate that stress
due to deficit of rainfall has been low in the Jaisalmer
due to heavy rains. This is a departure from historic
trends of Jaisalmer. Meteorological drought scenario in
the region changed continuously with the season de-
pending upon rainfall amount and spatial distribution.
Drought in the ground-water system develops only
slowly from meteorological droughts through recharge
deficit, and over-exploitation of ground-water resources
further enhance. The ground-water levels are seen to be
replenished in the winter and pre-monsoon season of
2008 due to higher precipitation as seen in SPI maps.
Vegetative drought, neither follows any spatio-temporal
pattern nor shows a linear relationship with meteoro-
logical and/or hydrological droughts. CDI index shows
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consistency with the overall conditions shown by agri-
cultural indices. SVCI maps show that overall soil con-
ditions have been favorable for crop production, which
is second by the improvement in water-table conditions
as shown in the SWI. However the temperature condi-
tions are not so favorable in winter 2007, this has been
reflected in CDI map. Thus CDI index assesses overall
drought conditions using fluctuations in vegetation con-
ditions, temperature and water-table

5. CONCLUSIONS

The SWI maps show that aquifer-stress shifts its po-
sition from time to time. The SPI maps indicate that
meteorological dry or wet conditions appear in the
Jaisalmer district in a random fashion and have a short
lifespan. Vegetation conditions remain normal for lon-
ger duration. The time-series maps of different indices
show no linear correlation among meteorological, hy-
drological, and vegetative droughts in the Jaisalmer re-
gion. Speed of drought development and drought du-
ration also vary widely. Thus, assessment of drought
conditions varies greatly on the parameters used. These
parameters take into account the possible causes but not
their impact. Despite of negative SPI, a region could be
free from water-stress and may maintain normal vege-
tation. Moreover, drought may appear in regions show-
ing favorable hydrological and vegetation index values
in spite of positive SPI.

SWI and VHI, however, represent the negative im-
pact of adverse meteorological and hydrological con-
ditions on water and vegetation, therefore they present
better basis for analysis of drought. We take the idea of
these indices and form a new amalgamation of them,
which is specific to the study area. CDI index thus takes
into account the soil moisture for vegetation, the opti-
mal temperature and the groundwater fluctuations and
provides a better drought assessment mechanism by
setting up a location specific reference level.
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