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Soil moisture is considered a key index of agricultural drought monitoring systems due to its importance
for plant growth and biological interactions. In this research, a Soil Wetness Deficit Index (SWDI) was
developed based on a Soil Wetness Index to evaluate soil moisture deviation as an indicator of agricultural
drought. The Soil Wetness Index is derived using a triangle space concept between the land surface

Keywords: temperature (LST) and vegetation index (NDVI). To acquire the triangle space concept, 8-day-products
SDrfiught of land surface reflectance and LST derived from MODIS satellite data over Isfahan were used. The data
SS\IIDV;, etness was collected in the period of 2000-01 (dry year) and 2004-05 (wet year) on an 8-day time step. The

results indicated that the SWDI index has the capability of mapping the spatial distribution of areas
affected by drought, as well as the drought intensity. The estimated cumulative number of dry days (with
—4<SWDI<0) in the period of 2000-01 was 184 days. The results also confirmed the existence of wet
days in the period 2004-05. Moreover, shifts in drought condition at the end of the wet and dry periods
were detected in the area. Results also showed that the presence of vegetation plays an important role

Remote sensing

in balancing soil moisture variation.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Drought is the result of climate variations that infrequently
occur in vast geographic areas without any specific border. Drought
affects food security more than any other natural disaster. Predict-
ing when a drought will occur and the length of its duration is
very difficult compared to other disasters such as flood flashing
(Kogan, 1997). Based on the environmental sub-system it affects,
droughts are classified into meteorological, soil moisture (agricul-
tural), hydrological and famine (Peters, 2003).

Soil moisture content plays an effective role in agricultural
drought (Kuenzer et al., 2008). Root zone moisture content is com-
monly assigned to the upper 1-2 m of soil profile. This moisture is
generally available for crop growth and can be transported to the
atmosphere through the evapo-transpiration process (Verstraeten,
2006). Considering the effect of soil moisture on plant growth and
crop productions, estimating soil moisture content is very impor-
tant in monitoring agricultural drought. Nonetheless, due to the
extreme variation of soil moisture along a day, it cannot be an
appropriate index of drought severity by itself. Hence, an index
is needed to consider the long-term variation of the soil moisture.
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Also, the index should be able to compare the soil moisture deficit
across seasons.

Principally, soil moisture monitoring using field scale methods
isvery expensive, time consuming and impossible for application in
vast areas. Additionally, converting field scale soil moisture data to
geo-spatial maps using geo-statistical methods have no adequate
quality. Therefore, there is a need for special tools that monitor
spatial and temporal soil moisture variations continuously and
accurately. Due to higher spatial and temporal resolution, methods
based on remote sensing techniques in contrast to field mea-
surements and simulation models are preferred for the regional
purposes.

Over the past two decades, numerous approaches have been
developed for regional estimation of soil moisture. Some of these
have been based on remotely sensed optical and microwave data.
Methods include the use reflective data (Peters et al., 1991; Wang
et al., 2007), thermal infrared data (Crow et al., 2008; Gillies and
Carlson, 1995; Qui, 2006), passive and active microwave data (De
Ridder, 2000; Mattia et al., 2008; Moran et al., 2004). Due to higher
scatter in interaction with aerosols and lower penetration into
the surface, optical and thermal imagery is more limited in com-
parison to radar and microwave imagery. However, because of
high spatial and temporal resolution and high correlation between
soil moisture and surface temperature, implementation of optical
and thermal imagery methods has increased in the recent years
(Verstraeten, 2006).
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Table 1
Characteristic of satellite data used for computing Soil Wetness Index.

Satellite Sensor Spatial resolution (m) Temporal resolution (day) Selected products Acquisition dates
Terra MODIS 250 8 MODO09Q1 2000-2001 from September to July and
2004-2005 from September to July
1000 (resample to 250 m) 8 MOD11A2
TRMM 25,000 (resample to 250 m) 8 3B42RT 2000-2001 from September to July and

2004-2005 from September to July

Plants are sensitive to water stress and the amount of stress
can be detected using vegetation indices derived from optical
satellite data (Marshall, 2005). Vegetation indices derived from
spectral reflection are the most common techniques for estimat-
ing physical characteristics of crops such as moisture content
in the leaves and pigment concentration (Cheng et al., 2008;
Gao, 1996; Huete et al., 1997; Pefiuelas et al., 1997; Ustin et al.,
2004).

For instance, NDVI (Normalized Difference Vegetation Index) is
a well known vegetation index which shows a promising correla-
tion with short term variation of soil moisture (Peters et al., 1991;
Wang et al., 2007). NDVI can be obtained using surface reflection
in the visible and near infrared sections of electromagnetic (EM)
spectrum. Adegoke and Carleton (2002), and Wang et al. (2007)
studied direct relation between soil moisture and NDVI, and con-
firmed the delay effect of soil moisture on NDVI. Wang et al. (2007)
also showed that the relationship between NDVI and soil moisture

3

is more reliable with less delay in the semi-arid regions. Although,
land surface temperature (LST) is also dependent on soil moisture
and fractional vegetation cover, no universal and direct relation
between LST and soil moisture has been reported (Mallick et al.,
2009). However, due to an increase of LST over areas with low
NDVI in the arid region, a negative relation between LST and NDVI
is expected. In many studies, a triangular (or trapezoidal) space
concept method that is defined as a physical relationship between
NDVI and LST in the form of scatter plots, has been recommended
for average soil moisture in the root zone (Carlson, 2007; Keshavarz
et al., 2011; Mallick et al., 2009; Stisen et al., 2008; Wang et al.,
2006;).

In this research, a Soil Wetness Deficit Index (SWDI) was
developed based on Soil Wetness Index (SWI) derived from
applying a triangle space concept between LST and NDVI to
evaluate soil moisture deviation as an indicator of agricultural
drought.
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Fig. 1. (a) Conceptual diagram of LST-NDVI triangle for determining Soil Wetness Index. The value of SWI is zero along the dry edge and its value is 1 along the wet edge.
The intermediate SWI isolines at 0.2, 0.4, 0.6 and 0.8 are represented by a’, b’, ¢’ and d’, respectively (Mallick et al., 2009). (b) A sample of triangular variant between Land
Surface Temperature and Normalized Difference Vegetation Index over Isfahan on a clear day (DOY 105: 15 April 2005).
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Fig. 2. A sample of spatial distribution of Soil Wetness Index (%) over Isfahan on a
clear day (DOY 81: 22 March 2001).

2. Materials and methods
2.1. Study area

The study area (Isfahan province) is located in the central parts
of Iran and has an area of 214,503 km?2. It covers an area from 30.6N
to 34.58N and from 49.6E to 55.5E. The area has a semi-arid climate
with a limited amount of precipitation (130 mm per year which
generally occurs in winter from December to April). About 3% of
total area is cultivated (609,250 ha) from which 95% is assigned to
the irrigated lands and 5% is assigned to rain-fed lands. The max-
imum temperature is 30°C in July and the minimum temperature
is 3°Cin January (Akbari et al., 2007).

2.2. Data preparation and image processing

Short-term variation of surface soil moisture in the vege-
tated landscapes with greater spatial details can be monitored
through optical-thermal infrared band data from moderate
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Fig. 3. SWDI value classification.

Table 2

Comparison of global mean of SWI, NDVI and LST in the periods of 2000-01 and
2004-05 over study area (positive sign indicates existence of a significant difference
in specified level of probability) using Duncan method in under irrigation farms.

Level Mean value Error freedom cv
Degree
0.05 0.01 2000-01 2004-05
LST (°C) + + 23.43 21.76 36 23
SWI + + 42% 44% 36 11.67
NDVI + + 0.166 0.179 36 8

resolution (250 m-1km) sensors (e.g. MODIS TERRA and AQUA)
having two overpasses per day (Mallick et al., 2009). MODIS prod-
ucts of LSR (MOD09Q1) and LST (MOD11A2) with 250 and 1000 m
spatial resolutions implemented for the periods of September
2000-]July 2001 and September 2004-July 2005 over Isfahan (tile
h22v05) were utilized. NDVI was produced using satellite data from
channel one (~660nm) and channel two (~860nm) that cover
visible and near infrared part of EM spectrum. The data was geo-
metrically corrected and its projection system was converted from
sinusoidal to UTM.

In addition, satellite data of rainfall from the Tropical Rainfall
Measuring Mission (TRMM) was compared with SWI. TRMM, a
cooperative effort between NASDA of Japan and NASA of the USA,
has been designed to measure rain rates from space using a consor-
tium of sensors including: high resolution radar, passive microwave
radiometer and visible-infrared radiometer. For the purposes of this
research, cumulative rainfall data was retrieved from TRMM prod-
uct (3B42RT) for each dry and wet period. To overlay the TRMM
data on other spatial data (i.e. NDVI, SWI maps), the images were
reassembled into 250 m spatial resolutions using a nearest neigh-
borhood method. The remaining image processing was performed
using an automated program developed in MATLAB. Table 1 shows
the main characteristics of the satellite data utilized in this study.

2.3. Soil Wetness Index (SWI)

To extract soil moisture, a triangular space concept between LST
and NDVI data was implemented. As shown in Fig. 1a, the highest
LST along the dry edge represents the driest soil condition when the
soil wetness is near zero. The wettest (near saturated) soil condi-
tions are represented through the minimum LST along the wet edge
when the surface soil wetness is greatest. It is assumed that mois-
ture availability varies linearly from the dry edge to the wet edge.
An example of the concept is shown in Fig. 1b. The figure shows
a scatter plot of NDVI versus LST in a specific time step and wet
and dry edges are shown clearly. With this assumption, Soil Wet-
ness Index (SWI) can be computed for each pixel by the following
equation (Mallick et al., 2009):

Timax(iy — Ts(i)

SWI; =
" Tmax(i) — Tmin(i)

(1)
where i indicates pixel number, Ty;y is the LST for ith pixel, Tiin(;)
and T,y are minimum and maximum values of observed LST

Table 3

Comparison of global mean of SWI, NDVI and LST in the periods of 2000-01 and
2004-05 over study area (positive sign indicates existence of a significant difference
in specified level of probability) using Duncan method in dry farms.

Level Mean value Error freedom cv
Degree
0.05 0.01 2000-01 2004-05
LST(°C) + + 36.03 2741 36 6.8
SWI + + 55% 64% 36 11.71
NDVI - - 0.134 0.13 36 13.89
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Fig. 4. Spatial distribution of SWDI in over Isfahan province in two periods and three time section ((a) 2001: 017, (b) 2005: 017, (¢) 2001: 073, (d) 2005: 073, (e) 2001: 183,

(f) 2005: 183).

for the ith NDVI. Ty, and Tmax are derived using linear relations
between NDVI and LST on the dry and wet edges as below:

Tmax(i) =b+ a(NDVI(,)) (2)

Tmin(iy = d + c(NDVI;)) (3)

where q, b, c and d are slope and offset values of diagonal lines on
the dry and wet edges respectively. A spatial distribution of SWI is
represented in Fig. 2.

2.4. Developing a drought index

To evaluate soil moisture variations in the dry and wet periods,
a Soil Wetness Deficit Index (SWDI), was developed based on SWI
values with 8-day time steps as:

SWI; — MSWJ;

~ max SWI — min SWI x 100

(4)

SD;

where, SD; is soil moisture deficit in the ith 8-day-period, MSWI; is
long term mean of observed SWI in the jth month, max SWI(=100%)

and min SWI (=0%) are maximum and minimum possible values for
SWL

By using Eq. (4) the seasonality inherent in soil water was
removed. Hence, the deficit values can be compared across seasons.
The SD values during an 8-day period range from —100 to +100 indi-
cating very dry to very wet conditions. Drought occurs only when
the dryness continues for a prolonged period of time which can
affect crop growth. As the limits of SD values were between —100
and +100, the worst drought can be represented by a straight line
with the following equation:

1
ZSDt — 100t — 100 (5)

t=1

where, t represents the number for each 8-day-period of i consec-
utive 8-day-periods with negative SD (See Z index in Palmer, 1965
for more details). SWDI, for any given time step can be calculated
by:

ZL:]SDf

SWDIi = 555

(6)



M.R. Keshavarz et al. / Agricultural Water Management 132 (2014) 37-45 41

— - — Irrigation farms
90 - /\ ——#—— Dry (rain-fed) farms

(b)

NDVI (%)

s Dry (rain-fed) farms

&\/1\Jk» ” — -8 — Irrigation farms

60

(©)

g, |
L
o
=
7]
-
-10 - — - — Irrigation farms
——a—— Dry (rain-fed) farms
-20 T T T T T T T
60
(@ —
N [Irrigation farms
Dry (rain-fed) farms
50 -
40 -

Accumulative Rainfall (mm)

o
?
A
4
7
7
7 7
.
A. A A 4% Ve -1 A A
- @ w = = = ~ M & ~ Mm o Wv = e
o o W o- wn o S
':.N,?,nan - M 3T o a = 8 T & 2 8

Julian day (DOY)

Fig. 5. (a) Global mean of SWI (%) variation of dry (rain-fed) farms and under irrigation farms in the dry period (2000-01). (b) Global mean of NDVI (%) variation of dry
(rain-fed) farms and under irrigation farms in the dry period (2000-01). (c) Global mean of LST (°C) variation of dry (rain-fed) farms and under irrigation farms in the dry
period (2000-01). (d) Global mean of 8-day accumulative rainfall (mm) of dry (rain-fed) farms and under irrigation farms. Horizontal axes represents Julian day (starts from
DOY 273 of 2000 and ends in DOY 209 of 2001).
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Fig. 6. (a) Global mean of SWI (%) variation of dry (rain-fed) farms and under irrigation farms in the wet period (2004-05). (b) Global mean of NDVI (%) variation of dry
(rain-fed) farms and under irrigation farms in the wet period (2004-05). (c) Global mean of LST (°C) variation of dry (rain-fed) farms and under irrigation farms in the wet
period (2004-05). (d) Global mean of 8-day accumulative rainfall (mm) of dry (rain-fed) farms and under irrigation farms. Horizontal axes represents Julian day (starts from
DOY 273 of 2004 and ends in DOY 209 of 2005).
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Fig. 7. (a) SWDI variation of an under irrigation farm (Lat: 32°48 Lon: 51°38’) in two periods of time. (b) SWDI variation of a Dry farm (Lat: 31°14’ Lon: 51°00’) in two periods
of time. Horizontal axes represents Julian day (starts from DOY 273 of 2000 or 2004 and ends in DOY 209 of the next year).

To determine drought severity, the main challenge is to choose
the time step over which the dryness values need to be accumu-
lated. In order to overcome this problem the drought index was
calculated on an incremental basis (Eq. (7)) as suggested by Palmer
(1965) and Narasimhan and Srinivasan (2005):

SWDI; = SWDI;_; + ASWDJ (7)

In order to evaluate the contribution to drought severity of each
8-day-period, seti=1and t=1in Eq. (6):

SD,
WP = 5o (8)
Then,
SD;
SWDI; — SWDlg = ASWDL; = -1 9)

A drought will not continue in the extreme category if sub-
sequent months are normal or near normal (—1<SWDI<1).
Therefore, the rate at which SD must increase in order to main-
tain a constant value of SWDI depends on the value of SWDI to be
maintained. For this reason, an additional term must be added to
Eq. (9) for all months following an initial dry month:

SD;
ASWDI; = 50 +c-SWDI;_, (10)

By assuming SWDI is —4 during subsequent time steps, SD;
should be —100:

—100

T + C(—4.0),

ASWDI; =

0=-2-4c,

c=-0.5

Therefore, drought severity in any given time step is given by:

SWDI; = SWDI;_; + % —0.5SWDI;_;

SD;
SWDI; = 2= + 0.5 SWDI;_; (11)

50
SWDI ranges from —4 to +4, representing dry to wet conditions
(Fig. 3).

3. Results and discussion

The SWI values in 8-day steps were derived from satellite data
using LST and NDVI maps and an automated program written in
MATLAB.

Fig. 4 shows spatial distribution of the SWDI index at three dif-
ferent time periods (DOY: 17,73 and 185) in 2001 and 2005. Fig. 4a
and b represents SWDI for DOY 17 in 2001 and 2005, respectively.
Each 8-day time step is referred to the first day of the period. For
example, SWDI of DOY 17 represents mean value of SWDI of DOY
17-DOY 24. As shown in this figure, SWDI values vary from —2 to 0
in2001: 17 (Fig. 4a) and approximately the entire area (almost 85%)
is subjected to drought (SWDI<0). The only part which is experi-
encing a wet spell is located in the central parts represented by
the pixels around the main river (Zayanderoud). Fig. 4b shows the
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spatial pattern of SWDI in 2005: 17 and as indicated the areas with
SWDI < 0 has been reduced to 50% in comparison to the same day
in 2001. Also, the wet spell (SWDI>0) is completely dominant in
the western and southern areas and SWDI approaches 3 as shown
by a few pixels. However, no significant difference was observed
for the SWDI in the eastern parts compared to the same day in
2001.

In Fig. 4c and d, maps of SWDI in another time segment (DOY:
73)in the year 2001 and 2005 is compared. SWDI value in 2001: 73
(Fig. 4c) varies from —0.5 to 0 in 65% of the area, which indicates a
slightincrease in SWDI in comparison to the previous time segment
in the same year (2001: 17). Comparing SWDI in two time sections
in 2005, we can conclude that during 56 days the maximum SWDI
has been decreased but the area with SWDI > 0 has increased.

In DOY 185 of both 2001 and 2005 (Fig. 4e and f) an inclination
was observed in SWDI values. In 2001: 185, in spite of being in a dry
period, drought spell was almost eliminated in the eastern regions.
The western regions were still in a drought spell with deteriorating
conditions (Fig. 4e). Transformation to the wet spell continues to
the end of the dry period (DOY 209 of 2001) - meaning the end of
dry spell in the area.

In same DOY in 2005 (Fig. 4f), the whole area transitioned
toward a dry spell and quickly turns to a wet spell at the end of
the wet period (DOY 209 of 2005). Altogether, in 184 days of the
dry period (309 days from 2000: 273-2001: 209) SWDI<0 was
observed in more than 50% of the area.

The mean value variation of NDVI, SWI and LST for the two
periods have been compared using the Duncan test (Tables 1 and 2)
and shown in Figs. 5 and 6 in both irrigated and rain-fed farms from
all over the area. For this purpose, each period (dry or wet) was
defined as a treatment and each time period was considered a block.
The results indicated that the differences between global means
are significant (at 0.01 level of significance). This confirms that the

amount of soil moisture, LST and NDVIin the period 2004-05 varies
considerably from its values in the period of 2000-01 in both rain-
fed and irrigated lands (Tables 2 and 3). The only exception was
the NDVI values in the rain-fed farms didn’t show a significant
difference between the two periods.

To evaluate the newly developed SWDI drought Index in a
smaller scale, the temporal variation of mean SWDI values in an
irrigated farmland (Lat: 32°48 Lon: 51°38’) were compared to a
rain-fed farmland (Lat: 31°14’ Lon: 51°00’) that both have an area
of 9 pixels (about 56 ha) in Fig. 7. Dry and wet spell dominance is
quite evident in 2000-01 and 2004-05, respectively.

SWDI values vary from —1.7 to 1.2 in the rain-fed farmland but
in the irrigated farmland it varies from —0.3 to 0.75. This difference
could be caused by using water to overcome soil moisture deficit in
theirrigated farmland during the dry period. On the other hand, this
confirms that the SWDI responds well to the soil moister presence.
Comparing the SWI and SWDI values (Figs. 5a, 6a and?7), it appears
that an increase in soil moisture does not in itself represent the
end of a dry spell and the effect of its values in the previous months
should be considered.

According to Fig. 7a and b, the maximum difference of SWDI
mean value occurred within DOY 17-30 in both sample farms.
These occurred almost simultaneously with the minimum values of
NDVI and LST (Figs. 5 and 6) in all farm lands of the area (dormancy
phase). It seems the lack of vegetation cover leads to an increase in
intensity of both the wet spell in a wet period and the dry spell in a
dry period. In other words, the existence of vegetation cover plays
a moderating role in soil moisture variation.

SWDI values in sample farms also show a shift from dry spell
to wet spell at the end of 2001 and vice versa at the end of 2005
(Fig. 7a and b). This has been seen and discussed before regarding
Fig. 4. This supports the probability of change in drought condition
at the end of both wet and dry periods in the area.
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Finally, the correlation of cumulative SWI and cumulative rain-
fall at the end of both dry and wet periods was analyzed to see
the validation of results derived from SWI (Fig. 8). As expected, the
cumulative rainfall (calibrated TRMM data) and SWI were highly
matched (R%=0.8) which confirms the effect of rainfall on SWI.
However, in the dry period, correlations reach to only 50 percent.
This shows that in the dry period, radiation and temperature affect
soil water contents more than rainfall.

4. Conclusions

In this study, a drought index (SWDI) was developed using SWI
(derived from NDVI-LST triangular concept) to study the soil mois-
ture variation in the wet and dry period using remotely satellite
data with spatial resolution of 250 m every 8 days.

The results indicated that SWDI is capable of identifying and
distinguishing dry and wet events both temporally and spatially.
Accordingly, identifying a time interval as a wet or a dry period
for a large region is not acceptable. A broad range of wet and dry
events that occurred at one time in the area shows the inability
to determine drought occurrence based on a limited number of
weather reports.

Furthermore, comparing SWI with SWDI values showed that
increases in moisture cannot indicate the end of a drought in itself
and the effect of previous time steps should be considered. Results
also showed that the presence of vegetation plays a modifying role
in both wet and dry conditions.
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