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Abstract. Drought is a natural hazard that significantly impacts economic, agricultural,
environmental, and social aspects and is characteristic of Iraq's climate, particularly the Iraqi
Kurdistan Region (IKR). For studying the spatiotemporal characteristics of drought severity
in the IKR, a time-series of 120 Landsat images (TM, 7 ETM+, and OLI sensors) over twenty
years (1998-2017) was assembled. Twenty separate mosaics of six Landsat scenes were used
to derive the Vegetation Condition Index (VCI). The VCI index was employed to capture the
drought severity in the study area. Results revealed that 1999, 2000, and 2008 were the most
severe drought years. The results also indicated that severe droughts increased by 29.1%,
25.0%, and 26.9 through 1999, 2000, and 2008, respectively. Furthermore, a drop in
precipitation averages occurred in the two years and significantly reduced the VCI values.
Statistical analysis exhibited significant correlations between the VCI and each precipitation,
and crop yield was 0.81 and 0.478, respectively. It can be concluded that the IKR experienced
severe to extremely severe agricultural droughts, which caused significant reductions in crop
yields, particularly in 2000 and 2008.

Keywords: Drought severity, Landsat satellite image, VCI, Iragi Kurdistan Region.

1. Introduction

Drought is a natural disaster that can occur in all regions with vastly different climates [1]. However,
it is a common phenomenon in arid and semi-arid regions [2]. Drought can be simply defined as a
deficit in precipitation, and terrestrial water storage, which adversely impacts agriculture and the
environment [3]. It is often related to high temperatures and low moisture levels and is often associated
with climate change [4]. The Intergovernmental Panel on Climate Change (IPCC, 2007, 2014)
mentioned that global climate models offer two predictions linked to droughts: increases in
temperature and precipitation decrease [5]. Although the common cause of drought is attributed to
precipitation below normal levels, anthropogenic activities can also contribute to drought occurrences
[6]- The sequence of drought development occurs when a drought event initially starts with a prolonged
shortage in precipitation, meteorological drought and then develops into reduced soil available water
and limited vegetation cover, known as an agricultural drought [7].

Drought and its effects on the Iragi lands have been identified by the National Oceanic and
Atmospheric Administration (NOAA) as” a lack in precipitation over an extended period, usually a
season or more, resulting in water stress, causing adverse impacts on vegetation, animals, and/or
people” [8]. Iraq’s location in an arid and semi-arid area contributes to frequent droughts. Given
increasing drought events numbers and severity, particularly during the last two decades, Iraq, among
other countries, is where significant drought management actions must be developed and adopted [9].
At the same time, the annual perception averages have been declined in recent years [10]. The Iraqi
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report 2009 considered the lack of rainfall at all rates to be the main reason for severe drought in the
IKR [11]. The country has suffered several drought events from 2003 through 2017, which were
resulted from different factors, such as low precipitations, higher temperatures, and a severe decline in
its two main rivers discharges [12].

Furthermore, severe drought was recorded in the Iraqi Kurdistan Region (IKR) governorates,
particularly in Erbil governorate in 1999, while Duhok governorate experienced moderate drought
from 1986-1987, 1989-1991, 1999-2000, and 2007-2008. The IKR is the most vulnerable area to
drought, as it is the country's main grain-growing area [11,13,14]. The meteorological data revealed
that precipitation significantly decreased in 2008, and drought events severely hit the region [15]. From
1999 to 2002, Erbil governorate experienced low precipitation averages; thus, severe droughts events
occurred in that harsh period. Moreover, it is experienced another drought period that started from
2007 to 2011, therefore, it might be considered as a vulnerable area to drought [16]. Similarly,
Sulaimaniyah, the second governorate in the IKR, has also experienced severe droughts periods for
nearly half a decade from 1994 to 1998. Additionally, similar observations were observed in the Duhok
governorate in the same period [14].

Remote sensing (RS) techniques and indices, such as the Normalized Difference Vegetation Index
(NDVI), can be used for monitoring effects of rainfall and drought, estimating net primary production
of vegetation, crop growth, and crop yields as reported in several studies [17,18]. Time-series based
spectral indices that adopt spatiotemporal drought analysis are broadly used to monitor climate change
and human activities. Areas experiencing excessive rainfall low averages might cause damage to the
vegetation cover. This could lead to a drought event, which misleads the detecting of drought if only
the NDVI is used. Therefore, this can be avoided with a combination of temperature; since rainy
weather usually occurs in temperatures favourable for vegetation [16]. The benefit of utilizing the VCI
is to separate the fluctuations of NDVI resulting from short-term weather-related conditions and the
fluctuations resulting from long-term ecosystem effects [17].

The VCI is more efficient than NDVI in capturing rainfall dynamics, especially in a uniform
geographical area. It can also be employed to quantify the impact of weather on vegetation and its role
in reflecting spatiotemporal vegetation variability [19, 20]. The vegetation condition index (VCI)
derived from remote-sensing data has been widely used for drought monitoring [21]. However, the
VCI, based on the NDVI, does not perform well in certain circumstances [22]. The utility of the VCI
for monitoring drought conditions has been studied in various regions worldwide during critical
periods of crop growth [23].

The study objectives were: 1) investigate spatiotemporal drought severity based on Landsat time-series
VCI of 1998-2017; 2) state statistical relationships between VVCI with each of rainfall averages, Digital
Elevation Model (DEM), and latitude; 3) explore the historical frequency, duration, and spatial extent
of drought episodes, supporting researchers, decision-makers, and environmental specialists in their
decisions.

2. Materials and methods

2.1 Study area

The study area includes the entire territory of the IKR, situated in the northern part of Iraq (Fig. 1),
between latitudes 34° 42' to 37° 22' N and longitudes 42° 25' to 46° 15' E, and bordering Syria in the
west, Turkey in the north, and Iran in the east. The IKR covers 53,000 km? and includes three
governorates; Erbil, Duhok, and Sulaimaniyah [24]. It is characterized by a semi-arid continental
climate with a hot and dry summer and cold and wet winter [25]. Precipitation in the IKR exhibits high
precipitation averages in its northern parts and low averages in the plains [26]. The annual rainfall
averages vary between less than 100 mm in the southern parts up to 1,200 mm in the northeastern and
mountainous parts. In general, rainfall usually occurs from October to May, while hotter summer
months present little or no precipitation at all [27]. Based on precipitation averages, the IKR can be
further classified into three different areas; 1) assured rainfall area (over 500 mm), 2) semi assured
rainfall area (350-500 mm), and 3) unassured rainfall area (less than 350 mm) as shown in Fig. 1. The
rained lands in the IKR represent 37.2% of the region's total agricultural lands [28,29].

2.2 Remotely sensed datasets
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For this study, 120 time-series scenes of Landsat 5 TM, Landsat 7 ETM+, and Landsat 8 OLI were
assembled, distributed in six scenes for each year (Path/Rows:170/34, 170/35, 169/35, 169/34,
168/35, and 168/36) acquired from 1998 through 2017. Twenty mosaics, each including six scenes,
were produced for each year of the study period from those images. Landsat datasets were
downloaded from the United States Geological Survey (USGS). Images date clustered on April and
May (according to its availability), given that most of the vegetation growth stages occur in April
and May across the study area. ASTER GDEM V2 dataset with a spatial resolution of 30m, available
from the NASA Reverb homepage, was downloaded and utilized as the DEM dataset (Fig. 2).
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distribution of the annual rainfall (mm/year) in the IKR during 1998 through 2017.

2.3 Preprocessing of satellite data

The Landsat images were delivered in a standardized, orthorectified format and geometrically
corrected in datum WGS84 and projection UTM zone N38. All of the images were then converted
from their original digital number (DN) values into the top of the atmosphere (ToA) reflectance values
using ENVI ver. 5.3. Preprocessing for the images acquired by different Landsat satellites sensors was
done to make them consistent with other sensors’ images, which is an essential normalization process
step in change detection research. The image registration process used the Landsat images of 1998 as
bases with the corresponding features on each subsequent image registered to the respective base
Landsat TM image of 1998. The RMS errors of the registration processes were less than 0.4 pixels.
The registration processes have completed using ERDAS Imagine 2014.

2.4 Drought spectral index
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The Vegetation Condition Index (VCI) was derived from the Landsat images of twenty using the
following headings equations. The NDVI was utilized to produce the VCI images for twenty years.
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Fig. 2. Flowchart of the methodology adopted in the study.

2.4.1 Vegetation Condition Index (VCI)

The VCI was derived to differentiate the weather-related component of the NDVI from ecological

factors [30]. It can be calculated using Eq. 1:

VCI=100*(NDVI-NDVImin)/(NDVImax-NDVImin)

(1)

Kogan [30] proposed a Vegetation Condition Index (VCI) based on the relative Normalized Difference
Vegetation Index (NDVI) change with respect to minimum historical NDVI value. The VCI, therefore,
compares the current NDVI to the values observed in the same period in previous years within a
specific pixel. Where NDVI represents an NDVI value of the current month, NDVImin and NDVImax
denote the minimum and maximum of the NDVI values, respectively, throughout the observation. As
a drought tool, VCI was employed by several studies, whereas the only VCI values were not enough
precise descriptions of drought status [31]. VCI values were classified (Table 1) based on the

classification developed by [32, 33].

Table 1. Classification of the VCI values in terms of drought according to Kogan (2002) [34].

Drought Category Values
Extreme drought <=10
Severe drought 10< & <=20
Moderate drought 20< & <=30
Mild drought 30< & <=40
No drought >40
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2.5 Statistical analyses

Multivariable correlation analyses have been conducted to compute the relationships among the VCI
and study variables (rainfall, elevation, and latitude) for the time series. The statistical analyses were
completed using the SPSS ver. 25.

2.6 Reference data and ground truth

Reference data and ground truth consisted of classified land cover and soil attributes for the year 2017.
Field trips conducted in 2017 in the IKR provided reference data for use to validate the VCI and TCI
maps.

3. Results and discussion
3.1. Vegetation Cover based on (VCI)

VCI results reflected the severe drought events that prevailed in 1999, 2000, and 2008, VCI values
ranged from 0 for non- showed that the most critical years for drought based on the VCI index were
1999, 2000, and 2008, whereas the vegetation cover was remarkably reduced compared with the other
years through the investigation period. The drought peaked in 2000, its highest severity; thus, it is
considered the driest year within the study period. Based on the spatial patterns of drought severity in
the IKR, the results revealed that the entire study area experienced mild to severe drought from 1998
to 2017., particularly in 2000 and 2008. The year 2008 was a terrible drought year with severe
conditions across the IKR, except for some small northern patches. The combined severe and very
severe drought areas in the north, eastern, middle, and southern parts of the IKR were 8110.3 km?
(39.4%), 5,544.6 km? (26.9%), 3,314.6 km? (16.1%), and 1,848.6 km? (9%), respectively. In general,
the VCI (Table 2 and Figs 3-4) showed that the southern and middle parts of the IKR are the most
affected areas by extreme droughts. Results also revealed that the IKR suffered a very severe drought
in 2000 with 4,028.5 km? (60.5%), 1,596.2 km? (24.0%), 692.8 km? (%10.5), and 219.3 km? (0.6%)
for Extreme Drought, Severe Drought, Moderate Drought, Mild Drought, and No Drought,
respectively. On the other side, results of the second-highest area for Extreme Drought Classe
(VCI<=10) revealed that the largest class area was recorded in 1999 with an expanded extreme drought
area by 12,527.3 Km? (%44.7).

3.2 Pearson correlation analysis

The strength of statistical relationships among drought and the individual study variables using
bivariate correlation analysis computed using SPSS ver. 25. The correlation matrix (Table. 3) allowed
us to find the essential statistical relationships between each VCI and the study variables, such as
rainfall, elevation, and latitude. Correlation coefficients of VCI with rainfall, elevation, and latitude
for 1998 through 2017 were calculated and presented in Table 3. The results showed significant
positive correlations between rainfall and VCI in all studied years (Table 3 and Fig.4). Results of
correlation coefficients between precipitation, VCI, mean and area vegetation, crop area vegetation,
and crop yield during the years from 1998 to 2017 (average of 20 years) calculated and presented (see
Table 3).

The correlation between spectral index and precipitation was statistically significant, whereas drought
indices showed significant differences at p<0.01 and p<0.05 confidence levels among the studied
years. The results showed a significant positive relation (r=0.535* and 0.478%*) between the VCI and
crop yield and crop area, respectively. The highest crop yield reduction occurred in 2000 and 2008 due
to the agricultural drought influences (Table 4). Yield reductions can be attributed to the precipitation
variability and needed to satisfy the minimum crop water requirements. Crop yield is generally
correlated with VCI. Reduction of VCI and precipitation positively correlated with cereal crop yield
revealed that the VCI index could monitor drought. A significant linear statistical correlation was
found between the annual rainfall and VCI, which can be invested to predict and manage drought risk.
The analysis for the 60 meteorological stations dataset showed better correlations between VCI and
rainfall amounts. Study results (Fig.4) suggest that the frequency of various rainfall events and
associated seasonal and annual rainfall over IKR is spatially heterogeneous as well as seasonal and
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that the highest rainfall is found in the northeast and decreases toward the south. Through seasonal
analysis, unsurprisingly, it was observed that there was a positive correlation between the crop
production and rainfall of the region. This relationship demonstrates the dominance of rain-fed
agriculture throughout the region.

Table 2. Areas and rate of the Drought Severity Categories based on VCI values in 1998 through 2017.

Severe Moderate Mild Total
Drought Drought Drought Vegetation
10<VCI<=20 20<VCI<=30 ' 30<VCI<=40 cover area

Year Area Area  Area  Area Area Area Area Area Area  Area (km?) (%)

Gm?) ) km?) ) &m?) ) *km») () *km) (%)
1998  9,686.2 36.6 06,4741 245 47614 18.0 3,051.2 11.5 2501.0 9.4 |26,474.0 | 100
1999 12,5273 447 8,147.1 29.1 44951 16.0 19763 7.0 887.2 3.2 | 28,033.0 | 100
2000 4,028.5 60.5 11,5962 25.0 692.8 10.5 2193 34 25.6 0.6 | 6,562.4 | 100
2001 7,014.6 235 6,019.7 202 53548 18.0 44753 150 6,942.1 23.3 |29,806.4 | 100
2002 8,013.6 26.6 6,7344 223 55054 183 4,1500 13.8 5,759.2 19.1 | 30,162.5 | 100
2003 6,492.5 223 56298 194 52492 18.0 45712 157 7,148.0 24.6 |29,090.7 | 100
2004 7,069.1 233 64835 214 58973 195 48640 16.1 59653 19.7 |30,279.1 | 100
2005 7,938.7 30.0 6,7809 25.6 53567 202 3,489 132 2,898.1 11.0 |26,464.3 | 100
2006  7,807.0 27.4 55841 19.6 49032 172 42147 148 6,002.2 21.1 |28,511.1 | 100
2007 5,814.8 192 58475 193 6,123.2 202 53760 17.7 7,170.9 23.6 | 30,332.3 | 100
2008 8,110.3 394 55446 269 3,3146 16.1 18486 9.0 1,791.8 8.7 | 20,609.8 | 100
2009 6,777.1  27.1 5/799.2 232 53435 213 39669 158 3,150.4 12.6 | 25,037.2 | 100
2010 7,2379 250 6,026.7 209 52523 182 43363 150 6,041.6 209 |28,894.7 | 100
2011 94232 350 6,297.8 234 35919 133 27760 103 48286 179 |26917.5 | 100
2012 5,409.5 205 53657 203 52027 19.7 44452 168 59783 22.6 | 26,401.4 | 100
2013 6,539.7 233 53000 188 49559 17.6 4,496.1 16.0 6,8358 24.3 |28,127.5 | 100
2014 7,105.1 23.0 6,442.7 209 58821 19.0 47849 155 6,669.8 21.6 |30,884.7 | 100
2015 6,563.2 206 58328 183 15,7593 181 5,643.4 17.7 8,062.4 253 |31,861.2 | 100
2016  7,807.9 242 7397.0 229 69951 21.6 54939 17.0 4,621.2 143 |32,315.1 | 100
2017 7,506.6 27.7 6,273.5 232 54751 202 4,102.0 15.1 3,739.5 13.8 | 27,096.8 | 100

Table 3. Pearson Correlation between VCI index, crop area, crop yield, and annual average
precipitation in the IKR.

Crop area Crop yield (ton) VCI Precipitation
(Km?) (mm)
Crop area (Km?) 1 0.692%* 0.535* 0.679%*
Crop yield (ton) 0.692%* 1 0.478* 0.533*
VCI 0.535* 0.478* 1 0.81%**
Precipitation 0.679%* 0.533* 0.81%** 1

(mm)
** Correlation is significant at the 0.01 level (2-tailed).
* Correlation is significant at the 0.05 level (2-tailed).
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Fig. 3. Drought severity categories based on the VCI values in 1998 through 2017.

The present study attempts to identify the spatio-temporal agricultural drought over IKR using the
Vegetation Condition Index (VCI) and comparing it with crop yield. Drought periods are identified where
the twenty-year moving average is below the average of the reference period. The IKR results are presented
separately and revealed that even if there are some differences in the trend across sites during the reference
period, all locations experienced a reduction in precipitation and that severe drought affected the whole
region, especially in the years 1998 1999 and 1999-2000. Almost all parts, from the north to the south, are
considered drought-prone areas. All areas are considered highly vulnerable to it. For drought evaluation,
the differences in water availability among governorates should be considered. Based on an analysis of the
reference period's moving average, drought most evidently occurred in 1999 and 2000, 2008, and 2012.
The sum of precipitation amounts measured for the twenty years has significantly decreased by nearly 40%
compared to the same timescale period before 1999, 2000, 2008, and 2012. Thus, as observations, where
the 20-years are moving average, show precipitation values upper the annual mean.
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Figure 4. Temporal variation of percentage area of the VCI-based drought categories based on total
vegetation cover each year.

4, Discussion

Drought is defined as a lack of soil moisture. However, its impact on society is highly related to time,
duration, frequency, magnitude, and place of occurrence [35]. Although there is a difference in intensity and
extent of drought for each indicator, no doubt there is a difference in the ability and strength of each drought
index to diagnose drought severity based on the vegetative cover areas. Ultimately, however, VCI results
proved the severity of drought in 2000 and 2008. Maps of the VCI showed that most IKR areas experienced
severe to very severe drought in the two years mentioned above (Fig.3 and 4). Consequently, the droughts
can be attributed to the lack of precipitation and high land surface temperatures throughout the critical plant
growth stage in 2000 and 2008. As mentioned in the previous sections, the northern and eastern parts of the
IKR characterized by high altitude and have higher annual rainfall averages.

Time-series analysis for drought indices provides a framework for evaluating the drought situation in the area
of interest.

Jackson et al. [36] reported that the VCI attempts to directly measure vegetation health, which could be
affected by many factors, including water, insects, disease, nutrients. Vegetation stress that was detected
other reasons than lack of water could cause the VCI to change [37]. Therefore, the indices can be employed
as proxies for biomass production estimation, and the biomass reduction occurred when VCI dropped below
50 (the level indicating the beginning of vegetation stress). The VCI variations indicated that in April of the
years 2000 and 2008, vegetation cover was stressed and that harmful drought conditions developed due to
low rainfall averages and high temperatures. This decline was clearly shown in the VCI values. Therefore,
the VCI can be effectively used for drought severity detection and mapping [38]. Precipitation is thus the
key factor contributing to vegetation stress in these rain-fed agricultural areas. In this case, VCI had a higher
correlation with precipitation and more than latitude. The southern part of the IKR shows a net decrease in
vegetative cover during the time series. It may be affected by land-degradation processes, in part, caused by
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droughts common in this area. At the same time, the forest lands in the northern part of IKR have deeper root
systems than grasslands and croplands and are thus less sensitive to rainfall [39-41].

Table 4. Crop area and crop yield of Wheat and Barley from 1998 to 2017 (Ministry of Agriculture and
Water Resources, 2017).

Years Area/km? Yields/ton
1997-1998 1,862.4 459,878.3
1998-1999 1,571.5 159,744.8
1999-2000 1,997.2 330,150.7
2000-2001 2,129.1 593,490.2
2001-2002 2,727.0 909,681.1
2002-2003 2,214.0 640,317.6
2003-2004 2,134.6 600,081.6
2004-2005 3,003.9 811,656.7
2005-2006 2,918.4 717,650.1
2006-2007 3,346.5 12,647.19
2007-2008 1,633.3 405,028.0
2008-2009 2,404.2 1,334.169
2009-2010 2,724.0 1,602.567
2010-2011 2,882.0 825,001.6
2011-2012 2,510.8 1,101.454
2012-2013 2,259.7 1,741.527
2013-2014 1,760.3 1,669.531
2014-2015 3,281.0 1,930.148
2015-2016 3,195.6 1,927.677
2016-2017 2,659.1 1,943.752

Many studies indicated that VCI presented a delayed response to the change of moisture conditions and that
the previously accumulated soil water storage controls this reaction. According to [42], the VCI index based
on NDVI is a better indicator of the moisture deficit than NDVI because it allows separating the short—term
climate signal from the long—term ecological signal. The VCI enables comparison with simultaneously
measured NDVI values under the different geographic conditions and different vegetation types. The highest
yield reduction occurred in 2000 and 2008 due to agricultural drought events (Table 4). The reduction might
be attributed to the precipitation amount's fluctuation to satisfy the minimum crop water requirement [27].
Crop yield is generally correlated with vegetation conditions; this result can be used to develop a relationship
between precipitation with crop yield. Similar results were obtained by [43, 44], whereas the results of VCI
were well explained by both meteorological data and impact data on crop yield. Therefore, VCI might be a
more suitable index in identifying droughts in wheat and barley fields and other low water demand crops.
VCI values indicate how much the vegetation has advanced or deteriorated in response to weather and how
far vegetation development is from the potential maximum and minimum defined by the ecological limits
[45, 46]. The results also revealed significant declines in the vegetative cover in the years 2000, 2008, and
2012, by 43.8%, 16.3%, and 10.9%, respectively [12,16]. Furthermore, a drop in precipitation averages has
occurred in those three drought years and a significant reduction in the VCI values.

5. Conclusions

Landsat-based time series VCI have been used in this study for spatiotemporal drought characteristics in
the IKR from 1998 to 2017. The results showed that in IKR, the vegetation health was severely affected by
climatic factors, such as precipitation and temperature, particularly in 2000 and 2008. It was found that
severe drought conditions prevailed during those two years over a large area of the IKR. The onset and
extent of drought can be clearly observed when utilizing the VCI maps. Acute water stress is evident all
over the study area during 1998, 2000, 2008, and 2012. Despite the prevalence of drought conditions over
a large area during the years mentioned above, some areas in the IKR's eastern parts remained unaffected
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by water stress and drought risk, and the northern parts are characterized by high altitudes and lands covered
by forest trees and grasses. Furthermore, the northern parts of the IKR are characterized by a humid and
sub-humid climate.

Spatial variation in vegetation health resulted from uneven distribution of rainfall, and geographical
elevation significantly influences the variation of vegetation cover and land surface temperature in the study
area. Since the northern parts of the IKR receive much higher rainfall averages than the western and the
southern parts, even in drought years, it remains suitable for tree and shrub growth. However, even there,
the vegetation condition was visibly stressed during the year 2000. The VCI showed good vegetation health
over a large IKR area during 2002, 2005, 2011, and 2016. Some parts of the southwestern of the IKR were
comparatively greener due to those years' sufficient rainfall.

Unlike the meteorological data available from sparsely distributed meteorological stations, Landsat time-
series images based on the VCI index can successfully be employed for delineating the spatiotemporal
drought severity characteristics in the IKR. The growing-season VCI appears to be more sensitive to long-
term precipitation deficiencies. There was also significant spatial variability in the strength of the
relationship between the VCI and the crop yield. The present study attempted to evaluate the spatiotemporal
extent of agricultural drought over IKR using Landsat-based VCI, precipitation, and crop yield. It also
proves the importance of remote sensing and GIS techniques for estimating drought-related stress in rain-
fed crops.
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