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Abstract Drought is a common meteorological phenomenon that can result in a range of adverse outcomes. The
Tigris River Basin (TRB) is located in the arid and semi-arid regions of southwestern Asia, where drought
conditions have been observed to intensify. This research aims to understand the relationship between
agricultural, hydrological, and meteorological droughts in the basin. To examine meteorological, agricul-
tural, and hydrological droughts, the study employed three indicators: the Standardised Precipitation
Index (SPI), derived from Terraclimate precipitation data; the Tasselled Cap greenness index, calculated
from Terra-Moderate Resolution Imaging Spectroradiometer (MODIS) multispectral imagery; and surface
water area fluctuations based on the MODIS Terra Daily normalised difference water index (NDWI).
Our analysis of monthly SPI data from 2003 to 2022 indicates that approximately half of the months
experienced meteorological drought conditions. The occurrence of agricultural drought was found to
be associated with both 6-month and 21-month accumulation periods of SPI values, underscoring the
intricate interrelationship between precipitation deficits and other influential factors in the context of
agricultural drought. Hydrological droughts demonstrated significant correlations with meteorological
droughts over accumulation periods of 1, 3and 15 months, indicating a rapid onset but prolonged impact
on water resources. Our findings indicate that although the various types of drought are interconnected,
their relationships are not straightforward. Further research is required to explore the factors driving
these patterns.
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Introduction

Drought, defined as a water deficit relative to normal
hydroclimatic conditions, is a common meteorological
phenomenon, and its duration is expressed in years, months,
or weeks (Mishra & Singh, 2010). Droughts can lead to
significant environmental challenges, including water and
food crises(Mdemu, 2021), forest loss (Knutzen et al., 2023), and
threats to socioeconomic security(Yang, Liao, Di, & Shi, 2023).
According to the World Meteorological Organisation (WMO)
and the United Nations Convention to Combat Desertification
(UNCCD), weather-, climate-, and water-related hazards have
accounted for 50% of all disasters and 45% of all deaths
worldwide since 1970 (Douris & Kim, 2021). As climate change
continuesto persist and intensify, many regions worldwide are
anticipated to encounter more frequent and severe droughts,
with irreversible consequences for both human and natural
ecosystems (Boloorani et al, 2024a). These developments
underscore the critical importance of drought as an extreme
event.

Drought is classified into four principal categories based on
its impact: meteorological drought (relating to precipitation
anomalies), agricultural drought (affecting soil moisture
and crop yields), hydrological drought (impacting surface
and groundwater resources), and socioeconomic drought
(influencing human water needs and communities) (Svoboda,
Hayes, & Wood, 2012). These categories are interrelated, and
their definitions are linked to their specific impacts and
measurement methods (Zeng et al, 2022). It is noteworthy
that the majority of drought effects correspond to agricultural
or hydrological droughts, as human communities and
ecosystems rely more heavily on water reserves such as
soil moisture, aquifers, lakes, and rivers than on direct
precipitation (Van Loon & Laaha, 2015). Thus, a comprehensive
understanding of drought types and their interrelations is
crucial for developingeffective drought management and
mitigation strategies.

From the beginning of the 21st century, there has been a
notable global increase in both the frequency and duration
of drought events, with a reported 29% increase worldwide
(Douris & Kim, 2021). This trend is particularly evident in the
Middle East and Southwest Asia, where the intensification
of droughts has resulted in a cascade of environmental
challenges. These include the desiccation of lakes and
wetlands, the abandonment of agricultural lands because
of reduced soil moisture and water availability, and the
subsequent formation of dust emission sources(Boloorani
et al, 2024a). The interconnected nature of these effects
underscores the complex and multifaceted challenges of

increasing drought frequency and persistence in vulnerable
regions.

In recent years, the Tigris River basin (TRB) has experienced
significant impacts from reduced rainfall and increased
evaporation, leading to persistent water shortages in both
river flows and groundwater reserves (Chang & Niu, 2023).
The TRB's diverse geography and climate contribute to
an imbalanced distribution of water resources across the
region(Kole, 2017). This inherent disparity in water availability
is further exacerbated by human activities, including the
construction of dams and the implementation of water
diversion schemes, which intensify the natural imbalance in
water distribution throughout the basin (UNESCWA, 2013).

Despite the significant implications of drought in the TRB for
the environment, agriculture, and human populations, this
critical issue has not received sufficient attention. The lack
of focus on drought in this region is particularly troubling
considering its far-reaching and multifaceted impacts across
various sectors. Understanding the process by which
meteorological drought evolves into other forms of drought-
a process referred to as drought propagation-is essential
for mitigating the negative impacts of ensuing drought
conditions (Xu, Wu, Shao, He, & Guo, 2023). This knowledge
enables the formulation of more effective preparedness and
response strategies to address the various consequences of
prolonged dry periods (Boloorani et al., 2024a). To achieve this,
this study employs multi-temporal and multi-sensor remote
sensing data to assess the interaction between agricultural,
hydrological, and meteorological droughts in the TRB.

Study Area

The Tigris River, a major waterway in the Middle East,
traverses a basin shared by four countries. The distribution
of the river course is as follows: Tlrkiye(24.5%), Syria (0.4%),
Iraq (561%), and Iran (19%). The basin covers an area of
approximately 221,000 square kilometres and is situated
within the following coordinates: 30° 59' to 38° 44' North
latitude and 39° 8' to 48° 24' East longitude. The region
is confronted with significant challenges pertaining to water
resources, including concerns regarding quantity, quality,
and biodiversity (Bachmann, Tice, Al-Obeidi, & Kilig, 2019).
Furthermore, climate change projections for the TRB indicate
a troubling trend, with anticipated reductions in precipitation
and river flow, coupled with rising temperatures (Al-Taei,
Alesheikh, & Darvishi Boloorani, 2023). Figure 1 shows the
location map of the TRB.
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Figure 1
Location map of the TRB
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Reproduced from Haghighi et al. (2023) under an open-access license.
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Materials and Methods

Satellite-based drought monitoring

Satellite-based drought monitoring is a valuable and effective
tool for assessing and monitoring drought conditions over
extensive areas with high spatial and temporal resolution.
This approach employs remote sensing indices and data
products to quantify vegetation, soil moisture, and water
storage (Behifar, Kakroodi, Kiavarz, & Azizi, 2023). Satellite-
based drought monitoring techniques offer several benefits,
including consistent coverage of remote or inaccessible
regions and the ability to provide near-real-time data
(Alahacoon, Edirisinghe, & Ranagalage, 2021). Consequently,
satellite-based drought monitoring represents a fundamental
component of drought warning systems and agricultural
management strategies.

Assessing meteorological droughts

A prolonged shortage of rainfall is typically defined as a
meteorological drought. In this study, we use the standardized
precipitation index (SPI) (McKee, Doesken, & Kleist, 1993) to
quantify and monitor the spatial and temporal patterns of
meteorological drought. In our analysis, we used the Terr
climate precipitation dataset (Abatzoglou, Dobrowski, Parks,
& Hegewisch, 2018) to collate rainfall data from 2001/01
to 2022/12. Subsequently, precipitation accumulation was
calculated for accumulation periods of 1, 3, 6, 9, 12, 15, 18, 21,
and 24 months. Given that precipitation is typically distributed
according to a gamma distribution (Martinez-Villalobos &
Neelin, 2019), the data were normalised by fitting it to a

gamma probability distribution function, as introduced by
Laimighofer and Laaha (2022). Finally, the SPI was calculated
for each accumulation period by subtracting the mean value
from each pixel and dividing by the standard deviation.
(Laimighofer & Laaha, 2022)

Analysing agricultural droughts

Agricultural drought is defined as a condition in which the soil
moisture content falls below the critical level required for crop
sustenance. This condition can be identified by examining soil
moisture characteristics and the physicochemical attributes
of crops throughout the growing period (Liu et al, 2016). A
soil moisture deficiency canreduce the available water supply,
which may be insufficient to meet the essential physiological
needs of crops. This can lead to a suppression of crop growth,
which in turn can result in reduced yields or even complete
crop failure(Bhattacharya & Bhattacharya, 2021).

To evaluate the impact of drought on agricultural production
in the TRB region, we employed the "greenness" component
derived from the Tasselled Cap transformation, which is based
on the Terra-Moderate Resolution Imaging Spectroradiometer
(MODIS) multispectral data. This transformation involves
applying linear combinations of spectral bands, where each
band is multiplied by its specific constant coefficient. For
the purposes of our analysis, we utilised the coefficients
established by Zhang et al. (2002) for the MODIS bands
(Table 1).

Table 1

Modis Nadir Bidirectional Reflectance Distribution Function-
Adjusted Reflectance (NBAR) Tasselled Cap coefficients (Zhang et
al, 2002)

Band Wavelength (nm) Coefficient
Nadir_Reflectance_Band1 620-670 -0.3399
Nadir_Reflectance_Band?2 841-876 0.5952
Nadir_Reflectance_Band3 459-479 -0.2129
Nadir_Reflectance_Band4 545-565 -0.2222
Nadir_Reflectance_Band5 1230-1250 0.4617
Nadir_Reflectance_Band6 1628-1652 -01037
Nadir_Reflectance_Band7 2105-2155 -0.4600

To define the agricultural land boundary, the most frequent
value of the LC_Typel band of the MCD12Q1.061 dataset
(Friedl & Sulla-Menashe, 2022) was calculated for each pixel.
Subsequently, all pixels identified as croplands within the
dataset were selected, provided that at least 24% of the area
was classified as cultivated cropland (Figure 2). Once the
agricultural land boundary had been defined for the region,
the time series of agricultural land greenness between the
years 2003 and 2022 (the maximum range of available data)

Cografya Dergisi-Journal of Geography, (50): 39-46
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was calculated using the coefficients from Table 1 and the
monthly average of the MCD43A4.061 dataset (Schaaf & Wang,
2021).

Figure 2
Defined agricultural land boundary in the study area
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Hydrological drought analysis

A deficiency of water in the hydrological cycle results
in hydrological drought, which is primarily caused by
climate variability, specifically anomalies in precipitation and
temperature. This water shortage is typically evidenced by
a number of indicators, including unusually low river flows,
reduced water levels in lakes and reservoirs, and depleted
groundwater resources (Boloorani et al,, 2024a, Kale, 2021a).

Despite the absence of consensus on the optimal method
for measuring hydrological drought, there is a clear and
direct correlation between precipitation and surface water

Figure 3
Utilised research framework in the study

flow, as evidenced by(McFeeters, 1996, Kale, 2021b).Considering
this relationship, it is feasible to use alterations in the
surface water area across the entire basin as a proxy for
the assessment and quantification of hydrological drought
conditions. To extract monthly surface water areas between
2003/01 and 2022/12, the MODIS Terra Daily normalised
difference water index (NDWI) dataset with a pixel size of
463313 metres was used. In accordance with the existing
literature(Ji, Zhang, & Wylie, 2009), each pixel with an NDWI
value greater than 0.1 was considered a surface water area.

Analysing drought propagation

Agricultural and hydrological droughts typically follow
meteorological droughts, which are defined by abnormal
precipitation and temperature patterns with specific time
lags (Boloorani et al., 2024a). To identify the precise point of
occurrence of all types of droughts subsequent to the onset
of the meteorological drought and analyse their sequential
occurrence, the cross-correlation method can be employed
(Xu et al, 2023). This approach involves the calculation
of the Pearson correlation coefficient between greenness
(agricultural drought) and surface water areas (hydrological
drought) in conjunction with SPI values (for accumulation
periods of 1, 3, 6, 9, 12, 15, 18, 21, and 24 months). To ascertain
greenness, the value of each month is added to the value of
the previous month, resulting in a value ranging from 1 to 24.
Figure 3 depicts the methodology employed in this study for
drought propagation.

Results and Discussion

The most severe meteorological droughts, as indicated by the
lowest SPI values, occurred in August, July, September, and
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June. In contrast, the months with the highest precipitation
levels, which corresponded to the highest SPI values, were
January, March, and February, respectively. Furthermore,
the lowest levels of greenness were observed in January,
December, and November, whereas April, May, and June
exhibited the highest levels of greenness. Finally, the
lowest surface water area was observed in July, August,
and September, whereas the highest surface water area
was observed in February, January, and March. Therefore,
an analysis of the monthly drought indicators revealed no
significant temporal consistency in the drought types under
study. Figure 4 illustrates the monthly values of the measured
satellite-based drought indices.

In accordance with the established patterns of monthly
droughts, an analysis of the average annual drought indicators
demonstrated a notable absence of substantial temporal
consistency among the various types of droughts under
investigation. On an annual scale, similar to (Boloorani et
al., 2024b), the most pronounced drought conditions (based
on the SPI) occurred in the years 2021 (-0.327), 2022 (-0187),
and 2008 (-0164). In contrast, the highest precipitation
levels were observed in 2018 (0.214), 2016 (0.130), and 2006

Figure 4

Monthly drought index values
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(0113). Tasselled Cap greenness, which serves as a proxy for
agricultural activities, reached its highest point in 2019 (749.8
x 10%), followed by 2020 (624.8 x 10%) and 2016 (523.0 x 104). In
contrast, the lowest greenness values were recorded in 2008
(285.5 x 10%), 2012 (344.6 x 10%), and 2005 (364.4 x 10%). The
maximum extent of surface water was observed in 2019 (2.98
x 1073 km2), followed by 2007 (2.87 x 10-3 km?2) and 2003 (2.81 x
1073 km?2). The lowest surface water extents were observed in
2010 (1.78 x 1073 km?), 2021 (1.84 x 10~3 km2), and 2022 (2.24 x
1073 km?2).

Meteorological drought

The SPl is an efficient tool for gauging meteorological drought.
A positive SPI value indicates that precipitation exceeded
the median, whereas a negative SPI value signifies that
precipitation fell below the median, indicating dry conditions
(Khan, Gabriel, & Rana, 2008). In accordance with the SPI
thresholds delineated in Table 2 and the mean cumulative
SPI values at a 1-month interval from 2003 to 2022, the
TRB is subject to moderate drought conditions from June
to September. The month of October has mild drought
conditions, while the remaining months exhibit mild wet
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conditions. Furthermore, drought conditions (SPI < 0) were
identified in 110 (45.8%) of the 240 months analysed. The
prevailing dry condition in the basin may result in various
environmental challenges, including the generation of dust
storm sources(Al-Taei, Alesheikh, & Darvishi Boloorani, 2024).

Table 2
Meteorological drought categorisation by SPI (Lloyd-Hughes &
Saunders, 2002)

SPl value The drought category
>2.00 Extremely wet
1.50-1.99 Severely wet

1.00 to 1.49 Moderately wet
0-0.99 Mildly wet

0to -0.99 Mild drought

1.00 to 1.49 Moderate drought
1.50 to 1.99 Severe drought

< -2.00 Extreme drought

meteorological droughts affect various water resources in
different ways (McKee et al,, 1993). For instance, soil moisture
conditions respond rapidly to changes in precipitation,
whereas groundwater levels, streamlet, and reservoir storage
were influenced by longer-term precipitation patterns.
Consequently, in the continuation of this work, we assessed
the cumulative SPI at multiple time scales and measured its
relationship with agricultural and hydrological droughts.

Agricultural drought

Agricultural droughts typically follow meteorological droughts,
with the time delay varying based on local climate conditions
and ecosystem factors (CV, Pachore, & Remesan, 2024). Our
observations indicate that meteorological and agricultural
droughts coincided in 2008, and heavy rainfall in 2019 led to
decreased and increased greenery, respectively. However, this
pattern did not consistently occur over time.

The results of the cross-correlation analysis are presented
in Table 3. Accordingly, the strongest correlation coefficients
are observed between the 9-month (0.73), 6-month (0.66),
18-month (0.62), and 21-month (0.60) cumulative SPI and
Tasselled Cap greenness. This observation indicates that
agricultural drought is not a sole consequence of inadequate
precipitation. In other words, the management of water

resources and the implementation of agricultural strategies
also play a pivotal role in determining the onset and severity
of agricultural drought (Boloorani et al, 2024b; Smith &
Edwards, 2021). Factors such as irrigation efficiency, crop
selection, soil management, and the utilisation of water
conservation techniques also influence how agricultural
systems respond to dry periods (CV et al, 2024). our
methodology for delineating agricultural boundaries relied
on MODIS annual land cover maps. This approach may have
introduced certain limitations or biases into our results.

Hydrological drought

The surface water area was considered an indicator of
hydrological drought. In accordance with the findings of
the Tigris-Euphrates Rivers basin(Al-Taei et al, 2023)and
precipitation data for Irag(Al-Muhyi & Aleedani, 2022; Nagi,
Al-Jiboori, & Al-Madhhachi, 2021; Rahi, Al-Madhhachi, & Al-
Hussaini, 2019), multiple instances of hydrological drought
were observed during the period 2003-2022. These instances
were characterized by an increasing intensity of drought. The
confluence of natural forces, including climate fluctuations,
and human-induced factors, such as dam construction,
irrigation practices, and inadequate water management
strategies, contributes to the alteration of the water bodies of
the TRB (Darvishi Boloorani et al., 2021).

To ascertain the relationship between meteorological
and hydrological droughts, Pearson correlation coefficients
between cumulative SPI values and surface water area were
calculated (Table 4). Table 4 demonstrates the existence
of robust, direct correlation between hydrological drought
and both 1-month (0.83) and 3-month (0.79) cumulative SPI
values. Although surface water area is a limited indicator of
the severity of hydrological drought, given that the impact
of precipitation variations on reservoir levels is minimal
(Boloorani et al,, 2024a), the aforementioned high correlations
indicate a rapid translation of meteorological drought
conditions into hydrological impacts. However, a moderate
strength direct correlation (0.55) was observed between
hydrological drought and 15-month cumulative SPI. This
observation demonstrates that the effects of meteorological
drought on water resources can persist for extended periods.
Itis crucial to note that there was a discrepancy in the spatial

Table 3
Pearson’s correlation coefficient between cumulative SPI and total assessed cap greenness
1-month 3-month 6-month 9-month 12-month 15-month 18-month 21-month 24-month
Pearson
correlation -0.01 0.28 0.66 0.73 032 0.36 0.62 0.60 0.30
coefficient
e
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Table 4
Pearson’s correlation coefficient between cumulative SPI and surface water area
1-month 3-month 6-month 9-month 12-month 15-month 18-month 21-month 24-month
Pearson
correlation 0.83 0.79 0.36 -019 010 0.55 0.29 -011 0.09
coefficient

resolution between the SPI maps and the delineated water
area maps, which could influence the results.

Conclusion

This research examined how agricultural, hydrological, and
meteorological droughts interact in the TRB region. To
understand this, the study used long-term satellite data and
statistical methods. The key findings of this work are as
follows:

- During 2003 and 2022, nearly half of the SPI observations
were meteorological drought-induced, confirming the
general dry conditions in the basin.

- The occurrence of agricultural drought is strongly
influenced by meteorological drought conditions over
both the 6-month and 21-month accumulation periods, as
indicated by the SPI. This demonstrates that agricultural
drought in TRB is not solely a result of insufficient
precipitation.

- The occurrence of hydrological drought shows a strong
to moderate correlation with meteorological drought
conditions over accumulation periods of 1, 3, and
15 months. This indicates that meteorological drought
conditions can quickly affect water resources, and their
effects can persist for extended periods.

- The drought progression analysis indicated that the
drought types were not entirely correlated. Hence, further
investigations are required to understand the factors
influencing these patterns.
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