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Mapping Agricultural Drought Hazard in Iran
Abdolraoof Shahozei', Peyman Mahmoudi'*, and Seyed Mahdi Amir Jahanshahi?
ABSTRACT
The primary objective of this study is to develop a spatially explicit Agricultural Drought
Hazard (ADH) map for Iran by integrating precipitation and soil moisture data. For this,
two key datasets spanning 30 years (1987-2016) were utilized: monthly precipitation
from 63 synoptic stations (Iran’s Meteorological Organization) and gridded (0.5°x0.5°)
monthly soil moisture from the Climate Prediction Center (CPC). These were
transformed into the Standardized Precipitation Index (SPI) and Standardized Soil
Moisture Index (SSMI), respectively. A core quantitative finding is the regionally distinct
correlation between SPI and SSMI: the strongest positive correlations were observed in
Iran’s expansive dry climates (southern and eastern halves), while significantly weaker
correlations characterized the more humid northern and western halves. This indicates a
more rapid and direct propagation of meteorological drought to agricultural drought in
arid zones. These standardized indices were then integrated to construct Iran’s ADH map.
This map quantitatively classifies the central, southern, and southeastern regions as
experiencing ‘high’ and ‘very high’ agricultural drought hazard. These findings provide
a critical, data-driven tool for national and regional policymakers, offering improved
insights for targeted drought mitigation and water resource management compared to
single-indicator assessments, particularly crucial for Iran’s vulnerable agricultural sector.

Author keywords: Drought, Hazard, Iran, Precipitation, Soil moisture.
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The study area
Iran is situated in the arid belt on the world map and a large part of its climate (over 90%) is
arid. This land borders the water regions of the Caspian Sea in the north and the Persian Gulf
and the Sea of Oman in the south. The spatial precipitation distribution in a large swathe of
Iran is highly dependent on rough areas. Alborz mountains, which extend from western and
eastern directions to the north, and Zagros mountains, which extend from northwestern to
southeastern directions, control the entry of precipitating systems towards the central plateau.
Surrounded by water areas and a large area of mountains, Iran enjoys a diverse climate (Figure
la). According to the De Martonne classification index (De Martonne 1909), Iran’s climate is
generally arid (around 65%), semi-arid (around 20%), while only 10% of which is humid
(Katiraie-Boroujerdy et al. 2013). The average annual precipitation in Iran is close to 250 mm,
whose spatial distribution is highly different in various areas, with desert regions recording less
than 250 mm and other areas such as the western boundaries of the Caspian Sea recording 1800
mm (Figure 1b) (Mahmoudi et al. 2021). The spatial distribution of the average annual
precipitation of Iran is a function of rough areas and the changing angles of the sun’s
inclination. The lowest average annual temperature in Iran is noted in the northwest and the
highest in the southeast coasts. In sum, the country’s temperature sees a reduction from the

south to the north and from the east to the west (Figure 1¢) (Mahmoudi et al. 2021).
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Figure 1. (a) Location and physical geography of Iran (Southwest Asia), (b) spatial distribution map of the
mean annual precipitation (Mahmoudi et al. 2021), and (c) spatial distribution map of the mean annual
temperature (Mahmoudi et al. 2021).

Data and Methods
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Figure 2. Scattering and geographical situation of studied stations and the areas assigned to each station using
Thiessen’s Polygon Method.

The second database pertained to the gridded monthly amounts of soil moisture (IS HOMCNIN

_, downloaded from the Climate Prediction Center (CPC)

(NOAA) (http://www.esrl.noaa.gov/psd/data/gridded/data.cpcsoil.htm) (Fan and van den Dool

2004), for the same 30-year time interval from 1987 to 2016. These data were not re-analysis
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data, and it was argued that the re-analysis data could not be reliable due to their biases (van
den Dool et al. 2003; Fan and van den Dool 2004). In sum, the number of gridded points
extracted from the CPC (NOAA) database for the framework of Iran’s political borders
amounted to 622 gridded points. The time series of these data were complete and lacked any
missing data. These data were validated by Mahmoudi et al. (2021) using soil moisture data
measured at Iran’s agricultural meteorological stations. Validation results suggested that the
correlation coefficient between the gridded data of soil moisture and the stations located in arid
and semi-arid regions in Iran was lower than 0.65, while the correlation coefficient between
the gridded data of soil moisture and the stations located in humid regions was higher than

0.89.

Methods

Standardized Precipitation Index (SPI) and Standardized Soil Moisture Index
(SSMI)

The Standardized Precipitation Index (SPI) is a tool originally developed by McKee et al.
(1993; 1995) to identify and monitor droughts and their severity across various timescales. In
the present study, all drought indices—including both the SPI and the Standardized Soil
Moisture Index (SSMI)—were calculated and analyzed exclusively on an annual timescale.
That is, the calculation steps for the SPI involved: (1) summing cumulative precipitation for
each year using an annual timescale, (2) fitting gamma distribution functions to each
hydrological year, (3) estimating distribution function values for total annual precipitation, and
(4) converting the gamma-distributed values to standard normal variates. Since the SPI is
essentially a z-score, it expresses the deviation of precipitation from the mean in units of
standard deviation, facilitating comparison among sites and periods. Periods when the SPI is
persistently negative, especially at -1 or lower, are regarded as drought events, which conclude
when SPI values return to positive. Because all indices in this study were calculated over annual
periods, all drought events and severity classifications are also defined on this annual basis
-. Similarly, the Standardized Soil Moisture Index (SSMI), like the SPI, was calculated
on an annual timescale (Gautam et al. 2023; Das et al. 2020; Lin et al. 2015), with drought
severity determined using the thresholds summarized in [EABICHN
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- Classification of droughts based on the SPI and SSMI.

SPI value Category

2.00 or more Extreme wet

1.50 to 1.99 Severe wet

1.00 to 1.49 Moderate wet
0.50 to 0.99 Mild wet

0.49 to -0.49 Normal

-0.50 to -0.99 Mild drought
-1.00 to -1.49 Moderate drought
-1.50 to -1.99 Severe drought
-2.00 and less Extreme drought

Reference: McKee et al. (1993).
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dividing provinces into “Sindh” and “others” with relatively broad weighting categories -
3).

Unlike Pakistan, Iran is characterized by marked variations in seasonal precipitation regimes.
Therefore, in this study, the dominant precipitation season at each station was first identified
according to its highest contribution to annual precipitation. The range of the dominant
season’s percentage share was subsequently divided into four classes for each precipitation
regime (winter, autumn, spring), with assigned weights from 1 to 4) according to the degree
of reliance on that season. This weighting reflects regional variations in vulnerability by
accounting for the criticality of the main rainfall season for agricultural activities.

The ADHI was then calculated for all stations using the above formula and categorized into
five hazard classes, ranging from ‘extremely high’ to ‘very low’ -). This new structure
allows the model to account for the diverse climate characteristics of Iran while enhancing its
spatial reliability and interpretability compared to the original formulation by Adnan and Ullah
(2020).

- Criteria used for the hazard assessment of drought using percentage of normal for rainfall for different
regions of Pakistan.

Index Class limit and rating score

Percentage of Seasonal rainfall for Sindh province >89 79 -89 70-79 59 -60
Percentage of Seasonal rainfall for other provinces >60 51-60 41-50 30-40
Index value 4 3 2 1

Reference: Adnan and Ullah (2020).

- Severity classes used in the ADHI map.

Hazard Classes Hazard Index
Extremely High >1.50

High 1-1.50
Moderate 0.75-0.99
Low 0.60-0.74
Very low < 0.60

Reference: Adnan and Ullah (2020).

Results and Discussion

patio-temporal Patterns of Soil Moisture

Analysis of the long-term monthly average soil moisture reveals pronounced spatio-temporal
patterns that are fundamental to agricultural drought hazard in Iran (Fig. 3). Spatially, a stark
dichotomy exists between the perennially humid northern Caspian coast, where moisture levels
often exceed _, and the vast, chronically arid central, southern, and eastern regions,
where values typically remain below _ for most of the year. The western Zagros
Mountains represent a transitional zone with moderately higher moisture content during the
wet season. Temporally, a distinct annual cycle is evident nationwide. Soil moisture peaks in

April, capitalizing on accumulated winter precipitation, and progressively declines to a

10
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minimum in late summer (September-October) as evapotranspiration rates increase, leaving

the majority of the country under severe moisture stress.
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Figure 3. The spatial distribution of the monthly long-term average (1987-2016) of soil moisture in
Iran based on the gridded data of soil moisture (Climate Prediction Center) (NOAA).

Spatio-temporal Distribution of Precipitation

Iran’s precipitation climatology is defined by strong spatial gradients and pronounced
seasonality (Fig. 4). Spatially, precipitation decreases markedly from the humid northern and
western peripheries towards the arid central and eastern interior. This pattern is primarily
controlled by orography; the Alborz and Zagros mountain ranges intercept moisture-bearing
systems, leaving the vast central plateau in a rain shadow. Temporally, the climate is divided
into a wet season (November-April) and a distinct dry season (May-October). During the wet
season, the Caspian coast and Zagros highlands receive substantial rainfall, with January
typically representing the peak precipitation month for much of the country. Conversely, from
June to August, most of Iran, particularly the central and southern regions, experiences
negligible rainfall. A notable exception is the Caspian region, which receives significant inter-

seasonal rainfall, especially in early autumn.

11
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Figure 4. The spatial distribution of the monthly long-term average (1987-2016) of precipitation in Iran
based on the data from 62 meteorological stations (1987-2016).

Coupling of Precipitation and Soil Moisture across Agro-Climatic Zones

The coupling strength between annual precipitation (SPI) and soil moisture (SSMI) was
evaluated across Iran’s distinct climatic zones (Fig. 5). The results, summarized in [EBIGID.
reveal a distinct gradient where the correlation weakens from arid to humid environments. The
coupling is exceptionally strong in Extremely Arid (r=0.70) and Arid zones, indicating that
annual soil moisture is tightly controlled by precipitation anomalies. In contrast, the
relationship becomes significantly weaker in Sub-Humid (r=0.22) and Very Humid (r=0.20)
climates. This pattern suggests that in Iran’s water-limited regions, the response of soil
moisture to rainfall is direct and immediate. Conversely, in more humid zones, this linkage is
buffered by moderating factors such as denser vegetation, higher soil water-holding capacity,

and more complex hydrological processes, leading to a decoupled relationship.

12
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Figure 5. Iran’s climatic classification based on the Moisture Index (MI). The numbers on the map are station
codes assigned to each meteorological station (station names corresponding to each code are provided in Figure
2). This coding was applied to avoid overcrowding the map.

-. Correlation analysis of the SPI and the SSMI for the six climatic classes of Iran.
Correlation between SPI

Climate classification

and SSMI indices
Extremely arid 0.70
Arid 0.67
Semi-arid 0.55
Sub-humid 0.22
Humid 0.52
Very humid 0.20

The temporal evolution of meteorological (SPI) and agricultural (SSMI) drought from 1987—
2016 is depicted in Figure 6 for each climatic zone. The analysis shows that agricultural drought
years (SSMI<0) are a recurrent feature across all zones. The most persistent continuous
agricultural drought was observed in the Arid region, lasting for eight consecutive years (2008—
2015). Regarding drought severity, the most intense event (min SSMI = -2.90) was
paradoxically recorded in the Very Humid zone in 1999. A critical finding is the varying
temporal alignment between the most severe meteorological (min SPI) and agricultural (min
SSMI) droughts. In the Extremely Arid, Sub-Humid, and Very Humid zones, these peaks
occurred concurrently, indicating a direct response. In contrast, a temporal lag was evident in
the Arid, Semi-Arid, and Humid zones, where the most intense agricultural drought did not

coincide with the year of the most severe precipitation deficit.

13
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Figure 6. Time-series graphs of the SPI and the SSMI by each climatic class: a) extremely arid, b) arid, c)
semi-arid, d) sub-humid, e) humid, and f) very humid, from 1987 to 2016.

The spatial pattern of the annual correlation between SPI and SSMI reveals a distinct climatic
gradient across Iran (Figure 7). A strong positive correlation (r>0.70) dominates the arid and
semi-arid southern and eastern regions, signifying that agricultural drought is a direct and
immediate consequence of meteorological drought in these water-limited environments. In
stark contrast, the correlation weakens significantly (r<0.30) in the humid northern and
northwestern zones. This weaker relationship suggests that the link between precipitation
deficits and soil moisture is more complex and buffered in these regions, likely modulated by

factors such as different soil properties, denser vegetation, and the influence of snowmelt.
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Figure 7. Spatial distribution of correlation between the SPI and the SSMI in Iran (from 1987

to 2016).
Spatio-temporal Distribution of Annual Meteorological Droughts (SPI) and Annual
Agricultural Droughts (SSMI)
Figure 8 displays the annual spatial distribution of meteorological drought (SPI) from 1987 to
2016. A key observation is the pronounced inter-annual variability in the location and extent
of drought, precluding a single, consistent spatial pattern. Despite this variability, the years
2008, 2000, and 1989 stand out as the most severe and widespread events, with drought

conditions (SPI < 0) covering over 90% of Iran’s territory.
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Figure 8. Spatial distribution of the various classes of meteorological droughts in Iran on an annual scale based
on the SPI (from 1986 to 2015) using Thiessen’s method.

Similarly, the spatial distribution of agricultural drought (SSMI) showed significant year-to-
year variability in extent and severity (Figure 9). Analysis identifies 2000, 2001, 1999, and

1989 as the years with the most widespread and severe agricultural drought conditions.
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336 Notably, the major drought years of 2000 and 1989 coincide with those identified by the SPI,
337 indicating periods where meteorological drought directly translated into extensive soil moisture

338  deficits across the country.
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Figure 9. Spatial distribution of the various classes of agricultural droughts in Iran on an
annual scale based on the SSMI (from 1986 to 2015) using Thiessen’s method.
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Frequency of Drought Severity Classes

Analysis of meteorological drought frequency (SPI) reveals a clear inverse relationship
between severity and occurrence across Iran (Figure 10). Over the 30-year study period, mild
and moderate droughts were by far the most prevalent classes. Conversely, the most intense
events were rare; any given region experienced a maximum of approximately four severe

droughts and only two extreme droughts.
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Figure 10. Spatial distribution of the various classes of droughts in Iran based on the SPI (1987-2016); a) the
number of weak-class droughts; b) the number of moderate-class droughts; c) the number of severe-class
droughts, and d) the number of extreme-class droughts over the course of 30 years.

The frequency of agricultural drought (SSMI) exhibits distinct spatial patterns that vary with
severity (Figure 11). While weak droughts were widespread with no discernible large-scale

pattern, a clear north-south divide emerged for more intense events. Moderate agricultural
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droughts were significantly more frequent in the southern half of Iran, with some stations
experiencing up to 7 occurrences. In a striking contrast, the highest frequencies of severe (up
to 4 occurrences) and extreme (up to 2 occurrences) droughts were concentrated in the northern

half of the country.
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Figure 11. Spatial distribution map of the various classes of Iran’s droughts using the SSMI for the 1987-2016
time period; a) the number of weak-class droughts, b) the number of moderate-class droughts, c) the number
of severe-class droughts, and d) the number of extreme-class droughts over the course of 30 years.

Improving Iran’s drought hazards index

To develop a map of Iran’s drought hazards, this study utilized the Agricultural Drought Hazard
Index (ADHI) proposed by Adnan and Ullah (2020). The calculation of the ADHI first requires
determining the primary precipitation season for each station. This is achieved by calculating
the ratio of precipitation received in each season (e.g., autumn, winter, spring, summer) to the
total annual precipitation for each station. Subsequently, the season exhibiting the highest ratio

of seasonal to total annual precipitation is identified as the dominant precipitation regime for
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that station.

Figure 12 illustrates the spatial distribution of these dominant precipitation regimes across Iran
based on data from 62 meteorological stations. According to this analysis, 50 stations are
characterized by a winter precipitation regime. An autumn precipitation regime is dominant for
8 stations, primarily located in Iran’s northern coastal areas along the southern boundaries of
the Caspian Sea. A spring precipitation regime is observed at 4 stations, concentrated in the
country’s northwest. The remaining extensive areas of Iran predominantly experience a winter

precipitation regime (Figure 12).
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Figure 12. Precipitation regime (ratio of precipitation received in each season to the total
annual precipitation) in Iran.
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The main methodological distinction of this study from that of Adnan and Ullah (2020) lies in
the classification of precipitation regimes. Adnan and Ullah (2020), in their ADHI calculation
for Pakistan, divided precipitation regimes into two broad categories: seasonal precipitation of
Sindh province and seasonal precipitation of other provinces (refer to their -). Such a
division is not readily generalizable to other regions of the world with different climatic
characteristics. Therefore, this study aimed to adapt their approach by introducing a new
classification that encompasses the different types of precipitation regimes found in Iran and
their respective numerical contributions [ DIGION

After determining the precipitation regime for each station (as shown previously in Figure 12)
and assigning the corresponding weights -, the Agricultural Drought Hazard Index
(ADHI) for each station was calculated. The ADHI calculation also required data on all weak,
moderate, and severe droughts that occurred during the study period at each station on an
annual scale (identified from SPI analysis), as well as the seasonal and annual soil moisture
values at each station (extracted from CPC gridded data, specific to each station’s precipitation
regime). Finally, using Equation 1 (detailed in the Data and Methodology section), the ADHI

for all 62 stations in Iran was computed. The results of this index were classified into five
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categories: ‘extremely high’, ‘high’, ‘moderate’, ‘low’, and ‘very low’, following the
classification scheme presented in - (which has been previously used by Asrari et al.,
2012 and Adnan and Ullah, 2020).

Precipitation regime  The range of classes and the weight assigned to each class

autumn 30-34 35-39 40-44 45-49
winter 32-41 42-51 52-61 62-71
spring 31-34 35-38 39-42 43-46
assigned weight 1 2 3 4
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Conclusions

This study successfully developed the first comprehensive, national-scale Agricultural Drought
Hazard (ADH) map for Iran by synthesizing standardized indices for precipitation (SPI) and
soil moisture (SSMI). The analysis identifies a critical vulnerability corridor spanning the
central, southern, and southeastern regions, classifying them under high to extreme drought
hazard. The primary contribution of this work lies in its integrated methodology; by correlating
and combining meteorological drivers with agricultural impacts (soil moisture deficits) across
Iran’s diverse climatic zones, the study moves beyond single-indicator assessments to provide
a more robust and holistic hazard evaluation. This spatially explicit ADH map serves as an
essential evidence-based tool for policymakers, enabling the prioritization of resources and the
development of targeted adaptation strategies to enhance agricultural resilience in the nation’s
most vulnerable areas. Future research should focus on refining this framework by
incorporating dynamic vulnerability indicators and higher-resolution remote sensing data to

further improve drought early warning systems.
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