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ENVIRONMENTAL STUDIES

Uncovering the impacts of depleting aquifers: A remote
sensing analysis of land subsidence in Iran

Mahmud Haghshenas Haghighi'* and Mahdi Motagh®’

Intensive groundwater pumping, previously unrecognized in its full extent, is blamed for aquifer degradation and
widespread land subsidence in Iran. We use a 100-meter resolution satellite survey from 2014 to 2020 to assess the
recent implications of groundwater usage across the country. Results indicate that approximately 56,000 km?
(3.5%) of the country’s area is subject to land subsidence, primarily linked to irrigation; 3000 km? of this area ex-
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periences subsidence rates greater than 10 cm/year. The central plateau catchment hosts two-thirds of the coun-
try’s depleting aquifers, with locations sinking at rates higher than 35 cm/year. The results suggest an annual
groundwater depletion of 1.7 billion cubic meters (BCM) from confined and semiconfined aquifers, with the long-
term inelastic compaction for most aquifers being approximately one order of magnitude larger than their sea-
sonal elastic response. This underscores the permanent loss of aquifers that jeopardizes the sustainability of water

resources across Iran.

INTRODUCTION

Iran, a vast nation covering 1.6 million km* with a population of ap-
proximately 84 million, faces an impending groundwater crisis of crit-
ical proportions. The compounding factors of a quadrupled population
over the past six decades, rapid industrialization, and expansive agri-
culture have placed immense pressure on Irans water resources. To
meet escalating demands, unsustainable groundwater extraction has
become the norm, resulting in a troubling trajectory of resource deple-
tion (I, 2). Groundwater, a lifeline for nearly a quarter of Iran’s inhabit-
ants, particularly in arid and semi-arid regions, now confronts a
paradoxical challenge. The demand for groundwater surpasses its re-
plenishment capacity, disrupting the delicate balance of the natural
water cycle. This pervasive water stress not only endangers communi-
ties but also triggers ecological imbalances, necessitating urgent explo-
ration of the multifaceted consequences of groundwater depletion.

Despite the urgent need for a comprehensive and detailed analysis
of groundwater, this analysis has been lacking at a fine scale. At alarge
scale and with rough resolution, Iran’'s groundwater crisis is vividly
underscored by past findings of global groundwater models or Grav-
ity Recovery and Climate Experiment (GRACE) observations (3-5).
In 2000, it was estimated that nearly half of Iran’s total groundwater
extraction was unsustainable (6). Furthermore, groundwater well
measurements unveiled an alarming annual depletion rate of approx-
imately 5.7 billion cubic meters (BCM) between 2002 and 2015, a
phenomenon corroborated by GRACE measurements detecting wa-
ter storage loss across the country (7, 8). Assimilating GRACE data
into a global hydrology model further accentuated the issue, revealing
a reduction of about 9 cm in groundwater levels during the decade
from 2002 to 2012 (9). The staggering cumulative impact emerges in
the statistic that Iran has lost approximately 211 + 34 BCM of its total
water storage over the past two decades (10).

These stark figures underline the urgent need to address Iran’s
groundwater dilemma comprehensively. Beyond the sheer volume of
water lost, the consequences are far-reaching. Diminished groundwa-
ter resources affect agricultural productivity, threatening Iran’s food
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security. Industries reliant on groundwater face uncertainty and esca-
lating costs. Furthermore, land subsidence, a direct result of excessive
groundwater extraction, can damage critical infrastructure, including
roads, buildings, and pipelines (11). The social and economic implica-
tions are undeniable, amplifying the urgency of understanding and
mitigating this crisis.

Land subsidence is a tangible indicator of distress within Iran’s
aquifers. It occurs when excessive water withdrawal leads to a drop in
hydraulic head, causing skeletal compaction of the soil primarily in
the aquitards—the low-permeable layers composed of small grains
such as clay and silt. When the hydraulic head drops below its histori-
cal level or the preconsolidation head, the compaction is inelastic and
hence permanent (12). In regions heavily reliant on groundwater,
such as the capital Tehran (13), the agricultural center Rafsanjan (14),
and the populous city of Mashhad (15), land subsidence has become a
cause for concern, signaling an underlying groundwater crisis.

In recent years, a few studies have attempted to use Interferometric
Synthetic Aperture Radar (InSAR) for large-scale subsidence map-
ping or prediction in Iran. One such study analyzed a 3-year period of
Sentinel-1 data between 2014 and 2017 to identify hot spots of subsid-
ence across the country. The findings revealed widespread land sub-
sidence, with rates of up to 30 cm/year in certain areas (16). Other
studies integrated InSAR data into machine learning models to up-
scale the measurements and predict land subsidence at larger scales.
One study used approximately 80 Sentinel-1 images from known sub-
sidence areas and applied conventional InSAR analysis to form the
basis of a machine-learning model to predict subsidence in various
parts of the country (17). Another study used a large InSAR training
dataset from various areas around the world to predict subsidence
rates at a global scale. The study specifically used training data over
four subsidence areas in Iran. Using a machine learning technique, it
found that almost 1% of Irans area, summing up to 18,000 km?, is
subsiding at rates higher than 1 cm/year, making Iran ranked fourth
in terms of subsidence area in the world (18).

The main question that we aim to address in this study is: What is
the exact extent of groundwater depletion in Iran and what are its im-
plications on the groundwater resources and the communities? Our
study pioneers a comprehensive analysis of Irans groundwater dy-
namics through the utilization of InSAR observations. Using more
than 6000 Sentinel-1 images, we have produced a subsidence map at a
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medium resolution of 100 m, capturing temporal variations at in-
tervals ranging from 6 to 24 days. This extensive dataset enables us
to isolate the subsidence signals from other InSAR observation
contributions, providing a comprehensive subsidence mapping of
the country.

Furthermore, our integration of geological information, sedimen-
tary deposit thickness, and aquifer outlines with InSAR data provides
evidence that the observed subsidence is primarily due to aquifer
compaction resulting from excessive groundwater extraction. We fur-
ther quantify groundwater depletion across the country from subsid-
ence measurements and evaluate its sustainability across diverse
regions by comparing long-term compaction trends with short-
term deformations. Our analysis of the role of agriculture in unsus-
tainable groundwater use, through examining land cover maps and

agricultural production data, offers an insight into the link between
agricultural practices and groundwater sustainability in Iran. In addi-
tion, we explore the far-reaching implications of land subsidence on
human communities and critical infrastructure; by analyzing popula-
tion density data and infrastructure maps, we highlight the socioeco-
nomic consequences of land subsidence.

RESULTS

Land subsidence and associated groundwater loss

across Iran

The nationwide subsidence map (Fig. 1) illustrates the distribution
and extent of land subsidence across Iran, revealing a widespread is-
sue occurring at both local and regional levels. Approximately, 3.5%
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Fig. 1. Land subsidence across Iran through Sentinel-1 InSAR observation. (A) Distribution of subsidence for different land covers and across the country’s six major
basins. (B) Comprehensive land subsidence rate map of Iran. The lines indicate the borders of the major catchments. The boxes are intended to highlight the main areas
that are affected by land subsidence, as shown in (C to J). The rates of subsidence are projected based on the satellite line-of-sight measurements under the assumption

that subsidence is the primary component of surface deformation.
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of Iran’s land, equivalent to 56,000 km?, is facing land subsidence haz-
ard. The median value of subsidence rates from 2014 to 2020 is
1.8 cm/year. The distribution of subsidence rates is positively skewed,
with quartiles at 0.9, 1.8, and 4.1 cm/year. More specifically, a com-
bined total area over 40,000 km” is subject to subsidence rates higher
than 1 cm/year, while areas amounting to more than 25,000 km? sink
at rates exceeding 2 cm/year; over 3000 km? of the country is subsid-
ing at alarming rates greater than 10 cm/year.

To examine whether aquifer compaction is the primary reason for
the observed subsidence, we performed several tests by comparing
the subsidence areas with the superficial geological map of Iran (19,
20), a global 1-km gridded sedimentary deposit thickness (21), and
available aquifer boundaries (22). An overlay of subsidence areas on
the superficial geology map of Iran, as shown in fig. S2, shows that
80% of the measured subsidence across the country occurs in Quater-
nary sediments. Quaternary sediments are young geological deposits
known for their unconsolidated deposits that can serve as good aqui-
fers. In addition, overlaying the subsidence map on the map of aver-
age soil and sedimentary deposit thickness shows that 80% of the
subsidence occurs in sediments with a deposit thickness greater than
25 m. Lastly, 90% of the subsidence we identified is located within
aquifer boundaries. These findings are also consistent with detailed
numerical modeling of subsidence performed at local scales, for ex-
ample, in Rafsanjan (23). All of this evidence firmly suggests that
aquifer compaction could be the main factor explaining the observed
subsidence.

Our analysis reveals that land subsidence is a prevalent issue
across Iran, affecting 265 of the country’s 429 counties. The subsid-
ence phenomenon extends over vast areas, with eight counties expe-
riencing subsiding areas exceeding 1000 km”. These counties include
Kerman, Rafsanjan, and Sirjan in Kerman province; Marvdasht in
Fars province; Neishabur in Khorasan Razavi province; Buin-Zahra
in Qazvin province; and Gonbad-Kavus and Agqala in Golestan
province. Among the regions experiencing the most severe ground
sinking, Kerman province stands out with alarming subsidence rates.
Particularly, Rafsanjan county, known for being Iran’s center of pista-
chio production, experiences the highest subsidence rate at an aston-
ishing 37 cm/year. Close behind, Arzuiyeh county, also in Kerman
province, records a substantial rate of 34 cm/year. In Alborz province,
Savojbolagh and Nazarabad counties exhibit substantial land subsid-
ence, with maximum rates of 29 and 27 cm/year, respectively.

We observed the presence of land subsidence in all provinces of
Iran except for Gilan. The variability of subsidence across different
areas is evident, particularly in the north, which receives the largest
share of the country’s rainfall. The absence of subsidence in Gilan in-
dicates that the region does not heavily rely on groundwater extrac-
tion on a large scale. In contrast, Mazandaran experiences moderate
land subsidence, affecting approximately 140 km? of its land with a
maximum rate of 4 cm/year at some locations. Meanwhile, Golestan
province faces a more notable challenge, with large land subsidence
occurring over an area of more than 5000 km?. In this region, subsid-
ence rates exceed 12 cm/year at some locations.

Estimating groundwater depletion from land subsidence rates
provides valuable insights into the extent of water resource utilization
in each province (Fig. 2). Assuming subsidence primarily occurs in
the confining parts of aquifers, we calculated the annual groundwater
depletion for each region. On average, the country experiences a total
yearly groundwater deficit of 1737 million cubic meters (MCM). Out
of this, the provinces of Khorasan Razavi and Kerman face the most
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severe water stress, depleting approximately 380 and 325 MCM of
groundwater each year, respectively. Golestan province also experi-
ences substantial depletion, accounting for around 162 MCM per
year. Following closely are Fars province with 141 MCM, Qazvin with
103 MCM, and Tehran with 101 MCM of groundwater depletion an-
nually. While still affected, the remaining provinces experience less
than 100 MCM of groundwater deficit per year.

Normalizing the groundwater depletion for the area of each prov-
ince reveals an additional pattern, shedding light on the intensity of
water resource utilization per unit of land (Fig. 2). Karaj province
ranks first on the list, with a staggering 12,800 m® of groundwater
depletion per km? each year. Golestan closely follows as the second-
highest with 8000 m*/km” per year. Tehran and Qazvin provinces are
next in line, both experiencing 7400 and 6600 m” of yearly deficit per
square kilometer, respectively. Khorasan Razavi and Qom provinces
are the subsequent regions, facing annual depletion of 3300 and
2800 m*/km?. All these provinces fall within the northern half of the
country.

Analyzing the distribution of subsidence and groundwater loss at
both the basin and sub-basin scales provides valuable insights into the
regional variations in water resource depletion. At the basin scale, the
Central Plateau basin, covering half of the country’s area, emerges as
the primary contributor to Iran’s groundwater depletion, responsible
for 70% of the total loss. Unexpectedly, despite receiving the highest
precipitation rate among basins, the Caspian Sea basin ranks second,
accounting for 11% of the groundwater depletion. The Persian Gulf
basin follows closely as the third largest contributor, with 10% of the
country’s groundwater depletion, despite holding the largest share of
the nation’s water resources. Sarakhs basin and Urmia basin are next
in line, contributing 6% and less than 2%, respectively, while the
Hirmand basin’s share is smaller than 1%.

Zooming into the sub-basin level, a more granular pattern emerg-
es. Almost half of Iran’s groundwater loss occurs in two sub-basins:
Salt Lake and Central Desert, responsible for 23% and 20% of the
total depletion, respectively. Saghand sub-basin follows closely with
11% of the groundwater loss. Other sub-basins each has a share
smaller than 10%. Two sub-basins, Talesh and Sefidrud-Haraz, lo-
cated in the north, do not experience any groundwater loss due to
ample availability of water resources, thus they do not rely on
groundwater for irrigation. In contrast, the low share of eastern sub-
basins of Khaf, Hamun-Hirmand, Hamun-Mashkil, and Baluchestan
is due to non-arable lands and low populations. Normalization of the
data by basin area further highlights the intensity of groundwater
depletion per unit of land. Gharesu-Gorgan sub-basin stands out
with the largest yearly groundwater depletion per area, amounting to
11,000 m*/km? It is followed by Salt Lake, Saghand, and Tashk-
Bakhtegan with annual depletions of 4300, 3700, and 3300 m>/km?,
respectively.

Sustainable versus unsustainable groundwater use

The surface deformation time series provides insights into the pro-
portion of elastic and inelastic deformation. In this context, inelastic
deformation refers to the long-term subsidence resulting from the
permanent compaction of aquitards due to declining groundwater
heads. On the other hand, elastic deformation arises from seasonal
recharge cycles, causing temporary fluctuations in the aquifer system.
We calculated the elastic-to-inelastic ratio by examining the peak-to-
peak amplitude of subsidence as elastic and the average yearly subsid-
ence as inelastic.
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Fig. 2. Groundwater depletion from confined and semi-confined aquifers in Iran. (A) Share of each province in annual groundwater depletion. (B) Share of each basin
and sub-basin in annual groundwater depletion. (C and D) Annual groundwater depletion per square kilometer in different provinces and sub-basins. The groundwater
depletion is estimated using subsidence data, assuming that the compaction of confined and semi-confined parts of the aquifer system causes the dominant factor of
subsidence. The province names in (C) are abbreviated for simplicity and correspond to the full names in (A). The sub-basins in (D) are numbered for simplicity and cor-
respond to the full names in (B). Blue lines in (D) indicate the boundaries of major basins.

The time series of surface deformation for two representative points
near Tehran and Karaj, as shown in Fig. 3, demonstrates that the defor-
mation is dominated by these two components. Although both points
are situated within a similar geological formation of quaternary sedi-
ments with thicknesses exceeding 50 m, the aquifer system associated
with the second point shows both larger seasonal and long-term com-
ponents. For the point in the subsidence area to the southwest of Tehran,
we estimate an elastic/inelastic ratio of 0.1, which corresponds to a
2-cm amplitude of the seasonal deformation and an average annual

Haghighi and Motagh, Sci. Adv. 10, eadk3039 (2024) 10 May 2024

subsidence of 18 cm. For the second point, located southwest of Karaj,
the elastic/inelastic ratio is 0.4, corresponding to an 11-cm seasonal
component and 29 cm of annual subsidence. In a similar analysis
across the country, our findings reveal that the annual compaction of
most aquifers is approximately one order of magnitude larger than the
seasonal elastic response of the aquifer system. Although not directly
linked to the proportion of extracted groundwater, this elastic-inelastic
ratio offers insights into the relative sustainability of groundwater use
across different regions of the country.
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Sentinel-2.

To assess the sustainability of groundwater extraction in various
basins, we aggregated the elastic/inelastic ratio to the major basins
and sub-basins nationwide. The results in Fig. 3 show that the Urmia,
Persian Gulf, and Caspian Sea basins have higher ratios than other
basins, attributed to higher annual precipitation facilitating aquifer
recharge. In contrast, Central Plateau, Sarakhs, and Hirmand basins
exhibited elastic/inelastic ratios distributed close to zero, indicating
highly unsustainable groundwater extraction in these areas. The sub-
basin level analysis provided a clearer distribution of unsustainable
hot spots (results in fig. S4). Sub-basins in the eastern part of the
country generally exhibited lower elastic/inelastic ratios, indicating
highly unsustainable groundwater extraction practices. In contrast,
the situation appears more favorable in the north, northwest, and
southwest regions, where sub-basins show higher ratios of elastic/
inelastic. This favorable trend is likely due to higher precipitation in

Haghighi and Motagh, Sci. Adv. 10, eadk3039 (2024) 10 May 2024

these basins compared to the central, eastern, and southern regions,
offering greater potential for aquifer recharge.

Agriculture as the primary user of groundwater
Our analysis provides convincing evidence of a substantial association
between land subsidence and groundwater extraction for irrigation.
While less than 4% of land subsidence occurs in built-up areas, more
than two-thirds of subsiding lands are classified as agriculture in the
Copernicus Global Land Service (24), and almost 40% of land subsid-
ence occurs in irrigated lands in the Global Food Security-support
Analysis Data (25). Furthermore, nearly half of the annual total ground-
water loss, amounting to 840 MCM, occurs in irrigated lands. This
highlights the critical role of agriculture in groundwater depletion.

A comparison between estimated groundwater loss and official
statistics of irrigated crops and orchards published in 2019 by the
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Ministry of Agriculture of Iran (26, 27) shows different relationships
between agricultural production and groundwater depletion (Fig. 4).
Although most provinces have larger areas of rainfed than irrigated
agriculture, irrigated lands contribute to the majority of agricultural
products. The highest agricultural production occurs in Khuzestan
with 13%, followed by Fars with 10%, and Kerman, Khorasan Razavi,
and Mazandaran, each with 6%. However, due to large surface water
availability, Khuzestan and Mazandaran are responsible for only 3%
and 0.1% of total groundwater loss, respectively. In contrast, Khorasan
Razavi, Kerman, and Fars are responsible for 22%, 19%, and 8% of
total groundwater depletion. These findings underscore a pronounced
disparity between groundwater consumption and agricultural pro-
duction in different provinces of Iran, revealing that high pumping
rates do not always correspond to equally high production levels.
However, it is clear that current rates of groundwater depletion pose a
severe threat to future agricultural production in most Iranian
provinces.

Impact of land subsidence on the population

and infrastructure

This study reveals a considerable impact of land subsidence on Iran’s
population (Fig. 5). Approximately 14 million people, more than
one-fifth of the population live in areas directly affected by substantial

subsidence. Risk analysis using population data and subsidence mea-
surements indicates that around 7% of the population (about 5.6 mil-
lion individuals) reside in low-risk areas, 10% (approximately
7.7 million) in medium-risk areas, and 1% (0.9 million) in high-risk
areas. Provinces such as Kerman, Alborz, Khorasan Razavi, Isfahan,
and Tehran have more than a quarter of their population living in
subsidence risk. Notably, more than 95% of the high subsidence risk
population is concentrated in Tehran, Alborz, Fars, Khorasan Razavi,
and Kerman, which host 30 million people together. The population
residing in high subsidence risk for the mentioned provinces are ap-
proximately 350,000, 290,000, 91,000, 89,000, and 52,000, respective-
ly. Moreover, Tehran has more than 3 million people living in medium
and low subsidence risk, Khorasan Razavi has more than 2 million,
and Kerman has approximately 1.4 million in medium and low-risk
areas. Similarly, Alborz has more than 750,000, and Fars has about
600,000 people in medium and low-risk areas.

Subsidence poses a substantial hazard to linear infrastructure
across Iran, as revealed by analyzing linear infrastructure data ob-
tained from OpenStreetMap. The study includes metro lines, motor-
ways, primary roads, railway lines, and trunk roads, indicating that a
considerable portion of these infrastructure elements pass through
subsidence zones. Notably, the railway lines, extending 9500 km,
have approximately 1380 km (15%) at subsidence zones, including
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subsidence.

segments of the busy Tehran-Garmsar and Garmsar-Mashhad lines
that connect Tehran to Mashhad. Metro lines in various cities in Iran
are also subject to land subsidence, with four of seven metro lines in
Tehran and the only metro line in Isfahan running through subsid-
ence areas. The country’s total length of metro lines is approximately
370 km, with 55 km (15%) passing through subsidence areas. More-
over, the motorways, spanning about 5100 km, have 580 km (11%)
through subsidence regions. Lastly, primary roads (approximately
36,600 km) have 3550 km (10%) and trunk roads (about 34,000 km)
have 4300 km (13%) in subsidence zones.

Other infrastructures, including airports, metro stations, and rail-
way stations, in Iran are at considerable risk of subsidence. Eight of
the 61 large and medium-sized airports are located in subsidence
zones, including the Tehran International Airport, with more than
8 million annual passengers. The Isfahan and Urmia international air-
ports are also affected, as well as Kerman, Gorgan, and Shahrekord,
which are national civil airports located in subsidence areas. In addi-
tion, 54 of the 310 railway stations, including 14 on the Tehran-
Garmsar and Garmsar-Mashhad lines, and 25 of the 215 metro
stations, including 14 on the Tehran metro lines and 11 on the Isfahan
metro, are located in subsidence zones.

DISCUSSION

Our findings align with previous studies that focused on identifying
land subsidence in specific aquifers across Iran, mainly using
space technologies (13-15, 28-34). However, it goes beyond existing
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knowledge by offering a comprehensive nationwide perspective, re-
vealing that, apart from certain regions such as the mountains in the
north and west and the deserts in the center and east, groundwater
depletion affects other areas of the country to a large extent. This
poses a major threat to water resources, population, and infrastruc-
ture, jeopardizing the country’s sustainable development. The esti-
mated annual groundwater loss of 1.7 BCM from confined and
semiconfined aquifers, comparable to the maximum capacity of the
five dams supplying Tehran with water, is alarming. This underscores
the severity of groundwater depletion, which can have profound con-
sequences for various sectors. Urgent action is imperative to address
this critical issue and safeguard the future well-being of Iran’s water
resources.

Our estimation of groundwater loss adds valuable information to
already available independent estimations from GRACE (10) and
in situ data (7). The GRACE mission estimated total water storage
loss, including both surface and groundwater, with the Central Desert
and Salt Lake catchments having the largest shares, noting 1.8 and
1 BCM of an annual loss, respectively. Our results reveal that less than
half of these values are from groundwater loss in each of the two
catchments, emphasizing the considerable impact of groundwater
deficit. Compared to in situ data (7), our results provide an up-to-date
estimation with uniform quality across the country. For instance,
while the in situ data suggested that the Gharesu-Gorgan sub-basin
only had a depletion rate of 0.001 BCM per year, our data revealed
that this basin had a groundwater depletion rate of 0.14 BCM per
year. The comprehensive, up-to-date, and medium-resolution data on
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groundwater loss provided in this study enable a deeper understand-
ing of the groundwater depletion issue and facilitate more effective
and informed groundwater management strategies for sustainable
water resource planning.

While the agriculture sector is the primary user of groundwater, it
is a large economic sector using 17% of Iran’s population and con-
tributing 10% to the country’s gross domestic product (GDP) (35).
However, inefficient irrigation practices and low efficiency resulted
in unsustainable groundwater pumping and degraded water resourc-
es. Land subsidence associated with groundwater depletion has se-
vere consequences for communities and undermines other economic
sectors in Iran. Tehran province, which accounts for more than 20%
of Iran’s GDP, primarily through services and industry sectors, has a
relatively small contribution from agriculture, representing only 2%
of the province’s gross value added. However, even this small contri-
bution of agriculture is at the cost of major subsidence risk to the
population and infrastructure, which could undermine Tehran’s
economy in the long term.

Given the increasing climate variability, including frequent droughts
and floods, water availability for agriculture becomes uncertain. For in-
stance, the 2019 Khuzestan flood, followed by a drought in 2021, fur-
ther emphasizes this uncertainty. In such a context, groundwater will be
crucial for future agriculture and food security (36, 37). Therefore, ur-
gent remedies are essential to ensure sustainable irrigation practices
and avoid escalating pressure on groundwater resources (2, 11). Failure
to implement measures that promote efficient irrigation practices and
responsible groundwater management not only threatens the liveli-
hoods of communities dependent on agriculture but also poses a sub-
stantial risk to critical economic sectors, such as transportation and
urban infrastructure.

Over the past six decades, rapid industrial and agricultural de-
velopment, along with a quadrupling population, has largely in-
creased water demand in Iran. Groundwater extraction rates are
now twice the sustainable levels (6), with deep wells contributing to
groundwater depletion. Only half of the country’s groundwater
yield comes from sustainable sources such as springs and Qanats, a
sustainable underground system to transfer groundwater from the
mountain feet to the central parts of Iran. The remaining half is
taken from deep wells, based on data from Iran water resource man-
agement company (https://www.wrm.ir). The country’s irrigation
efficiency is below 35%, with pressurized water used in less than 5%
of irrigated lands (38). To address the groundwater problem, effi-
cient water management policies are crucial, including enforcing
regulations for more efficient irrigation practices and limiting
groundwater pumping. In addition, implementing land-use plan-
ning in agricultural areas, closely monitoring irrigated crops, and
imposing zoning regulations to restrict agricultural activities in
subsidence-prone regions are effective measures to mitigate ground-
water depletion. While some temporary solutions such as water
transfer from the Persian Gulf basin have been implemented, they
do not resolve downstream water scarcity issues and may exacerbate
conflicts between local communities (39).

In conclusion, our study highlights the urgent need for action to
address the critical issue of groundwater depletion in Iran and under-
lines the importance of recognizing the groundwater crisis as a na-
tionwide issue. The use of remote sensing data has provided consistent
results, aiding policymakers and communities in comprehending the
nationwide problem at a fine scale. Addressing the groundwater issue
is an urgent and critical task to secure Iran’s water resources for the

Haghighi and Motagh, Sci. Adv. 10, eadk3039 (2024) 10 May 2024

future and ensure water security for its population and various eco-
nomic sectors.

Note that our analysis has certain limitations due to the assump-
tions made during estimations. First, we estimate subsidence by pro-
jecting satellite line-of-sight measurements into vertical, assuming
that horizontal displacement is negligible. Previous studies indicate
that the primary deformation component in local aquifers, such as
Tehran and Rafsanjan, is vertical (13, 14). Nevertheless, more reliable
estimates can be obtained by using both ascending and descending
geometries. Second, we assume that the observed subsidence is due to
the compression of confined and semiconfined aquifers. Hence, our
estimation cannot provide information about unconfined aquifers.
Combination of our estimations with GRACE observations, which
cannot differentiate between confined and unconfined water loss, will
provide a complete picture of the groundwater situation in Iran.

Another aspect to consider about our results is that our classifica-
tion of subsidence hazard and population density into different class-
es, using Jenks Natural Breaks, is solely based on statistically significant
breakpoints in data distribution. As a result, it does not incorporate
any explicit physical meaning (40). This approach provides an overall
picture of the subsidence hazard and risk across the country. Howev-
er, at local scales, it is necessary to consider geological and geotechni-
cal parameters, which exhibit considerable variability across different
regions, to obtain a more accurate assessment of subsidence risk.

The importance of our research extends beyond Iran’s borders. The
issue of groundwater depletion (41, 42) and land subsidence (43-46)
has become a growing global concern. Two-thirds of the world’s pop-
ulation, spanning various nations and regions, grapple with water
scarcity for at least 1 month a year (47). Consequently, the unsustain-
able utilization of groundwater resources and related subsidence is
not unique to Iran; it resonates as a global challenge (5, 48-54). The
consequences are stark and immediate. Diminishing water tables,
shrinking lakes, and disappearing wetlands are signals of water stress
experienced in numerous parts of the world (55). Extending similar
assessments throughout water-stressed regions can enhance under-
standing of the regional water crisis and facilitate sustainable water
resource management. Moreover, as the use of machine learning and
deep learning becomes more common in studying land subsidence
and groundwater depletion, our data can additionally serve as train-
ing data to improve the reliability of these models (17, 18, 56).

MATERIALS AND METHODS

InSAR processing

This study used Synthetic Aperture Radar (SAR) data from Sentinel-1
satellites acquired in 10 descending tracks from 2014 to 2020 and per-
formed a modified small baseline method (57, 58) to estimate the
time series of surface deformation across Iran. We processed a total of
more than 6000 scenes of data. Figure S1 illustrates the coverage of
different frames of Sentinel-1 across Iran. We obtained the data from
the Alaska Satellite Facility in Single Look Complex (SLC) format. For
each data track, we concatenated all frames acquired on the same date
to form long SLC images covering the country from north to south.
Then, we selected one date in each track as the reference and coregis-
tered and resampled all other images to the reference image.

After that, we formed a network of interferograms, similar to a
small baseline network (57), using an ideal temporal baseline of
60 days, and connected each image to the two images closest to the
ideal baseline. We multilooked the interferograms by factors of 10 X 2
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in image range and azimuth directions, respectively. We used precise
orbital data and Shuttle Radar Topography Mission (SRTM) Digital
Elevation Model (DEM) (59) to remove the geometric and topo-
graphic phase components, respectively. Afterward, we filtered the
interferograms using adaptive filtering and unwrapped them using
the minimum cost flow (60) method. After the unwrapping, we
downsampled the unwrapped interferograms by a factor of 2 X 2,
which corresponds to approximately 100 m by 100 m on the ground.
We conducted the interferometric processing in the GAMMA Soft-
ware (61). Finally, we inverted the network of interferograms to esti-
mate the phase change time series, which are mainly composed of
surface deformation and tropospheric phase delay.

Containing tropospheric phase delay

To obtain surface deformation from the time series, nondeformation
phase changes, particularly from tropospheric phase delay, should be
estimated and removed. Furthermore, in extensive interferograms
such as those used in this study, selecting a unique reference point is
impossible as deformation areas are distributed across different re-
gions. Therefore, we estimate a correction surface for each date that
jointly accounts for tropospheric phase delay and reference area. The
correction surface is empirically calculated by interpolating p; and p,
parameters estimated from 25 km-by-25 km patches using Eq. 1

ey = pr+ phlh; — hf) 1

where h; is the ground elevation of the pixel 4, 4 is the minimum ele-
vation of pixels in patch k, and cj is the correction estimated for the
pixel. The parameter p; accounts for the reference phase and broad-
scale tropospheric phase delay and p, for the stratified tropospheric
phase delays correlated with topography. Estimating parameters for
individual patches allows for considering the spatial variations of the
troposphere, and the parameters are then interpolated to form a con-
tinuous surface. However, any deformation phase biases the estima-
tion of parameters in this method. Therefore, we adopt an iterative
approach to estimate an average velocity and mask out areas with ab-
solute deformation higher than 1 cm/year. After that, we performed a
dilation operation with a kernel size of 9 X 9 to expand the mask areas
to low-magnitude deformation.

Estimating deformation components
To model the subsidence signal, we assume that it consists of a long-
term trend, acceleration, and seasonal variation. We use a quadratic
polynomial and a seasonal component to find the best-fit model for
the time series X(¢) as a function of time .
. 2 2n
X(t) =P, +P,t+ P2+ sm(—t) + cos(—t) +e
() =By + Pt +P5"+Py4 365 Ps 365 (2)
Here, P represents the parameters of the model and ¢ is the model
bias and/or data error. We estimate the amplitude of the seasonal sig-
nal A and its delay 7 as follows

A=1/B,+B; (3)
v= 2 tan " (B, /Bs) @

After calculating different deformation components in each track
of Sentinel-1 data, we project the results from the satellite line-of-sight
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to the vertical direction, assuming that the horizontal component of
deformation is one order of magnitude smaller than the vertical com-
ponent, as reported in other studies (13, 14), and therefore is negligi-
ble. Last, we geocode and mosaic the results to create a nationwide
map for each component.

Pinpointing subsidence zones

Using the nationwide velocity map and several auxiliary data, we could
detect anomalies in InSAR average velocity associated with land subsid-
ence. First, we identified permanent and temporal water bodies using
the Copernicus Global Land Service (24) and eliminated these areas.
Second, as land subsidence primarily occurs in plains with gentle to-
pography variations, we created a mask of areas with slopes larger than
5% using a slope map estimated from SRTM DEM (59). In addition, we
applied an opening operation with a 5 X 5 kernel size to ensure that local
slopes caused by minor topographic variations did not mask relatively
flat areas. Furthermore, we used the United States Geological Survey
earthquake catalog to locate major tectonic events with a magnitude
greater than M5 and excluded them from the subsidence candidates.

Estimating the groundwater loss

We estimate the volume of extracted groundwater using InSAR sub-
sidence measurements as suggested in (62). Subsidence can occur due
to consolidation in unconfined and confined aquifers. However, in
confined aquifers, subsidence is typically more prominent due to
higher compaction of weaker sediments such as clay. For a confined
aquifer system, the change in the volume of water, or the aquifer stor-
age, is directly proportional to the head change Ah

AS=S,bAAR (5)

where b is the aquifer system thickness and A is the area of the aquifer.
Ss is the specific storage corresponding to the volume of water re-
leased from a confined unit-area column of soil and per unit decline
of water level. The specific storage is the sum of skeletal-specific stor-
age, Ssk, due to the compressibility of the aquitard, and water-specific
storage, Ssw, corresponding to the compressibility of water (12). The
latter is typically one to three orders of magnitude smaller, and hence,

we neglect it.
Ss = Ssk (6)

Ssk is related to Ab, the compaction of the aquifer, which is mea-
sured as land subsidence with the following equation

b
bAh

Using Egs. 5 to 7, the volume of extracted groundwater from the
confined aquifer compaction, AS, can be estimated as

AS=AAb

@)

Sgx =

(®)

It should be noted that this estimation is a lower bound value of
groundwater released from confined and semiconfined aquifers due
to consolidation of aquifer matrix. The total amount of groundwater
released from the aquifer might be considerably higher, as the specific
yield can be two to three orders of magnitude larger than the specific
storage.

Subsidence hazard and risk analysis
We estimate the subsidence risk to the population by evaluating the
differential settlement instead of the subsidence magnitude. To this
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end, we utilize angular distortion, , which has been suggested in
previous studies as a critical parameter for determining subsidence
hazard (50).

_ s

P=7

)

The maximum differential subsidence, b, between a point and its
neighboring points, is divided by the distance, L, between them to
obtain the value of angular distortion. Higher values of angular dis-
tortion indicate a higher probability of structural damage. We esti-
mate angular distortion using the average rate of subsidence estimated
by InSAR observations.

We use the population density as a proxy for building density to
estimate the subsidence risk to them. For a regular grid, we assign the
risk level to each pixel based on angular distortion and population
density data. The risk matrix (63) associates different risk classes to
different pixels based on hazards and vulnerability levels, with the
Jenks natural breaks clustering the population density and angular
distortion into three levels (40). We assign the pixels outside the sub-
sidence areas to the very low-risk group. Note that the Jenks natural
breaks method does not incorporate explicit physical meanings or
geotechnical principles into the classification; it rather identifies the
most statistically significant breakpoints in data distribution.

We used both vector and raster population data to analyze the
population distribution in Iran and the impact of land subsidence on
them. We obtained the vector data by extracting the boundaries of the
429 counties in Iran and the 22 districts of Tehran from OpenStreet-
Map. We assigned the population data to each county based on the
2016 Census conducted by the Statistical Centre of Iran, which pro-
vides information on the urban and rural populations. To assign the
population to a 100-m grid, we first applied a built-up area mask from
the Copernicus Global Land Service (24) to exclude non-built-up ar-
eas. We then used the built-up fraction estimation at a spatial resolu-
tion of 100 m as a weight to assign the population of each county to a
100-m grid. Last, we estimated the population density for the ras-
ter data.

Supplementary Materials
This PDF file includes:
Figs. S1to S4
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