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Abstract: Groundwater depletion has become one of the most critical environmental challenges in arid
and semi-arid regions, often leading to irreversible land subsidence and threatening water security,
agricultural productivity, and infrastructure stability. This study investigates the spatiotemporal
relationship between groundwater depletion and land subsidence in western and northwestern Iran by
integrating satellite observations and ground-based measurements. Groundwater storage changes were
evaluated using GRACE satellite data and piezometric observations, while land subsidence was
quantified through Sentinel-1 InSAR time-series analysis. The results indicate a persistent decline in
groundwater storage accompanied by significant land subsidence in several plains. Statistical analyses
reveal a strong positive correlation between groundwater depletion and subsidence, highlighting
excessive groundwater abstraction as the primary driving factor. The findings demonstrate the
effectiveness of integrating multi-source datasets for regional groundwater monitoring and provide
valuable scientific evidence to support sustainable groundwater management and land subsidence
mitigation strategies in groundwater-dependent regions.
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Introduction: Groundwater constitutes the primary source of freshwater for domestic, agricultural, and industrial
sectors in arid and semi-arid regions, where surface water resources are often limited and highly vulnerable to
climatic variability. In Iran, excessive groundwater abstraction, rapid population growth, agricultural expansion,
and prolonged droughts have significantly accelerated groundwater depletion during recent decades.
Consequently, monitoring groundwater depletion and its associated land deformation has become a major concern
for water resources management and sustainable regional development. Recent advances in satellite remote
sensing have considerably enhanced the capability to monitor groundwater variations and land subsidence at
regional and national scales. The GRACE mission has been widely employed to estimate terrestrial water storage
anomalies and groundwater depletion (Rodell et al., 2009; Scanlon et al., 2018), whereas Sentinel-1 Interferometric
Synthetic Aperture Radar (InSAR) provides millimeter-level measurements of ground deformation (Ferretti et al.,
2001; Yao et al., 2022). Previous investigations in Iran have reported significant groundwater decline and land
subsidence in several plains (e.g., Motagh et al., 2008; Emadodin et al., 2020); however, most studies have focused
on individual aquifers or local case studies.

Therefore, this study aims to investigate the spatial and temporal relationship between groundwater depletion and
land subsidence by integrating GRACE observations, Sentinel-1 InSAR data, groundwater monitoring wells, and
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long-term precipitation records. The proposed approach provides a comprehensive assessment of groundwater
storage variations, identifies critical subsidence hotspots, and evaluates the statistical relationship between
groundwater depletion and land deformation to support sustainable groundwater management in western and
northwestern Iran.

Methodology: The study was conducted across twelve provinces in western and northwestern Iran, where
groundwater serves as the principal source of water supply for agricultural, domestic, and industrial activities (Fig.
1). Groundwater storage variations were quantified using monthly GRACE !satellite products, while groundwater
level fluctuations obtained from observation wells were used to validate the satellite-derived estimates. Long-term
precipitation records collected from synoptic meteorological stations were analyzed to investigate climatic controls
on groundwater recharge. The temporal trends of groundwater level and precipitation were evaluated using the
non-parametric Mann—Kendall trend test, and the magnitude of change was estimated using Sen’s slope estimator.
The spatial distribution of groundwater depletion was generated within a Geographic Information System (GIS)
environment (Fig. 2).

Land subsidence was determined through time-series analysis of Sentinel-1 Synthetic Aperture Radar (SAR)
images using the Small Baseline Subset (SBAS-InSAR)? technique. Image preprocessing, co-registration,
interferogram generation, phase filtering, phase unwrapping, atmospheric correction, and geocoding were
sequentially performed to produce annual ground deformation maps (Fig. 3). The spatial and temporal consistency
of the SBAS-InSAR-derived deformation patterns was evaluated against the available ground-based groundwater
observations and the observed spatial distribution of groundwater depletion.

Finally, Pearson correlation analysis and linear regression models were employed to quantify the statistical
relationship between groundwater depletion and land subsidence. The integrated methodology enabled
simultaneous assessment of hydrological variations, climatic conditions, and surface deformation, providing a
comprehensive framework for identifying critical subsidence-prone areas and evaluating the impact of excessive
groundwater abstraction on regional land deformation (Table 1 and Fig. 4).

Results and Discussion: The integrated analysis of satellite observations and ground-based measurements
revealed a persistent decline in groundwater storage across western and northwestern Iran during the study period.
GRACE-derived groundwater storage anomalies and monitoring-well observations indicated a continuous
reduction in groundwater reserves, particularly following prolonged droughts and increased agricultural water
demand. Mann—Kendall analysis confirmed statistically significant declining groundwater trends across most
investigated plains (Table 2), indicating that groundwater abstraction has exceeded natural aquifer recharge. These
findings are consistent with previous studies reporting widespread groundwater depletion in Iran and other arid
regions (Rodell et al., 2009; Scanlon et al., 2018).

Groundwater depletion exhibited substantial spatial variability (Fig. 5), with the most pronounced losses occurring
in intensively cultivated plains characterized by extensive groundwater extraction. Long-term precipitation records
also revealed declining precipitation at most stations, suggesting reduced natural recharge and intensified
groundwater stress. However, the comparison of precipitation and groundwater-storage anomalies indicates that
climatic variability alone cannot explain the observed depletion, highlighting excessive irrigation-related
groundwater withdrawal as the dominant factor.

Sentinel-1 SBAS-InSAR analysis identified several active subsidence zones (Fig. 6), with the highest annual
deformation rates concentrated in heavily exploited agricultural plains. These areas are commonly underlain by
thick, unconsolidated alluvial sediments that are highly susceptible to compaction following groundwater-level
decline. Pearson correlation and regression analyses demonstrated a strong relationship between groundwater
depletion and subsidence rates (Table 3), confirming groundwater decline as the principal driver of regional land
deformation. Nevertheless, variations in sediment compressibility, aquifer thickness, geological conditions, and
pumping intensity contribute to local differences in subsidence magnitude.

Overall, integrating GRACE, Sentinel-1 InSAR, monitoring-well, and precipitation datasets improved the
reliability of regional groundwater and subsidence assessment. This framework enables simultaneous detection of
groundwater depletion and surface deformation and provides an effective basis for identifying subsidence-prone
areas and supporting sustainable groundwater management.

! Gravity Recovery and Climate Experiment
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Conclusion: This study provided a comprehensive assessment of the relationship between groundwater depletion
and land subsidence in western and northwestern Iran by integrating GRACE-derived groundwater storage
anomalies, Sentinel-1 SBAS-InSAR deformation measurements, groundwater monitoring wells, and long-term
precipitation records. The results revealed a strong association between groundwater depletion and land
deformation, indicating that persistent groundwater overexploitation, exacerbated by declining precipitation and
increasing agricultural water demand, is the primary driver of subsidence across the study area. These findings
highlight the urgent need for sustainable groundwater management, including regulating groundwater abstraction,
promoting artificial aquifer recharge, improving irrigation efficiency, and establishing continuous satellite-based
monitoring systems. The integrated framework developed in this study provides a robust basis for assessing aquifer
responses and supporting effective groundwater management and land subsidence mitigation in arid and semi-arid
regions facing similar hydrological and environmental pressures.

© 2024 University of Zabol, Zabol, Iran.
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Table 1 datasets used in this study

SPATIAL /
ROW DATA CATEGORY TIME PERIOD TEMPORAL SOURCE
RESOLUTION
Sentinel-1 SAR March 2016 — December 5%20 m (spatial), 12 .
1 iy 2024 da (el Copernicus Open Hub / ASF
Groundwater Level March 2016 — December =~ 1 cm accurac
2 2024 (= coincident with y Regional Water Authority
Data (manual measurement)
SAR data)
Aquifer st e (sl Iran Water Resources
3 Hydrogeological y y Aquifer (plain) scale Management Company /
. 2011-2021) .
Information Geological Survey of Iran
Digital Elevation : ~
4 Model (DEM) 2000 (static) ~30m USGS / EarthExplorer
5 Meteorological Data 2016-2024 Daily / Monthly Tran Metef)rol.oglcal
Organization
Geological and . . Geological Survey and Mineral
7 Geotechnical Maps Static 1:100,000 scale Explorations of Iran
8 Administrative and Static iastan (Sl National Cartographic Center
Boundary Layers of Iran
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Table 2 Locations of synoptic stations in the study area

ROW STATION NAME LONGITUDE LATITUDE STATION ELEVATION
1 Khoy 44.995278 38.558056 1103.4
2 Urmia 45.055278 37.658611 1328
3 Bonab 46.051667 37.370278 1281
4 Maragheh 46.145833 37.3475 1344
5 Marand 45.766667 38.416667 1550
6 Tabriz 46.2422 38.1219 1361
7 Ahar 47.066667 38.433333 1391
8 Mianeh 47.7 37.45 1110
9 Sarab 47.533333 37.933333 1682

10 Saqqez 46311111 36.221667 1522.8
11 Takab 47.098611 36.395556 1817.2
12 Zanjan 48.5217 36.6603 1640.7
13 Khodabandeh 48.589167 36.143889 1887
14 Sanandaj 47.014722 35.254444 1373.4
15 Zarrineh 46.916667 36.066667 2143
16 Hamadan 48.534722 34.869444 1740.8
17 Javanrud 46.5 34.766667 1375
18 Tlam 46.397778 33.587778 1337
19 Kermanshah 47.153333 34.352222 1318.5
20 Borujerd 48.7575 33.915 1629
21 Malayer 48.856944 34.249167 1776.5
22 Saveh 50.374444 35.08 1111.6
23 Dorud 49.004444 33.523611 15223
24 Khorramabad 48.283611 33.438889 1147.8
25 Aligudarz 49.7025 33.4081 2022.1
26 Arak 49.783333 34.071944 1702.8
27 Dehloran 47.281111 32.680556 232
28 Poldokhtar 47.719167 33.154444 713.5
29 Izeh 49.854444 31.8475 767
30 Koohrang 50.125 32.456944 2365
31 Masjed Soleyman 49.240833 31.983333 320.5
32 Dezful 48.433056 32.253333 82.9
33 Abadan 48.214722 30.377222 6.6
34 Ahvaz 48.7442 31.3442 225
35 Borujen 51.298889 31.978889 2260
36 Shahrekord 50.839444 32.292222 2050
37 Behbahan 50.217222 30.605556 313
38 Yasuj 51.555 30.698611 1816.3
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Table 3 Annual Changes in Liquid Water Equivalent (LWE) Thickness in Western and Northwestern Iran: Mean Values of
the CSR, GFZ, and JPL Solutions

Year Annual Average (cm) Minimum (month) Maximum (month)  Decline vs. Previous Year
2005 -2.8 -3.5 (Aug) -1.8 (Mar) -
2006 -4.9 -6.1 (Jul) -3.5 (Apr) -2.1
2007 -7.7 -9.4 (Aug) -6.0 (Mar) -2.8
2008 -10.8 -13.0 (Jul) -8.3 (Mar) -3.1
2009 -14.3 -17.9 (Aug) -11.0 (Apr) -3.5
2010 -17.8 -21.2 (Jul) -14.1 (Mar) -3.5
2011 -21.5 -25.1 (Aug) -17.8 (Mar) -3.7
2012 -24.9 -29.0 (Jul) -21.0 (Apr) -3.4
2013 -27.8 -31.2 (Aug) -24.4 (Mar) -2.9
2014 -30.1 -34.8 (Jul) -26.7 (Mar) 2.3
2015 -32.9 -37.4 (Aug) -28.5 (Apr) -2.8
2016 -35.3 -39.1 (Jul) -30.8 (Mar) -2.4
2017 -37.5 -41.2 (Aug) -33.0 (Mar) 2.2
2018 -39.8 -43.7 (Jul) -35.2 (Apr) -2.3
2019 -41.8 -46.3 (Aug) -37.9 (Mar) -2.0
2020 -43.6 -48.1 (Jul) -39.2 (Mar) -1.8
2021 -45.6 -50.4 (Aug) -41.7 (Mar) -2.0
2022 -47.7 -52.5 (Jul) -43.0 (Apr) -2.1
2023 -50.0 -55.3 (Aug) -45.4 (Mar) -2.3
2024 -52.2 -57.9 (Jul) -47.7 (Mar) -2.2

Yord-YoVY Gl oy g oyd Jlos dihaie ;0 LWE) Ol Jolae culbes ailale (55 F Joua
Table 4 Monthly Mean Liquid Water Equivalent (LWE) Thickness in Western and Northwestern Iran (2005-2024)

Month  Mean LWE (cm) Standard Deviation Minimum Value  Maximum Value  Monthly Trend (cm/yr)

Jan -26.8 -14.6 -46.7 -6.5 -2.31
Feb -28.1 -15.2 -48.9 -7.1 -2.42
Mar -29.1 -15.8 -50.5 -8.0 -2.51
Apr -30.8 -16.4 -52.1 -9.9 -2.64
May -32.3 -17.2 -54.9 -12.1 -2.78
Jun -35.5 -18.1 -58.2 -14.5 -2.87
Jul -38.9 -19.2 -62.6 -17.2 -2.95
Aug -40.1 -20.8 -64.8 -18.3 -2.99
Sep -37.8 -19.5 -60.0 -16.5 -2.89
Oct -34.9 -18.8 -56.3 -14.8 -2.75
Nov -31.7 -17.3 -53.5 -12.1 -2.59
Dec -28.9 -15.9 -49.2 -9.7 -2.45

had aods - (Y- 0-Y-VF) wlalo wig, Judow & Jyu
Table 5 Monthly Trend Analysis (2005-2024): Seasonal Summary

Parameter Winter (Dec—Feb) Spring (Mar—May) Summer (Jun—Aug)  Autumn (Sep—Nov)
Mean LWE (cm) -28.3 -30.4 -38.8 -34.8
Annual Decline Rate 239 264 294 274
(cm/yr)
Amplitude of Fluctuation 15.2 17.1 208 18.6
(cm)
Maximum Decline Dec: -2.45 May: -2.78 Aug: -2.99 Sep: -2.89
Minimum Decline Jan: -2.31 Mar: -2.51 Jun: -2.87 Nov: -2.59

VO
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Table 6 Seasonal Analysis of Liquid Water Equivalent (LWE) Thickness Variations in Western and Northwestern Iran
(2005-2024)

Seasonal

Seasonal

Cumulative

Mean Decline Seasonal Fluctuation Seasonal Contribution Status
Season Months LWE Trend . . to Total Relative to
(cm) Rate (R?) Amplitude Decline Decline (%) Mean
(cm/yr) (cm) (cm) °
Winter Dec, 53 239 -0.974 40.2 -47.8 22 Best condition
Jan, Feb
Mar, Intensification
Spring Apr, 304  -2.64 -0.978 42.6 -52.9 25 ensthicatio
begins
May
Summer TUJul 34 2.94 -0.982 48.8 -68.8 32 Wi
Aug condition
Sep, .
Autumn  Oct,  -34.8 2.74 10.979 44.1 -58.8 27 _ Relative
1mprovement
Nov
Mean / sl 333 2.68 -0.978 44.9 2143 100 -
Total Year
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Table 7 Annual Analysis of Liquid Water Equivalent (LWE) Thickness Variations in Western and Northwestern Iran (2005—

2024)
Annual Decline vs. g’;:;;:i Flﬁ Zt:l:l:l‘tlilon Lost Water
Year Mean Previous Annual Trend , Volume Year Status
LWE (cm)  Year (cm) Rate Amplitude (km?)
(cm/yr) (cm)
2005 -10.8 - 2.2 Onset of decline 13.1 1.1 Moderate
2006 -13.7 -2.9 24 Intensification 14.6 1.5 Worsening
2007 -17.1 -3.4 2.7 Acceleration 17.3 2.0 Deteriorating
2008 -21.8 4.7 2.9 Critical 20.0 2.5 Crisis
2009 -26.5 -4.7 32 Peak decline 23.9 3.0 Severe crisis
2010 -30.3 -3.8 3.0 Persistence 27.1 3.6 Ongoing crisis
2011 338 3.5 2.8 Slope reduction 29.6 4.1  Relative
improvement
2012 -36.5 -2.7 2.6 Improvement 31.5 4.5 Stable
203 -39.1 2.6 2.4 Stabilization 33.0 4.9 Relative
stabilization
2014 416 25 23 Trend 34.9 53 Continuing
continuation
2015 -43.9 23 23 _ Renewed 36.8 5.7 Worsening
intensification
2016 -46.0 -2.1 2.3 Stability 38.4 6.1 Stable
2017 -47.7 -1.7 2.1 Slope reduction 40.0 6.4 Improvement
2018 No data - - - - - -
2019 -50.2 -2.5% 24 Return to decline 42.8 6.9 Intensification
2020 -52.4 2.2 2.3 Continuation 44.6 73 Ongoing
2021 -549 2.5 24 Persistence 47.1 738 Continued
2022 -57.5 -2.6 23 Stable 49.5 8.2 Stable
2023 -60.1 -2.6 24 Intensification 52.2 8.7 Worsening
2024 622 2.1 2.4 New peak 54.8 9.2 Worst
condition
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Table 8 Comparison of the CSR, GFZ, and JPL Processing Solutions for Western and Northwestern Iran

Model Mean LWE (cm) Standard Deviation Difference from Mean
CSR | -37.9 -15.6 +0.3
GFZ | -37.8 -16.2 0.2
JPL | 37.7 -15.8 +0.4
Mean -37.8 -15.2 -
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Table 9 Seasonal Comparison of Satellite and Ground-Based Data

Season  Satellite Data (Decline Rate)  Ground-Based Data (Decline Rate)  Difference  Correlation (R)

Winter -2.39 cm/yr -1.85 cm/yr -0.54 +0.89
Spring -2.64 cm/yr -2.15 cm/yr -0.49 +0.91
Summer -2.94 cm/yr -2.40 cm/yr -0.54 +0.94
Autumn -2.74 cm/yr -2.20 cm/yr -0.54 +0.90

(8 ywogiym ol aladi Y+ +) o) 9 GRACE (slo,lgale sboools anslin Sl Ve Jous
Table 10 Evaluation of the GRACE Satellite Data Against Ground-Based Observations (100 Piezometric Wells)

.. . Satellite Data Ground-Based Data Absolute .o
Statistical Indicator (GRACE) (100 Points) Difference Significance Level
. . P> 0.05 (not
Cumulative Decline L
2005-2024 -49.4 cm -49.4 cm 0.0 sFatlstlcally
significant)
Mean Annual Decline 22,68 cmlyr 22,06 cm/yr 0.62 P< 0.95 (statlstlcally
Rate significant)
Maxzmum. Decline Lake Urmia Basin Lake Urmia Basin Spatial agreement -
(Region)
Minimum Decline Kohgiluyeh and Kohgiluyeh and Spatial agreement )
(Region) Boyer-Ahmad Boyer-Ahmad P &
Pearson Correlation
Coefficient (R) - +0.94 - P <0.001
Coefficient of -0.85 to -0.92 (point-
Determination (R?) -0.978 (seasonal) based) -0.07 P<0.01
Standard Deviation . .
(2024) -15.2 cm -3.6 cm (100 points) -11.6 Different data nature
Maximum Inter-Model 0.7 em ) ) )
Difference ’
Lost Water Volume 36.3 km? 39.3 km? 0.0 -

ibte 5 Caniis b Lol Slopgls 1) Jgar

Table 11 Major Land Subsidence Hotspots in the Study
Regvince \ _ Area
Kurdigjtan-TTamaday Plain

.~ Maximum  Annual

g Plain Province Subsidence Rate
. ~s (cm) (mm/yr)
1 thcllava Hamadan 35 438
= Bukal glain
o Kerman oy manshah 32 40.0
£ shah
3 Hamada oy adan 2.1 263
& n—Bahar
£ 4 Sanj}nda Kurdistan 1.2 15.0
5 Ardabil  Ardabil 0.9 11.3
£ . East
i 6 Tabriz Azerbaijan 0.8 10.0

o . West
2 | B The same studicd plains
EE D::M“ml ;u':m::rlies Plafns of West A and Eagt A 7 Urmia Azerbaijan 0.7 8.8
i 0 95 190 380K 8 Zanj an Zanjan 0.6 7.5
45°30'0" K 47°2000" K 49°10"0"E = S1°0'0"E

Fig. 6 Study Areas
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Fig. 7 Regional Land Subsidence Map
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Table 12 Correlation Between Groundwater Depletion and Land Subsidence
., Correlation  Coefficient of  Significance . .
Row At;aly SIS Data Used Coefficient  Determination Level (P- Rela;t onship I"’e.’
ype R) (R?) value) ype pretation
Subsidence .
rate (InSAR) Dlregt an;il
Spatial at 100 points x exceptionally
Correlation Cumulative Strppg stfong .
1 . . +0.92 0.85 <0.001 positive relationship
(Point- decline of .
. . linear between the
Based) piezometric two
wells (same h
200 points) phenomena
Subsidence
rate (InSAR)
Spatial in 8 major
Correlation plains x Strppg C"“ﬁ?‘ns
2 . . +0.89 0.79 <0.001 positive correlation at
(Plain-to- Cumulative i ional scal
Plain) GRACE inear regional scale
decline in the
same plains
Monthly
subsidence
series Positive Subsidence
Temporal (Ghahavand linear with responds to
3 Correlation plain) x +0.86 0.74 <0.001 1-2 month water decline
(Time Series) Monthly la with short
GRACE water & delay
level series
20162024
Mean summer Strongest
Seasonal subsidence Very strong correlation
. rate x Mean .. during peak
4 Correlation +0.94 0.88 <0.001 positive .
(Summer) summer water lincar withdrawal
decline season
(GRACE) (summer)
Mean winter
Seasonal rsal:le)sxld&n;en Strong Correlation
5 Correlation . +0.89 0.79 <0.01 positive stable across
(Winter) Wlléteecrlxzter linear all seasons
(GRACE)
Subsidence
Correlation ra}t;, (InSAR) . Moderate Drought
6 with cereasing +0.74 0.55 <0.01 positive exacerbates
Precipitation precipitation linear subsidence
trend (Mann—
Kendall)
Subsidence Acricultural
Correlation  rate (InSAR) x Strong greu .uri
7 withWell  Agricultural +0.78 0.61 <0.001 positive 20V IS e,
Density well density linear m;ﬁ;gg;fseo
(wells/km?)
Subsidence For every 10
Linear rate (mm/yr) = cm of annual
Regression a+fx _ decline,
8 (Quantitative  (Groundwater . 0.83 <0.001 p=043 subsidence
Model) decline rate) rate increases
(cm/yr) by 4.3 mm/yr
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GRACE data High
GGr EQEED\;:& x Data from Very strong reliability of
9 Correlation 200 +0.94 0.88 <0.001 positive both
R iezometric linear monitorin
(Valkdhics) b wells methodsg
Mean water Groundwater
Paired t-test (11 %%1 g (r)r(l))l « Significant iiﬂézxiﬁgt
10 (Two-Period ’ t=18.7 <0.0001 difference at
Comparison) Mean water 99.9% level results from
level 2024 ’ structural
(1250.6 m) factors
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5- List of Symbols

MK Mann-Kendall

SBAS Small Baseline Subset

PSInSAR Persistent Scatterer InNSAR
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