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Abstract

Groundwater is considered as the primary source of drinking and agricultural supply for most residents in Mecca region.
However, data indicates that groundwater restore is substantially lower than the consumption rate, which results in a
reduction in the quality of water and decline in groundwater levels. This, in turn, has resulted in surface subsidence, causing
problems in infrastructure. The main aim of this research is to assess the correlation between groundwater dynamics and
surface subsidence in the Mecca region using time-series SAR imagery. So, time series maps of land subsidence, along
with the spatial distribution of long-term subsidence from 2016 to 2025, were generated. The results indicate that the basin
experienced an average deformation velocity of less than 4 cm/year, with maximum subsidence reaching 15.2 cm in highly
compressible soils. The analysis further shows that land subsidence generally increases with higher groundwater extraction
rates. However, only two soil types (the Abbasah Formation and the diorite—pyroxenite unit) exhibited a substantial positive
correlation between groundwater flow rate and subsidence (R? = 0.67). Quantitative analysis of the correlation helps water
managers to take the necessary actions, such as identifying crop types, and irrigation methods, to preserve and sustain the
Kingdom's water resources.

Keywords: Groundwater; SAR Imagery; Land Subsidence; Correlation; Mecca Region.

1. Introduction

Groundwater represents the largest global reservoir, as it contains over 98% of the world’s available freshwater [1,
2]. It is essential for irrigation and drinking. However, over-exploration of groundwater can cause different
environmental issues, like compaction of highly compressible soils [3, 4], which leads to land subsidence that is
dangerous to human settlements, natural terrains, and groundwater sustainability in the long run. Land subsidence is a
geological phenomenon that has environmental effects caused by the compaction and consolidation of underground soil
layers, either through natural processes or human activities, consequently causing a reduction in the Earth’s surface
height [5]. With the acceleration of urbanization, land subsidence has emerged as a pressing global environmental
problem. Extensive human-driven groundwater extraction caused severe land subsidence in many regions worldwide
[2, 6-8]. Groundwater extraction in arid and semi-arid regions is more than a critical issue, where it often represents the
main source of water for domestic, industrial, and agricultural.

Wadi Nu'man, located in the Mecca region in Saudi Arabia, holds significant hydrological importance, serving as a
key source of agricultural water and domestic supply for the Makkah region [9, 10]. This area is undergoing rapid urban
expansion in the main valley and its tributaries, with new residential zones emerging in recent years [11]. Residents of
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Wadi Nu'man and the surrounding communities depend primarily on groundwater for drinking and agricultural
activities. However, current data indicates that groundwater recharge is considerably lower than the rate of extraction
[12], leading to declining water levels and deteriorating water quality. These changes adversely affect both domestic
and agricultural uses. Therefore, the region urgently requires not only a comprehensive water management and
monitoring system, along with measures such as regulating crop types, optimizing irrigation methods, and managing
cultivated areas, but also a way to accurately monitor the spatial and temporal vertical deformation associated with the
over extraction of groundwater to ensure the long-term sustainability of water resources.

Traditional ground-based methods—such as triangulation and geodetic leveling—can deliver highly accurate
measurements but are limited by sparse and unevenly distributed observation points, which hampers their effectiveness
in capturing the regional patterns of land subsidence [6]. Recent technological developments in remote sensing, notably
synthetic aperture radar (SAR), offer a rich suite of tools to detect time-dependent surface deformation up to millimeter-
level accuracy [13-17]. Particularly interferometric synthetic aperture radar (INSAR), a significant branch of radar
technology, has become indispensable for surface deformation monitoring because of its wide advantages, including
wide coverage, the capability to monitor all-weather and during all-day [18], remarkable precision [19], and its
applications across various fields [20-23]. Time-series INSAR was developed to overcome limitations of interferometric
phase measurements, like spatial-temporal decorrelation and atmospheric delays [24, 25]. This makes it a preferred
technique for land subsidence monitoring and has led to its widespread application [26, 27].

The INSAR interferometric phase consists of several components, including deformation, topographic, atmospheric,
and noise-related phases. Therefore, extracting meaningful signals from the interferometric phase is very challenging
[28]. One of the main approaches utilized to identify deformation signals is independent component analysis (ICA),
which was introduced into INSAR research early in 2002 by Inglada & Adragna [29]. The advantages of ICA in
extracting atmospheric artifacts and topographic residuals away from deformation components were demonstrated by
Ballatore in 2006 [30]. Persistent Scatterer Interferometry SAR (PS-InSAR) is an advanced InSAR technique to monitor
and analyze earth surface displacement with time series analysis with high accuracy [31]. Many researchers have applied
deep learning to the field of INSAR phase filtering. For instance, MCR-PFNet, a novel InSAR interferometric phase
filtering method based on deep learning, was presented by Wang et al. (2025) for complex noise and large gradient
deformations [32]. Also, an optimal feature-based InSAR phase filtering framework using a convolutional neural
network and mathematical morphology was presented in 2026 by Hamed et al. [33].

Different scholars have investigated the correlation between land subsidence and groundwater [18, 34-43]. For
example, Chaussard et al. (2017), in their study about Santa Clara Valley in California, utilized ICA to analyze surface
deformation [44]. In 2022, Lucknow Municipal Corporation region, the changes in groundwater levels were estimated
by Awasthi et al. [45]. Some scholars investigated the hydraulic movement associated with groundwater extraction and
its crucial role in explaining how aquifer systems can respond to the change in stresses and result in land subsidence
[46-49]. For instance, the over-extraction of groundwater from the second confined aquifer in the Beijing Plain was the
main factor of land subsidence there [46, 50]. In fact, over-exploration of groundwater results in a reduction in pore
water pressure, which in turn leads to an increase in effective stress that causes soil compaction and land subsidence
[51-53]. Akitaya and Aichi, in their research on aquifer system deformation, emphasized that trend-type subsidence
consists of two components. The first is the transient responses that synchronize the changes in groundwater levels,
whereas the second is independent from water level changes and comes from accumulated historical deformation
residuals [54].

Despite the growing body of literature on SAR technologies and applications as well as in land subsidence in various
urban and agricultural regions worldwide, limited research has investigated the spatiotemporal relationship between
groundwater depletion and surface deformation in arid environments of western Saudi Arabia, particularly within the
Wadi Nu’man Basin. Therefore, this study aims to address this research gap by integrating long-term Sentinel-1 time-
series INSAR analysis with geological information and groundwater observations to evaluate subsidence dynamics
within the study area. Therefore, the main objectives of this research are to analyze temporal variations in groundwater
levels in the Mecca region, detect and quantify land surface subsidence using time-series SAR data, evaluate the spatial
and temporal correlations between groundwater depletion and surface deformation, and identify high-risk zones where
subsidence is closely associated with groundwater extraction.

The contributions of this research can be summarized as the following:
o Production of time-series maps of surface deformation and groundwater fluctuations in the Mecca region.

o Providing clear visual and analytical insights into subsurface and environmental dynamics related to different soil
types.
o Identifying high-risk zones related to groundwater extraction and land subsidence.

The findings of this research will support more effective urban planning and groundwater management strategies,
contributing to sustainable development goals in accordance with Saudi Arabia’s Vision 2030 [55].

This paper begins by providing a brief introduction to the study, followed by a description of the methodology in
Section 2. Then, the obtained results are presented in Section 3, where Section 4 discusses the obtained results,
limitations, and future work. Finally, Section 5 displays the conclusions of this study.
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2. Materials and Methods
2.1. Study Area

As shown in Figure 1, the Wadi Nu'man basin is located in the Mecca region, Saudi Arabia, and spans between the
latitudes of 21°10°32.31” and 21°28°28.76” North and longitudes of 40°09°09.62” and 40°09°’46.17” East. The
surroundings of the basin are Wadi Al-Bagidi in the north, the heights of Al-Hada in the East, in the West Red Sea and
Wadi Malkan is considered the southern boundary. Wadi Nu'man consists of eleven subbasins, which are Wadi
Muyjireish, Wadi Nu’man, Wadi Zubaydah, Wadi Ash Shadqa, Wadi Ash Shara, Wadi Tiftifan, Wadi Ya’ruj, Wadi Alaq,
Wadi Tinaamah, Wadi Rahjan, and Wadi Arar. The most important characteristics of Wadi Nu'man subbasins are
presented in Table 1. The Wadi Nu'man basin is characterized by distinctive natural features resulting from its
mountainous terrain and extensive area. These features include varying elevations, slopes, and numerous small sub-
basins. The basin also forms an extension of the residential and agricultural expansion of the city of Mecca. It has a
ruggedness ratio of approximately 0.61, the elevation above sea level ranging from 350 to 2,500 meters. Its hydrological
characteristics make it the eastern watershed of Mecca, classified at the sixth watershed level. Figure 2 shows the digital
elevation model (DEM) along with the morphological characteristics of the basin.
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Figure 1. Location of Wadi Nu’man area

Table 1. The most important characteristics of Wadi Nu’man subbasins

Area Depth of ground water table (m)  Rate of flow of water (m*/day)

Basin Name km?
(km?  Min. Mean Max. SD Min. Mean Max. SD

Wadi Mujireish 172.96 0.04 3512 6572 586 029 97.04 786.69 55.85
Wadi Nu’man 50.69 0.00 1879 4556 1250 0.01 13825 1062.17 78.29
Wadi Zubaydah 20.04 0.00 18.68 5442 1171 804 20244 72249 139.97
Wadi Ash Shadga 16.27 1718 2208 2797 120 158 10276 172.03 37.90
Wadi Ash Shara 25.53 1582 2044 2211 052 870 14527 17538 2155

Wadi Tiftifan 27.45 0.04 1823 2870 337 2367 200.12 470.90 4559
Wadi Ya’ruj 59.87 055 2204 3673 636 119 207.34 357.96 66.14
Wadi Alag 62.73 0.34 2856 4228 9.06 248 121.83 352.09 84.87
Wadi Tinaamah 30.39 013 2637 6980 877 096 286.51 550.23 96.24
Wadi Rahjan 152.52 1.08 3364 5368 603 014 66.18 32368 53.71
Wadi Arar 63.84 0.02 1860 50.71 9.76  0.07 12337 77521 131.14
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Figure 2. The morphological characteristics of the study area: (a) DEM; (b) the order of streams

Rainfall is considered as the primary source of groundwater replenishment in Wadi Nu'man basin, where rainwater
infiltrates through cracks and fissures in the rocks to reach the aquifer, helping to offset daily withdrawals. Rainfall in
the basin exhibits significant variability in both amount and timing and often occurs abruptly, leading to flash floods,
particularly in rugged areas. The average annual rainfall in highland and lowland areas ranges between 300 mm/yr and
200 mm/yr respectively [53].

Figure 3 illustrates groundwater levels and daily withdrawal rate. Geologically, Wadi Nu'man lies within the
Makkah Quadrangle and is underlain by Cambrian plutonic rocks. The area also contains volcanic formations dating
to the Tertiary period, along with clastic deposits associated with the Quaternary period. These sediments overlie
the wadis and create favorable conditions for the formation of unconfined aquifers. The geological map of the study
area is presented in Figure 4. It is noteworthy that these rock types can influence groundwater characteristics, as
prolonged interaction between water and the surrounding rocks may gradually increase the salinity of the
groundwater.
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Figure 3. Hydrological information of Wadi Nu'man basin: (a) groundwater levels; (b) daily withdrawal rate
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Figure 4. The geological map of Wadi Nu'man basin

The reasons behind the selection of Wadi Nu’man region for this study are: first, Wadi Nu’man represents one of
the most groundwater-dependent basins in the Mecca, where groundwater supports both agricultural and domestic
activities. Second, Wadi Nu’man area has experienced increasing urban expansion and intensive groundwater
exploitation, which may contribute to land subsidence and surface deformation. Third, the availability of Sentinel-1
SAR data and groundwater observations, combined with the basin’s geological and hydrological complexity, makes
Wadi Nu’man a suitable case study for investigating groundwater—subsidence interactions using time-series InNSAR
analysis.

2.2. Research Data Collection

Data used in this research were collected from different sources including remote sensing imagery, field data and
reports from ministry of water and electricity, Saudi Arabia. Regarding remote sensing data, this study utilizes the C-
band SAR data from Sentinel-1 A, B satellites with approximately wavelength A = 5.6 cm. These data are downloadable
free of charge from the European Space Agency (ESA) [56, 57]. Dataset collection consists of five pairs of SAR images,
Levell interferometric Wide (IW) Single Look Complex (SLC) data, acquired from August 2015 until July 2025 as
shown in Table 2. In addition to ALOS DEM model of a 12.5 m spatial resolution that was downloaded free from United
States Geological Survey Site (USGS) site [58]. The selection of image pairs suitable for conducting interferograms
were identified thanks to the Interferometry Baseline Tool Published by Alaska Satellite Facility (ASF), University of
Alaska Fairbanks (UAF) [59].

Table 2. Detail information of Sentinel-1 images used

Type Date Mission Track Orbit b_temp (days) b_perp (m) Coherence
Master 20 August 2016 Sentinel- 1A 14 12686 0 0 1
Slave 08 October 2017  Sentinel- 1B 14 7740 414 1 0.817
Master 25 May 2017 Sentinel- 1B 14 5815 0 0 1
Slave 30 July 2019 Sentinel- 1B 14 17365 792 0 0.768
Master 30 July 2019 Sentinel- 1B 14 17365 0 0 1
Slave 25 June 2021 Sentinel- 1B 14 27515 696 1 0.772
Master 07 July 2021 Sentinel- 1B 14 27690 0 0 1
Slave 08 August 2023 Sentinel- 1A 14 49786 762 8 0.758
Master 22 May 2024 Sentinel- 1A 14 53986 0 0 1
Slave 28 July 2025 Sentinel- 1C 14 2985 402 5 0.788
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2.3. Interferometry and Interferogram formation

The raw data of radar imagery consists of two components which are: the phase information and the amplitude of
the signal. When the aim is to find the change in the relief of a certain area, almost the phase is considered as the valuable
source of information. Measuring the phase is considered as the primary step in the so-called interferometry Radar
technique. The main concept lies in using radar images of different periods or from different orbits to detect any variation
in altitude in the terrain. The distance between the two orbits in the plane perpendicular to the orbit is called the
interferometer baseline where the perpendicular baseline (Bn) is the projection of the baseline perpendicular to the slant
range as depicted in Figure 5. When relative positions of points on the ground surface slightly change in the time lag
between the two SAR images, from orbit 1 and orbit 2, the interferometric phase (A¢), can be calculated as Equation 1.

Orbit 1

Ellipsoid

Figure 5. Differential SAR interferometry [55]
4
Ap = (AR) 1)

where, AR represents the relative displacement on the slant range direction

The interferogram is generated by multiplying the complex values of the master image with the complex conjugate
of a slave one. This process effectively averages the amplitudes of the corresponding pixels and computes the phase
difference at each location. In INSAR applications, the perpendicular baseline plays a critical role. When the objective
is to estimate terrain height, the altitude of ambiguity (ha) donates to the difference in height that produces a 27 phase
shift after flattening of the interferogram is particularly important. It is inversely proportional to the perpendicular
baseline as seen in Equation 2. As perpendicular baseline increases the sensitivity of the interferometric phase to
topography increases, whereas a smaller perpendicular baseline enhances its sensitivity to surface deformation.

ARsinf
a = 2B (2)

where, 0 represents the incident angle, and B, is the perpendicular baseline.

Differential interferometry allows for the measurement of centimeter-scale changes in elevation within a given
terrain. The basic concept involves using images from different periods to detect any changes in elevation. Technically,
this is achieved by subtracting two interferograms, one obtained before and one after the event that caused the three-
dimensional change. After subtraction, the remaining fringes represent the magnitude of the elevation change
experienced by the terrain. The interferometric phase (¢;,;) is the sum of contributions from several factors, and the
following equation can express this:

¢int = ¢displ + ¢t0po + ¢E + ¢atm + ¢noise (3)

where, ¢, represents the phase due to surface displacement, ¢,,,, refers to the phase caused by local topography,
¢ is the phase produced by a surface of constant elevation or orbital phase, ¢, denotes the phase components due to
the variation of atmospheric conditions, and ¢, includes all the phase noise contributions that corrupt the
interferometric SAR signal.
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The principle of differential interferometric is to separate the topographic phase and displacement in an
interferogram. The first one has to be completely removed to identify the displacement. The accuracy of surface
displacement measurements greatly depends on the quality of the differential interferometric phase. Here, five
deferential interferograms were generated to estimate the displacement happens during the time between the dates of
those images.

2.4. Land Subsidence Estimation

The SAR data were processed using Sentinel Application Platform SNAP. It is an Eesa opensource software for
scientific exploitation of earth observations. The interferometric processing chain consists of several key steps. The first
step involves applying the orbit files to update the Sentinel-1 images with precise satellite position and velocity
information, which becomes available a few days after acquisition. The second step is the co-registration of the two
Sentinel-1 images, ensuring that each ground target aligns with the same pixel in both the master and slave images in
range and azimuth. This process includes Back Geocoding and Enhanced Spectral Diversity, both of which help achieve
precise co-registration. Then the next step is interferogram generation, followed by the De-burst operation to remove
gaps between bursts. Multi looking is then applied to reduce speckles and improve image interpretability, where multi-
looking factors of 4 looks in range and 1 look in azimuth were applied. To further reduce phase noise, a Goldstein phase
filter is applied using a 32 x 32 window size and coherence threshold of 0.3. For phase unwrapping, the intermediate
product is exported to the SNAPHU tool and then re-imported to SNAP for converting wrapped phase values into
apparent displacement. Lastly, the step of terrain correction where the displacement map is corrected using the Range—
Doppler Terrain Correction tool. The flowchart for the methodology applied is presented in Figure 6.

Sentinel-1 IW SLC image _u _ .
! images Digital Elevation Model (DEM)
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Figure 6. Flowchart for the methodology applied
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2.5. Correlation Analysis

The relationship between the rate of flow, land subsidence, and the soil type were investigated in this study. Pearson
correlation, one of the approaches broadly used to identify the relationships among variables, is used to quantify the
temporal relationship between studied variables. The Pearson correlation coefficient (p) measures the correlation
between two variables, x and y.

i XiYi oy o
py =2 ©
i oy X 0y

where, n represents the number of observations. Mean value of x and y are represented by X and y respectively.
Similarly, o,and o,, represent the standard deviation of the two variables, x and y respectively. The coefficient 7,
ranges from -1 to +1. We utilized it to establish linear relations between rate of flow of groundwater from wells and the
total land subsidence through the period of study.

3. Results
3.1. Land Deformation Monitoring

Starting from August 2016 and applying the methodology presented in section 2.4., cumulative subsidence of the
study area was calculated for August 2016 to October 2017, May 2017 to July 2019, also from July 2019 to June 2021,
then from July 2021 to August 2023, and finally from May 2024 to July 2025. Both the coherence and interferometric
phase bands are included in the debursted interferograms. The difference in phase between the two images is pictured
in the second band that appears to be as a spatially continuous image after the debursting process. Then the next step is
the creation of the differential interferogram, in which the topographic phase is removed to isolate the deformation
signal, as shown in the figure below. Figure 7-a illustrates the difference in the phase after eliminating the topographic
component from the VV-polarized interferogram generated from the 2016 and 2017 image pair. The phase was then
unwrapped using SNAPHU, producing a displacement map in centimeters along the line-of-sight (LOS). Finally, is the
step of projecting the displacement via the terrain correction tool, as shown in Figure 7-b.
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Figure 7. Land subsidence 2016 to 2017: (a) Phase difference after eliminating the topography from the VV-polarized
interferogram; (b) Displacement in Wadi Nu'man basin 2016 to 2017

The displacements occurred in the study area during the different periods are depicted in Figure 8 whereas Table
3 summarizes the descriptive statistics of the land subsidence. The total subsidence of Wadi Nu'man basin (August
2016 —July 2025) estimated based on the proposed methodology is shown in Figure 9. It was noticed that the
maximum value of subsidence reached 152.42 mm which indicates that there was a significant deformation
occurring in the study area.
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Figure 8. Displacement in Wadi Nu'man basin: (a) From May 2017 to July 2019; (b) From July 2019 to June 2021; (c) From
July 2021 to August 2023; (d) From May 2024 to July 2025

Table 3. Descriptive statistics of land subsidence through the studied periods

Period Minimum Mean Maximum S.D Median ~ Skewness  Kurtosis NMAD
2015-2017 0.001 3.029 7.093 1.345 2.897 0.246 -0.431 1.385
2017-2019 0.002 1.743 4.469 0.834 1.828 -0.142 -0.626 0.836
2019-2021 0.000 3.700 9.194 1.784 4.012 -0.316 -0.788 1.905
2021-2023 0.000 1.637 7.152 1.217 1431 1.023 1.104 1.182
2023-2025 0.000 1.806 5.165 0.834 1.814 0.137 -0.084 0.785
2015-2025 0.003 5.846 15.242 1.752 6.031 -0.308 0.641 1.617

The descriptive statistics provide deeper insight into temporal fluctuations in the deformation, the standard deviation
value ranges between 0.834 to 1.784 that reflects a spatial heterogeneity in subsidence behavior. The maximum recorded
displacement reached 91.94 mm (2019-2021) with mean value of 37.0 mm; this makes this period have the highest
deformation. The subsidence distribution alternates between being right- and left-skewed across the years, Kurtosis
values close to zero suggest that most distributions are relatively balanced spread of deformation values, and Normalized

Median Absolute Deviation (NMAD) values confirm that the results are statistically consistent.
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Figure 9. The cumulative land subsidence of Wadi Nu'man basin (August 2016 —July 2025)

Figure 9 demonstrates progressive land subsidence over nearly a decade, with certain zones exhibiting significantly
greater displacement, especially in low-lying areas. The violin plot in Figure 10 illustrates the distribution and density
of subsidence values across the different time intervals. The figure clearly shows a consistent central clustering of
deformation values in all intervals, along with wider tails in some periods, indicating localized pockets of extreme
subsidence. Additionally, the presence of multimodal patterns in certain intervals reflects the spatial variability of

vertical deformation within the study area.

10

Subsidence (cm)

2015-2017 2017-2019 2019-2021

2021-2023

2023-2025

Figure 10. Violin plot for land subsidence of Wadi Nu'man basin for different periods

3.2. Subsidence Inducing Factors

3.2.1. Correlation with the Rate of Groundwater Flow

This part examines the rate of flow of groundwater and the vertical land subsidence correlation. Based on the
results, the box plot depicted in Figure 11 relating groundwater flow rate to surface deformation points to a clear
relationship between higher extraction rates and increased subsidence. As the rate of flow increases, the median
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subsidence elevates with an enlargement in interquartile ranges, and the tendency of boxplot to be right skewed
increases. Also, no extreme outliers observed. This pattern suggests that groundwater pumping is a key driver of

deformation.
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200-400

Figure 11. Boxplot for land subsidence of Wadi Nu'man basin with the groundwater discharge rate

3.2.2. The effect of Type of Soil on Surface Deformation

To analyze the correlation between soil classification and land subsidence, Figure 12 presents boxplots for land
subsidence of the Wadi Nu'man basin with different soil types. The figure indicates that subsidence behavior varies
considerably between soil classes. Talus deposits and Metagabbro tend to exhibit higher median subsidence with larger
variability. This supports that deposits with fine-grained stratigraphy play an important role in controlling deformation
response. The interaction plot in Figure 13 reveals that the strongest subsidence occurs in areas where high groundwater
extraction overlaps with compressible soil types like Talus deposits, Metadiorite and Metagabbro. However, subsidence
is not solely a function of groundwater pumping; it is also influenced by the properties of the soil itself. Inside the studied
area, only the Abbasah Formation and the diorite—pyroxenite units showed a significant correlation between vertical
subsidence and groundwater flow rates (R? = 0.67).

16

16

ey
=N
1

Land subsidence (cm)
© )

D
1

Metadiorite

Talus Abbasah
deposits

Diorite and Alluvial Granodiorite Metagabbro

pyroxenite fandeposits

Paragniss
formation and schist

X Min Qutlier X Max Qutlier

Figure 12. Boxplot for land subsidence of Wadi Nu'man basin with different soil types
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Figure 13. Correlation of land subsidence of Wadi Nu'man with flow rate on different soil types
4. Discussion

This study integrated the synthetic aperture radar (SAR) imagery and the data gathered about flow rates, the water
table depth and the geological information in Wadi Nu'man, Saudi Arabia to accurately observe the land subsidence and
analyze the deformation occurred in Wadi Nu'man through the period (2016-2025). In this research a collection of
Sentinel-1A, Sentinel-1B, and Sentinel-1C imagery was utilized to enable extended temporal monitoring of surface
deformation which may result in potential inconsistencies between sensors. Insignificant variations in temporal
coherence and interferometric measurements may arise due to differences in orbital configuration, radiation behavior,
sensor calibration, and temporal resolution. Furthermore, the data of Sentinel-1B was not available after 2021which
affected the continuity of data within the time series. To minimize these effects, all imagery datasets were processed
using consistent workflow, including accurate orbit correction, co-registration enhancement, radiometric calibration,
and standardized interferometric processing parameters. Additionally, the use of the same acquisition mode and orbit
direction helped maintain temporal consistency throughout the analysis.

The time series InNSAR results clearly explored the multiple subsidence and demonstrated the spatiotemporal
evaluation of surface deformation. Land subsidence is unevenly distributed, where high values correspond to urban areas
with heavy water consumption and agricultural regions of intensive irrigation. This highlights hydraulic stress being the
dominant factor of land subsidence occurred in the region. The biggest cumulative subsidence is observed in the southern
and Western parts of the study area where a heavy withdrawal of water exists. That overexploitation of groundwater,
for a long time, leads to a decline in the hydraulic head and increase in soil consolidation. These results are compatible
with the findings in Yu et al. [40] and Li et al. [41].

During the study period, a significant subsidence was observed at average rates of < 4 cm/year, with maximum
values exceed 15.2 cm in some places. By examining groundwater depths in the study area and their relationship to total
subsidence, we find notable variations in groundwater depth, as shown in Figure 3a. This variation is attributed to
differences in land elevations and slopes. In mountainous areas with steep gradients, groundwater tends to lie deeper,
whereas in low-lying areas the water table is much shallower. These low areas also contain most of the groundwater
wells, where extraction rates are higher, such as in the Wadi Zubaydah basin and Wadi Arar, where the average
groundwater depths are 18.79 m and 18.6 m, respectively. The average daily extraction in these areas reached 202.44
and 123.37 md/day, respectively. Also, notably the similarity between the intensity map of groundwater exploitation
presented in Figure 3b with the distribution of subsidence map presented in Figure 9. This pattern corresponds well with
the distribution of cumulative subsidence during the studying interval, as displayed in Figure 9, where the vertical
deformation exceeded 15 cm in these zones.
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The influence of soil type highlights the geotechnical dimension of the problem. Areas underlain by Quaternary or
alluvial deposits—known for their high compressibility—exhibit more pronounced deformation [3, 46, 60]. This aligns
with theoretical expectations that fine-grained or clay-rich materials undergo greater compaction when pore pressure
decreases. By examining the relationship between the observed subsidence and soil type under different groundwater
extraction rates, it is evident that no correlation exists for most soil types, except for soils (Abbasah Formation and the
diorite—pyroxenite). This is attributed to the mechanical properties of these soils and proves a degree of consistency with
the results obtained in Kan et al. [61]. As obvious in Figure 12, these two soils have the lowest value of land subsidence
for about 9 years, the study time lag. This is evidence on that deformation is due to transient responses synchronous with
groundwater and it does not represent a residual deformation from historical groundwater variations [54].

The stronger correlation noticed within the Abbasah Formation and the diorite—pyroxenite units may be attributed
to the geological and hydrogeological characteristics of these formations. In fact, these types of formations are
characterized by weathered materials and fractures that may facilitate the groundwater to be stored inside. They are more
sensitive to compaction and water extraction or ground water level fluctuations. Therefore, groundwater withdrawal,
even at a small rate, throughout these formations may cause a significant surface deformation that can be measured
through INSAR analysis. On the other hand, the weaker correlations observed in other geological units may be related
to the solidness, lower porosity, and compressibility of these formations, which makes them independent of the water
level fluctuation and groundwater abstraction intensity. These findings indicate that the relationship between
groundwater dynamics and land subsidence is strongly controlled by local geological and hydrogeological conditions.

Some limitations and potential enhancements in future studies arise in this study. First, this study is based on the
assumption that land subsidence occurs only as a result of changes in effective stresses caused by overextraction of
groundwater, lacking consideration of the effect of tectonic activity and groundwater level variations. Second, the
investigation in this study was constrained by data limitations. On one hand, reliance on C-band Sentinel-1 imagery
restricted the temporal continuity of long-term monitoring; on the other hand, the available groundwater-depth data was
limited. Future work will focus on field monitoring to enhance and validate deformation detection, in addition to using
numerical models to simulate the interaction of ground water extraction and land deformation.

5. Conclusion

In this paper, land subsidence in the Wadi Nu’man Basin, Saudi Arabia, was investigated using a set of C-band SAR
images acquired from the Sentinel-1A and Sentinel-1B satellites. By applying the proposed methodology, time-series
maps of surface deformation, together with the magnitude and spatial distribution of long-term subsidence from 2016
to 2025, were generated. The results indicate that the study area is subjected to an average deformation velocity of less
than 4 cm/year, while the maximum recorded subsidence reached 15.2 cm in the most compressible soils.

Based on the analysis, land subsidence was found to increase with rising groundwater extraction rates. However,
only two soil units, namely the Abbasah Formation and the diorite—pyroxenite unit, exhibited a significant positive
correlation between subsidence and groundwater flow rate. This study demonstrates that INSAR-based monitoring is a
valuable tool for identifying deformation patterns in the Wadi Nu’man Basin. It also provides important support for risk
assessment, particularly given that Wadi Nu’man lies within the expansion corridor of Mecca, where consideration of
land subsidence risks in urban planning and infrastructure development is essential.

Therefore, addressing the challenges associated with sustainable groundwater management and regulating
groundwater extraction are of critical importance. This can be achieved through the identification of crop types,
cultivated areas, and irrigation methods. In addition, various management strategies should be adopted, including the
implementation of total withdrawal controls and dynamic quota systems aligned with crop growth cycles. Furthermore,
integrating geological and hydrological datasets will enhance the modeling and understanding of aquifer behavior.

This study was constrained by several data-related limitations. Groundwater depth records were sparse and
insufficient in both spatial and temporal coverage. In addition, reliance on C-band Sentinel-1 imagery limited the
continuity of long-term deformation monitoring.
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