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Water conservation and efficient utilization are critical in water-scarce and
arid regions such as Irag. Dams, as vital infrastructure, play a significant
role in meeting diverse needs, including water supply, flood control, and
maintaining environmental flows. However, improper management of dams
can lead to adverse effects on both human populations and ecosystems,
disrupt water systems and habitats, and degrade water quality. Addressing
these challenges, this study employs the Small Baseline Subset (SBAS)
technique, a modern Synthetic Aperture Radar Interferometry (InSAR)
method, to analyze displacement rates at Mosul Dam in Iraq. Using 21
ALOS/PALSAR-2 L-band radar images, we observed that the central
section of the dam is most susceptible to subsidence, while the sides
experience less deformation. The average subsidence rate was found to be
—2.21 mm/year, with an average cumulative subsidence of -7.18 mm over
the study period. The maximum subsidence recorded was -51.70 mm, and
the maximum uplift was 30 mm. These findings are based on data collected
between 23 November 2014 and 17 March 2024, providing valuable
insights into the dam's structural behavior and informing future
management strategies.
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Introduction

Water is an essential resource for sustaining life on Earth, and its conservation and efficient utilization are
critical, particularly in regions facing chronic water scarcity, such as Iraq. Dams play a pivotal role in harnessing
the potential of water resources, especially in arid and flood-prone areas where population growth and migration
have increased the demand for water storage, flood control, electricity generation, irrigation, navigation, and
recreation (ASDSO; Gracon LLC). Structurally, dams are categorized into embankment dams and concrete
dams. Embankment dams, the most common type, are constructed using natural soil, rock, or waste materials
from mining or milling processes. Concrete dams, on the other hand, include gravity, buttress, and arch types,
with gravity dams being the most widely used (ASDSO). Despite their immense benefits, dams also pose
significant risks. A dam failure can unleash vast quantities of water, leading to catastrophic floods, loss of life,
and severe socio-economic impacts. However, these risks can be mitigated through proper design, construction,
and maintenance (Andrew Sankowski). Only recently have analyses been conducted to investigate the
achievable accuracy and sensitivity of SAR displacement measurements at dams (Milillo, P. et al.). This study
focuses on evaluating the stability of Mosul Dam, the largest dam in Irag. The foundation of the dam consists of
soluble rocks, including marls, chalky limestone, gypsum, anhydrite, clays, and severely fractured limestone.
These rocks are prone to dissolution, leading to the development of karst features, such as subsurface cavities,
which can cause the overlying material to lose support and result in surface collapse (Bowen, S. W.). Land
subsidence, a phenomenon that can occur anywhere globally, often progresses slowly but can lead to severe
disasters, including dam collapses, road failures, and structural damage to buildings. Therefore, studying land
subsidence in dam and urban areas is crucial for understanding and managing the risks associated with such
events (Cigna, F.; Tapete, D.). Traditional approaches to detecting and monitoring structural health primarily
rely on on-site measurements conducted by experts. Methods like GPS and precise leveling are not only labor-
intensive but also expensive, making them impractical for large-scale applications. These challenges limit the
effectiveness of conventional techniques in real-world scenarios. However, integrating synthetic aperture radar
(SAR) remote sensing with geographic information systems (GIS) offers a valuable alternative. This
combination not only complements traditional methods but also enables the early detection of hidden structural
issues, allowing for timely interventions to mitigate potential crises. (Sadra Karimzadeh et al.). In recent years,

remote sensing techniques have gained traction in monitoring dam safety (Madson, A.; Sheng, Y.). Among
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these, Synthetic Aperture Radar Interferometry (INSAR) has emerged as a powerful tool for assessing structural
stability and detecting potential hazards. INSAR relies on the analysis of electromagnetic waves reflected from
the ground surface, and advanced techniques such as the Small Baseline Subset (SBAS) method are increasingly
being employed for detailed monitoring. Timely and accurate information on the spatial distribution of natural
hazards is critical for effective emergency response (Williams, J.G. et al.). While optical satellite imagery is
often used for hazard assessment (Bessette-Kirton, E.K. et al.), its utility is hindered by weather conditions and
cloud cover, which can delay mapping processes (Robinson, T.R. et al.). Synthetic Aperture Radar (SAR)
satellite imagery provides a robust alternative, capable of delivering reliable data under all-weather conditions.
SAR is widely used to monitor slow-moving landslides, subsidence, and the structural stability of large-scale
infrastructure projects such as dams, offering significantly improved spatial resolution (Ruiz-Armenteros, A.M.
etal.).

This study employs the SBAS-INSAR technique to analyze displacement rates at Mosul Dam using 21
ALOS/PALSAR-2 L-band radar images. The findings aim to provide insights into the dam's structural behavior,

inform risk management strategies, and contribute to the sustainable management of water resources in Irag.

Study Area

The Mosul Dam is located on the Tigris River 50 km northwest of the city of Mosul, the third largest
city in Iraq, with coordinates 36°37'49"N 42°49'23"E (Figure No. 1). The dam area has been a water collecting
area for more than 10,000 years. It is a large-scale water storage project with many and great benefits, such as
Protection from the risk of flooding, support for urban water supplies, irrigation, Revitalizing aquatic livestock,
tourism and hydroelectric power generation. The main dam features a 3.4 kilometers (km)-long earth-fill dam,
power house, bottom outlet, concrete-lined gated spillway, and fuse-plug secondary spillway (Figure No. 2).
The embankment is 113 meters (m) high and composed of zoned earth-fill construction. The total volume of
material in the embankment is reported to be approximately 37.7 million cubic meters (m3). The embankment of
the main dam has a crest elevation of 343m and a crest width of 10m (Office of the special inspector general for

Iraq reconstruction).
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Fig. 2- Mosul dam location over land on a SAR image
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Datasets

In this study, a total of 21 ALOS-2 PALSAR-2 L-band images acquired from 23 November 2014 to 17
March 2024, were utilized to map the ground deformation over Al Mosul Dam, Irag. The ALOS-2 acquisitions
were captured in ScanSAR mode, ascending with single-look complex format (SLC), right-looking and HH
polarization and (Table No. 1) represents the some of the characteristics of ALOS PALSAR-2.

Table 1. Details specification and image view of ALOS-2 PALSAR-2

Observation Mode Strip Map/High Resolution

Calibration Factor -83

Spatial Resolution 10m

6.25 m (2 looks)

Pixel Spacing
Observation width 70 km
1.5
Product Processed Level
Range Resolution 91m
53m

Azimuth Resolution
HH, HV (Fine Beam Dual Polarization)

Polarization
Wavelength 0.242 m (24 cm)
Off Nadir angle 36.6°
Incident angle at center scene 40.55°

SBAS Processing

SBAS, initially introduced by Berardino et al. (Berardino P. et al.), involves a two-step processing approach
that utilizes multiple unwrapped Differential INSAR interferograms. This method effectively combines all SB
interferograms, making it particularly suitable for areas with fewer stable reflectors, such as rural or natural
landscapes. The algorithm incorporates an estimation of topographic errors to enhance its robustness.
Additionally, the high spatial density of the imaged pixels enables atmospheric phase artifact filtering on the
computed space-time deformation measurements, a process comparable to the PSI technique (Lanari, R. et al.).
This study utilized the SBAS method to perform interferometric analysis on data from ALOS/PALSAR-2

sensors. The steps taken to calculate the displacement rates affecting the study area are illustrated in Figure 3. To
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regulate the number of interferometric pairs generated, thresholds for the time baseline and spatial baseline were
applied. After adjustment, a time baseline of 1500 days was chosen, while the spatial baseline was set to 50% of
the maximum baseline distance. This process resulted in a total of 156 interferometric pairs used for estimating
surface deformation parameters, as detailed in Table 2. The time distribution of the dataset and the interferogram

connections are depicted in Figures 4a and 4b.

Input Data Results Output

—

Phase Editing

Fig. 3- SBAS-InSAR technology flow chart
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Table 2. ALOS/PALSAR-2 data pairs for SBAS processing
Super Master Master Number of slaves
25/03/2018 23/11/2014 3
01/02/2015 2
08/11/2015 1
03/07/2016 7
20/11/2016 6
29/01/2017 5
10/09/2017 12
05/11/2017 11
14/01/2018 10
25/03/2018 18
06/05/2018 17
12/08/2018 16
21/10/2018 15
30/12/2018 14
2403/2019 9
22/03/2020 4
21/03/2021 3
20/03/2022 2
19/03/2023 1
Time-Position Plot Time-Baseline Plot
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Fig. 4- Interfering image pairs spatial and temporal baseline connectivity maps. Yellow dots are the super
master image and green dots are the slave image. (a) Interferometric image pair spatial baseline
connectivity map; (b) interferometric image pair temporal baseline connectivity
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Results

In Figure 5, the study results are classified according to the velocity of subsidence. The area in the middle of
the dam, where the points appear in red, is the area most exposed to subsidence, as the average subsidence
velocity in this area reached 25 mm/year. This is logical, given that this area represents the old riverbed before
the construction of the dam, making it the weakest area in the dam foundation. In this study, 2014 was adopted
as the base year (zero subsidence), specifically on 11/23/2014. The study results showed variations in subsidence
values during the following years, alternating between uplift and subsidence. This variation is attributed to
several factors, including changes in the lake water level behind the dam, as well as variations in the strength of
the dam foundation from one area to another.

The study recorded the highest rate of dam uplift, reaching 50 mm in 2019, while the highest rate of
subsidence, also 50 mm, was recorded in 2024. To illustrate the pattern of subsidence based on the SBAS results,
two distinct points were selected around the dam body: one located within the red-highlighted area in the center
of the dam (Point A), and the other positioned on either side of the dam (Point B), as shown in Figure 6. The
results revealed notable differences in the magnitude of subsidence and uplift between the two points. Point A
recorded the highest uplift of 5.9 mm and the greatest subsidence of 54.2 mm over the study period, whereas
Point B showed a maximum uplift of 16.5 mm and a maximum subsidence of 16.1 mm. From the graphs, it is
evident that the area at the center of the dam (Point A) experiences almost continuous subsidence, while the area

adjacent to the dam (Point B) undergoes fluctuations between uplift and subsidence.
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Fig. 5- Spatial distribution of average annual subsidence rates in Mosul Dam, 2014-2024. This map

contains two maps; the large map is the spatial distribution of ground subsidence in Mosul Dam and the
small map is the frequency distribution of subsidence velocity. The base map of the large map is taken

from google earth
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Fig. 6- SBAS results for the Al-Mosul Dam


http://aed.mersin.edu.tr/
http://aed.mersin.edu.tr/

o Journal of Remote Sensing and GIS W}D) g g
' Applications g&m §
in Environmental Sciences = __l_—
rsgi.tabrizu.ac.ir TR

Out of the twenty-one dates within the study period, four key dates were selected for analyzing subsidence
accumulation: 1 February 2015, 12 August 2018, 21 October 2021, and 17 March 2024. Table 3 presents the
characteristic values of cumulative subsidence for these years. According to Table 3, the average subsidence in
Al-Mosul Dam between 23 November 2014 and 17 March 2024 is -7.18 mm, with a maximum subsidence of -
51.70 mm and a maximum uplift of 30 mm. Using the sentinel image from 23 November 2014 as a baseline, it
was observed that the average subsidence value increased significantly from 12 August 2018 to 21 March 2021,
indicating a phase of accelerated subsidence during this period. However, between 21 March 2021 and 17 March
2024, the mean subsidence value stabilized, suggesting that the subsidence had generally leveled off. The
maximum values of both subsidence and uplift increased across the four analyzed periods, suggesting that the
areas experiencing intense subsidence and uplift have expanded over time. Figure 6 illustrates the distribution of
cumulative ground subsidence in Al-Mosul Dam as of 23 November 2014 across different years. As shown in
the figure 7, the cumulative subsidence from 2018 to 2024 is concentrated in the center of the dam, confirming

that the middle section of the dam is the most affected by subsidence.

Table 3. Characteristic values of cumulative subsidence in different years

Expiration Data Average Maximum quimum
Settlement (mm) Settlement (mm) Uplift (mm)
1 February 2015 0.91 -7.70 10.30
12 August 2018 -0.71 -21.40 18.10
21 March 2021 -6.42 -33.60 18.70

17 March 2024. -7.18 -51.70 30
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Fig. 7- Distribution of cumulative ground subsidence in Al-Mosul Dam in different years

Discussion

This paper investigates ground subsidence in the Al-Mosul Dam from November 23, 2014, to March 17,
2024, using SBAS-InSAR technology, based on 21 ALOS/PALSAR-2 L-band radar images. The following
conclusions were drawn: the primary rate of ground subsidence in the dam ranges from —6.77 mm/year to 1.19
mm/year, with an average subsidence rate of —2.21 mm/year. Spatially, subsidence is primarily concentrated in

the central part of the dam, corresponding to the old riverbed before the dam’s construction.
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The study highlights a variation between uplift and subsidence in the dam body over the study period. This
fluctuation is attributed to the annual emptying and filling cycles of the reservoir behind the dam. However, the
results also indicate a continuous and noticeable overall subsidence trend during the study years.

Through field analysis, it was determined that the causes of ground settlement in the Mosul Dam are complex.
The dam foundation consists of a variety of soluble rocks, including marls, chalky limestone, gypsum, anhydrite,
clays, and heavily fractured limestone. These soluble rocks contribute to the development of karst features. As
these rocks dissolve, subsurface cavities form, leading to the collapse of overlying material and surface
subsidence.

To verify the accuracy of the results, we collaborated with the Mosul Dam Project Management and the team
responsible for conducting periodic inspections on-site using traditional measurement devices. They confirmed
that the subsidence values recorded in this study are reasonable and closely align with their own measurements.
Additionally, they verified that the central area of the dam is the most affected by subsidence, a finding that

aligns with the conclusions of this research paper.
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