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Abstract

Ground deformation caused by excessive groundwater extraction has become a major environmental concern in agricultural regions
worldwide. Interferometric Synthetic Aperture Radar (InSAR) enables large-scale monitoring of ground deformation. However,
its performance often decreases in low-coherence areas affected by vegetation growth and irrigation. In this study, we conducted a
comparative evaluation of three multi-temporal SBAS-InSAR processing frameworks, MintPy, LICSBAS, and SARvey, to assess
their consistency in monitoring ground deformation across Golestan Province, Iran, using Sentinel-1 data acquired between 2014
and 2024. The analysis included deformation velocity fields, cross-sectional profiles, and time-series displacements, which were
compared with temperature and precipitation variations. All three frameworks identified a pronounced deformation zone in the
Gorgan Plain, with maximum line-of-sight deformation rates up to 13 cm/year. Quantitative comparisons showed strong correlations
among the frameworks (r = 0.80 to 0.89), confirming their mutual reliability even under low coherence conditions. The time-series
analysis revealed clear seasonal deformation patterns, with summer subsidence and winter uplift closely related to hydroclimatic
fluctuations. Overall, this study demonstrates that multi-temporal SBAS-InSAR approaches can provide consistent and physically
meaningful deformation estimates in challenging agricultural environments, offering valuable insights for subsidence monitoring

and water resource management.

1. Introduction

Ground deformation is a globally prevalent geohazard that res-
ults from both natural processes and human activities such as
groundwater extraction, excessive irrigation, and urban expan-
sion. It poses significant risks to infrastructure stability, agri-
cultural productivity, and long-term land usability. In areas with
intensive land use and poor groundwater regulation, the impacts
are often irreversible. For example, in California’s Central Val-
ley, cumulative subsidence has exceeded 9 meters and caused
damage to canals and roads (Faunt et al., 2016). In Mexico
City, rates of more than 30 cm per year have been recorded
during drought periods, leading to serious structural deforma-
tion (Osmanoglu et al., 2011). In Jakarta, subsidence has in-
creased exposure to coastal flooding, and the city has experi-
enced 23 major floods in the past 40 years (Takagi et al., 2021).

Traditional geodetic techniques, such as leveling and GPS field
surveys, can achieve high measurement accuracy. However,
they require significant time, labor, and cost, which makes
them unsuitable for monitoring ground deformation over large
areas. InSAR is a satellite-based measurement method with
frequent revisit cycles, large spatial coverage, and high ac-
curacy, which enables continuous monitoring of surface dis-
placement over time (Zebker and Goldstein, 1986; Biirgmann
et al., 2000). Gabriel et al. (1989) first proposed the Differ-
ential InNSAR (D-InSAR) technique. Since then, it has been
widely applied to ground deformation studies related to earth-
quakes, landslides and groundwater extraction (Massonnet et
al., 1993; Tarchi et al., 2003; Bawden et al., 2001). D-InSAR
can capture surface displacement, but it is often affected by at-
mospheric delay and temporal or spatial decorrelation (Zebker
et al., 1992). To overcome these limitations, time-series InSAR
methods were developed. Among them, Persistent Scatterer
InSAR (PS-InSAR) (Ferretti et al., 2002) and Small Baseline

Subset InNSAR (SBAS-InSAR) (Berardino et al., 2003) are the
most widely used. PS-InSAR is well suited for urban areas with
stable scatterers such as buildings and infrastructure. SBAS-
InSAR is more effective in non-urban areas where moderate co-
herence is available. However, in heavily vegetated or agricul-
tural regions, coherence loss due to seasonal vegetation growth,
irrigation, and land-use change remains a key challenge.

Iran is among the countries most severely affected by land
subsidence, owing to its arid to semi-arid climate, water-
intensive agriculture, and growing urban demand. Groundwa-
ter resources meet over 55% of the nation’s total water needs,
and this figure rises to more than 80% in rural communit-
ies (Maghrebi et al., 2021). Decades of overextraction have
caused dramatic declines in groundwater tables and widespread
aquifer compaction, leading to large-scale subsidence across
many basins. InSAR techniques have been particularly effect-
ive in the Central Plateau of Iran, where dry climate and sparse
vegetation ensure high coherence for stable, long-term deform-
ation monitoring. Cities such as Tehran, Qom, Kashan, Vara-
min, and Rafsanjan have been widely studied, revealing well-
defined subsidence zones with rates exceeding 20-30 cm/year
(Motagh et al., 2017; Mohebbi Tafreshi et al., 2021; Mahmoud-
pour et al., 2016). However, regions like Golestan Province
in the northeast present different challenges. High precipita-
tion supports dense seasonal vegetation and intensive farming,
causing significant temporal decorrelation and reduced phase
stability. These conditions limit InSAR effectiveness and make
it challenging to perform reliable InSAR analysis in the area.
For example, Haghighi and Motagh (2024b) reported localized
subsidence up to 12 cm/year, while Payne et al. (2025) masked
the region entirely due to low coherence. This discrepancy
underscores the need to evaluate InSAR performance in low-
coherence environments like Golestan, especially when differ-
ent processing pipelines produce divergent interpretations.
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Several SBAS-based InSAR frameworks have been developed
to monitor large-scale and long-term ground deformation such
as MintPy, LiCSBAS, and SARvey (Yunjun et al., 2019; Mor-
ishita et al., 2020; Piter et al., 2024). They use unwrapped inter-
ferometric phases to calculate time-series deformation and re-
construct ground displacement over time. While all are groun-
ded in the same theoretical principles, they differ in key al-
gorithmic choices such as interferogram network construction,
coherence thresholds, time-series inversion strategies, and ref-
erence pixel selection. These variations can influence the spatial
coverage, and reliable estimation of deformation time-series.
This impact is especially significant in challenging environ-
ments like Golestan, where temporal decorrelation and veget-
ation dynamics already limit signal quality. Previous studies
(Haghighi and Motagh, 2024b; Payne et al., 2025) applying
different methods to the same region have reported divergent
outcomes, raising uncertainty not only about the underlying
deformation but also about the robustness of the processing
strategies themselves. Ideally, independent pipelines applied
to the same data should converge toward consistent results, es-
pecially when the physical phenomenon being observed is slow
and spatially continuous, as is often the case with land subsid-
ence. In this context, a systematic comparison of these pipelines
over Golestan is critical, not to determine which is correct, but
to assess how well they agree when faced with low-coherence
conditions.

In this study, we aim to evaluate the consistency and applic-
ability of three SBAS-InSAR processing approaches, monitor-
ing land subsidence in Golestan Province, Iran. This region
presents unique challenges for InSAR-based deformation ana-
lysis due to extensive cropland, seasonal vegetation, and mod-
erate coherence loss. By applying both ascending and descend-
ing Sentinel-1 datasets from 2014 to 2024, we assess the spatial
agreement among different deformation products and compare
them with results from previous studies. The analysis includes
a comparison of velocity fields, deformation profiles, displace-
ment time-series at selected points and relationship with tem-
perature and precipitation. Through this multi-method evalu-
ation, we seek to identify the strengths and limitations of each
processing pipeline in low-coherence environments and con-
tribute to improving the reliability of InSAR-based monitoring
in agricultural regions.

2. Study Area and Data
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Figure 1. Location of Golestan Province.

Golestan Province is in northeastern Iran, near the Caspian Sea
and the border with Turkmenistan. It covers about 20,000 km?

and includes both mountain areas in the south and flat plains
in the north. The climate is humid in the north and semi-arid
inland. The average annual rainfall in the Province is approx-
imately 454 mm mostly in winter, which is nearly twice the
national average (Abdollahipour et al., 2021). Golestan is one
of Iran’s main agricultural regions. Major crops include wheat,
barley, rice, cotton, and oilseeds. Farming is supported by irrig-
ation, and vegetation changes throughout the year.

We used Sentinel-1 single-look complex (SLC) data acquired
from 2014 to 2024 for Golestan Province. Both ascending and
descending orbits were utilized, specifically ascending path 057
and descending path 064, to provide complementary viewing
geometries for surface deformation monitoring.

To analyze the seasonal climatic influence on ground deform-
ation, we used temperature and precipitation datasets. The
MOD11A1 V6.1 product (Wan et al., 2021) provides daily land
surface temperature (LST) and emissivity at 1 km resolution,
with both daytime and nighttime observations. For precip-
itation, we used Climate Hazards Center InfraRed Precipita-
tion with Station data (CHIRPS)(Funk et al., 2015), a long-
term quasi-global rainfall product that combines 0.05° resol-
ution satellite data with ground station observations to gener-
ate high quality gridded time series suitable for trend analysis
and drought monitoring. Both datasets were accessed and pro-
cessed using Google Earth Engine (Gorelick et al., 2017), a
cloud-based platform that facilitates efficient analysis of large
geospatial datasets by providing scalable computing resources.

3. Methodology
3.1 Principle of SBAS-InSAR

In the SBAS-InSAR technique, all SAR images are coregistered
and resampled to one of the images considered as the refer-
ence image. By imposing constraints on both temporal and
spatial baselines, M differential interferograms are then gen-
erated between the resampled images acquired over the same
area at epochs (to,t1,...,tn) (Berardino et al., 2003; Lanari
et al.,, 2004). After removing the flat-earth and topographic
phases and applying spatial phase unwrapping, these interfero-
grams form a stack of unwrapped interferometric phases. The
unwrapped interferometric phase is mainly composed of the
deformation signal, atmospheric delays, residual topography,
and noise (Hanssen, 2001). After removing the residual to-
pographic component, SBAS-InSAR focuses on inverting the
remaining phase to retrieve the deformation time-series. Math-
ematically, the inversion problem can be formulated as a system
of M linear equations that link the interferometric phases to the
unknown phase history vector (Berardino et al., 2003):

Ap=A¢+e, ey

where A¢ = [A¢1, Ao, ..., A¢n]" is the M x 1 vector
of observed interferometric phases, ¢ = [¢1, ¢2,. . ., qSN}T is
the unknown raw phase time-series relative to the reference ac-
quisition tp, A is the M x N design matrix determined by the
interferogram network (each row contains —1 for the reference
acquisition, +1 for the secondary acquisition, and zeros else-
where), and e denotes the residual error vector capturing noise
and unmodeled effects. If the interferogram network is fully
connected and A has full rank, the system in Eq. (1) can be
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solved using a weighted least-squares inversion:
9 T Lo
b= (A WA) ATWAG, )

where W is an M x M diagonal weight matrix reflecting in-
terferogram quality, and ¢2> is the estimated phase history. In
cases where the interferogram network consists of multiple dis-
connected subsets, singular value decomposition (SVD) with a
minimum-norm constraint is employed to obtain a unique and
stable solution. This framework allows SBAS-InSAR to effect-
ively recover the time-series deformation of coherent scatterers
from a redundant set of interferometric measurements (Li et al.,
2022).

3.2 Comparative Methodological Framework

Land deformation in Golestan Province from 2014 to 2024 was
calculated by three SBAS-based time-series analysis packages,
MintPy, LICSBAS, and SARvey. Although they share the same
theoretical principle, their workflows differ in several aspects.
As for the input, we used interferograms and unwrapped phases
generated by the Alaska Satellite Facility’s HyP3 (Hogenson et
al., 2016) system for MintPy. HyP3 removes the topographic
phase using the Copernicus GLO-30 Public DEM (European
Space Agency, 2021) and applies snaphu (Chen and Zebker,
2002) for unwrapping. We used interferometric products from
the LiCSAR (Lazecky et al., 2020) system for LICSBAS, which
is tailored for large-scale Sentinel-1 processing and provides
unwrapped interferograms and coherence estimates. Different
from HyP3, LICSAR using the Shuttle Radar Topography Mis-
sion (SRTM) DEM (Farr et al., 2007) to remove the topographic
phase. For SARvey, we processed the data with GAMMA,
including coregistration and flat and topographic phase re-
moval, while phase unwrapping was performed in SARvey us-
ing PUMA (Bioucas-Dias and Valadao, 2007) algorithm. In the
time-series inversion step, MintPy, LICSBAS, and SARvey use
weighted least squares, NSBAS approach with temporal con-
straints and least squares method respectively. The study area
lies in a mid-latitude region where ionospheric effects are gen-
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erally negligible for C-band SAR observations, and the terrain
is relatively smooth except for mountainous areas in the south,
which limits topography-correlated tropospheric delays. At-
mospheric artifacts were mitigated during the time-series pro-
cessing, where the height correlation method was applied in
MintPy and atmospheric phase screens were estimated in LiC-
SBAS and SARvey to reduce spatially correlated atmospheric
noise. To ensure comparability across the three approaches, we
applied the same multilooking factor of 4 in azimuth and 20 in
range, considering the large spatial coverage of the study area.

4. Results and Discussion
4.1 Comparison of Mean Velocity

To evaluate the performance of different SBAS-InSAR based
methods, we first examined the deformation results obtained
from each processing chain. All three frameworks (MintPy,
LiCSBAS, and SARvey) clearly indicate significant land sub-
sidence in Golestan Province, primarily concentrated in the
Gorgan Plain. The deformation follows a northeast-southwest
elliptical pattern, with the magnitude gradually decreasing from
the center toward the margins. Across all methods, the max-
imum line-of-sight (LOS) deformation rate reaches approxim-
ately 13 cm/year, confirming the presence of severe and spa-
tially consistent subsidence that is likely associated with intens-
ive groundwater extraction and agricultural activities.

Following this, a comparison was conducted against previous
studies to further evaluate the performance of these methods.
Specifically, we compared the average annual LOS deforma-
tion rates from our results (2014-2024) with those reported by
Haghighi and Motagh (2024a), who applied SBAS-InSAR to
the same region between 2014 and 2020 using Sentinel-1 data.
As shown in Figure 2, all three processing methods yielded de-
formation patterns that are in strong agreement, particularly in
the location and extent of the main subsiding areas as well as in
the magnitude of the estimated subsidence, consistent with pre-
vious studies. This confirms not only the presence of significant
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Figure 2. Comparison of Different LOS Deformation Rate Maps. Red and yellow areas represent the main deformation zones, where
red indicates higher average annual deformation rates.
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Figure 3. Pairwise scatter plots comparing LOS deformation rates derived from MintPy, LICSBAS, and SARvey for the descending
Sentinel-1 track. The red dashed lines represent the 1:1 reference, and the black solid lines show the best-fit regressions.

land subsidence in Golestan Province but also the reliability of
SBAS-based methods even in areas with moderate coherence
challenges.

SARvey provides a lower density of measurement points in
low-coherence areas due to its two-step procedure for coher-
ent pixel selection and phase unwrapping. This ensures that
only reliable deformation estimates are retained. The reduc-
tion in coverage primarily affects vegetated or irrigated zones,
where coherence is typically low. Nevertheless, SARvey still
produces deformation patterns that are consistent with the other
methods in areas of strong subsidence. MintPy and LiCSBAS
retain more deformation pixels, which helps reveal finer details
in the subsiding area. Among them, MintPy produces smoother
deformation results.

To further evaluate the consistency among the three SBAS-
InSAR frameworks, pairwise scatter plots of the descending-
track LOS deformation rates were generated in Figure 3. Each
scatter plot compares two processing chains and provides the
corresponding Pearson correlation coefficient (r), together with
the root mean square error (RMSE) and the normalized me-
dian absolute deviation (NMAD). The results show strong pos-
itive correlations among all frameworks, with r = 0.89 for LiC-
SBAS-MintPy, r = 0.88 for MintPy—-SARvey, and r = 0.80
for LICSBAS-SARvey. The RMSE values range from 6.85 to
11.87 mm/yr, while the NMAD values range from 5.90 to 8.36
mm/yr, indicating moderate differences among the pipelines
but generally consistent deformation estimates. The relatively
larger RMSE observed in the LICSBAS-SARvey comparison
likely reflects methodological differences between the frame-
works, including variations in coherence masking, phase fil-
tering, and pixel selection strategies. A clustering of points
around deformation values of approximately 60 mm/yr can also
be observed in the scatter plots, where SARvey tends to pro-
duce slightly larger subsidence rates than MintPy and LiC-
SBAS. This difference is likely related to variations in pixel
selection and phase unwrapping strategies among the three pro-
cessing frameworks. LICSBAS uses the SRTM DEM and a rel-
atively loose coherence threshold, allowing wider spatial cover-
age, whereas SARvey applies stricter pixel selection to ensure
phase reliability. Despite these methodological variations, all
three frameworks consistently show the same major subsiding
zone in the Gorgan Plain and capture comparable deformation
magnitudes. The quantitative results confirm that the SBAS-
InSAR methods yield coherent and physically consistent de-
formation patterns even in low-coherence agricultural environ-
ments, highlighting their robustness under challenging condi-

tions.
4.2 Line-of-Profile Analysis of Deformation Rates

To better assess the consistency among different SBAS-InSAR
processing results, we performed a line-of-profile analysis
across the primary subsiding area. As the main subsidence zone
in Golestan exhibits a northeast—southwest elliptical shape, we
selected two perpendicular profiles aligned with the major and
minor axes of the ellipse (see Figures 4 and 5). These pro-
files allow for a detailed cross-sectional comparison of deform-
ation rates and coherence behavior. In addition, the temporal
coherence map, derived from the MintPy descending track pro-
cessing results, is presented to illustrate the spatial distribution
of phase stability. This information is essential for evaluating
the reliability of the deformation estimates along the selected
profiles.

Figure 4 (a) shows the spatial distribution of temporal coher-
ence along the two selected profiles. Areas in red represent
lower coherence values. It is evident that the southern moun-
tainous region exhibits very low coherence due to dense veget-
ation cover. The main subsidence zone, located north of the
mountains, also shows moderate-to-low coherence, although
some urban surfaces remain identifiable as patches of consist-
ently high coherence within the area. In Figure 4 (b), the de-
formation rates along the profile 1 are plotted for all available
methods. Overall, the velocity curves from MintPy, LICSBAS,
and SARvey demonstrate strong agreement in both trend and
location of maximum subsidence. Despite some fluctuations,
most notably in the LICSBAS results, all methods capture the
same general deformation pattern. Compared with the 2014 to
2020 results from Haghighi and Motagh (2024a) (shown as the
yellow curve), our results indicate a more pronounced rate of
deformation from 2014 to 2024. This suggests that the deform-
ation in the region has continued or even intensified over the
period from 2020 to 2024. Figure 4 (c) presents the coherence
values sampled along the profile 1. A clear decreasing trend
is observed from north to south, consistent with increasing ve-
getation and topographic complexity. This coherence gradient
helps explain the substantial loss of SARvey data in the south-
ern section of the velocity map, as seen in Figure 2.

Figure 5 illustrates the deformation rate profiles and coherence
values along the direction shown in Figure 4 (a) Profile 2, which
corresponds to the major axis of the elliptical subsidence pat-
tern. As shown in Figure 5 (a), the results derived from differ-
ent SBAS-InSAR pipelines remain highly consistent along this
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Figure 4. Profile Analysis. (a) Temporal coherence map from
MintPy, red means low coherence. (b) Deformation rates along
the minor axis profile 1. (c) Profile 1 of coherence values.

direction. All methods capture similar deformation trends and
peak locations, indicating reliable agreement across processing
approaches. Similar to Profile 1, Profile 2 also exhibits a more
pronounced variation in deformation rates in our 2014-2024
results compared to the 2014-2020 results from Haghighi and
Motagh (2024a), suggesting that deformation in this area has
persisted or even accelerated in recent years. Figure 5 (b) shows
the coherence values along the profile 2. Unlike the profile 1,
coherence along this direction remains relatively stable, with no
significant variation. This uniform coherence distribution likely
contributes to the more complete and consistent retrieval of de-
formation across all methods in this section.

4.3 Time-Series Displacement

Compared to mean deformation rates, time-series displacement
data provide a more detailed view of subsidence dynamics and
are essential for understanding the temporal behavior of ground
motion. As shown in Figure 6, we selected two points located
within areas of severe subsidence to compare the deformation
time-series derived from the three processing methods. These
points were chosen in relatively stable locations to ensure that
all methods yielded valid results at the same positions. Their
locations are indicated in Figure 2 . Figures 6 (a-b) show the
ground truth of the selected points. The first point is situated on
a standalone building surrounded by agricultural land, while the
second lies at the edge of a small town. Both locations exhibit
good temporal coherence and stable scattering properties.

Figures 6 (c-d) present the time-series displacement curves at
these two points, as obtained from MintPy, LiCSBAS, and
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Subsiding Zone.
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Figure 6. Time-Series Displacement Analysis at Two Selected
Points. (a-b) Ground truth of the selected points, maps data:
Google, Airbus. (c-d) Displacement time-series derived from

LiCSBAS, MintPy, and SARvey for the two points.

SARvey. All three methods capture a consistent long-term sub-
sidence trend, accompanied by clearly defined seasonal fluctu-
ations. Each year, the displacement shows a modest uplift dur-
ing winter months, followed by pronounced subsidence during
summer. This pattern is likely related to seasonal groundwater
use and recharge cycles in the region. While minor variations
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exist between the methods, the overall deformation trajectories
remain closely aligned, without significant bias. Notably, both
points show a temporary slowdown in subsidence between 2019
and 2020, which is more pronounced at Point 2. After 2021,
the rate of subsidence increases again, indicating renewed or
intensified deformation activity.

4.4 Temperature and Precipitation

The seasonal subsidence pattern observed in Golestan Province
appears to be strongly correlated with local variations in sur-
face temperature and precipitation. To investigate this relation-
ship, we used MODIS MOD11A1 V6.1 land surface temperat-
ure (LST) data and CHIRPS daily precipitation data to examine
the temporal correspondence between climate variables and sur-
face deformation. To investigate this relationship, we first ex-
amined the temporal relationship between temperature and pre-
cipitation (Figure 7), which reflects the regional hydroclimatic
seasonality. The results show that periods of high temperature
generally coincide with reduced rainfall, indicating drier condi-
tions and increased irrigation demand.
i
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Figure 7. Relationship Between Surface Temperature and
Precipitation
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To isolate the seasonal component of the deformation signal, we
removed the long-term linear trend from the displacement time-
series at the selected points. This residual component highlights
short-term fluctuations that can be linked to seasonal environ-
mental drivers. Figure 8 illustrates the relationship between pre-
cipitation and deformation residuals. Golestan receives most of
its annual rainfall during the winter season. This coincides with
the uplift phases observed in the residual deformation signals.
The timing suggests that increased winter precipitation contrib-
utes to shallow groundwater recharge and reduces the need for
groundwater extraction for irrigation, thereby mitigating sub-
sidence.
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Figure 8. Relationship Between Precipitation and Seasonal
Deformation Residuals

These observations support the hypothesis that seasonal de-
formation in Golestan is closely linked to hydroclimatic vari-
ability. Periods with high temperature and low precipitation
promote subsidence. In contrast, cooler and wetter conditions
favor aquifer recharge and ground uplift.

5. Conclusion

This study evaluated the performance of three SBAS-InNSAR
processing pipelines: MintPy, LICSBAS, and SARvey. The as-
sessment focused on their ability to monitor land subsidence in
Golestan Province, Iran, a region characterized by intensive ag-
riculture and low coherence conditions. Despite differences in
their processing strategies, all three methods revealed consistent
subsidence patterns, with Pearson correlation coefficients ran-
ging from 0.80 to 0.89, and maximum annual deformation rates
reaching approximately 13 cm/year, primarily concentrated in
the Gorgan Plain.

The cross-section profiles showed that the results from the three
methods matched well, with only small differences, especially
in the LICSBAS output. Time-series from selected stable points
also showed good agreement and revealed clear seasonal pat-
terns characterized by winter uplift and summer subsidence.
Correlation analysis with surface temperature and precipita-
tion confirmed that deformation residuals were strongly influ-
enced by groundwater fluctuations driven by hydroclimatic con-
ditions. Although SARvey produced fewer measurement points
in low-coherence areas, likely related to its two-step unwrap-
ping strategy. Its results remained reliable in high deformation
zones. MintPy and LiCSBAS maintained broader spatial cov-
erage, with MintPy producing smoother displacement fields.

Although ground-based validation data are not available in the
study area, the reliability of the results is supported by the
strong consistency among the three independent SBAS-InSAR
frameworks and by the physically meaningful seasonal deform-
ation patterns observed in the time-series. In addition, the spa-
tial distribution of the identified subsidence zone agrees with
previously reported deformation patterns in the region.

Overall, this study highlights the applicability of SBAS-InSAR
methods in low-coherence environments and underscores the
importance of incorporating climatic data for interpreting sea-
sonal deformation. Future work could further investigate the
sensitivity of deformation estimates to processing parameters
and explore strategies to mitigate decorrelation and phase er-
rors in intensively cultivated regions.
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