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In the present study, ground subsidence in the Aliabad plain (central Iran) was investigated
using differential synthetic aperture radar interferometry. The data used for this purpose
were Sentinel 1 images acquired during the time range from 24/03/2015 to 8/09/2016. Four
interferogram pairs with high coherence were selected to minimize temporal decorrelation.
The final analysis was performed in an area where there is sufficient hydrological and
geological information. The results revealed that subsidence is a continuous phenomenon in
the study area. The vertical displacement rate during the investigated period was estimated
to be 178 mm/year. It was also noticed that the subsidence rate in the western part of the
plain was higher than in other parts. Moreover, the effects of groundwater level decline,
alluvium thickness, and transmissivity on the subsidence level were investigated. Overall,
this research provides a correlation between the amount and distribution of land subsidence
and effective factors for accurate detection of this phenomenon.
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INTRODUCTION

Land subsidence is referred to as downward
deformation or settlement which could be of small
displacement vector (Bates and Jackson 1987). In
recent years, man-made activities such as loading
induced by engineered structures, mining, and over-
exploitation of underground fluids have majorly
triggered land subsidence all around the world (Zhu
et al. 2015). Today, the ever-increasing land subsi-
dence caused by excessive groundwater pumping is
considered as a global concern (Gambolati et al.
2006; Galloway and Burbey 2011). In Iran, most of
the plains are in critical conditions due to the rapid

development of agriculture induced by rapid popu-
lation growth, increasing water demand, water over-
exploitation, and groundwater level decline. Land
subsidence in Iran due to groundwater withdrawal is
a critical issue in cities such as Tehran, Mashhad,
Kashmar, Varamin, Kashan, Rafsanjan (Sharifikia
2010). Hence, ground deformation monitoring and
investigating the mechanism of land subsidence for
some of aquifers and plains in Iran are inevitable.

Qom, as a province located in the center of
Iran, is located in the south of Tehran province,
north of Isfahan province, east of the Markazi pro-
vince, and west of Semnan province. Low rainfall,
hot and dry climates, and geological conditions have
made groundwater as the main source of water
supply in this province (Rezaei Kalantari et al.
2013). The Aliabad plain, located in the boundary of
the Qom and Markazi provinces, is a part of the
Saveh County. This plain is fed by the Qarah-Chay
river in the past. During 1996–2017, construction and

1Department of Civil Engineering, University of Qom, Qom, Iran.
2Department of Engineering Geology, University of Tehran,

Tehran, Iran.
3To whom correspondence should be addressed; e-mail: khoda-

parast@qom.ac.ir

1935

1520-7439/20/0600-1935/0 � 2019 International Association for Mathematical Geosciences

Natural Resources Research, Vol. 29, No. 3, June 2020 (� 2019)

https://doi.org/10.1007/s11053-019-09546-w

http://orcid.org/0000-0002-4007-4093
http://crossmark.crossref.org/dialog/?doi=10.1007/s11053-019-09546-w&amp;domain=pdf


increased storage of upstream dams and successive
droughts have caused an increase in the number of
agricultural wells and land subsidence due to
groundwater withdrawal.

Non-similar changes in topographic elevation
and slope of rivers, streams, and water transfer
structures, the disruption of water resources con-
sumption, and destruction of mainlines and struc-
tures are among the major effects of land subsidence
(Holzer and Galloway 2005). In this regard, issues
such as the detection of temporal progress, spatial
distribution, and subsidence level are of critical
importance (Bonı̀ et al. 2015). There is an ever-
growing increase in the use of remote sensing (RS)
techniques in studying various phenomena. For
example, differential synthetic aperture radar inter-
ferometry (DInSAR) is an advanced RS tool that is
capable of mapping displacement changes in wide
areas with lower cost compared to other common
techniques such as repeat optical leveling and global
positioning system (GPS) (Toms et al. 2014).

The introduction of the DInSAR technique and
the launch of new satellites have found a special
place among researchers. Bonı̀ et al. (2015) studied
severe land subsidence progress for a long period in
southeast Spain using SAR images and advanced
DInSAR techniques. They showed that subsidence
is the consequence of groundwater level decline that
has started several decades ago due to the over-ex-
ploitation of the aquifer in this area. In another
study, Siles et al. (2015) investigated land deforma-
tion in the north of the Valley of Mexico using In-
SAR time series analysis with Envisat SAR images.
They showed that the maximum subsidence rate in
the region is 285 mm/year. Davoodijam et al. (2015)
detected land subsidence in the Mahyar plain,
Central Iran, through analysis of Envisat InSAR
time series, and they showed a maximum subsidence
rate of 9 cm/year during the study period. In a study
by Ahmad et al. (2017) using Sentinel-1 SAR ima-
ges, it was found that the main cause of land subsi-
dence in the Quetta valley, Pakistan, is groundwater
over-exploitation. The results obtained by that study
revealed that the Quetta valley has experienced 10
to 20 mm subsidence during 2 years. Fiaschi et al.
(2017) monitored land subsidence for a 25-year
period in the Municipality of Ravenna (Italy) using
DInSAR technique and reported the great potential
of Sentinel-1A in conventional monitoring of land
subsidence even on a local scale. In Iran, the
destructive effects of land subsidence have also been
reported in Tehran (Mahmoudpour et al. 2016),

Arak (Rajabi and Ghorbani 2016), Mahyar, Nay-
shabour and Kashmar (Lashkaripour et al. 2010).

Despite the significance of land subsidence in
Qom province, a limited number of studies have
been conducted on this issue. Rajabi (2018) evalu-
ated numerically land subsidence in some parts of
the Aliabad plain during the period 2001–2013 and
demonstrated that the plain has experienced a 0–
76 cm subsidence during 12 years. In this study,
using the geotechnical data acquired from the liter-
ature and engineering judgements, subsidence of an
area of the Ali-Abad plain is numerically studied by
PLAXIS Software.

In the present study, the subsidence in the
Aliabad plain (center of Iran) is investigated using
the DInSAR technique. The SAR images used for
this purpose were acquired from Sentinel 1 satellites
between 24/03/2015 and 8/09/2016. Geological and
groundwater level change data for the period 2002–
2015 were collected, analyzed, and compared with
the land deformation information obtained from the
satellite imagery. In this way, it is possible to better
compare and understand spatial and temporal
mechanisms governing the subsidence due to over-
exploitation of the Aliabad aquifer system.

STUDY AREA

The Namak Lake basin, covering an area of
92,884 km2, is located in the northwest of central
Iran. This basin includes Tehran province and parts
of Zanjan, Qom, Hamedan, Markazi, Qazvin, and
Isfahan provinces. The establishment of Tehran
megacity as the politico-economic center of Iran (in
the north of study area) and its access to other areas
has resulted in construction of major roads in this
basin. Although this region contains only about
6.5% of Iran�s area, 30% of the population of the
nation lives there. The politico-economic place of
this area and the presence of a large number of
industrial, service, and cultural units in it have led to
over-exploitation of available water resources. The
Saveh basin, located between Qom and Markazi
provinces, is one of the 41 Namak Lake basins. This
basin is located almost in the center of these basins.
Figure 1 shows the positions of the Namak Lake
basin and the Saveh basin.

The Aliabad plain is part of the Saveh basin.
The areas of plain and aquifer in Aliabad are 1712
and 1344 km2, respectively. Because the generated
interferograms cover only a part of the Saveh basin,
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the study area was chosen for having complete
coverage of the interferogram images as well as
sufficient hydrological and geological information
(Fig. 1c).

The geological setting of the Saveh basin is
presented in Figure 2. In the western part of this
basin, where rivers flow through the Aliabad plain,
alluvial deposits have accumulated due to significant
river flow and to reduction in slope gradient. From
the west to the east, alluvial sediment texture turns
out to be fine-grained silt and clay. The plain is
mostly covered by agricultural lands previously fed
by the Qarah-Chay River. Following the construc-
tion of the Saveh dam in 1994, the Qarah-Chay
River was dry most of the year and became a sea-
sonal river, resulting in the excessive use of
groundwater in the plain. The hydrograph of Ali-

abad plain for 1990 to 2015 period is shown in Fig-
ure 3 (Water Resources Report of Saveh Study
Area 2013). During the 25-year period, the
groundwater level in this plain has declined 34.13 m
with an average annual decline of 1.35 m. This water
level drop has led to subsidence in the Aliabad plain,
which is accompanied by features such as an opening
in the margin of the plain, disturbances of lifelines
(i.e., roads, railway, and pipelines), and wall crack-
ing (Fig. 4).

DATA AND METHOD

This section explains how the satellite data used
are converted to ground surface displacement and
directly geocoded into a map projection. For this

Figure 1. (a) Position of the Namak Lake basin in Iran. (b) Position of the Saveh basin in the Namak Lake basin. (c) Position of the

Aliabad plain and study area in the Saveh basin.
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purpose, the needed characteristics and data were
acquired from the Sentinel-1 satellite and the pro-
cess employed to convert them to ground�s surface
displacement was described. In the study area, GPS
stations have not been established. In addition,
available leveling data are not sufficiently accurate
to be used safely.

Sentinel-1 Interferometric Wide Products

Sentinel-1 is a space mission developed by the
European Space Agency (ESA) in the framework of
the Copernican Program. The mission includes two
satellites. Sentinel-1A was launched on 3 April 2014,
and Sentinel-1B was launched in early 2016 (Sen-
tinel-1 2016). Sentinel-1A, depending on the desired
target and application, captures SAR images in four
different modes. Interferometric wide (IW) swath

mode is the default acquisition mode over land that
obtains data with a 250 km swath and a 5 m 9 20 m
resolution. IW mode creates three sub-swaths with
� 2 km overlap using novel terrain observation by
progressive scans SAR mode. Each sub-swath image
subtends a series of separate single look complex
(SLC) image called bursts (Fig. 5; De Zan and
Guarnieri 2006).

Satellite Images

We used 17 Sentinel-1A IW SLC SAR images
acquired in ascending passes from 24 March 2015 to
9 August 2016. The level-1 images were downloaded
from the Sentinel-1 Scientific Data Hub (Sentinel-1
Scientific Data Hub 2016). Each of the downloaded
IW SLC images consists of three sub-swaths (i.e.,
IW1, IW2, and IW3). Each sub-swath is also divided

Figure 2. Geological setting of the Saveh basin (Water Resources Report of Saveh Study Area 2013).
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Figure 3. Hydrograph of Aliabad plain for the period 1990–2015 (Water Resources Report of Saveh Study Area 2013).

Figure 4. The consequences of subsidence phenomenon in the Aliabad plain: (a) opening in the margin of the Aliabad plain; (b)

subsidence in the vicinity of piezometers; and c wall cracks.
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into nine bursts, and each burst is processed as a
separate SLC image (Fig. 6). Because the study area
is located in more than one burst, it was necessary to
merge the bursts and create a wide-area IW product
that covers the study area. This process, which is
called co-registration, is required when multiple
images cover the same region and a time series of
pixel values needs to be analyzed. For this purpose,
because it is not 160 important which image is taken
as the reference, the first image (by date) was used
as the 161 reference and the others were co-regis-
tered to it.

Figure 7 presents the normal and temporal
baselines of the Sentinel-1A IW SLC SAR images
used in this study compared to the first image. In this
graph, the pairs corresponding to the threshold are
denoted by the straight lines. All pairs formed had
the maximum normal and temporal baselines of
45% and 90 days, respectively. This threshold allows
maximization of spatial coherence and the phase
contribution due to Digital Elevation Map (DEM)
errors (Yan et al. 2012). Furthermore, in this study,
ASTER Global DEM with spatial resolution of
20 m was used.

Interferogram Analysis

DInSAR is a practical approach to monitor
land deformations. Accordingly, the persistent scat-

ter interferometry (PS-InSAR) is the enhanced form
of the DInSAR by which atmospheric effects are
filtered. However, the PS-InSAR technique can be
implemented in regions where the PS object can be
identified similar to urban areas. Consequently, as
the Ali-Abad plain lacks good persistence scatters,
the DInSAR technique has been applied in this
study.

Moreover, concerning atmospheric effects, it
should be mentioned that the central parts of Iran
are characterized by low of water vapor and there
are almost no clouds. Anyhow, the atmospheric
conditions (water vapor and cloud) have been taken
into account prior to registering the Sentinel-1 data.

An interferogram is an image that shows the
phase difference between two SAR images of the
same area at different times taken from the same
position. The observed phase (/int) is the sum of
several contributions:

/int ¼ /Topography þ /Change þ /Movement þ /Atmosphere

þ /Noise:

The objective of differential interferometry
(DInSAR) is to extract the displacement one
(/Movement) from different components. In this
study, passes 1 (master image) and 2 (slave image) in
combination with a DEM (for subtracting the
topography induced fringes) were considered to
generate differential interferograms.

Figure 5. Sentinel-1 burst structure with small overlaps between bursts and sub-swaths (Wegmüller et al. 2016).
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The software ENVI SAR scape 5.2 (Sarmap
2015) was used for processing of IW-SLC images of
the study area. A long-time baseline and the pres-
ence of vegetation have resulted low coherence in
some parts of the study area. In order to minimize
the temporal decorrelation effects and to generate
strongly coherent interferograms for DInSAR pro-
cessing chain, we selected four interferogram pairs
(t1 to t4) with strong coherence. In addition, to study
the effect of underground water change and thick-
ness of alluvium on the subsidence level, the first and
last images were used (t5). Normal and temporal
baselines and average coherence per interferogram
of the study area are presented in Table 1. The
range of image coherence values is between 0 and 1,

denoting areas with the lowest and the highest
coherence, respectively. The estimated coherence is
a function of systematic spatial decorrelation (i.e.,
additive noise) and temporal decorrelation between
master and slave acquisitions.

In the next step, the reference DEM was given
as input for removing topography from an interfer-
ogram. The ASTER DEM was used to produce
differential interferograms containing subsidence
fringes. Furthermore, filtering is essential to mini-
mize phase noise and retrieve surface information
that is present in the phase of the interferogram. In
this study, adaptive Goldstein filter was applied to
identify subsidence fringes (Goldstein and Werner
1998). The topography phase of the interferogram

Figure 6. Sentinel-1 SLC image showing sub-swath IW1, IW2, and IW3, and position of study area.
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was measured using only modulo-2pi (i.e., values
range from 0 to 2p and then repeat) (Sarmap 2009).
Phase unwrapping is the process for resolving this 2p
ambiguity. Differential interferograms after filtering
and unwrapping for t1 to t5 time periods are depicted
in Figure 8.

RESULTS AND DISCUSSION

We analyzed four interferograms to monitor
land subsidence in the study area covering a period
of 14 months. Figure 9 presents the spatial distri-
bution of land subsidence obtained from Sentinel-1

Figure 7. Graph of normal and temporal baselines of the Sentinel-1 data used in this study compared to the first

image.

Table 1. Normal and temporal baselines and average coherency on the study area for selecting interferograms

Time period Master date Slave date Normal baseline (m) Absolute time baseline (day) Coherency average on the study of area

t1 3/24/2015 8/15/2015 12.79 144 0.449

t2 8/15/2015 12/13/

2015

� 28.96 120 0.442

t3 12/13/2015 5/5/2016 � 5.86 144 0.443

t4 5/5/2016 8/9/2016 � 26.82 96 0.552

t5 3/24/2015 8/9/2016 � 48.473 504 0.351
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Figure 8. Differential interferograms after filtering and unwrapping during time periods (a) t1, (b) t2, (c) t3, (d) t4, and (e) t5. The location

of the selected region for differential interferograms relative to the Saveh study area (f).
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InSAR analysis for four pairs of interferograms in
the study area. As shown in this Figure, the subsi-
dence level is higher on the west side than in the east
side. The maximum subsidence is 171 mm for t1,
143 mm for t2, 142 mm for t3, and 104 mm for t4.
Time difference between slave and master images,
and probably variation in subsidence level with
season, might be the reasons for subsidence level
changes in the four time periods. The image also
shows that subsidence in the study area is a contin-
uous phenomenon and has relatively uniform spatial
distribution.

Vertical displacement velocity map for the en-
tire study period (t5) and groundwater change con-
tours from 2002 to 2015 is illustrated in Figure 10. It
is noteworthy that the groundwater level for all
piezometers data is available since 2002 (Abkhan
consulting engineers 2013). As shown in Figure 10,
the maximum groundwater decline during 2002 to
2015 period was 44 m, while the maximum subsi-
dence rate of the study area during the total study
period (t5) was about 178 mm/year. The spatial dis-
tribution of subsidence shows that land deformation
values decrease from west to east. Similarly,

Figure 9. Displacement map (mm) obtained from unwrapped interferograms, during time periods a t1, b t2, c t3, and d t4.
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groundwater reduction in the study area was higher
in the west side than in the east side. In order to
illustrate the relation between these two parameters,
the graph of land deformation changes versus
groundwater decline along profile A–B is shown in
Figure 11. The longitudinal direction of profile A–B
is from west to east and covers the whole study area.
Curves fitted to these two graphs (red curves in
Fig. 11b and c) have similar trends. Also, the maxi-
mum subsidence along profile A–B occurred where
there the groundwater decline was maximum.
Moreover, as can be seen from these Figures, the
maximum cumulated subsidence in the study area
was about 246 mm.

The graph of land deformation variations versus
thickness of alluvium on profile A–B (Fig. 12) shows
that the thickness of alluvium varies from 20 m at
the margin of the plain to 280 m at the center of the

study area. Moreover, the results show that although
curves fitted to the graphs (red curves in Fig. 12b
and c) are ascending, the trends of these graphs are
not entirely similar in profile A–B. Furthermore,
areas with high thickness of alluvium in the study
area have not necessarily experienced larger subsi-
dence. This result suggests the lack of any direct
meaningful relationship between these two param-
eters in the study area.

In Figure 13, the transmissivity contour line is
shown. Based on this map, the values of transmis-
sivity vary from 100 m2/day at the margin of the
study area to 3000 m2/day at the Qarah-Chay
Riverbank. In the center of the eastern part of the
study area and around the Qarah-Chay River, the
transmissivity values are 1500 m2/day. To the margin
of the study area, due to the decrease in thickness of
alluvial deposits, the values are reduced to

Figure 10. (a) Location of the study area relative to the Saveh study area. (b) Map of vertical displacement velocity (mm/year) in Aliabad

plain during period t5.
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100 m2/day. Because of decreasing transmissivity,
the subsidence level also decreased to the margin of
the study area. Because alluvial deposits on the
northern coast of Qarah-Chay River are coarse-
grained, the distances between transmissivity con-
tours in the northern coast are greater than in the
south coast of the river. In the west of the study area,
due to the presence of coarse-grained alluvial de-
posits and sediments from the Mazlaghan and Qar-
eh-Chay rivers, transmissivity values are 1000 and
2000 m2/day, respectively, in most of this region. As
shown in Figure 13b, curves fitted to transmissivity
changes are descending from the west to east along
profile A–B. The subsidence level also decreases
from west to east of the study area (red curve in
Fig. 13b). According to Figures 12c and 13c, trans-
missivity is reduced from the first one-third of the

plain toward the east due to a decrease in sediments
thickness. This result can be seen also from the
relation T = Kb, where b, K, and T, respectively,
denote aquifer thickness, hydraulic conductivity, and
transmissivity. In addition, moving toward the
western parts of the plain and near the Qarah-Chay
River, depending on geological diversity and thick-
ness of the aquifer, hydraulic conductivity affects
variations (increase) in transmissivity. The trend of
variations in these diagrams markedly confirms
ground deformation (Fig. 13b) from west to east in
the plain.

Figure 14 presents the water level models and
3D diagrams for a part of the study area where log
information of the wells is available. These 3D dia-
grams illustrate lithological information from 10
observation wells, amount of land deformation,

Figure 11. (a) Map of displacement (mm) obtained from unwrapped interferogram during period t5, showing groundwater contour line

and position of profile A–B. (b) Land deformation along profile A–B. (c) Groundwater level decline along profile A–B. Red curves show

fit curve of the graphs.
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groundwater level at the start and the end of the
study period, and groundwater decline in the se-
lected region.

According to Figure 14, due to the presence of
coarse-grained sediments such as gravel and sand in
the western part of the selected region, the
groundwater level at the start of the study period in
the western part (piezometers 1 and 2) is lower than
in the eastern part (piezometers 4 to 10). Moreover,
the decline rate in groundwater level during the
study period in the western part is greater than that
in the eastern part. As a result, the water level in
piezometers 1 and 2 is lower compared with the
other piezometers, indicating much greater subsi-
dence level in the western part than in the eastern
part of the plain.

CONCLUSIONS

In this research, the InSAR technique was ap-
plied to study land subsidence in the Aliabad plain,
in central Iran. For this purpose, Sentinel-1 SLC
images were acquired and DInSAR method was
applied. Some images were selected from 24/03/2015
and 8/09/2016 to examine the spatial distribution and
trends of subsidence in different seasons. The results
showed that subsidence in this area is a continuous
phenomenon and has relatively uniform spatial dis-
tribution. In a 14-month study, the maximum sub-
sidence rate was 170 mm/year while the maximum
accumulated subsidence was about 240 mm. Fur-
thermore, we investigated the relationship between
land deformation and parameters including

Figure 12. (a) Map of displacement (mm) obtained from unwrapped interferogram during period t5, showing thickness of alluvium

contour line and position of profile A–B. (b) Land deformation along profile A–B. (c) Thickness of alluvium along profile A–B. Red

curves show fit curve of the graphs.
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groundwater changes, thickness of alluvium, and
amount of transmissivity in the study area. The re-
sults showed a direct relation between the spatial
distributions of land deformation level and ground-
water decline. Moreover, studying land deformation
in comparison with thickness of alluvium in the
study area revealed that there is no meaningful
relationship between these two parameters. The re-
sults showed that similar to decrease in transmis-

sivity values, subsidence level also declined from
west to east in the study area.

Moreover, the 3D diagrams obtained from well
logs showed that grain size distribution is one of the
factors that affect subsidence level in the study area.
The limitations of this study include lack of com-
prehensive databases and previous studies on this
subject in the study area. In addition, few observa-
tion wells, shortage of comprehensive geotechnical

Figure 13. (a) Map of displacement (mm) obtained from unwrapped interferogram during t5 period, showing transmissivity contour line

and position of profile A–B. (b) Land deformation along profile A–B. (c) Transmissivity changes along profile A–B. Red curves show fit

curve of the graphs.
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information, and lack of GPS stations for monitoring
subsidence make the validation of the results of the
study difficult.
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