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Abstract

Atmospheric phase screen (APS) is one of the main error sources of interferometric synthetic aperture radar
(INSAR) measurements. In order to accurately retrieve displacement fields, it is necessary to use advanced
methods to eliminate the tropospheric effect of interferograms. In this paper, the land subsidence in
Kurdistan province of Iran is investigated using Sentinel-1A acquisitions on a single track for the period
2014-2018. The accurate and applicable 3D ray tracing technique is used to accurately estimate the APS.
The ERA-I reanalysis data generated by European Centre for Medium Range Weather Forecasts (ECMWF)
are used to implement the 3D ray tracing technique. In order to determine the effect of using the 3D ray
tracing technique, the APSs are also determined using a traditional approach called, spatiotemporal filters
method. To evaluate the capability of the two methods, the results are compared with the weather research
and forecasting model (WRF) model. Finally, the interferograms are corrected using APSs from 3D ray
tracing technique and traditional method and the subsidence rate in the study area is computed. Comparing
the subsidence rates obtained from two APS estimation methods with piezometric data, GPS and precise
levelling observations shows that the 3D ray tracing technique is significantly more accurate than traditional

method in computing INSAR displacement fields.
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1. Introduction

Aquifers are one of the most important and vital water resources for agriculture, drinking, industry. In recent
decades, factors such as population growth, the development of industrial activities have led to the excessive
extraction of groundwater. Therefore, aquifer depletion has caused land subsidence in different parts of the
world (Gumilar, 2015). It can be said that subsidence is the sudden or gradual downward movement of the
Earth surface due to human activities or natural causes. Land subsidence could cause serious damage to the
stability of human made structures and aquifer and change in groundwater quality and generally
vulnerability of plain against drought and ecosystem extinction. Therefore, land subsidence analysis is
substantial point, especially in potential places.

Iran is a vast country that has been temporarily and spatially limited in water resources in recent decades
due to excessive extraction of groundwater for urban development and industrial activities (Motagh et al.,
2008). The study area of this paper is located in east of Sanandaj city in Kurdistan province in Iran. Land
subsidence can be analyzed by hydrogeology techniques and also by geodetic methods like precise point
positioning using global navigation satellite system (GNSS) and InSAR technique (Abidin, 2008). INSAR
technique is a powerful and accurate method with high spatial resolution which is used to measure and
analyze displacement or deformation on the Earth surface (Kumar, 2011).

Atmospheric phase delay is one of the main limitation of INSAR measurement (Zebker et al., 1997; Jolivet
et al., 2014). This delay should be modeled and corrected. There are many instruments for estimating the
tropospheric delay such as radiosonde, water vapor radiometer and meteorological satellites and sensors
(Merrikhpour and Rahimzadegan, 2017; Merrikhpour and Rahimzadegan, 2019). Many previous studies
have studied the mitigation of tropospheric effects using different methods. One approach is based on
characterizing the statistical properties of phase delay patterns using or based on a connected stack of
interferograms (Emardson et al., 2003; Foster et al., 2006; Li et al., 2006; Lauknes, 2011). Other approaches
are based on the analysis of the relationship between delay and elevation (Remy et al., 2003; Cavalié et al.,

2007; Elliott et al., 2008), based on external data (\Wright et al., 2001; Fournier et al., 2011; Dee et al., 2011;



Catalao et al., 2011; Jolivet et al., 2014) and based on ray tracing technique (Hobiger et al., 2010; Haji-
Aghajany et al., 2019).

Unlike most of the correction methods which are based on external data, there is a traditional approach
called spatiotemporal filter method that uses interferometric combination of a series of SAR acquisitions to
detect tropospheric effects. The main idea of these methods is based on the assumption that the atmospheric
influence is randomly in time, whereas deformation signal correlates with time (Ferretti et al., 2001; Mora
et al., 2003; Tang et al., 2016). Therefore, it is expected that the atmospheric effect can be eliminated by
temporal filtering of large time series SAR acquisitions. Spectral diversity (SD) is another method that has
recently been used to correct atmospheric effects (Jung and Lee, 2015; Gomba et al., 2016; Fattahi et al.,
2017; Mastro et al., 2020).

In this paper, the quantitative and qualitative effect of the tropospheric delay in INSAR-derived subsidence
is investigated. For this purpose, the powerful 3D ray tracing technique and spatiotemporal filter method
are used to estimate APSs. To assess the obtained APSs from these two methods, they are compared with
WRF model outputs. Then these estimations are applied to the obtained interferograms. Finally, the land
subsidence rates which are computed using two APS estimation methods are compared with geodetic and

piezometric data.

2. INSAR analysis

INSAR is one of the most powerful techniques to investigate the land displacement. This technique is based
on the use of the phase of radar acquisitions (Hooper, 2008).

The differential SAR interferometry (DINSAR) method involves the processing of two radar acquisitions
taken at two different times from a common area. The purpose of this process is to validate surface
displacement occurred in time between two acquisitions. This method has two main disadvantages. First,
atmospheric effect cannot be effectively eliminated. Second, temporal decorrelation between two
acquisitions often decrease the quality of the results. This method is generally used to study the deformation

caused by earthquake.



In the last two decades, Persistent scatterer interferometry (PSI) and small baseline subset (SBAS) have
been developed to obtain deformation time series by using multi-temporal SAR acquisitions (Ferretti et al.,
2001; Berardion, 2002). The PSI and SBAS methods are based on the use of the larger number of
acquisitions and persist scatterer (PS) in the imaging area. By using the PSI method, it is possible to compute
linear displacement velocity and to rebuild nonlinear time series of each PS. The SBAS approach works
only on PSs that are coherent above a selected threshold on all interferograms (Samsonov, 2010). These
techniques have a high accuracy in computing displacements such as subsidence over time in the form of
time series (Ferretti et al., 2001; Berardion, 2002).

Recently developed INSAR processing approaches is related to combination of the PSI and SBAS methods
and selecting PS (Hooper, 2008).

In all methods of INSAR, the basic observable is called an interferogram, which represents the per-pixel
phase difference between two radar acquisitions. It should be noted that in INSAR the displacement of each
PS is measured relative to a reference PS. The phase of the reference PS is set to zero. Therefore, the
reference PS should be coherent and stable in all interferograms. After selecting PSs using amplitude
dispersion index (ADI), for a given interferogram, considering the effects of the topography, atmospheric
path delay, orbital error, and other thermal noise errors, the observed INSAR phase change can be expressed

as (Zebker et al., 1997):

=3, +P,  +P, +

topo atm orbit

+(I)na7lse (1)
Where & wf is the deformation phase along the LOS direction, P, is the phase resulted from the

topography effect, ® s the phase resulted from the atmospheric delay, ® . is the phase due to orbital

rbit
pathsand ® . isthe phase related to other thermal noise errors. (Zebker et al., 1997). Because the purpose

of the INSAR process is to extract the displacement, the other contributions in the INSAR phase should be
modeled from auxiliary data and removed from Eq.1.
In this paper, the advanced spaceborne thermal emission and reflection radiometer (ASTER) digital

elevation model (DEM) with resolution of 30 meter are used for the reduction of the topography effect and



orbital files are applied for orbital errors reduction. The important error in the INSAR observations which
is difficult to model and may significantly affect the estimated displacement is due to the atmosphere. One

of the purposes of this study is to review the methods for removing this error.

3. Tropospheric effect on a radar signal and its mitigation

Tropospheric effects on INSAR data are mainly due to variations in the refractive index. When a radar signal
propagates through the inhomogeneous troposphere the velocity is lowered and the observations
contaminated due to variable tropospheric effects (Jolivet et al., 2014). The variations of delays can cause
a localized phase gradients in INSAR data. These variations are mainly due to the changes in tropospheric
temperature, pressure and water vapor. Generally, temporal variations in pressure and temperature are not
large enough to produce a localized phase gradients in INSAR data (Hanssen, 1998). The main reason for
the effect of the troposphere on INSAR data is due to temporal variations in water vapor. Water vapor is
usually observed in lower troposphere, where a strong turbulent mixing process occurs. Turbulent mixing
can cause heterogeneity in the refractivity and can cause localized phase gradient in INSAR data (Hanssen,
1998; Hanssen, 2001). These phase gradient, which are caused by variations of tropospheric delay, called
APS and must be estimated. In the following, the basics of the traditional method based on spatiotemporal

filters and the 3D ray tracing technique based on eikonal equations will be introduced to compute the APSs.

3.1. APS estimation using spatiotemporal filters

The atmospheric conditions do not change in a very small area, so APS is low-pass in spatial domain.
However, its temporal variations is like white noise. The non-linear displacement (NLD) is also low-pass
in time (Fig.1). The extraction of APS requires low-pass filtering in the spatial domain.

Therefore, after applying a low-pass filter on interfrograms the APS (¥ . ) and the low frequency term of

the NLD (¥,,,) Will be remained (Moyano Sanchez, 2009).

(‘Y) Low-pass = ¥ aps T+ (\PNLD)LUW—Pass (2)
Therefore, assuming APS is spatially correlated and temporally random unlike land displacement, it can be
said that APS can be estimated using spatiotemporal filter. Finally, the temporally uncorrelated APS could

be estimated using temporal filter. It should be noted that this assumption is not always correct because the

5



effects of seasonal variation of the atmospheric parameters, especially water vapor, could still remain

(Hanssen, 1998; Ferretti et al. 2001; Moyano Sanchez, 2009).

Spatial frequency

Temporal frequency

Figure 1. Spectral behavior of the APS and NLD (Moyano Sanchez, 2009).

In time domain, the NLD is low-pass whereas the APS is in the entire spectrum (Moyano Sanchez, 2009).
To estimate the APS that is not overlapped with the NLD, it is necessary to use a temporal high-pass filter
to the low-pass filter results. Finally, using both low-pass spatially and high-pass temporally filters the APS
for each interferogram can be obtained. It should be noted that, the effect of APS estimation depends on the
window size of the spatiotemporal filters. Smaller scale tropospheric effects may remain in the
interferograms even after APS correction (Hanssen 2001). Therefore, the stratified APS will be corrected

using ERA-Interim in the time series interferograms (Tang et al., 2016).

3.2. APS estimation using 3D ray tracing technique

Ray tracing is one of the most widely used and accurate techniques for determining tropospheric delay. this
is the most precise technique to reconstruct the real path of signal propagation using atmospheric parameters
which is widely used for determining tropospheric delay. Ray tracing technique is categorized in 2D and
3D methods. In 2D methods, ray tracing is performed in a fixed azimuth and in 3D method the path of a
ray can be retrieved in 3D space (Hofmeister, 2016; Haji-Aghajany and Amerian, 2017; Haji-Aghajany and
Amerian, 2018).

In this paper the new and powerful 3D ray tracing method is applied to compute the tropospheric delay for
different radar acquisitions in different times. This method is based on the 3D reconstruction of the ray and
the computation of the true distance traveled by it. The tropospheric delay can be measured by comparing

the true distance traveled by the ray geometric distance. Finally, the tropospheric effects in each



interferogram can be obtained by comparing the delays obtained for the two master and slave acquisitions
(Haji-Aghajany et al., 2019).
3D ray tracing method is based on the Eikonal equations. The Hamiltonian form of the Eikonal equations

is as follows (Hofmeister, 2016; Haji-Aghajany and Amerian, 2017):

H(r, VL) zi{(VL.VL)Z —n(r)"‘}zo 3)

dr  oH  dvh  oH  dl oH
L= ===, —-vL

du ovh, ' du  or odu oVl

(4)

Where H(r,VL) is the Hamiltonian function, L is the length of the path travelled by the ray, VL is the
components of signal directions, Fis the position vector, n(F) is the refractive index and a is an integer

number. By setting this integer number, type of parameter of interest u is defined. By selecting a=1, Eq.3

can be rewritten as (Hofmeister, 2016; Haji-Aghajany and Amerian, 2017):

PO BTSN CEy
H(r,0,/1, Lr’ LH’ Lﬂ) = (Lr +r_2 LH +m)z —n(r,@, ﬂ,t) (5)

Where r is the radial distance, @ is co-latitude, /4 is the longitude, L L, and L, are the elements of the

directions. Eq.5 is now substituted into Eq.4 to receive the six equations. To perform 3D ray tracing these
equations must be solved using boundary conditions and initial values. In this paper the ERA-I data has
been used to find initial value. More details about this method algorithm and its applications in tropospheric
delay estimation and reconstruction of signal path in GNSS tropospheric sensing could be found in previous
researches (Hobiger et al., 2008b; Hofmeister, 2016; Haji-Aghajany and Amerian, 2017; Haji-Aghajany

and Amerian, 2018; Haji-Aghajany et al., 2020).

4. Study area and data set

The study area is located in the west of Iran, in Kurdistan province and in the east of Sanandaj city. This
area is known as Dehgolan basin. Geologically, Dehgolan basin is part of Sanandaj-Sirjan zone and has the
same geological history as Iran central zone. However, its structure is more similar to the Zagros (Alavi,
1994; Amini and Homayounfar, 2016). The maximum elevation of this area is about 2880 m from the sea
level in the south of the basin. Based on De Martonne climate classification, this area has a dry and cool
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climate. Due to the excessive extraction of groundwater, Dehgolan basin is on the list of forbidden plains
in Iran and no more water extraction is allowed (Amini and Homayounfar, 2016). The location of the study
area and its DEM are shown in Fig.2.

The launch of Sentinel-1 satellite was a new era for INSAR applications and time series analysis. The
Sentinel missions are part of the European Union’s earth observation programme which is named
Copernicus and managed by the European Commission in partnership with the European Space Agency
(ESA). The ESA is in charge of the technical development and maintenance of this satellite. The repeat
interval of this satellite is 12 days. The data of an area are available in 6 days (ESA, 2017). To perform the
INSAR analysis, the Sentinel-1A radar acquisitions from track 174 (ascending) between 2014 and 2018 are

used.

Kurdistan

Figure 2. Location of the study area (yellow circle) and its DEM.

In this research, the ERA-I reanalysis model published by ECMWF has been used to perform 3D ray tracing
technique. This model presented values of several meteorological data on 37 pressure levels. The spatial
resolution of this data is about 75 km (Dee, 2011). Previous studies have shown that this data is very useful
in a variety of fields, including geodynamics and geodesy (Haji-Aghajany et al., 2017: Haji-Aghajany et
al., 2019). For each acquisition date, the ERA-I output which is the closest to the radar acquisition time is
selected. The pressure, temperature and water vapor provided at each pressure level has been interpolated.

Spline interpolation along altitude and kriging interpolation in the horizontal dimensions is applied.



The National Center for Environmental Prediction (NCEP) Climate Forecast System Reanalysis (CFSR)
and NCEP's Global Forecast System analysis (GFS) data have been used to run the WRF model and validate
the obtained APS (Rogers et al., 2001).

Piezometric data are one of the most useful tools to provide information about groundwater fluctuations,
identifying groundwater recharge zones and interactions between groundwater and surface water.
Piezometric data from groundwater wells are collected by the regional water organization. In this paper,
these data are used to validate the INSAR displacement fields. In addition, precise levelling data and GPS
observations are also used to evaluate the obtained displacement rate. The geographic location of the

piezometric wells and GPS stations is visible in Fig.3.

35.5]

Kurdistan Province

35.25—

Latitude (deg)

35—
GPS station

Dehgolan city

Qorveh city Piezometric well

T T T T
47.25 47.5 47.75 48

Longitude (deg)
Figure 3. Spatial distribution of piezometric wells over the study area.

5. Analysis

A set of Sentinel-1A radar acquisitions have been used to INSAR analysis. In this processing, 0.42 have
been selected for ADI and the scene has divided into 5x5 patches. Also, a reference PS has been selected
with respect to the maximum of coherent pixels and smallest phase variance. For this selection, a group of
PSs throughout the scenes have been tested. In order to obtain the displacement rate, additional effects must
be removed from the interferograms. After eliminating the intrusive effects of topography and orbital error

using the DEM and orbital data, the obtained interferograms only included atmospheric effects and



displacement phase. The atmospheric effect or APS on the obtained interferograms have been computed

using two APS estimation methods. Samples of obtained APS are shown in Fig.4 and Fig.5.

Latitude (deg)

47.4 47.8 48.2 47.4 47.8 48.2 47.4 47.8 48.2
Longitude (deg) Longitude (deg) Longitude (deg)

Figure 4. Samples of APS maps using spatiotemporal filters.

Latitude (deg)

474 478 482 474 4738 482 474 47.8 482
Longitude (deg) Longitude (deg) Longitude (deg)

Figure 5. Samples of APS maps using 3D ray tracing technique.

In order to control and assess the results from two methods, they have been compared with WRF model
outputs. To set the WRF model indicators in study area to obtain more accurate results, the library of Iran
meteorological organization (IMO) for this indicators have been used. The statistical comparison of

obtained APSs on 90480 PSs with WRF model outputs can be seen in Table.1.

Table 1. Statistical parameters and comparison of obtained APS maps

; ] Standard Root mean
Method Min | Max =16 deviation (STD) | Correlation square error
(mm) | (mm) (mm)
(mm) (RMSE) (mm)
Spatiotemporal filter | -29.1 | 48.1 | -4.7e-14 23.9 0.48 29.4
3D ray tracing -32.1 | 394 | 3.7e-15 8.7 0.74 13.9
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This comparison shows that the APSs obtained from the 3D ray tracing method are more consistent with
the APSs obtained from the WRF model. After applying the estimated APSs by two mentioned methods on
the obtained interferograms, the displacement rate of the area have been estimated (Fig.6). In order to better
compare the results, two separate profiles have been considered on the obtained displacement fields. Fig.6
shows that in the case of using the spatiotemporal filter method corrections there are many subsidence and
uplift signals in the area. The use of 3D ray tracing technique has reduced the number of these signals
considerably. The high displacement rate and the high number of signals in the displacement rate map
obtained by the spatiotemporal filter method could be related to the remaining atmospheric effects in the
interferograms. Also, the use of 3D ray tracing technique may mask the subsidence and uplift signals and

reduce their amount.

Spatiotemporal filter 3D ray tracing
36
mm/yr
20
= 35.6
%)
=
(Y]
©
=
5 .0
35.2
34.8 60
47.4 478 48.2 47.4 47.8 482
Longitude (deg) Longitude (deg)
Tz 20 :
% Spatiotemporal filter _ _ _ 3D ray tracing ___
E
2
*
= -25
Q
£
g
(1]
a
2
&

4
o

o

0.4
Distance (km) Distance (km)

Figure 6. Obtained displacement rates and considered profiles.
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In order to review the accuracy of the results, it is necessary to compare the obtained displacement rates
with the displacement rates obtained from a series of accurate observations. The obtained displacement rate
from two APS estimation methods, have been compared with precise levelling data (Fig.7). The RMSE of
this comparison for 3D ray tracing is 9.47 mm/yr and for spatiotemporal filters is 19.51 mm/yr. Also, the
displacement rate fluctuations obtained from the 3D ray tracing are more similar to the fluctuations of the
precise levelling data. Generally, this comparison shows the efficiency of the 3D ray tracing technique in
comparison with traditional method in INSAR APS estimation.

The time interval covered by precise levelling data and radar acquisitions is different and it may cause the
different displacement rates from the two methods.

In addition, the displacement rates from two APS estimation methods have been compared with the
displacement rates from GPS observations. Due to the time interval overlap of the GPS data and radar
acquisitions, this comparison can provide more accurate and reliable results (Fig.7). The RMSE between
GPS displacement rate and displacement rate from spatiotemporal filters is 12.09 mm/yr and the RMSE
between GPS displacement rate and displacement rate from 3D ray tracing is 3.81 mm/yr. This comparison
also shows the efficiency of the 3D ray tracing technique in comparison with traditional method in INSAR

APS estimation.

Precise levelling A

InSAR using 3D ray tracing [ ] InSAR using 3D ray tracing
InSAR using spatiotemporal filters ® InSAR using spatiotemporal filters
20 — 20—

| 1

Displacement rate (mm/yr)
Displacement rate (mm/yr)

60 —| 60

Point GPS Stations
Figure 7. Comparison of obtained displacement rates with precise levelling and GPS data.
In order to better evaluate the obtained results, it is necessary to compare the INSAR time series with the
piezometric data time series. Samples of this comparison at the position of 4 different piezometric wells

can be seen in Fig.8.
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Figure 8. Samples of INSAR time-series and water level decline of four piezometric wells from up to down, respectively.

Fig.8 present groundwater level fluctuations of the piezometric wells and InSAR time series at location of

these wells. For better presentation, the water level of piezometric wells has been set to zero. Therefore,
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any negative value indicates the water level decline. The piezometric wells 1 and 4 shows the decline in
water level caused by excessive water extraction. The well 3 also shows decline in water level, but less than
the wells 1 and 4. The water level of well 2 does not demonstrates any decline. The existing fluctuation in
this well is related to seasonal variations. The highest subsidence is observed at the location of wells 1 and
4, reflecting the maximum water level decline and aquifer depletion.

The obtained displacement from spatiotemporal filters at the location of well 1 does not show any

subsidence, unlike displacement field from 3D ray tracing and water level. Piezometric data and

displacement field from 3D ray tracing indicate that there is no subsidence at the location of well 2, but the
displacement from spatiotemporal filters shows a clear subsidence. Also, at location of well 3, the results
of spatiotemporal filters method do not fit well with other results and observations. Above mentioned results
and comparisons indicate that the 3D ray tracing technique is more accurate and efficient than the
spatiotemporal filters method in APS estimation. Because the 3D ray tracing technique reconstructs the
exact path of the radar signal by considering all the conditions of the atmosphere and solving the Eikonal
equations. In addition, this technique takes into account the lateral variations of the tropospheric parameters,
which is neglected in other methods. It should be noted that the subsidence in this area due to the excessive
water extraction is a great danger and should be considered.

6. Conclusions

Atmospheric effects are the main limiting factor in INSAR technique. These effects can cause errors of over
one hundred millimeters to INSAR results. In this paper, the 3D ray tracing technique was used in order to
estimate this effect and to achieve more accurate INSAR displacement fields. The results of the 3D ray
tracing technique were compared with the results of the traditional spatiotemporal filters method. The
estimated APS from the 3D ray tracing technique was much more consistent with the WRF model results.
In order to investigate the effect of this method on displacement fields, an area was selected in the west of
Iran, in Kurdistan province. After estimating the APS from two methods and correcting the interferograms,
the time series and displacement rate were computed. Finally, comparison the results with piezometric data,

GPS and precise levelling observations showed higher accuracy of the displacement filed obtained from
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the 3D ray tracing technique compared to the traditional method. Despite the research done in this paper
and previous studies, further investigations are still necessary to develop more effective methods for APS

estimation to achieve more accurate INSAR displacement fields.
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