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Abstract: Interferometric Synthetic Aperture Radar (InSAR) capability to detect slow
deformation over terrain areas is limited by temporal decorrelation, geometric decorrelation
and atmospheric artefacts. Multitemporal InNSAR methods such as Persistent Scatterer
(PS-InSAR) and Small Baseline Subset (SBAS) have been developed to deal with various
aspects of decorrelation and atmospheric problems affecting InSAR observations.
Nevertheless, the applicability of both PS-InSAR and SBAS in mountainous regions is still
challenging. Correct phase unwrapping in both methods is hampered due to geometric
decorrelation in particular when using C-band SAR data for deformation analysis. In this
paper, we build upon the SBAS method implemented in StaMPS software and improved the
technique, here called ISBAS, to assess tectonic and volcanic deformation in the center of
the Alborz Mountains in Iran using both Envisat and ALOS SAR data. We modify several
aspects within the chain of the processing including: filtering prior to phase unwrapping,
topographic correction within three-dimensional phase unwrapping, reducing the
atmospheric noise with the help of additional GPS data, and removing the ramp caused by
ionosphere turbulence and/or orbit errors to better estimate crustal deformation in this
tectonically active region. Topographic correction is done within the three-dimensional
unwrapping in order to improve the phase unwrapping process, which is in contrast to
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previous methods in which DEM error is estimated before/after phase unwrapping. Our
experiments show that our improved SBAS approach is able to better characterize the
tectonic and volcanic deformation in the center of the Alborz region than the classical SBAS.
In particular, Damavand volcano shows an average uplift rate of about 3 mm/year in the year
2003-2010. The Mosha fault illustrates left-lateral motion that could be explained with a
fault that is locked up to 17-18 km depths and slips with 2—4 mm/year below that depth.

Keywords: InSAR; atmospheric correction; topographic correction; modified 3D
unwrapping; Damavand volcano; Mosha Fault

1. Introduction

Monitoring of ground deformation due to natural and anthropogenic hazards provides valuable
information for various stages involved in disaster cycle response, from pre-disaster risk reduction to
mapping the effects of an event for post-disaster management. Remote sensing measurements using
techniques such as Interferometric Synthetic Aperture Radar (InSAR) are becoming increasingly important
in such studies as they provide regional and spatially-continuous maps of deformation with great accuracy
(< cm), without the need of performing much field work or expensive ground surveys [1-6].

InSAR technique uses radio signals propagating through the Earth’s atmosphere. The speed and
direction of these waves are altered by electrically-neutral and -charged regions of the atmosphere,
causing path delay and advance, respectively.

Tropospheric-induced error sources affect the quality of interferometric phase measurements, and
reduce signal to noise ratio in the estimation of deformation signal [7-9]. The problem becomes more
serious when using short wavelength SAR systems, such as TerraSAR-X and COSMO-SkyMed, which
are more sensitive to such error sources [10].

The other limiting factors of InSAR are temporal decorrelation, which causes the loss of coherence
due to changes in surface cover, and geometrical decorrelation, which causes the loss of coherence in
areas with steep terrain due to variation of the observed angle for each resolution cell during the two
acquisitions [11]. All of the limiting factors contribute to the decreasing quality of the interferograms.

Using more than two SAR scenes leads to redundant observations, which can be used to mitigate the
effects of decorrelation and atmospheric artifacts in interferometric observation [12—14]. There are three
broad categories of multi-temporal methods that deal with decorrelation phenomena in InSAR
observations. These are PS-InSAR, SBAS, and SAR tomography techniques. The PS-InSAR relies on
the analysis of interferograms with respect to one master image, in which the decorrelation problem is
solved through identifying pixels, the so-called permanent/persistent scatterers, their scattering
properties have little variations with time and look angle. The permanent scatterers can be used to
provide high precision and high density displacement measurements over long periods of time [15-22].
The SBAS algorithm uses all possible SAR image combinations with a small temporal and spatial baseline
to reduce spatial decorrelation and the effect of residual phase due to uncompensated topography [23—-28].
The SAR tomography uses multiple views to profile the scattering power at different heights [29].
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In spite of the many merits of both PS-InSAR and SBAS methods there has been some debate
on how to efficiently perform these algorithms on mountainous areas with drastic changes in
topography [21,30-33]. In this paper, we present an algorithm to improve SBAS method that has been
implemented in the StaMPS [12,34] in order to better estimate slow deformation in the center of the
Alborz Mountains, Iran. In our analysis, we used both C-band Envisat and L-band ALOS data. The
Envisat SAR data suffer more from high geometric decorrelation in mountainous regions but have high
sensitivity to detect slow deformation while ALOS SAR data have lower geometric decorrelation but
less sensitivity than Envisat to detect slow deformation. We applied an improved multi-temporal method
to both Envisat and ALOS data dealing with several stages in time-series analysis. These are filtering
prior to phase unwrapping, topography correction within 3D unwrapping (equipped 3D-unwrapping to
topographic correction), and correcting for atmospheric artifacts using GPS data.

This paper is structured as follows. Our Improved SBAS algorithm (here called ISBAS) is described
in Section 2. Applicability of ISBAS for Envisat and ALOS data to assess tectonic and volcanic
deformation in the Alborz region is described in Section 3. Sections 4 and 5 are dedicated to discussion
and conclusions, respectively.

2. Improved SBAS Algorithm

In this paper, we used the SBAS method that has been implemented in the StaMPS [12,34] as the
basis for our work. In StaMPS, the specific identification of pixels for the time-series analysis is done
based on single-look interferograms that are coherent in time [19]. Another advantage of the StaMPS
method is the ability to do 3D phase unwrapping in both spatial and temporal domain to retrieve the
absolute phase retrieval of each pixel.

The StaMPS approach either for PS or SBAS method works well for deformation analysis in different
applications (e.g., [2,3,5,6,10,35,36]). It starts with the formation of single (for PS) or multiple masters
(for SBAS) single-looked interferograms from the available coregistered SAR pairs. The SBAS
interferograms are characterized by small temporal and spatial baselines as well as by a small frequency
shift between the Doppler centroids. An initial set of coherent pixels is first selected based on amplitude
analysis. Then the final selection of pixels is done based on phase stability analysis. In this step pixels
must be prepared for the unwrapping process, which is done using the 3D unwrapping method. This
method works well only for well-sampled cases in which Nyquist assumption has been satisfied [35,36],
under the assumption the unwrapped phase values of neighboring PSs lie within half a cycle. Such
conditions may not be easily met in mountainous areas because of existing geometric decorrelation as
well as residual topographic errors and atmospheric artifacts. Therefore, the use of the StaMPS in
mountainous areas is very challenging. In this study we improved the SBAS method implemented in
StaMPS to improve the time series quality using SAR data. Figure 1 shows the diagram of our proposed
methodology, which is described in detail below.
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Figure 1. Improved SBAS diagram; the red boxes mark the modified and supplementary
processing steps proposed in this study.

2.1. Modified Filtering

The first modification was interferometric phase filtering prior to phase unwrapping. StaMPS uses
the standard Goldstein filter [37] to reduce decorrelation noise before phase unwrapping. The Goldstein
filter is an adaptive filter that is commonly used to reduce the noise contributions from the interferogram.
In performing this filtering, Fourier spectrum of the small patch Z(u, v) is multiplied by its smoothed
absolute value S{|Z(u,v)|} (1) [37]:

H(w,v) = S{IZ(w, )|}* - Z(w,v) (1)

where a is the filter parameter, Z(u,v) is the Fourier transform of a small interferogram patch; H(u,v) is
the filter response; S{} is a smoothing operator and u and v are spatial frequencies.

In the standard Goldstein method, the filter parameter o is kept constant over the entire processed area.
This is not efficient for mountain areas with many decorrelated regions. Baran et al. (2003) presented a
modified Goldstein filter in which the filter parameter is selected based on coherence value [38].

H(u,v) = S{Zw, v)|}*77 - Z(u,v) (2)
where y is the coherence value. This modification allows stronger filtering on incoherent areas. We

further modified the filtering parameter o using the following logarithmic equation to increase the
efficiency of filtering especially for incoherent areas:
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H(w,v) = S{1Z(w,v)[}'807) . Z(u, v) (3)

As will be discussed in Section 4, this modification allows stronger filtering of the incoherent area,
improving the quality of the unwrapped results.

2.2. Improving the Interferometric Phase Unwrapping

Following the topographic and geometric correction in repeat-pass interferometry, the remaining
phase shift in interferometric observation can be expressed as a function of several components including
deformation, the difference in atmospheric retardation between passes, orbit inaccuracies, and residual
topographic error in the DEM. StaMPS assumes that the first three phase components are spatially
correlated over a specific distance and, therefore, mitigate their effects by subtracting the average of the
phase of all those pixels within a circular patch centered on each permanent pixel from the measured
interferometric phase [12].

For the residual topographic error (¢€), which is uncorrelated over the same distance, the relationship
between this component and perpendicular baselines is linear and is described as:

4m B, (t;, t;) YA

P:(t05) = 7 ity C K = T rsin@ v

where B l(ti, tj) is the perpendicular baseline between the two time acquisitions (ti and tj), r is the SAR
range between SAR sensor and target, 0 is the look angle and Z¢ is the DEM error. StaMPS estimates
the proportionality constant (Ke), which is the ratio between ¢e and baseline for each permanent pixel
in a least square sense before performing the 3D unwrapping process. Then irregularly sampled pixels
in time are unwrapped using 3D unwrapping algorithms [35], which unwraps pixels in both time and
space domain separately. For the unwrapping in time, the algorithm defines edges connecting data points
using Delaunay triangulation and then calculates edge phase differences between the differential
(interferometric) phases of neighboring pixels. In this way, only spatially correlated effects including
atmospheric and orbital errors are removed but there remains several undersampled areas that have to
be corrected. The existence of any spatially correlated or uncorrelated components which can happen
(e.g., in mountainous areas due to DEM error and noise due to geometric decorrelation) makes the
difference between sequential values more than half a cycle, in turn disturbing the unwrapping process
in time.

StaMPS solution for adjusting these areas (time undersarmpled areas probably caused by DEM error),
for either the PS or SBAS method is to apply the averaging filter in time domain, regardless of the source
of error. However, in our implementation we assume that the existing undersampled areas are related to
uncertainty in estimation of Ke due to strong correlation between the differential phase of neighboring
pixels (8¢fopo) and baselines. This correlation is significant in particular for processing of ALOS

dataset with large spatial baseline. To estimate residual topographic ratio, we therefore apply linear
regression between the calculated term S(j)fopo (measured edge phase differences) and B, . This makes
the phase difference in time (i.e., the phase difference of each acquisition inverted from the resulted
phase values of all SBAS pairs) smoother. The resulted phase difference time series is temporally filtered
by low-pass filter in frequency domain using a Goldstein window. This averaging operator helps also
mitigate contribution from any unaccounted components including thermal noise. The filtered phase
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difference is inverted using weighted least square to retrieve the phase of each pixel. We use the inverse
of the standard deviation for the difference between the edge time series as the weighting factor. Spatial
unwrapping is finally performed after interpolating coherent pixels of interferograms in regularly
gridded data using nearest neighbor method. In this step absolute topographic errors are first computed
from edge difference wrapped phases, and then are subtracted from the unwrapped interferograms to
compensate for residual topographic errors. Figure 2 shows an example of ALOS interferogram, which
was unwrapped with standard technique and with our modified unwrapping method. Clear
improvements in the results are recognizable in Figure 2 in which most of the disturbances related to
topographic errors are removed after correction (Figure 2b).
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Figure 2. Comparison of unwrapped interferograms for ALOS interferometric pairs of 24
July 2007 and 13 June 2009 produced by (a) StaMPS and (b) our modified unwrapping
method. The perpendicular baseline is 1290 m.

2.3. Supplementary Processing

After modifying the phase unwrapping process in the time-series analysis, atmospheric correction
needs to be implemented on each interferogram separately. This step is performed after the unwrapping
process [39]. However there are some studies in which the correction for atmospheric artifact is done before
unwrapping in order to reduce the risk of phase unwrapping errors in regions of rough topography [10,28],
especially when the coherence of interferometric pairs is low [40]. In this paper, we used atmospheric
correction after the 3D unwrapping process. Using 3D unwrapping with the ability of separating spatially
correlated components on one hand and relatively fair coherence of the interferometric pairs on the other
hand, makes it possible to mitigate phase unwrapping errors considerably.

In this work, we used GPS data to model troposphere effect based on an elevation-dependent
interpolator (Figure 3). There are three elevation-dependent water vapor interpolations including the
Best Linear Unbiased Estimator in combination with the water vapor Height Scaling Model (BLUE +
HSM) [41], the Best Linear Unbiased Estimator coupled with the Elevation-dependent Covariance
Model (BLUE + ECM) [42], and the Simple Kriging with varying local means based on the Baby semi-
empirical model (SKIm + Baby) [43]. In this study we used the revised version of the SKlm + Baby
model that is presented by Xu et al. [44] to model the elevation-dependent component of the water vapor
delay. In this model the more straightforward elevation-related regression function (Onn water vapor
model) replaces the inaccurate Baby semi empirical model [45].
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We processed GPS data using Point Positioning (PPP) technique [46] in the GIPSY software to
estimate Zenith Wet Delay (ZWD) parameter. We derived ZWD from the data collected by five GPS
stations [47] (depicted by black squares in Figure 4) and interpolate them using the elevation-dependent

water vapor model [7].
n

Ziam@) = ) 02 = mize ()] + mi )
i=1

where Z*skim(u1) denotes the interpolated water vapor delay at location u; Z(u;) represents the measured
water vapor delay at location ui; n is the number of measured water vapor delays used for the
interpolation; wi’X are the Kriging weights to be determined; mj; denotes the elevation-dependent
component of water vapor delay at locations u and is estimated from the Onn water vapor model by

Equation (6):
mix =Ce " +hx Ce™" + Zin (6)

where C is proportional to the amount of ZWD measured at sea level, a is the delay rate of the vertical
water vapor profile, and Zmi» is the ZWD value at the highest location. C, a and Zui» can be estimated by
regression analysis.

After applying the related tropospheric correction, the remaining errors due to ionospheric turbulence
or orbital errors are removed by fitting a ramp to the data. For those dates that we had operating local
GPS stations in our study area, the ramp is removed by fitting a plane to GPS displacements. For other
dates the ramp removal processing is performed by least squared analysis in the same way as the standard
processing tools [48].

Figure 3 shows an example of atmospheric and orbit/ionospheric correction for interferometric pair
of 24 July 2007 and 13 September 2009. As seen in Figure 3, the correlation between corrected
interferometric phase and DEM which is due to temporal changes in atmospheric stratification is reduced
by 80% after applying the related corrections. The confidence level for the correlation coefficients was
determined at the 95% significance level.

Although the differential phase between neighboring permanent pixels after removing topographic
effect is small and their effects on unwrapping are negligible, their cumulative effects over larger areas
at the end of 3D unwrapping are significant. Therefore, in this study an additional residual DEM
correction was performed after atmospheric and orbital corrections to remove the remaining DEM errors.
To that end, we formed the following system of equations to estimate residual topographic components
from the measured phase:

.
ol oo ol e
IAT:Z :Bz o 1 o . Olih _ A?z 7
larn B, |0 10 % L,

" Lol

where AT; and Bi are time interval and perpendicular baseline of i pairs, respectively, V is the velocity,
K is proportionality constant (K) between phase and baseline, ¢} is the spatially correlated component
of the i master images. The column with perpendicular baselines has been added to design matrix A in
order to compensate for the effect of residual DEM error. We have estimated unknown parameters by
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applying SVD to matrix A to obtain the least squares solution for the linear component of the
displacement, topographic correction, and atmospheric component.
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Figure 3. Atmospheric and orbits/ionosphere correction for ALOS interferometric pair of
24 July 2007 and 13 September 2009. (a) SRTM DEM, elevation in meters; (b) Original
interferogram. (¢) Differenced wet delay map along LOS direction derived from GPS data
and elevation-dependent interpolator; (d) Corrected interferogram after removing
tropospheric effects; (e) Estimated orbit/ionospheric ramp; (f) Corrected interferogram after
removing orbits/ionosphere effects. Note that negative values imply the ground surface
moves away from the satellite and positive values move toward the satellite (colorbar in
meter). (g) and (h) illustrate correlation between interferometric phase (original and
corrected) and SRTM Digital Elevation Model, corresponding to (b) and (f) respectively.

3. Experimental Study

In order to assess the performance of our improved method, we used all SAR data acquired by the
Envisat satellite during 2003-2009 and ALOS satellite during 2007-2009 to monitor surface
deformation in the center of the Alborz Mountains, north-east of Tehran (Figure 4). We selected this
region because of existing potential geodynamic targets in the area, including possible volcanic
deformation associated with the Damavand volcano and interseismic deformation associated with the
Mosha fault, active structures in southern tip of Central Alborz.

Figure 4 illustrates a shaded relief map of the study area, the location of the continuous GPS (CGPS)
and survey mode GPS (SGPS) sites and the coverage of SAR data used in this study. The networks of
small baseline interferograms that were used for time-series analysis are presented in Figure 5. A total
number of 69 and 47 Envisat interferograms were processed using descending and ascending images,
respectively. Moreover, 12 ascending interferograms were processed using ALOS data.
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Figure 4. Shaded relief map of the study area. Black boxes represent SAR coverage from
ALOS, Ascending Envisat (ASC) and Descending Envisat (DES). The inset map shows
location of the study area in Iran. The Location of CGPS and SGPS located in the study area
are depicted by square and circle, respectively. The dashed line shows the location of the

profile used for Mosha fault analysis.
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Figure 5. The network of small baseline interferograms for (a) Envisat ascending (b) Envisat

descending and (¢) ALOS ascending orbits.

StaMPS Processing vs. ISBAS Processing

8331

Figure 6 shows the resulted velocity map that we obtained using the standard method implemented

in StaMPS and by our ISBAS method in this paper for the Envisat descending (Figure 6a,d), Envisat

ascending (Figure 6b,e) and ALOS data (Figure 6c,f). The InSAR velocity results in Figure 6 are with

respect to the reference point (black circle), selected near the GPS station PLOR that is located outside

the Damavand area.

This figure clearly shows that the ISBAS has been able to overcome a lot of short wavelength and

long-wavelength artifacts that are clearly visible in StaMPS results. For example, the influence of

artifacts resulted from topography-dependent atmospheric turbulence seen in the Figure 6a—c have been

greatly reduced in Figure 6d-f, allowing us to better analyze ground deformation in this area.

Interestingly, the standard processing shows significant LOS subsidence around the Damavand volcano
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for the Envisat descending and ALOS, which is not seen in the ISBAS results. In the following section,
we analyze in detail the difference between ISBAS and StaMPS (Figure 6) for the Damavand volcano
and Mosha fault and address the implications that the results have for understanding of geophysical

processes at these two targets.
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Figure 6. Deformation velocity map obtained from StaMPS for (a) Envisat descending
(b) Envisat ascending and (¢) ALOS. The location of the Damavand volcano is depicted by
a black triangle. (d), (e) and (f) represent the ISBAS final results from Envisat descending,
Envisat ascending and ALOS ascending dataset, respectively. Thick black arrows illustrate
directions of the satellite track (H) and LOS vector (L). The Mosha fault is indicated by a
dashed black line. The reference point, near PLOR station, is depicted by a black circle in

(a), (b) and (c).

Damavand Volcano

In Figures 7-9 we analyze the relation between topography and LOS displacement from both StaMPS
and ISBAS results for an arbitrary NE-SW profile in Damavand.

For the Envisat descending data (Figure 7), the StaMPS provides a correlation coefficient of —0.8
while this value in the ISBAS method reduces to only —0.4. The same improvement can be seen in
Envisat ascending (Figure 8; —0.5 in StaMPS vs. —0.2 in ISBAS) and in ALOS data (Figure 9; —0.8 in
StaMPS vs. —0.4 in ISBAS). This reduction in correlation coefficients shows that the ISBAS method has
worked better than StaMPS in mitigating the effect of topography-dependent atmospheric turbulence on

the time-series results.
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(d) Topographic profile extracted from (a). (e) and (f) are displacement profiles extracted
from (b) and (c), respectively. Correlation coefficients were determined at the 95%
confidence level.
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Figure 8. (a) Topographic map. (b), (¢) are ground deformation velocity maps from Envisat
ascending dataset calculated by standard SBAS and ISBAS methods, respectively.
(d) Topographic profile extracted from (a). (e) and (f) are displacement profile extracted
from (b) and (c), respectively. Correlation coefficients were determined at the 95%
significance level.
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Figure 9. (a) Topographic map. (b), (¢) are ground deformation velocity maps from ALOS
dataset calculated by standard SBAS and ISBAS methods, respectively. (d) Topographic
profile extracted from (a). (e) and (f) are displacement profile extracted from (b) and (c),
respectively. Correlation coefficients were determined at a 95% confidence level.
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Figure 10. Decomposition of LOS displacement to vertical and horizontal components.
(a) East-west motion; negative values correspond to motion toward the west and positive

values towards the east. (b) Vertical motion; positive values correspond to uplift.

In this study as three INnSAR measurements from ascending and descending geometries are available
for Damavand, the LOS results are decomposed to retrieve 2D maps of east-west and vertical
displacement [49]. Figure 10 shows the decomposition of LOS displacement to horizontal and vertical
components around the Damavand volcano. We ignored the north-south component because of lowest

sensitivity of InSAR observations to the north-south component.
As shown in Figure 10b, the vertical velocity around Damavand retrieved from InSAR observations
shows a broad uplift on the order of 3 mm/year (The mean for all pixels around Damavand). The
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decomposition also reveals an overall westward displacement on the northern and southern slopes
(Figure 10a).

Mosha Fault

Figures 11-13 show topography and fault-parallel velocity along a 50 km profile perpendicular to the
surface trace of the Mosha Fault, corresponding to Envisat descending, Envisat ascending and ALOS
dataset, respectively. We also processed GPS measurements of 9—11 stations, including SGPS (survey
mode GPS) from 2000 to 2008 and CGPS (continuous GPS) sites installed since 2005 (Figure 4) [50],

to estimate fault parallel velocities.
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Figure 11. Fault parallel velocity profile spanning 2003-2006, along a profile shown by red
dashed line in Figure 6d—f. (a) Topographic profile. (b) Stamps velocity. (¢) ISBAS velocity
and fit to deformation data using elastic half-space model. The black line shows the best fit
model. The black dots are velocities obtained from GPS observations. The axis of relative
velocity corresponds to fault-parallel velocity estimated from GPS observations with respect
to the station PLZI (marked by black rectangle). Probability distribution for the (d) locking
depth and (e) slip rate determined from the bootstrap method. InSAR-derived velocity values
are relative to the profile center.

For Envisat observations, the average discrepancy between GPS and InSAR results is about 0.88
mm/year before applying ISBAS and is decreased to 0.42 mm/year after ISBAS processing. For the
ALOS measurements the estimated difference is about 1.2 mm/year before applying ISBAS and is
decreases to 0.66 mm/year after ISBAS processing. Therefore, we found an improvement of about 52%
and 44% on the accuracy of the calculated velocity for Envisat and ALOS dataset, respectively.
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As seen in Figures 11-13, the modification performed in the ISBAS is able to provide a better picture
for interseismic strain accumulation around the Mosha fault. We used these observations to estimate the

parameters of the first-order interseismic model, in which aseismic left-lateral strike-slip(s) occurs on a
vertical plane beneath a locked crust of thickness H [22]. In this model the fault-parallel velocity is given

by [51]:
v(x) = (s/mytan™ (%)

(8)
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where y is the distance normal to the fault, s is displacement rate on the fault below depth H. we assume
a priori range of 0-30 for both parameters which is large enough to enable reliable estimation. Then we
find the best values that minimize the misfit between the calculated profile by the model and the observed
profile by InSAR observation using the genetic algorithm [52].

Figures 11d,e, 12¢,d and 13c¢,d show the result of 300 models from bootstrap analysis [53] of velocity
results in Figures 11c, 12b and 13b, respectively. Both parameters (i.e., slip and depth) in the elastic
model are resolved well within a priori ranges in the inversion. Our modeling suggests a fault slip rate
of ~2—4 mm/year and a locking depth of 17—19 km best matches to the observations.

Comparison with GPS Observations

In this section we compare the results of InNSAR time-series from both StaMPS and ISBAS with GPS
measurements and show how individual improvements that we performed in atmospheric, orbit, and
topographic correction steps increase the quality of the results. Figures 14 and 15 illustrate comparison
between Envisat observations and GPS measurements, projected on line of sight for PLZI, ABSD,
ABAL and PLOR stations. Figure 16 corresponds to ALOS observations. Original Envisat results
obtained from StaMPS show a large discrepancy with GPS measurements at all stations, in particular
for dates before 11 May 2008; the smaller discrepancy after 11 May 2008 in Envisat results might be
related to the availability of more interferometric pairs after this date (Figure 5b), resulting in better
stacking of signal during time-series analysis. As seen in Figures 14—16, by applying atmospheric and
orbital corrections, the quality of the INSAR time series results for both Envisat and ALOS are improved
by about 70% and 57%, respectively. Applying all the corrections discussed in this paper (ISBAS)
further improves the accuracy by 80% and 90% (with respect to standard SBAS processing) for Envisat
and ALOS dataset, respectively.
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Figure 14. Comparison between GPS-derived LOS displacements and Envisat descending
observations for PLOR station.
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4. Discussion

In this study, we have modified several aspects within the chain of the INSAR time-series analysis in
order to improve the quality of the results. The first modification was related to phase filtering in order to
make the wrapped phase image as smooth as possible. To achieve this we modified the standard Goldstein
filter used by StaMPS and selected the filter parameter (o)) based on logarithmic function of coherence
value. As shown in Figure 17, such modification allows for a stronger filtering (a value higher than 0.9) in
areas with coherence values lower than 0.7, after which the intensity of filtering decreases. This improves
the quality of interferograms in areas with low coherence, especially in Envisat interferograms which are
affected more by decorrelation noise. This has been illustrated in Figure 18 where we plot global RMS
misclosure errors (i.e., mainly unwrapping errors) for all SABS interferograms.

Comparison between the blue, red, yellow bars in the Figure 18a—c, shows the performance of the
modified filtering, especially for the C-band dataset which has lower coherence compared with the
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L-band dataset. As seen in this figure, applying the modified Goldstein filter reduces unwrapping errors
by 60% and 42% for Envisat and ALOS datasets, respectively.

a=log(1-y’)

(=]
alpha(a)

0.4 0.6 0.8

coherencef(y)

Figure 17. Comparison between standard (used in StaMPS method) and Modified Goldstein
filter for a close-up view of the black rectangle in Figure 6. (a) Filtered wrapped phase
interferogram for standard Goldstein with a ~0.6; (b) Modified Goldstein filter from [38]
with & = 1 — v (y: coherence); (¢) Our modified Goldstein filter with a = log(1 — ¥3);
(d) Variation of the a parameter with respect to coherence (y) value. The red refers to
modified Goldstein filtering in [38] while blue refers to our modified filtering.
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The second modification is related to performing residual topographic correction within the 3D
unwrapping process which is in contrast to the existing topographic correction method in which the
DEM error is estimated before/after phase unwrapping [30-32,54,55].

In this regards, we tried to identify noisy pixels (associated with residual topographic noise) either
before or after the unwrapping process. The challenging issue here was to detect noisy pixels showing
high correlation between phase and baseline. Despite applying an averaging filter over a specific
distance, some spatially correlated components always remain which dominate the residual topographic
error, in turn causing the estimated correlation map not to show the desired result. For this reason, we
performed a linear regression between the measured edge phase difference and perpendicular baselines
components within unwrapping in the time domain to better estimate spatial uncorrelated components
associated with residual topography errors.

The mentioned correction could also mitigate spatially uncorrelated noise which impeded previous
work [35], in which the spatially uncorrelated noise is reduced by low pass filtering. Classical 3D
unwrapping works in both time and space domain. In time domain, it reduces first the noise effect by
applying a low pass filter on the phase difference in time between neighboring pixels prior to unwrapping
in space. However, in our method, the smoothing is done first by evaluating the contribution to noise
caused by residual topographic error and removing its effect from time series of differential phase
between neighboring pixels. Figure 19 illustrates an example of the phase difference map for the pair
which peaks on the global RMS misclosure plot in Figure 18c. As can be seen in Figure 19b, the time-
series of differential phase between neighboring pixels is smoother after this correction, which in turn
facilitates the performance of 2D spatial unwrapping.

Our experience using Envisat and ALOS data showed that due to the high sensitivity of the L-band
sensors to topographic errors and because of their large perpendicular baselines, this correction affects
ALOS results more than Envisat results. Figure 20 shows velocity maps derived from standard and
modified 3D unwrapping. The comparison between Figure 20a,b shows that modified 3D unwrapping
works better especially in areas with high relief.

This is also supported by comparison between ALOS observations and GPS measurements
(Figure 16 and Table 1), where we observe an improvement of accuracy of 33% after such correction
for ALOS dataset, which is more significant in comparison with 10% improvement for Envisat dataset.
The same improvement can be seen from comparison of RMS misclosure related to the three major
processing steps. As seen in Figure 18, applying topographic correction within 3D unwrapping reduces
unwrapping errors by 70% and 80% for Envisat and ALOS dataset, respectively.

For the available C-band SBAS data, because of their relatively small perpendicular baseline, the
sensitivity to topographic changes is decreased, and therefore this correction does not improve the results
of the time-series significantly. As a result, for the available Envisat data in this study it would be enough
to perform only atmospheric and/or orbit correction during StaMPS processing in order to monitor slow
deformation in mountainous regions. This can also be seen in Figure 18a,b in which there is little
difference between the red and yellow bars. Comparatively, for the ALOS, this difference is significant
as has been illustrated in Figure 18c.
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Regarding the third part of correction which is related to atmospheric and orbital correction, our
results show that these two corrections improve accuracy up to 70% in the Damavand region (Table 1).

Significant improvement can be seen from a comparison between InSAR observations and GPS
measurements, especially for the C-band dataset (Figures 14 and 15), which is more sensitive to
atmospheric errors.

Taking into account sensitivity to elevation, atmospheric effect is intensified in elevated areas
especially at the top of the Damavand volcano. As seen in Figures 6-9, after applying ISBAS, the
correlation between topography and displacement is reduced by 82%. This has an important effect on
evaluating the deformation field associated with important geophysical targets in this region. Our
observations show an average uplift rate of 3 mm/year around the Damavand summit, which is in
agreement with the recent investigation suggesting an inflating magma chamber at depths 3—6 km as the
source of deformation at Damavand [56]. Moreover, the active tectonic convergence between the
Arabian and Eurasian plates [57,58] partly accommodates in the Alborz Mountains and causes Alborz
uplift. In the Damavand region, up to 3 mm/year of uplift has been reported for ABAL station
(Figure 4) based on GPS and absolute gravity measurements [50]. Therefore, we suggest that part of the
uplift that we observe in the Damavand region might also be related to the overall tectonic uplift in
this region.
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Table. 1. Root mean square error (RMSE) values between GPS and InSAR results.

RMSE (cm)
Dataset — Envisat descending Envisat Ascending ALOS
Processing | PLOR PLZI ABSD ABAL PLOR ABAL PLOR
Stamps 2.2 53 6.6 7.5 5.6 4.69 3.9
Atm & Orb correction 0.093 1.3 1.6 1.4 0.67 2.14 1.5
ISBAS 0.66 0.56 1.02 0.87 0.36 0.6 0.4
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Figure 20. ALOS velocity map before performing atmospheric correction derived from (a)
standard 3D unwrapping without topographic correction and (b) modified 3D unwrapping
with topographic correction. The unit of the colorbar is mm/year.

Regarding the interseismic deformation around the Mosha fault, our study supports the left lateral
(sinisteral) movements along the fault, which agrees well with previous geological studies [59-64]. It is
worth mentioning that the true sense of motion on the Mosha fault can only be observed after performing
atmospheric and topographic correction, without which InSAR time-series results would not be
interpretable. Inversion of InSAR results shows that the estimated velocity field around the Mosha fault
could be well explained by a fault that is locked for about 17-19 km and slips with ~2—4 mm/year below the
locking depth. This estimation is in good agreement with the average geological slip rate of 2 + 0.1 mm/year
for the fault [59].

5. Conclusions

In this study, an improved InSAR time-series method was introduced to assess tectonic and volcanic
deformation in the center of the Alborz Mountains, Iran. The experiment using Envisat and ALOS data
shows that our development dealing with a modified Goldstein filter, topographic correction within the
3D phase unwrapping process, atmospheric and orbit correction helped better characterize tectonic and
volcanic deformation signal in the center of the Alborz region than the classical SBAS technique.
Comparing with GPS observations, our method shows an improvement in accuracy of the deformation
field by up to 75%. Our results demonstrate an uplift signal with the average rate of 3 mm/year on the
Damavand volcano. We also derive left-lateral interseismic motion on the Mosha fault that is compatible
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with the first order interseismic model in which the fault slips at the rate of ~2—4 mm/year below the
locking depth of 17-19 km.
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