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Abstract SAR can measure land deformation along line-of-sight direction, and we
can estimate three-dimensional surface deformation, using SAR images
acquired on ascending and descending orbits, and GNSS observations. However, there is a case that
both orbits of SAR images can't be available because SAR images are expensive and even if both
orbits of SAR images are acquired, it is not necessarily interfering. Therefore, it is valuable to
consider how to effectively use one side orbit SAR images for three-dimensional surface deformation
estimation. In order to use effectively one side orbit SAR images in the future, we evaluate the
behavior of the error caused by one side orbit SAR images to both side orbit SAR images using SAR
simulator in this study. It was supposed to plane as topography and uplift and subsidence deformation.
We calculated the subtraction between the deformation estimated by both side orbit SAR images and
GNSS interpolation information and the deformation by one side orbit SAR images and GNSS
interpolation information to evaluate the error magnitude for each dimension. As a result, the
maximum difference of estimated surface deformation between one side orbit SAR images and GNSS
and both side orbit SAR images and GNSS are approximately same as the magnitude of deformation.
We also examined whether there would be a difference between the estimated surface deformation of
one side orbit SAR images and GNSS and both side orbits SAR images and GNSS with and without
deformation at the GNSS point, and found that the difference was relatively small. In future work, we
will consider how to apply these simulator-based one-side orbit error evaluations to real and more
complicated SAR images.

Keywords: SAR simulator, GNSS, surface deformation, three-dimensional analysis, error
evaluation

Introduction

SAR sensors can observe in any weather conditions, day or night, and are characterized by
their ability to capture deformation of a few millimeters to a few centimeters by
performing interferometric analysis. Therefore, SAR sensors are expected to be used for
monitoring and forecasting natural disasters such as landslides (Moretto et al., 2021),

earthquakes (Weston et al., 2012), and volcanic eruptions (Schaefer, 2015).
However, acquired SAR images indicate only one dimension, line-of-sight direction

ground surface deformation. Therefore, it is not enough to catch accurate ground surface

deformation. To solve this problem, several three-dimensional ground surface
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deformation estimation methods have been proposed. Fujiwara et al. (2000) proposed a
method called 2.5-dimensional analysis. Synthesizing ascending and descending orbit
SAR images, the deformation is decomposed into semi east and west and semi uplift and
subsidence directions. 2.5-dimensional analysis can analyze the deformation only using
SAR images. However, there are strictly several degrees of gaps from east and west
direction. In addition, this method assumes the deformation of the north-south direction is
zero. Multiaperture INSAR (Interferometry SAR) (MAI) techniques have been proposed
to provide the north-south direction of ground surface deformation (Bechor and Zebker,
2006). After that, the fusion of D-InSAR (Differential-InNSAR) and MAI measurement is
proposed by Jung et al. (2011) for mapping three-dimensional surface deformation. A
method for three-dimensional ground surface deformation estimation using a combination
of SAR imagery and Global Satellite Navigation System (GNSS) has been proposed by
Gudmundsson et al. (2002). Since GNSS is spatially sparse, it is used for spatial
interpolation using kriging. GNSS also has the advantage of not being as weakly sensitive
to north-south deformation like SAR images. After that, Catalao et al. (2011) suggested
the fusion of the results of PS-INSAR (Parmanent Scatter Interferometric SAR) and GPS

(Global Positioning System) to estimate the three-dimensional displacement velocities.

For three-dimensional surface deformation estimation, at least three interferometric SAR
images observed from at least three different directions are usually required, and at least
two images are needed for each interferometric SAR analysis, so at least six SAR images
are needed in total. Even if one of the three different observations were to be replaced by
GNSS, at least four SAR images would be needed. On the other hand, only a few SAR
images may be available in a year if the same SAR sensor, same orbit, same observation
mode, and same observation angle for interference are met. If the available interval is too
long, SAR images may not interfere with each other. In addition, some SAR images are
expensive, and depending on the purpose of the observation, appropriate SAR images may
not be available. Thus, sometimes it is difficult to obtain a sufficient number of SAR

images for three-dimensional surface deformation analysis.

This study provides an example of how a SAR simulator can be effectively used to
address this problem of insufficient SAR images. This study focuses on three-dimensional
surface deformation estimation by combining SAR imagery and interpolated GNSS. In

three-dimensional surface deformation estimation using SAR images and GNSS, the
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number of equations is greater than the number of solutions, so the least-squares method
is used for estimation. For better accuracy, it is desirable to have interferometric SAR
images for both ascending and descending orbits and interpolated GNSS data, but even if
only interferometric SAR images for one side orbit are available, they can be solved from
four equations using the least-squares method. However, in general, estimation using one
side orbit SAR images is considered to be less accurate than estimation using both side
orbits SAR images because the amount of information is reduced. In addition, it is not
clear to what extent the estimation results differ between using SAR images of one side
orbit and interpolated GNSS and using SAR images of both side orbits and interpolated
GNSS. If this difference can be quantitatively clarified, it may be possible to estimate the
surface deformation when interferometric SAR images of both side orbits can be
estimated by correcting for the case when only one side orbit interferometric SAR images

are available.

Therefore, the objective of this study is to quantitatively evaluate the difference between
the surface deformation estimated from interferometric SAR images for only one
ascending or descending orbit and interpolated GNSS and the surface deformation
estimated from interferometric SAR images for both ascending and descending orbits and
interpolated GNSS using a SAR simulator developed by Teranishi et al. (2023) and Susaki
and Teranishi (2024). In this study, two patterns of GNSS points are assumed: one is to
take points from a location with deformation and the other is to take points from a location

without deformation.

The remainder of this paper is organized as follows: the Methodology section describes
the general structure of the SAR simulator, followed by a detailed description of the
processing at each step. In the Results and Discussion section, the simulated surface
deformation is evaluated both numerically and visually for the case of one side orbit
interferometric SAR imagery and interpolated GNSS and for the case of both side orbits
interferometric SAR imagery and interpolated GNSS, and the findings obtained and issues
not addressed in this study are discussed. In the Conclusion and Recommendation section,

we summarize the study and discuss future prospects.

Methodology
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In this study, we use an SAR simulator to assess the accuracy of three-dimensional ground
surface deformation estimation. The SAR simulator was constructed by Teranishi et al.
(2023) and Susaki and Teranishi (2024). The general flow of the SAR simulator is shown

in Figure 1.

a. Making topography and deformation:

In the step of making topography and deformation, we set several conditions. First, the
topography was set to Plane. Then, uplift-subsidence deformation was set. The velocity of
deformation was set to 0.1 m/year. The location of the deformation was set to (x,y) =
(500,500) and radius r = 100.

b. SLC image generation:

In the step of SLC image generation, the information of topography and deformation was
read in the simulator. This study assumed Advanced Land Observing Satellite-2 (ALOS-
2)/Phased Array type L-band Synthetic Aperture Radar-2 (PALSAR-2) images. Therefore,
the wavelength was set to A = 0.2361 m. Five SLC images were generated for ascending
and descending orbit, respectively. The heading angle was set to 0 degrees and the

observation direction was right.

Making topography and
deformation

SLC image generation

PSInSAR

/\

3D analysis using both sides orbit 3D analysis using one side orbit
PSInSAR images, and GNSS PSInSAR images, and GNSS

Figure 1: Flow of the SAR simulator used in this study
c. PSInSAR:
In the step of PSINSAR (Permanent Scatter Interferometric SAR), we estimated the

average surface deformation velocity from five SLC images using Permanent Scatter (PS)
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points (Ferretti, 2001). Master image is selected based on the following equation (Kampes,
2006).

Where,

N-1
1
k=0

Ll
g(x’a): a 1f|x|<a
0 otherwize

Here, N is total number of images, m is master image, k is slave image. Bf'm and T*m
are vertical baseline length and time baseline length between m-th and k-th SAR images,
respectively. a; and a, are critical vertical baseline length and critical time baseline

length, respectively.

Using the following equations, the average surface deformation velocity and Digital

Elevation Model (DEM) error that maximizes the absolute value of time coherence y are

calculated.
1 N
argmax (lyl = Nz exp{i(Aq)Flat ~ @Ppefo — ¢TopoErr)} ) (2)
k=1
Where,
A 4w BE™ 1
Ppefo = TTk 'V, PTopoErr = 7 R (Sil’l 0 + 1) Ah

Here, A@pr,;: IS the phase difference component of the interferometry image, in which the
effects of baseline length and DEM were removed. @per, and @rqpop- are phase changes

caused by the surface deformation and DEM errors. Ty, is time difference from the master
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image. v is the average surface deformation velocity. Ah is DEM error. 6 is off-nadir

angle.

d. Three-dimensional deformation estimation:
After the generation of PSINSAR images, three-dimensional deformation estimation was

conducted. The deformation velocity of line-of-sight (LOS) is expressed as follows.

Vibs = cos P asc sin Oysc Ve + Sin yse sin Oy Vi, + cos ys¢ W, @)
= SO, + U5V, + S,
VEE = cos ¢ppes sinOpgs V, + sin ¢pgs sin Opgs Vi, + cos Opgs V, @

= WSOV, + SV, + ufSY,

Here, ASC is Ascending orbit and DES is Descending orbit. ¢ is the heading angle of the
satellite and 6 is the incident angle of the radar. V,,V},, 1, are the velocity of east-west,
north-south, and uplift-subsidence, respectively. u,, u,, u,, are the unit vectors pointing

from the PS toward the satellite.

In this study, we use the GNSS information which is spatially interpolated using the

kriging method. The velocity interpolated by GNSS are expressed as V,¢VSS, ,GNSS |7 GNSS,

From ascending orbit LOS velocity and GNSS velocity, the following equation is

constructed.

VASC

éZ is ungC u;;xsc uﬁlsc v,
o P 0 0 ||y ©)
VnGNSS 0 1 0 Vn
V,GNSS 0 0 1 u

Similarly, from descending orbit LOS velocity and GNSS velocity, the following equation

is constructed.
VDES

1.0S uDES  yDES  yDES v

Ll 0 o ||y ] (6)
VGNSS 0 1 0

VZGNSS 0 0 1 Vu
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In addition, from both orbit LOS velocity and GNSS velocity, the following equation is
constructed.

Vige ] UASC yASC yAsc
VL%%S uPES  yDES  yDES |74
yoNss| =[5 0 0 v, (7
VnGNSS 0 1 0 V.,
|y76nss| 0 0 1

Here, the above matrixes and vectors are described as follows.

ungC u;fllSC ASC

us ué)ES uTDlES ulDLES
_| 1 0 0 _| 1 0 0

A= 0 1 o |’ B = 0 1 o[
0 0 1 0 0 1

ungC u;fllSC uﬁlSC

ugES ugES 'LLEES

C=|1 0 0 |
0 1 0

L o 0 1

ASC A

VASC VDES VLOS

DES
VGNSS VGNSS V Ve
VASC — VDES — VBOTH V(;Nss v =l
obs VGNSS ) obs VGNSS ) obs e , defo n
n n VGNSS Vu

VGNSS VGNSS n
u u VGNSS
179 |

Using the least squares method, three-dimensional deformations are estimated as follows

VAeS].“% — (ATA) 1AT AS'C (8)
0R5S = (BTBY'BTVAE ©)
V(iBe?’T(;H (CTC) 1chBOTH (10)
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The objective of this study is to assess the difference of estimated three-dimensional
deformation between one side orbit and two side orbit. Therefore, the subtraction and

RMSE between V55, and V2507, V27, and Vo, Vi, and V)7, are calculated.

Results and Discussion:

Figure 2 indicates the given up-down velocity and the simulated LOS velocity on
ascending and descending orbits. The positive value means uplift, and the negative value

means subsidence.

VelocityUD (m/y) Ascending (Right) VLOS (m/y) Descending (Right) VLOS (m/y)

1000 05 1000, ’ 0.5 1000 0.5
i
500 0 500 j?h 0 500 e 0
e AT
0 -0.5 0 ey - W05 0 NRENEIERRERTI. M 05
0 500 1000 0 500 1000 0 500 1000
(@ Actual  up-down (b)  Ascending LOS (c) Descending LOS
velocity (m/y) velocity (m/y) velocity (m/y)

Figure 2: Actual velocity and simulated LOS velocity

Figure 3 shows the results of the deformation estimation under the condition that up-down
deformation is assumed and GNSS velocity is zero. Figure 3 (al), (a2) and (a3) show the
given deformation velocity, and the pink points indicate the location of GNSS. Figure 3
(b1), (b2) and (b3) show the interpolated velocity based on GNSS points. Figure 3 (cl),
(c2) and (c3) show the estimated by SAR images on ascending orbit and GNSS. The
estimated up-down velocity is variated from negative to positive values. In addition, the
estimated east-west velocity is also variated from negative to positive values although the
actual velocity is zero. The velocities estimated by SAR images on descending orbit and
GNSS in Figure 3 (d1), (d2) and (d3) and by SAR images on ascending and descending
orbits and GNSS in Figure 3 (el), (e2) and (e3) indicate similar trends with Figure 3 (cl),
(c2) and (c3).
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Figure 3: Estimation of deformation under the condition that up-down deformation is

assumed and GNSS velocity was zero.
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Figure 4: Subtraction of estimated deformation velocity [m/y] between SAR images on
different orbit under the condition that up-down deformation is assumed and GNSS

velocity was zero

Figure 4 shows the results of subtraction of estimated deformation velocity [m/y] between
SAR images on different orbit under the condition that up-down deformation is assumed
and GNSS velocity was not zero. In Figure 4, larger absolute values mean that the effect

of differences in the data used for deformation estimation is larger.
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Figure 5: Estimation of deformation under the condition that up-down deformation is
assumed and GNSS velocity was not zero.
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Figure 6: Subtraction of estimated deformation velocity [m/y] between different SAR
orbit images under the condition that up-down deformation is assumed and GNSS velocity

was not zero.

Figure 4 (a), (b) and (c) show the difference of velocity between SAR images on
ascending and descending orbits and GNSS and SAR images on ascending orbit and
GNSS. It was confirmed that where the amount of deformation velocity was larger, the

impact of the difference in data used was also larger. Figure 4 (d), (e) and (f) indicate
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similar results to Figure 4 (a), (b) and (c) but are noisier. This noise is considered to be

generated in the step of SLC image generation.

Figure 5 shows the results of the deformation estimation under the condition that up-down
deformation is assumed and GNSS velocity was not zero. As the results of including the
GNSS point which has velocity, the entire image has velocity as shown in Figure 5 (cl),
(c2), (d1), (d2), (el) and (e2).

Figure 6 shows the results of the subtraction of estimated deformation velocity [m/y]
between SAR images on different orbit under the condition that up-down deformation is
assumed and GNSS velocity was not zero. We found that the trends of velocity difference
caused by the difference of used SAR data in Figure 6 are similar to Figure 4.

In order to assess quantitatively, we calculated the maximum and minimum values and
RMSE of the velocity difference as shown in Table 1. “No deformation” in the second
column in Table 1 corresponds to Figure 4. “Include deformation” in the second column
in Table 1 corresponds to Figure 6. In the results of “ASC+DES+GNSS vs ASC+GNSS”,
the maximum difference in up-down deformation direction was 0.128 [m/y] under the
condition that GNSS was “No deformation”, and the maximum difference in up-down
deformation direction was 0.118 [m/y] under the condition that GNSS was “Include
deformation.” In the results of “ASC+DES+GNSS vs DES+GNSS”, the maximum
difference in up-down deformation direction was 0.076 [m/y] under the condition that
GNSS was “No deformation®, and the maximum difference in up-down deformation
direction was 0.066 [m/y] under the condition that GNSS was “Include deformation.” The
reason that the maximum values in the up-down deformation direction in
“ASC+DES+GNSS vs ASC+GNSS” is larger than that in “ASC+DES+GNSS vs
DES+GNSS” is considered to be noise arose at the step of SLC image generation. These
results imply that the maximum difference in estimated velocity between one side orbit
and both side orbits becomes the same magnitude as the actual deformation velocity. The
same conclusion can be drawn for the minimum difference because that value is
considered to be the maximum difference by taking absolute values. On the other hand,
the difference of the east-west deformation, which is not actually occurring, between one

side orbit and both side orbits is not as large as that of the up-down deformation. This is a
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reasonable result because we can consider that the smaller the original value is, the

smaller the difference value is.

Then, we discuss the presence or absence of deformation velocity at GNSS points. The
difference between “No deformation” and “Include deformation” was at most 0.01. This
value is one-tenth of the difference in deformation velocity between one side orbit and
both side orbits. This means the influence of GNSS velocity on the difference between
one side orbit and both side orbits is relatively small.

Table 1: Quantitative assessment [m/y]

Comparison GNSS Up-Down East-West North-South
data Max Min RMSE Max Min RMSE Max Min RMSE
ASC+DES ?'F‘i’gdgorma“"” 0128 -0.073 0009 0052 -0.091 0.006 0.000 0.000 0.000
+GVNSSS Include
ASC deformation 0118 -0080 0009 0.058 -0.085 0006 0.000 0.00 0.000
(Fig. 4)
*ONSS ~g. biraction 0010 0008 0000 -0.005 -0.007 0000 0.000 0.00 0.000

No deformation

ASC+DES  (Fig. 3) 0.076  -0.083 0.009 0.059 -0.055 0.007 0.000 0.000  0.000

+GNSS Include

Vs deformation 0.066 -0.090 0012 0.064 -0.047 0.08 0.00 0.00  0.000
DES+GNSS _(Fig. 4)
Subtraction 0.010  0.007 -0.003 -0.005 -0.007 -0.002 0.000 0.000  0.000

No deformation

ASC (Fig. 3) 0.077 -0.186 0.013  0.133 -0.055 0.010 0.000 0.000 0.000

+GNSS Include

Vs deformation 0077 -0186 0013 0133 -0055 0010 0.00 0.00  0.000
DES +GNSS _(Fig. 4)
Subtraction 0.000 0000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Finally, we discuss future challenges and possibilities. In this experiment, we assessed the
difference of estimated deformation velocity focused on up-down direction. Therefore, it
is also necessary to assess the difference of estimated deformation velocity focused on
east-west and north-south directions because there is the possibility indicating different
trends. In addition, this experiment targeted plane topography. However, the topography
is complex in the real world. Also, the influence of topography is considered to be large
for the difference of estimated deformation between one side orbit and both side orbits.
Therefore, it is necessary to simulate various topography started from simple slope
topography to complex topography. The purpose of simple topography is to capture the
universal and essential features. On the other hand, the purpose of complex topography is
to reproduce the world close to reality. If the relationship between the difference in

estimated deformation for one side orbit and both side orbits for various terrain types can
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be clarified, it may be possible to estimate the deformation for both side orbits when the
SAR image for one orbit is only available. And, although we set only the deformation
velocity of 0.1 m/year in this experiment, it is necessary to assess the difference of
deformation velocity between one side orbit and both side orbits under the conditions of
the several deformation velocities. Because it does not clarify that the difference of
deformation between one side orbit and both side orbits equals to the magnitude of the

actual deformation velocity as shown in this study.

Conclusion and Recommendation

Today, SAR sensors are expected to be used for monitoring and forecasting natural
disasters such as landslides, earthquake, and volcanic eruptions. Because SAR images can
be observed in all weather conditions and day and night. However, they are expensive, and
the number of images obtained is small considering interference conditions and other
factors. In addition, SAR images of the same orbit capture only line-of-sight (LOS)
deformation, and estimating three-dimensional deformations requires SAR images of at
least three orbits or supplementary data such as GNSS.

The objective of this study was to quantitatively evaluate the effect of the number of orbits
of SAR images and the presence or absence of GNSS deformation velocity in the
estimation of three-dimensional deformation by combining SAR imagery and GNSS
interpolation data using a SAR simulator. This study targeted the up-down surface
deformation in the plane. From the experiments using SAR simulator, it was found that
the maximum difference of estimated surface deformation velocity was approximately
same as the given surface deformation velocity. In addition, it is clear that the difference
between the surface deformation velocity estimated by SAR imagery for one side orbit and
GNSS and the surface deformation velocity estimated by SAR imagery and GNSS for
both side orbits is relatively small, comparing GNSS includes local deformation and does

not include local deformation.

On the other hand, the experiments conducted in this study were under very limited
conditions and further experiments are needed. Therefore, conditions that should be
considered in the future are summarized below. First, it is necessary to check whether the
same results can be obtained when the surface deformation occur in the east-west and

north-south directions. In particular, different results may be obtained for the north-south
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direction because of the weak sensitivity of SAR to the direction of travel. Second, it is
necessary to study the situation on a variety of topography other than flat surfaces.
Especially in terrain with many inclines, such as mountainous terrain, the areas that can be
observed in ascending and descending orbits may be very different. In such cases, the
results of estimating the surface deformation by one side orbit SAR images and by both
side orbit SAR images may also be significantly affected. Third, this study only
considered the case of the surface deformation velocity 0.1 m/year, but did not discuss the
case of different surface deformation velocities. Therefore, the effects of varying the
deformation velocity should also be investigated. Finally, we will clarify the
correspondence between the estimation of surface deformation from one side orbit SAR
images and that from both side orbit SAR images based on experiments under these
various conditions, and develop a method to obtain more accurate surface deformation by

correcting for the case where only one side orbit SAR images are available.
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