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SURFACE DEFORMATION MONITORING USING SAR INTERFEROGRAMS AND GPS 

OBSERVABLES: APPLICATION TO TOKYO, JAPAN 

 

Tamer ElGharbawi and Masayuki Tamura 

 

Department of Civil and Earth Resources Engineering, Kyoto University, Kyoto, Japan  
 

ABSTRACT 

 

This paper presents a method to monitor surface 

deformations using SAR interferometry and GPS 

observables. In this analysis we used least squares to reduce 

the errors presented in InSAR deformation maps temporally 

then we used a GPS based spatial phase filtering to spatially 

filter the estimated deformation maps. This method can 

generate crustal deformation time series with geodetic 

accuracy using only 10 interferograms and few operational 

GPS stations. The proposed method was tested on Tokyo 

bay area, Japan which has been affected by the 2011 

Tohoku earthquake. The results were verified against 

deformations detected by GPS stations showing a mean 

standard deviation of 7.9 millimeters. 

 

Index Terms— InSAR, GPS, Deformation Monitoring, 

2011 Tohoku Earthquake  

 

 

1. INTRODUCTION 

Surface deformation monitoring using differential SAR 

interferometry has been established and used successfully to 

measure and study terrain deformations due to several 

phenomena by numerous researchers. Because of the errors 

presented in InSAR deformation maps several researchers 

have presented valuable methods for InSAR stacking and 

time series analysis that can produce an accurate 

deformation time series. Berardino et al. [1] have presented 

Small Baseline (SBAS) approach which uses the singular 

value decomposition (SVD) to link independent SAR 

acquisition datasets. They validated their approach using 70 

differential interferograms of southern Italy with a 

maximum normal baseline of 130 m., Schmidt and 

Burgmann [2] have used least squares inversion of 

differential interferograms to estimate the incremental range 

change between SAR acquisitions. They processed 115 

differential interferograms of Santa Clara valley, California, 

with a maximum normal baseline of 200 m. They stated that 

a minimum number of 30 interferograms are required to 

produce a reasonable time series.  

     The main target of this paper is estimating the co-seismic 

crustal deformations in Tokyo bay area which has been 

affected by the 2011 Tohoku earthquake using InSAR time 

series least squares analysis combined with GPS based 

supervised spatial phase filtering. This method is presented 

to overcome some of the limitations that prevent an 

adequate application of the existing methods. In this 

analysis we didn’t have the luxury of choosing a normal 

baseline threshold other than the critical one. With the aid of 

least squares analysis and GPS based spatial filtering we 

managed to estimate crustal deformation time series with 

accuracy of millimeters level using only 10 interferograms. 

The differential unwrapped phase maps were analyzed using 

least squares method to obtain the most probable 

deformation values for each epoch of the study time frame. 

After estimating the deformation maps we used the GNSS 

Earth Observation Network System’s (GEONET) GPS 

stations for supervised spatial phase filtering, this method 

was presented by ElGharbawi and Tamura [3].  

     ElGharbawi and Tamura [3] used more than 30 GPS 

stations to model and correct the tropospheric delay and 

introduced the application of GPS based supervised spatial 

phase filtering. Using GPS tropospheric delay to correct the 

InSAR deformation maps will generate interpolation errors 

between GPS stations even when using a dense GPS 

network like GEONET. In addition, the availability of more 

than 30 operational GPS station within and around the SAR 

scene can be very challenging for many sites around the 

world. That’s why we used the least squares analysis as a 

temporal filter to reduce the tropospheric effect among other 

errors and we used GPS stations in supervised spatial phase 

filtering which will reduce the number of needed GPS 

stations down to four or five operational stations with in the 

SAR scene.  

     The use of GPS stations observables in spatial phase 

filtering was necessary because of the special nature of 

deformations occurred due to the 2011 Tohoku Earthquake. 

Because of that earthquake the whole Tohoku Island was 

shifted and the deformation signal was presented as long 

interferometric wave pattern dominating the entire 

deformation maps leaving no stable area that can be 

identified to facilitate the differentiation between actual 

deformations and other imposed biases. 
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2. METHODOLOGY 

 

2.1. InSAR Stacking 

 

Let’s consider the number of available SAR images for the 

same area equal N and ordered in a time series [t1: tN]. Then 

the number of the unknown deformations for each pixel will 

equal n = N-1 and can be identified by [d1: dn]. The 

maximum number of differential interferograms that can be 

calculated is     ((   )   )⁄ .  

     For clarification let’s consider that we have N = 5 SAR 

images, then the unknown deformations will equal n=4 

deformation segments [d1, d2, d3, d4] and the maximum 

number of interferograms M = 10. Figure 1 illustrates the 

interferogram structure for this example. Every horizontal 

bar represent an interferogram starting at the master image 

(left side) and ending at slave image (right side) and 

containing the unknown deformation components that 

represented by that interferogram. It is clear that every 

unknown deformation in this example is presented in at least 

4 interferogram. It is important that every unknown 

deformation should be presented by as many as possible 

interferograms. After the generation of interferograms; 

flatting, topography removal, filtering and phase 

unwrapping should be carried out using suitable methods. 

 

2.2. Problem Formulation 

 

After phase unwrapping the unknown deformations d = {d1 : 

dn} can be estimated by minimizing the squared error 

function  (E) (1). We had to take the topography error into 

consideration (3) because we are using interferograms with 

large normal baselines. 

 

   ∑ (              )
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    ∑   
 (     )
   (      )     (2) 

 

        (       ) (      )⁄    (3) 

 

Where,      is the i
th 

InSAR LOS deformation,    is the 

unknown deformation components for the i
th 

interferogram, 

       is the topography error,    is the unknown 

deformation of time segment j,     is the normal baseline of 

the i
th 

Interferogram,    is the DEM error,   is the sensor 

target distance and   is the incident angle. 

     The minimum value of the squared error function   is 

reached when the first derivatives with respect to each 

component of the unknown surface deformations (di) are 

zero. This gives rise to the linear equation (4). Where A is 

design matrix with dimensions M × (n+1), d is the unknown 

deformation vector with dimensions (n+1) × 1 and L is the 

observed LOS deformation vector with dimensions M × 1.  

 

Fig. 1. InSAR Stacking Structure. 

 

The matrix (A
T
·A) is non-singular matrix; therefore 

inverting this linear system should be simple. Considering 

the example illustrated by Figure 1, the design matrix 

  [   ] (5) and unknown deformation vector of the 

system    [           ]. It should be noted that the 

estimated deformations are discrete epoch to epoch values 

and to generate a deformation time series a successive 

summation of the deformation values should be done first as 

shown in (2). 
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2.3. Supervised Spatial Filtering 

 

ElGharbawi and Tamura [2] have presented a methodology 

for spatial phase filtering using GPS derived products. This 

methodology can be briefly described as follows. First, 

calculate the LOS deformation using the GPS stations’ 

coordinates, radar incident and azimuth angles for each 

pixel. Second, identify the phase values corresponding to 

GPS stations in the deformation map and subtract the GPS 

derived LOS deformations from it. The residuals are the 

spatially correlated component of the imposed errors in 

deformation measurements at GPS stations positions in 

addition to the ambiguity value of the unwrapped phase. 

These residuals were used to fit a two dimensional surface 

of the first degree in range and azimuth directions. Finally 
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this surface is subtracted from the deformation map. This 

method should be applied to the deformation maps 

estimated using the least squares method described in the 

previous section. 

 

3. APPLICATION 

 

The proposed method was tested using 5 ALOS-PALSAR 

images for Tokyo bay, Japan which was struck by an M9.0 

megathrust earthquake on March 11, 2011. Tokyo has 

suffered from large deformations that affected the entire 

area. All the images are in ascending orbit and Fine Beam 

Single polarization (FBS) mode, additional details are in 

Table 1.  

     By using 5 SAR images the example illustrated in Figure 

1 and the linear equations system in (4) and (5) are valid in 

our study; therefore interferograms were generated and 

structured as illustrated in Figure 1. The effect of 

topography was removed using SRTM-3 DEM. Goldstein 

method was used for filtering and Minimum Cost Flow 

(MCF) method was used for phase unwrapping with 

coherence threshold equals 0.2. To reduce the effect of 

phase decorrelation we used multilooking of 3 looks in 

range and 8 looks in azimuth. The unwrapped phase maps 

for all the interferograms were calibrated with respect to a 

reference GPS station (Figure 1). 

      Using least squares method to solve the system in (4) we 

estimated the unknown deformation values for the entire 

scene. For spatial filtering, 10 GPS stations were identified 

with in the study area with coherence value higher than 0.2 

for the study time frame. We used 6 stations for spatial 

filtering as described in section 2.3 and reserved 4 GPS 

stations for verification. Figure 2 shows deformation map 

(d4) which represents the effect of the 2011 Tohoku 

Earthquake on Tokyo bay area, in addition to the locations 

of GPS stations. 

 

Master Slave B┴ (m.) ∆ t (days) 

3-4-2010 19-8-2010 593 138 

4-1-2011 1285 276 

19-2-2011 2328 322 

6-4-2011 2690 368 

19-8-2010 4-1-2011 761 138 

19-2-2011 1849 184 

6-4-2011 2185 230 

4-1-2011 19-2-2011 1850 46 

6-4-2011 2082 92 

19-2-2011 6-4-2011 396 46 

Table 1. Details of SAR images and interferograms 

 

 

 

Fig. 2. Deformation map (d4) of Tokyo bay area (19 Feb 

2011 : 6 Apr 2011), with GPS stations locations. 

 

 

Fig. 3. Observed and estimated deformation time series of 

GPS stations. 

 

 

Fig. 4. LOS deformations obtained by GPS and InSAR 

before and after applying the supervised spatial filtering, 

positive values means motion towards the satellite. 
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GPS 

Station 

ID 

Error Standard Deviation 

(± m.) 
Improvement 

% 
Without 

GPS based 

Filter 

With  

GPS based 

Filter 

1 0.0191 0.0133 30.5 

2 0.0609 0.0056 90.7 

3 0.0176 0.0071 59.4 

4 0.0792 0.0056 92.9 

Mean 0.0442 0.0079 68.4 

Table 2. Statistical analysis for GPS stations time series. 

 

     After estimating the deformation maps for Tokyo bay 

area we extracted the deformation values for the reserved 

GPS stations and estimated the deformation time series (2), 

then compared the estimated deformations time series with 

the LOS deformations obtained by GPS (Figure 3). Also, we 

compared the estimated discrete deformations with the LOS 

deformations obtained by GPS before and after applying the 

supervised spatial phase filtering (Figure 4). The errors in 

the estimated deformation values were in sub centimeter 

level showing a mean standard deviation of 7.9 millimeters 

and the use of supervised spatial phase filtering has reduced 

the errors inherited in deformation time series showing a 

mean improvement of 68.4 % (Table 2). 

 

4. CONCLUSION 

 

In this paper we present a methodology to estimate surface 

deformation time series using small number of 

interferograms. This method uses the unwrapped phase 

maps and least squares analysis to estimate a series of 

deformation maps for the study area. Then by using the 

availability of continuous GPS network observations a 

supervised spatial phase filtering was conducted to produce 

the final deformation map series. This method was tested 

using 10 interferograms of Tokyo bay area, Japan which 

was affected by 2011 Tohoku Earthquake. The final 

deformation time series were compared against GPS stations 

observations and the mean standard deviation of the 

residuals after using the GPS based supervised spatial phase 

filtering was 7.9 millimeters showing a mean improvement 

of the deformation time series accuracy equals 68.4%, these 

results demonstrate the accuracy and usability of the 

proposed methodology. 
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