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Abstract 15 

 We propose a methodology using interferometric synthetic aperture radar (InSAR) time se-16 

ries analysis and a single GPS station to estimate the coseismic and postseismic crustal de-17 

formations in the Kanto region, Japan, which has been affected by the 2011 Tohoku earth-18 

quake. The proposed methodology depends on choosing a proper deformation trend(s) to ac-19 

curately describe the earthquake deformation signature by studying the deformation time se-20 

ries of a single GPS station. The modeled deformation trend is subtracted from the un-21 

wrapped phase maps to separate the main deformation signature from the imposed errors. 22 

Some deformation components, not described by the model(s), will leak to the residual phase 23 

maps which will be subjected to temporal and spatial filtering. The final corrected unwrapped 24 
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phase maps are estimated by restoring the modeled deformation trend to the filtered residual 25 

phase maps and finally the deformation time series is estimated using a least squares tech-26 

nique. The proposed methodology was designed to retrieve complex and fine surface defor-27 

mations in areas that have been affected by large dominating deformation signatures and con-28 

tain at a least single GPS station. The methodology was tested using Envisat-ASAR C-band 29 

images and validation was carried out using GPS stations resulting in a mean RMS error of 30 

6.9 millimeters. The estimated deformation time series shows a differential postseismic de-31 

formation pattern that can be attributed to an off Boso peninsula motion triggered by the 2011 32 

Tohoku earthquake.  33 

 34 

Keywords 35 

2011 Tohoku Earthquake; Boso peninsula; Crustal Deformation Estimation; Coseismic; Post-36 

seismic; InSAR; GPS. 37 

 38 

1. Introduction 39 

 40 

Japan was struck by an M9.0 megathrust earthquake on March 11, 2011 at 05:46 Coordinated 41 

Universal Time (UTC). The 2011 Tohoku earthquake is the largest earthquake recorded in 42 

the history of seismic observation in Japan which affected the whole archipelago. Imakiire 43 

and Kobayashi (2011) presented the coseismic and postseismic displacement maps for Japan 44 

using the GNSS Earth Observation Network System (GEONET) (Yamagiwa et al., 2006). 45 

The coseismic crustal deformation was remarkably large with a maximum horizontal onshore 46 

movement of 5.3 meters and a subsidence of 1.2 meters. In addition to this large crustal mo-47 

tion, numerous researchers reported local surface deformations due to soil liquefaction and 48 
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local subsidence in the Kanto region which caused significant damage to buildings and infra-49 

structure (Bhattacharya et al., 2011; Yamaguchi  et al., 2012; Yasuda et al., 2012; Tokimatsu 50 

et al., 2012; Tsukamoto et al., 2012; Ishihara, 2012). 51 

 52 

The Kanto region is located above the complex intersection of two subducting plates: the Pa-53 

cific plate which is subducting beneath the Okhotsk plate from the east, and the Philippine 54 

Sea plate, which is subducting beneath the Okhotsk plate from the southeast (Fig. 1.a) (Som-55 

erville, 2014), and with an unprecedented earthquake of that magnitude, the need for monitor-56 

ing the postseismic crustal deformations with fine spatial resolution has been raised. Interfer-57 

ometric synthetic aperture radar (InSAR) has been used successfully to measure and study 58 

surface deformation due to several phenomena (Burgmann et al., 2000) such as glacier 59 

movements (Goldstein et al., 1993), earthquakes (Massonnet et al., 1994), land subsidence 60 

(Buckley et al., 2003) and interseismic deformations along faults (Wright et al., 2004; Biggs 61 

et al., 2007; Gourmelen et al., 2010). However, InSAR is strongly affected by atmospheric 62 

variations such as tropospheric and ionospheric delays. The quality of InSAR measurements 63 

is also affected by the quality of satellite orbital data which can be identified as additional 64 

long wave interferometric fringes.  65 

 66 

Several researchers have presented valuable methods for InSAR stacking and time series 67 

analysis that can produce an accurate deformation time series. Sandwell and Price (1998) pre-68 

sented InSAR stacking using a phase gradient approach to construct averages of interfero-69 

grams without phase unwrapping to increase fringe clarity and decrease errors. Berardino et 70 

al. (2002) presented the Small Baseline Subset (SBAS) approach which uses a singular value 71 

decomposition (SVD) to link disconnected SAR acquisition subsets. Schmidt and Burgmann 72 

(2003) used a least squares inversion of differential interferograms to estimate the incremen-73 
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tal range change between SAR acquisitions. They stated that a minimum number of 30 inter-74 

ferograms is required to produce a reasonable time series.  75 

 76 

Other researchers presented and established improvements that can be obtained by integrating 77 

InSAR and GPS observables. Samsonov et al. (2007) modeled the deformation velocities of 78 

southern California using 140 GPS stations. They used the modeled velocity maps and the 79 

mean velocity maps estimated from InSAR stacking to minimize an energy function to find 80 

the most probable values for deformation velocities in three dimensions. Wei et al. (2010) 81 

created a vector velocity model based on GPS and removed it from the interferograms then 82 

filtered the phase residuals and restored the vector velocity model in a technique they called 83 

Remove/Filter/Restore. Tong et al. (2013) integrated InSAR and GPS observations using a 84 

Sum/Remove/Filter/Restore approach to evaluate creep rates along major faults of the San 85 

Andreas Fault. 86 

  87 

The deformation signature of the 2011 Tohoku earthquake was remarkable and unprecedent-88 

ed. It can be categorized into two major components; first, the coseismic deformation, which 89 

includes the major shift of the whole archipelago and the local deformations caused by soil 90 

liquefactions and local land subsidence. The second component is the postseismic crustal de-91 

formation which has been ongoing around the Tohoku and Kanto regions for several months 92 

after the main shock (Imakiire and Kobayashi, 2011). The major shift is demonstrated in In-93 

SAR as long wavelength patterns that dominate the entire deformation maps leaving no stable 94 

zones for adequate calibration and correction. These long wavelength patterns  arevery simi-95 

lar to orbital error effects and long wavelength patterns of the atmosphere, making the im-96 

posed errors and the actual deformation really challenging to distinguish. Several researches 97 

presented valuable analyses for the coseismic crustal deformations of the 2011 Tohoku earth-98 
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quake. Martinez et al. (2012) used TerraSAR-X image correlation to produce ground dis-99 

placement maps. They quantitatively compared their results with GPS data which showed a 100 

divergence of about 15 cm. Feng et al. (2012) used entire strips of ALOS-PALSAR and EN-101 

VISAT-ASAR images combined with GPS observations to present crustal deformation maps. 102 

They validated their results using GPS measurements showing accuracy (RMS) of 7.7 cm. 103 

ElGharbawi and Tamura (2014) used ALOS-PALSAR and GPS observation for the Tokyo 104 

bay area to produce coseismic deformation maps. They used GPS observations to model and 105 

correct the tropospheric delay, then applied a GPS based supervised spatial phase filtering to 106 

identify the deformation signature. They validated their results against GPS showing an accu-107 

racy of 0.56 cm. 108 

 109 

The focus of this paper is estimating the coseismic and postseismic crustal deformation in the 110 

Kanto region, which was affected by the 2011 Tohoku earthquake. During data analysis, sev-111 

eral challenges were identified. First is the small number of available coseismic and post-112 

seismic SAR acquisitions, preventing an adequate application of SBAS and least squares in-113 

version methods because these methods need at least 30 interferograms with a small normal 114 

baseline (nearly 20% of the critical normal baseline) (Schmidt and Burgmann, 2003). Second, 115 

the dominating deformation signature of the 2011 Tohoku Earthquake made the identification 116 

of long wavelength patterns of imposed errors, such as baseline error, challenging. In addition, 117 

any phase filtering method will contaminate the deformation signature if applied directly to 118 

the unwrapped phase maps. To clarify this limitation, we can subdivide the deformation pat-119 

terns into three categories. First, long wavelength signatures will be affected or even totally 120 

removed if the orbital correction or ramp removal for filtering is applied. Second, local de-121 

formation will be contaminated if we use a spatial low pass filter to reduce tropospheric ef-122 
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fects. Finally, the temporal trend of the deformation, with high and low temporal frequencies, 123 

will prevent adequate application of temporal filtering methods. 124 

 125 

In this paper, we propose a methodology that can produce deformation time series with geo-126 

detic accuracy for our study area using a small number of SAR acquisitions and a single GPS 127 

station. The main motivation of this analysis is the need for estimating the full deformation 128 

signature, i.e., the long and short wavelength components, of the study area using a limited 129 

number of SAR acquisitions. The basic idea of this approach is simulating the time series de-130 

formation using as many models as needed. The proper deformation trend(s) is identified by 131 

studying the time series deformation from a sample GPS station. The trends’ parameters are 132 

estimated by the least squares approach using the raw unwrapped phase maps. The modeled 133 

deformation should identify the dominant deformation patterns; this leaves local deformation 134 

and other imposed errors that can be separated easily. A comprehensive description of the 135 

methodology can be presented as follows. (1) We generate the required unwrapped phase 136 

maps using the available SAR acquisitions. Then, we use a single GPS station as a reference 137 

point to register the unwrapped phase maps. (2) We use the GPS station observations to iden-138 

tify the best deformation trend(s) that fits the deformation time series. (3) We use a least 139 

squares inversion to estimate the parameters of the deformation trends’ in the study area us-140 

ing the raw unwrapped phase maps. (4) Using the trends’ parameters, we estimate the defor-141 

mation maps for every raw unwrapped phase map, and then subtract this model from the un-142 

wrapped phase maps to generate the residual phase maps. (5) For the residual phase maps, we 143 

apply temporal phase filtering using least squares and spatial ramp removal. (6) Finally, we 144 

restore the modeled deformation trend to the filtered phase residuals and estimate the defor-145 

mation maps using least squares analysis. 146 
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In this proposed methodology, we estimate the deformation parameters without any depend-147 

ency on the GPS observations, with the exception of identifying deformation trends’ mathe-148 

matical expressions and the unwrapped phase map registration. Additionally, all of the filter-149 

ing processes were implemented on the residual phase maps, which preserve the main defor-150 

mation signature. In addition, we introduce deformation signature estimation using a multi-151 

model analysis, which was necessary because of the large magnitude of main earthquake 152 

shock. This large shock makes deformation estimation using the mean velocity or single de-153 

formation trend meaningless and unrealistic. We believe that this method can be utilized to 154 

study complex and fine-scale surface deformation in areas that been affected by large domi-155 

nating deformation signatures and contain at least a single GPS station.  156 

 157 

This paper is organized as follows: Section 2 describes the study area and data used. Section 158 

3 presents the proposed methodology. Section 4 presents the application of the proposed 159 

methodology to the Kanto region. Section 5 presents a discussion on the deformation signa-160 

ture based on the presented analysis, and finally, section 6 is dedicated to conclusions. 161 

2. Study Area and Data Used 162 

2.1 Study Area and 2011 Tohoku Earthquake 163 

 164 

In this analysis, we studied the deformation in part of the Kanto region that contains the To-165 

kyo bay area and is located above a complex intersection of tectonic plates (Fig. 1.a). The 166 

area under study is nearly 70 km by 75 km and contains urban and vegetated areas. This re-167 

gion was heavily affected by the M9.0 megathrust 2011 Tohoku earthquake that struck Japan 168 

on March 11, 2011 at 05:46 (UTC). For better demonstration of the challenges in this analy-169 

sis, we present in Fig. 2 the coseismic and postseismic interferograms, which demonstrate the 170 
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severity of crustal deformation in our study area. The deformation signature can be subcate-171 

gorized into three types; first, the large coseismic deformation or shift that affected the entire 172 

region (Fig. 2.a), second, the local deformation that occurred as a result of this large motion, 173 

such as local subsidence and soil liquefaction, and third, the postseismic crustal deformation 174 

(Fig. 2.b, 2.c and 2.d). In this analysis, we present time series deformation maps for the study 175 

area that illustrate the coseismic and postseismic crustal deformation, along with a detailed 176 

discussion of the different signatures presented in deformation maps. 177 

 178 

2.2 Data Used 179 

 180 

We use Synthetic Aperture Radar (SAR) images and GPS observations to monitor crustal de-181 

formation in our study area. SAR images were provided by the European Space Agency © 182 

ESA (2014). The images were acquired by ESA’s satellite ENVISAT-ASAR. Six C-band 183 

SAR images for the Kanto region, Japan were obtained using Image Single polarization (HH) 184 

mode in descending direction (see table 1). One of the major challenges in our analysis was 185 

the limited postseismic SAR acquisitions, primarily as a result of the termination of ENVI-186 

SAT-ASAR mission shortly after the 2011 Tohoku earthquake.  187 
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 188 

Fig.1. (a) Japan map showing study area location and tectonic plates boundries , (b) Study 189 

area showing GPS stations, small rectangle identifies areas that heavily affected by soil 190 

liquefaction.. 191 

 192 

The GPS observations were obtained from Japan’s permanent nationwide GPS array 193 

GEONET, which was established by the Geospatial Information Authority of Japan (GSI) to 194 

monitor crustal deformation and provide reference coordinates for land surveying by GPS. 195 

They cover the whole area of Japan with more than 1200 permanent GPS stations. The mean 196 

distance between stations is approximately 25 km (Yamagiwa et al., 2006). One of 197 

GEONET’s products is the corrected coordinates of GPS stations nationwide. For every GPS 198 

station, GEONET provides one file containing the daily value of the corrected coordinate for 199 

the entire year. GEONET uses ITRF2005 as a reference coordinate frame and GRS-80 as a 200 

reference ellipsoid.  201 

The GPS stations used in this analysis are presented in Fig. 1.b. We used the GPS stations 202 

located within study area boundaries (Fig. 1.b, “Used GPS Stations”) to validate the accuracy 203 
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of the proposed methodology. During the InSAR analysis, deformation values for some pix-204 

els could not be estimated due to severe de-correlation effects; for that reason, some GPS sta-205 

tions were not used in the validation process (Fig. 1.b, “Unused GPS Stations”).  206 

 207 

Fig.2. Interferograms using ENVISAT-ASAR C-band images, each fringe cycle equevalent 208 

to a displacement of 2.8 cm. (a) coseismic interferogram [19/Feb/2011 : 21/March/2011], and 209 

postseismic interferograms (b) [21/March/2011 : 20/April/2011], (c) [20/April/2011 : 210 

20/May/2011], (d) [20/May/2011 : 19/June/2011], background is a DEM map. 211 

3. Methodology 212 

 213 

This section describes the proposed methodology in detail. The general block diagram of the 214 

analysis steps is illustrated in Fig. 3. 215 

 216 

 217 
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3.1 InSAR Analysis  218 

 219 

The interferogram phase is generated using two single look complex (SLC) images, presented 220 

in eq. (1), where 𝜙𝑇𝑜𝑝𝑜
𝑅𝑒𝑠  is the residual topographic component after removal of topography 221 

effects using a Digital Elevation Model (DEM). In this research, we used the Shuttle Radar 222 

Topography Mission (SRTM-3) DEM to remove the topography effects presented in interfer-223 

ograms. The interferometric phase also contains deformation effects, 𝜙𝐷𝑒𝑓𝑜𝑟𝑚, atmospheric 224 

delay effects, 𝜙𝐴𝑡𝑚, baseline error effects, 𝜙𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 and noise effects, 𝜙𝑁𝑜𝑖𝑠𝑒.  225 

𝜙𝐼𝑛𝑆𝐴𝑅 = 𝜙𝑇𝑜𝑝𝑜
𝑅𝑒𝑠 + 𝜙𝐷𝑒𝑓𝑜𝑟𝑚 + 𝜙𝐴𝑡𝑚 + 𝜙𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 + 𝜙𝑁𝑜𝑖𝑠𝑒     (1) 226 

 227 

The rationale of the proposed methodology assumes that the imposed errors, mainly (𝜙𝐴𝑡𝑚 , 228 

𝜙𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒), in the interferometric phase are spatially correlated and temporally obey Gaussian 229 

distribution. Under this assumption, the temporal component of the imposed errors can be 230 

effectively reduced using a least squares method and the spatial component can be removed 231 

using the spatial ramp removal algorithm, e.g., Zhang et al. (2004). The primary challenge in 232 

this analysis is the large deformation signature that dominates the entire study region and that 233 

has the same characteristics of other long wavelength imposed errors, such as baseline error. 234 

In this case, the application of ramp removal or filtering of the raw unwrapped phase maps 235 

would contaminate the deformation signature and produce large errors in the final defor-236 

mation maps. For that reason, our main focus is to model the deformation time series signa-237 

ture and remove it from the raw observations and then apply filtering processes to the residu-238 

al phase maps. After filtering, we restore the modeled deformation trend and a final defor-239 

mation estimation process is implemented.  240 

 241 
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Let us consider that the number of available SAR images for the same area equals N and are 242 

ordered in a time series [t1: tN]. Then, the number of the unknown deformations for each pixel 243 

will equal n = N-1 and can be identified by [d1: dn]. The maximum number of differential in-244 

terferograms is 𝑀 = 𝑁! ((𝑁 − 2)! 2!)⁄ .  245 

After interferogram generation, flattening, filtering and phase unwrapping (Fig. 3, Step A) are 246 

performed. The unwrapped phase maps must be registered or referenced to a pixel with 247 

known deformation value; because there are no stable zones in the study region, we use GPS 248 

station no. 3025 (Fig. 1.b) as a reference point for registering the unwrapped phase maps.  249 

 250 

Fig.3. Methodology block diagram 251 

 252 

 253 

 254 
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3.2 Deformation Trend Estimation 255 

 256 

Using GPS network observations to model earthquake deformation we generate significant 257 

errors during interpolation, even when using a dense GPS network such as GEONET. In ad-258 

dition, the availability of a dense GPS network can be very challenging for many sites around 259 

the world. For these reasons, we are proposing to describe the deformation time series signa-260 

ture by several consecutive deformation trends (Fig. 3, Step B). The mathematical expres-261 

sions of these trends can be identified using observations of a single GPS station. Then, the 262 

trends’ parameters are estimated for each pixel using the unwrapped phase stack. 263 

We used GPS station no. 3025 (Fig. 1.b) to study the deformation time series signature and 264 

identify the best mathematical expressions to represent it. As illustrated in Fig. 4, the defor-265 

mation trends before and after the earthquake are completely different; therefore, we divided 266 

it into two parts. Before the earthquake, the best mathematical expression that fits the signa-267 

ture is the linear model 𝑑 = 𝑎 ∙ 𝑡, where 𝑑 is the deformation value, 𝑎 is an unknown defor-268 

mation parameter and 𝑡 is the time value in days. After the earthquake, the best mathematical 269 

expression that fits this part is the power model 𝑑 = 𝑏 ∙ 𝑇𝑐, where 𝑏 𝑎𝑛𝑑 𝑐 are unknown de-270 

formation parameters and 𝑇 is the time value in days starting at the earthquake. We have to 271 

separate the time axis to describe the deformation signature adequately because the power 272 

function will go to infinity when 𝑇 = 0, accurately representing the sudden shock of the 273 

earthquake.  274 

In this analysis, we use two models to describe the deformation time series. The second mod-275 

el was a non-linear power model, which forces the use of an iterative non-linear least squares 276 

approach to estimate the three parameters of the two chosen models. It should be noted that 277 

for more complex deformation patterns, more models could be added to the system for better 278 
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simulation of the deformation. On the other hand, increasing the number of parameters will 279 

require more data (unwrapped phase maps) for better estimation. 280 

 281 

Fig.4. Observed LOS deformation using GPS station no. 3025 and the proposed deformation 282 

trends. 283 

 284 

3.3 Modeling Deformation 285 

 286 

After identifying the best deformation trend(s), we use the unwrapped phase stack to estimate 287 

the trends’ parameters using the least squares method. Then, we use the estimated parameters 288 

to generate deformation trend maps with the same structure and number as the raw un-289 

wrapped phase maps. Afterwards, we subtract each modeled deformation map from its equiv-290 

alent unwrapped phase map to generate the residual maps that will be filtered using the meth-291 

od described below. 292 

 293 
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3.3.1 Model Parameter Estimation 294 

 295 

After phase unwrapping and model identification, the unknown model parameters PT = [a, b, 296 

c] are estimated for each pixel by minimizing the squared error function (E) eq. (2) (Fig. 3, 297 

Step C). 298 

 299 

 𝑬 =  ∑  (𝐿𝑂𝑆𝑖 − 𝐷𝑖
𝑚 − ∆ 𝑇𝑜𝑝𝑜𝑖)

2
 ⇒ 𝑚𝑖𝑛𝑖𝑚𝑢𝑚𝑀

𝑖=1     (2.a) 300 

𝐷𝑖
𝑚 = 𝑎 ∙ (𝑡𝑖

𝑠𝑙𝑎𝑣𝑒 − 𝑡𝑖
𝑚𝑎𝑠𝑡𝑒𝑟) +  𝑏 ∙ ((𝑇𝑖

𝑠𝑙𝑎𝑣𝑒)
𝑐
− (𝑇𝑖

𝑚𝑎𝑠𝑡𝑒𝑟)
𝑐
)   (2.b) 301 

∆ 𝑇𝑜𝑝𝑜𝑖 = (𝐵⊥𝑖 ∙  𝛿ℎ) (𝑟𝑖 ∙ 𝑠𝑖𝑛 𝜗𝑖)⁄        (2.c) 302 

 303 

where 𝐿𝑂𝑆𝑖 is the ith InSAR line-of-sight deformation, 𝐷𝑖
𝑚 is the modeled deformation value, 304 

∆ 𝑇𝑜𝑝𝑜𝑖 is the topography error, 𝐵⊥𝑖 is the normal baseline, 𝛿ℎ is the DEM error, 𝑟𝑖 is the 305 

sensor target distance and 𝜗𝑖 is the incident angle; the subscript (i) refers to the ith interfero-306 

gram. 307 

The system is non-linear. Therefore, we need to linearize it first by expanding the equation 308 

using Taylor series and use only the linear terms of eq. (3). 309 

 310 

𝑓(𝑎, 𝑏, 𝑐, 𝛿ℎ) = 𝑓(𝑎𝑜, 𝑏𝑜 , 𝑐𝑜 , 𝛿ℎ𝑜) + 𝑓(∆𝑎, ∆𝑏, ∆𝑐, ∆𝛿ℎ)    (3.a) 311 

 312 

𝑓(∆𝑎, ∆𝑏, ∆𝑐, ∆𝛿ℎ) =  
𝜕𝑓(𝑎,𝑏,𝑐,𝛿ℎ)

𝜕𝑎
 ∆𝑎 +

𝜕𝑓(𝑎,𝑏,𝑐,𝛿ℎ)

𝜕𝑏
 ∆𝑏 +

𝜕𝑓(𝑎,𝑏,𝑐,𝛿ℎ)

𝜕𝑐
 ∆𝑐 +

𝜕𝑓(𝑎,𝑏,𝑐,𝛿ℎ)

𝜕𝛿ℎ
 ∆𝛿ℎ 313 

(3.b) 314 

𝜕𝑓(𝑎,𝑏,𝑐,𝛿ℎ)

𝜕𝑎
= 𝑡𝑠𝑙𝑎𝑣𝑒 − 𝑡𝑚𝑎𝑠𝑡𝑒𝑟        (3.c) 315 

𝜕𝑓(𝑎,𝑏,𝑐,𝛿ℎ)

𝜕𝑏
= (𝑇𝑠𝑙𝑎𝑣𝑒)

𝑐 − (𝑇𝑚𝑎𝑠𝑡𝑒𝑟)
𝑐        (3.d) 316 
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𝜕𝑓(𝑎,𝑏,𝑐,𝛿ℎ)

𝜕𝑐
= (𝑏 ∙ (𝑇𝑠𝑙𝑎𝑣𝑒)

𝑐) ∙  ln(𝑇𝑠𝑙𝑎𝑣𝑒) − (𝑏 ∙ (𝑇𝑚𝑎𝑠𝑡𝑒𝑟)
𝑐) ∙  ln(𝑇𝑚𝑎𝑠𝑡𝑒𝑟)   (3.e) 317 

𝜕𝑓(𝑎,𝑏,𝑐,𝛿ℎ)

𝜕𝛿ℎ
= (𝐵⊥𝑖) (𝑟𝑖 ∙ 𝑠𝑖𝑛 𝜗𝑖)⁄         (3.f) 318 

 319 

By assuming prior values for (𝑎𝑜, 𝑏𝑜 , 𝑐𝑜 , 𝛿ℎ𝑜), we can solve for (∆𝑎, ∆𝑏, ∆𝑐, ∆𝛿ℎ) by iterative 320 

least squares analysis eq. (4). The prior values are chosen based on the analysis of the sample 321 

GPS station deformation trend, except for 𝛿ℎ𝑜, which is assumed to be zero. 322 

𝑼 =  (𝑨𝒎
𝑻 ∙ 𝑨𝒎)

−𝟏
 ∙  (𝑨𝒎

𝑻 ∙ 𝑳)        (4) 323 

where: 324 

𝑨𝒎 =  

[
 
 
 
 
 
𝜕𝑓1

𝜕𝑎

𝜕𝑓1

𝜕𝑏

𝜕𝑓1

𝜕𝑐

𝜕𝑓1

𝜕𝛿ℎ
⋮ ⋮ ⋮     ⋮

𝜕𝑓𝑀

𝜕𝑎

𝜕𝑓𝑀

𝜕𝑏

𝜕𝑓𝑀

𝜕𝑐

𝜕𝑓𝑀

𝜕𝛿ℎ]
 
 
 
 
 

,  𝑼 = [

∆𝑎
∆𝑏
∆𝑐
∆𝛿ℎ

] , 𝑳 = [
𝐿𝑂𝑆1

⋮
𝐿𝑂𝑆𝑀

]  𝑎𝑛𝑑  𝑷 = [

𝑎𝑜

𝑏𝑜
𝑐𝑜

𝛿ℎ𝑜

] + [

∆𝑎
∆𝑏
∆𝑐
∆𝛿ℎ

] 325 

 326 

The system converges, and a solution is reached when U is nearly zero. In this analysis step, 327 

we use only the pixels that exhibit coherence values higher than the coherence threshold val-328 

ue for the entire unwrapped phase stack. This will result in low spatial coverage of the esti-329 

mated parameters; therefore, after the parameter estimation process, we use a 7-pixels-by-7-330 

pixels moving window to interpolate the three parameters in the pixels that fell below the co-331 

herence threshold and have coherent neighboring pixels within the 7-by-7 window. To accel-332 

erate the interpolation process, we use the average value of the moving window for the un-333 

estimated pixels only. It should be noted that, if the pixel phase is subject to large errors, 334 

sometimes the solution will not converge for that pixel. In that case, the pixel is neglected, 335 

and if it has reliable neighboring pixels, it will be estimated during the parameter interpola-336 

tion process. Taking the DEM error (𝛿ℎ) into consideration during the parameter estimation 337 

process makes the system easier to converge. Nevertheless, we did not correct the input data 338 
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for DEM error (𝛿ℎ) during the analysis; we left it to be finally estimated in the last pro-339 

cessing step along with the final deformation values. 340 

 341 

3.3.2 Deformation Map Model 342 

 343 

The main idea of the methodology is to apply the filtering and correction processes on the 344 

observed data, not on the estimated deformation, to avoid any additional errors generated dur-345 

ing deformation modeling. Therefore, after estimating the deformation parameters for each 346 

pixel, we calculate the deformation values at the acquisition time of every SAR image and 347 

generate deformation trend maps with the same structure and number of the raw unwrapped 348 

phase maps (Fig. 3, Step D). Then, by subtracting each deformation trend map from its 349 

equivalent unwrapped phase maps, the residual phase maps are generated. These residual 350 

phase maps contain part of the deformation signature that cannot be represented by the model, 351 

in addition to the imposed errors eq. (5). 352 

 353 

 𝜙𝑅𝑒𝑠 = 𝜙𝑇𝑜𝑝𝑜
𝑅𝑒𝑠 + 𝜙𝐷𝑒𝑓𝑜𝑟𝑚

𝑅𝑒𝑠 + 𝜙𝐴𝑡𝑚 + 𝜙𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 + 𝜙𝑁𝑜𝑖𝑠𝑒      (5) 354 

 355 

Finally, filtering is performed on the residual maps to extract the residual deformation signa-356 

ture and eliminate the imposed errors. 357 

 358 

3.4 Residual Filtering 359 

3.4.1 Temporal Filtering  360 

 361 

In our study, we assume that the imposed errors temporally obey a Gaussian distribution; 362 

therefore, errors can be effectively reduced using a least squares method (Fig. 3, Step E). In 363 
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our analysis, we use six SAR images, the smallest number to effectively reduce the temporal 364 

errors using least squares. Therefore, we generated 15 interferograms using all of the possible 365 

combinations without using a perpendicular baseline threshold other than the critical one (see 366 

table 1). The imposed errors are reduced significantly using this number of interferograms 367 

and by applying the temporal filtering to the residual phases. However, we do not think that 368 

this approach can effectively reduce the temporal errors using less number of SAR images. 369 

The main idea in our analysis is to correct the original raw unwrapped phase maps first. Af-370 

terwards, we estimate the deformation time series using the corrected unwrapped phase maps. 371 

For that reason, in this filtering step, we are interested in correcting the residual phase maps 372 

(𝜙𝑅𝑒𝑠) rather than estimating the residual deformations (dr). After residual phase estimation, 373 

the residual deformations 𝒅𝒓 = [dr1 : drn] are estimated by minimizing the squared error func-374 

tion (E1) eq. (6), eq. (7) .  375 

𝑬𝟏 =  ∑ (𝐿𝑂𝑆𝑖
𝑅𝑒𝑠 − 𝐷𝑟𝑖 − ∆ 𝑇𝑜𝑝𝑜𝑖)

2
 ⇒ 𝑚𝑖𝑛𝑖𝑚𝑢𝑚𝑀

𝑖=1     (6.a) 376 

𝐷𝑟𝑖 = ∑ 𝑑𝑟𝑗
t(𝑆𝑙𝑎𝑣𝑒)
j=t(𝑀𝑎𝑠𝑡𝑒𝑟)         (6.b) 377 

where 𝐿𝑂𝑆𝑖
𝑅𝑒𝑠 is the ith InSAR line-of-sight residual deformation, 𝐷𝑟𝑖 is the unknown residual 378 

deformation components for the ith interferogram and 𝑑𝑟𝑗  is the unknown residual defor-379 

mation of time segment j. The minimum value of the squared error function 𝑬𝟏 is reached 380 

when the first derivatives with respect to each component of the unknown surface defor-381 

mations (𝑑𝑟j) are zero. This gives rise to the linear equation presented in eq. (7.a). 382 

𝑼𝒓 = (𝑨𝒓
𝐓 ∙ 𝑨𝒓)

−𝟏
 ∙  (𝑨𝒓

𝐓 ∙ 𝑳𝒓)       (7.a) 383 

where: 384 
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𝑩𝒓 =

[
 
 
 
 
𝜕𝐷𝑟1

𝜕𝑑𝑟1
⋯

𝜕𝐷𝑟1

𝜕𝑑𝑟𝑛

⋮ ⋱ ⋯
𝜕𝐷𝑟𝑀

𝜕𝑑𝑟1
⋯

𝜕𝐷𝑟𝑀

𝜕𝑑𝑟𝑛 ]
 
 
 
 

𝑀 ×𝑛

 , 𝑳𝒓 = [
𝐿𝑂𝑆1

𝑅𝑒𝑠

⋮
𝐿𝑂𝑆𝑀

𝑅𝑒𝑠
]  𝑎𝑛𝑑  𝑼𝒓 = [

𝑑𝑟1
⋮

𝑑𝑟𝑛
𝛿ℎ

]   385 

   386 

The design matrix 𝑨𝒓 has dimensions of M × (n+1), where 𝑨𝒓 = [𝑩𝒓, 𝒄], 𝑩𝒓 is the partial de-387 

rivative of 𝐷𝑟𝑖 with respect to 𝑑𝑟𝑗, 𝒄𝑻 = [(𝐵⊥1) (𝑟1 ∙ 𝑠𝑖𝑛 𝜗1)⁄ ,⋯ , (𝐵⊥𝑀) (𝑟𝑀 ∙ 𝑠𝑖𝑛 𝜗𝑀)⁄  ], 𝑼𝒓 388 

is the unknown vector with dimensions (n+1) × 1 and 𝑳𝒓 is the residual LOS deformation 389 

vector with dimensions M × 1. The matrix 𝑨𝒓
𝐓 ∙ 𝑨𝒓 is a non-singular matrix; therefore, invert-390 

ing this linear system should be simple. If the pixel’s coherence is under the threshold in few 391 

observations, the system can be solved, but sometimes the matrix 𝑨𝒓
𝐓 ∙ 𝑨𝒓 can become singu-392 

lar. In that case we use the singular value decomposition (SVD) to invert the system. The 393 

temporal filtered residual phase 𝜙𝑅𝑒𝑠
𝑇𝑒𝑚𝑝.𝐹𝑖𝑙𝑡𝑒𝑟

 is estimated by eq. (7.b). 394 

𝜙𝑅𝑒𝑠
𝑇𝑒𝑚𝑝.𝐹𝑖𝑙𝑡𝑒𝑟 = 𝑨𝒓 ∙ 𝑼𝒓 = 𝜙𝑇𝑜𝑝𝑜

𝑅𝑒𝑠 + 𝜙𝐷𝑒𝑓𝑜𝑟𝑚
𝑅𝑒𝑠 + 𝜙𝐴𝑡𝑚

𝑆𝑝𝑎𝑡𝑖𝑎𝑙 𝑐𝑜𝑚𝑝.  + 𝜙𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒
𝑆𝑝𝑎𝑡𝑖𝑎𝑙 𝑐𝑜𝑚𝑝. + 𝜙𝑁𝑜𝑖𝑠𝑒 (7.b) 395 

 396 

3.4.2 Spatial Filtering 397 

 398 

After correcting the residual phase maps temporally 𝜙𝑅𝑒𝑠
𝑇𝑒𝑚𝑝.𝐹𝑖𝑙𝑡𝑒𝑟

, spatially correlated errors 399 

such as baseline errors and long wavelength atmospheric signatures are still presented. The 400 

best way to remove such errors is by ramp removal (Fig. 3, Step F). This filtering method 401 

would contaminate the deformation signature if applied directly to the raw unwrapped phase 402 

maps, but after separating the main deformation signature it can be applied safely to the re-403 

sidual phase maps. We chose to fit a first degree surface in both directions to every residual 404 

phase map then remove this surface from it. This process will remove the spatially correlated 405 
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errors in the residual unwrapped phase maps 𝜙𝑅𝑒𝑠
𝑇𝑒𝑚𝑝.𝐹𝑖𝑙𝑡𝑒𝑟 and produce the final filtered resid-406 

ual phase maps 𝜙𝑅𝑒𝑠
𝐹𝑖𝑛𝑎𝑙 𝐹𝑖𝑙𝑡𝑒𝑟. After this step, the deformation trend maps are restored to the 407 

filtered residual phase maps to generate the final filtered unwrapped phase maps that will be 408 

used in estimating the final deformation time series. 409 

 410 

3.5 Final Deformation Estimation  411 

 412 

Restoring the deformation trend to the filtered residual phase maps generates the corrected 413 

unwrapped phase maps. These maps are used in estimating the incremental LOS deformation 414 

time series by least squares method (Fig. 3, Step G). The proposed stacking structure will 415 

generate a non-singular matrix system (AT·A) if the pixel’s coherence is above the threshold 416 

in the entire stack. On the other hand, this condition will limit the spatial coverage of the es-417 

timated deformation map. For that reason, we can use pixels that fall below the coherence 418 

threshold in a few unwrapped phase maps providing that every deformation segment [d1: dn] 419 

is adequately presented in the unwrapped phase stack. This slight modification can make the 420 

matrix system singular, mainly because of the small number of available SAR images. In that 421 

case, the SVD can be used to invert the system, but that can produce unrealistic deformation 422 

values because the SVD adopts the minimum norm solution. This problem was presented and 423 

solved by Berardino et al. (2002). They proposed to solve for deformation velocities rather 424 

than deformation values. This solution (SBAS) will present realistic deformation values. An 425 

additional integration step is needed to convert velocity values to time series deformation.  426 

The unknown deformations velocities V = [V1 : Vn] are estimated by minimizing the squared 427 

error function (E2) eq. (8). 428 

 𝑬𝟐 =  ∑ (𝐿𝑂𝑆𝑖 − 𝐷𝑖 − ∆ 𝑇𝑜𝑝𝑜𝑖)
2

 ⇒ 𝑚𝑖𝑛𝑖𝑚𝑢𝑚𝑀
𝑖=1                  (8.a) 429 
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𝐷𝑖 =  ∑ (∆ 𝑡𝑗) 𝑉𝑗
t(𝑆𝑙𝑎𝑣𝑒)
j=t(𝑀𝑎𝑠𝑡𝑒𝑟)           (8.b) 430 

where 𝐿𝑂𝑆𝑖 is the ith InSAR LOS deformation, 𝐷𝑖 is the unknown deformation components 431 

for the ith interferogram and 𝑉𝑗 is the unknown velocity of time segment j. The minimum val-432 

ue of the squared error function 𝑬𝟐 is reached when the first derivatives with respect to each 433 

component of the unknown surface deformations velocity (𝑉𝑗) are zero. This gives rise to the 434 

linear equation presented in eq. (9). 435 

𝑽 =  (𝑨𝑻 ∙ 𝑨)−𝟏 ∙  (𝑨𝑻 ∙ 𝑳)         (9) 436 

where A is a design matrix with dimensions M × (n+1), V is the unknown velocity vector 437 

with dimensions (n+1) × 1 and L is the observed LOS deformation vector with dimensions M 438 

× 1.  439 

The design matrix 𝑨 = [𝑩, 𝐜] and unknown velocity vector of the system is 𝑽𝑻 =440 

[𝑉1,⋯ , 𝑉𝑛, 𝛿ℎ], where 𝑩 is the partial derivative of 𝐷𝑖 with respect to 𝑉𝑗 eq. (10) and  𝒄𝑻 =441 

[(𝐵⊥1) (𝑟1 ∙ 𝑠𝑖𝑛 𝜗1)⁄ ,⋯ , (𝐵⊥𝑀) (𝑟𝑀 ∙ 𝑠𝑖𝑛 𝜗𝑀)⁄  ]. 442 

𝑩 =  

[
 
 
 
 
𝜕𝐷1

𝜕𝑉1
⋯

𝜕𝐷1

𝜕𝑉𝑗

⋮ ⋱ ⋮
𝜕𝐷𝑀

𝜕𝑉1
⋯

𝜕𝐷𝑀

𝜕𝑉𝑗 ]
 
 
 
 

        (10) 443 

4. Analysis and Results 444 

 445 

In this analysis, we use six SAR images, which were acquired by ENVISAT-ASAR and cov-446 

er the period from 21 November 2010 to 19 June 2011. Data were provided by the European 447 

Space Agency (2014). 448 

 449 
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4.1 Data Preparation 450 

 451 

Six C-band SAR images for the Kanto region, Japan, were obtained from ESA’s ENVISAT-452 

ASAR using Image Single polarization (HH) mode in descending direction (see table 1). Cor-453 

rected coordinates estimated at GEONETs’ GPS stations were used for registering the un-454 

wrapped phase maps, determining the deformation trend(s) and accuracy verification of the 455 

final results. Seventeen GPS stations within the image were identified (Fig. 1.b).  456 

Interferograms were generated using SARscape software as shown in (Fig. 5) and (Table 1). 457 

We use SRTM-3 DEM to remove the effect of topography, Goldstein method (Goldstein and 458 

Werner, 1998) for filtering and Delaney Minimum Cost Flow (DMCF) (Costanthi and Rosen, 459 

1999) for phase unwrapping with coherence threshold of 0.2. To reduce the effect of phase 460 

decorrelation, we use multilooking of one look in range and five looks in azimuth. Un-461 

wrapped phase maps were converted to displacements using eq. (11). 462 

∆ = −1 ∗
𝜙 ×𝜆

4 π
          (11) 463 

where 𝜆 is the wavelength and 𝜙 is the unwrapped phase.  464 
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 465 

Fig.5. Interferograms stack structure, each bar represents an interferogram with the right end 466 

at the master image acquisition date and the left end at the slave image acquisition date. 467 

 468 

 469 

 470 

 471 

 472 

 473 

 474 

 475 

 476 
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Table 1 477 

Details of SAR images and interferograms. 478 

Master Slave No. B┴ (m.) ∆ t (days) 

Satellite/Sensor 

/Direction 

21 November 

2010 

19 February 

2011 

1 

-245 90 

 

ENVISAT-

ASAR 

 

C-band 

 

Single  

polarization 

(HH) 

 

Descending 

 

Critical Nor-

mal Baseline   

(2100 m.) 

21 March 2011 2 -438 120 

20April 2011 3 -458 150 

20May 2011 4 415 180 

19June 2011 5 -556 210 

19 February 

2011 

21 March 2011 6 -228 30 

20April 2011 7 -218 60 

20May 2011 8 244 90 

19June 2011 9 -337 120 

21 March 

2011 

20April 2011 10 99 30 

20May 2011 11 377 60 

19June 2011 12 -127 90 

20April 2011 20May 2011 13 295 30 

19June 2011 14 -127 60 

20May 2011 19June 2011 15 -416 30 

 479 

4.2 Analysis 480 

 481 

The unwrapped phase maps for all of the interferograms were generated and referenced to 482 

GPS station no. 3025 as shown in (Fig. 1.b) (Fig. 3, Step A). Then, we analyzed the LOS de-483 
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formation time series for this GPS station to estimate the best deformation trends (Fig. 4). We 484 

chose a combination of linear and power models as illustrated in section 3.2 (Fig. 3, Step B). 485 

In this analysis, we used only GPS station no. 3025 and left the other GPS stations for accu-486 

racy verifications. As shown in (Fig. 1.b), 17 GPS stations were identified within the study 487 

region; only eight GPS stations were located in pixels having a coherence value higher than 488 

the chosen threshold in the unwrapped phase stack. These eight GPS stations were chosen to 489 

verify the accuracy of the models used to present the deformation time series pattern. In Fig. 490 

6, we present a comparison between the observed LOS deformations and the estimated de-491 

formation trend using the methodology presented in section 3.3.1 (Fig. 3, Step C) at seven 492 

GPS stations. This figure demonstrates the accuracy and reliability of the proposed models at 493 

most of the GPS stations, and because we use the raw unwrapped phase maps for modeling 494 

without any prior filtering, some GPS stations suffer from a constant shift value. For that rea-495 

son, the main sequence of the proposed methodology is to correct the observed unwrapped 496 

phase maps first, and then re-estimate the deformation time series to avoid the leakage of 497 

modeling errors to the final estimated deformation values. The pixel containing GPS station 498 

no. 0226 exhibits a coherence value above the threshold for the whole unwrapped phase stack, 499 

but it suffered from large errors which prevented the convergence of the least squares system. 500 

Therefore, this pixel is not included in the presented results. 501 

 502 

After estimating the parameters of each pixel, we used a moving 7-pixels-by-7-pixels win-503 

dow to interpolate the three model parameters for the un-estimated pixels that have reliable 504 

neighboring pixels within the 7-by-7 window, as shown in section 3.3.1. The parameters for 505 

GPS stations no. 3020, 3027, 3033, 3037, 0226 and 0756 were successfully retrieved.  506 
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   507 

Fig.6. Observed LOS deformations and estimated deformation trends at GPS stations 508 

(descending direction). 509 

 510 

The next analysis step, illustrated in section 3.3.2 and (Fig. 3, Step D), is to calculate the de-511 

formation values at the acquisition times of the SAR images and then construct deformation 512 

maps equivalent to the raw unwrapped phase maps in structure and number. After subtracting 513 

the estimated deformation trends from the raw unwrapped phase maps, the generated residual 514 

phase maps will be ready for temporal and spatial filtering. 515 

We used the least squares method, illustrated in section 3.4.1, to filter the residual unwrapped 516 

phase maps temporally (Fig. 3, Step E). Then, we applied a ramp removal to every temporal-517 

ly filtered residual phase map to correct for the spatially correlated imposed errors, as de-518 

scribed in section 3.4.2 (Fig. 3, Step F). 519 

Finally, we restored the deformation trend to the filtered residual phase maps and used the 520 

final corrected unwrapped phase maps to estimate the deformation time series for the entire 521 
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study region using least squares analysis, as illustrated in section 3.5 (Fig. 3, Step G). The 522 

final deformation and DEM error maps are presented in (Fig. 7). 523 

 524 

Fig.7. [a : e] Final deformation maps, [f] DEM error, background is a DEM map. 525 

4.3 Accuracy Check 526 

In the final deformation maps, deformation for only 13 out of 17 GPS stations was estimated 527 

(Fig. 1.b). Accuracy verification was performed by comparing the estimated LOS defor-528 

mation values at those 13 GPS stations and GEONET’s corrected coordinates (see Fig. 8, Fig. 529 

9 and Fig. 10). 530 
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 531 

The descending LOS deformation time series for the 13 GPS stations are presented in Fig. 8. 532 

The solid lines show the daily deformation evolution observed by GEONET’s GPS stations, 533 

while the circles represent the estimated deformation time series at the locations of GPS sta-534 

tions. The analysis method calculates a discrete epoch-to-epoch deformation map. Therefore, 535 

successive accumulation of the deformation values must be done first to estimate the defor-536 

mation time series.  537 

 538 

The errors in the discrete deformation maps at the locations of the 13 GPS stations are pre-539 

sented in Fig. 9. We found that the proposed methodology can effectively reduce the amount 540 

of errors and give a mean standard deviation and RMS error at the millimeter level (see table 541 

2). 542 

 543 

Another comparison between the estimated discrete deformation values at the 13 GPS sta-544 

tions and the observed deformation by GPS stations are presented in Fig. 10. The estimated 545 

correlation value equals 0.99, which demonstrates the accuracy and reliability of the proposed 546 

methodology, especially if we considered that the deformation presented in InSAR are the 547 

average values of all of the scatterers present in the pixel, while the deformation observed by 548 

the GPS represents only a single point with location accuracy on the sub-cm scale. 549 
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 550 

Fig.8. GPS observed deformations (solid lines) against InSAR estimated deformations (dots) 551 

in LOS descending direction at 13 GPS stations. 552 

 553 

Fig.9. Deformation maps errors at GPS stations 554 

 555 
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Table 2 556 

Statistical analysis results for GPS stations time series 557 

GPS station 

ID 

Error Stand-

ard Deviation 

(± mm.) 

Error Mean 

Value (mm.) 

RMS Error 

 (± mm.) 

3025 9.6 -2.3 9.9 

3012 4.5 3.4 5.6 

3015 4.7 -1.8 5.0 

3018 4.7 1.1 4.9 

3020 6.8 -2.1 7.1 

3023 6.3 0.7 6.3 

3027 3.8 0.8 3.9 

3030 7.2 -0.7 7.3 

3033 5.0 6.0 7.8 

3036 3.5 -0.4 3.5 

3037 6.8 3.6 7.7 

0226 6.9 7.7 10.4 

0756 8.6 6.1 10.5 

Mean 6.0 1.7 6.9 

 558 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



 

31 

 
 

 559 

Fig.10. InSAR LOS deformations obtained by GPS against deformations obtained by InSAR 560 

 561 

5. Discussion of Deformation Signature 562 

 563 

This section introduces a brief discussion of the 2011 Tohoku earthquake’s deformation sig-564 

nature. We chose to discuss two main categories of the deformation patterns based on the 565 

analysis presented in this paper. First, we introduce the estimated model parameters and dis-566 

cuss the postseismic deformation pattern in the Kanto region. Then, we introduce the effect of 567 

soil liquefaction, which resulted in severe local deformation, especially around the Tokyo bay 568 

area. Finally, we present the postseismic deformation for the areas that suffered from soil liq-569 

uefaction.  570 

 571 

 572 

 573 
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5.1 Postseismic Deformation Pattern 574 

 575 

We model the deformation signature of the Kanto region, Japan, using linear and power models (sec-576 

tion 3.3.1). The linear model parameter [a] represents the mean velocity of the pixels during the three 577 

months before the 2011 Tohoku earthquake, which is nearly constant and negligible. On the other 578 

hand, the multiplication parameter [b] (Fig. 11, a) represents the main and sudden shock of the earth-579 

quake on March 11, 2011. This map shows the deformation in meters converted from the unwrapped 580 

phase maps to before modeling. It is clear that the instant shock intensity increases in the northeast 581 

direction, which is the location of the epicenter of the earthquake. 582 

The power parameter [c] (Fig. 11, b) represents the inverse rate of decay of the postseismic defor-583 

mation. This means, for large values of parameter [c], the postseismic deformation is expected to be 584 

large as well. This figure shows that the southern part of the study area experienced more postseismic 585 

deformation than in the north. This result suggests that the postseismic deformation in the Kanto re-586 

gion is subjected to activities other than the relaxation of the 2011 Tohoku earthquake rupture zone 587 

(Somerville, 2014).  588 

 589 

For better understanding of this phenomenon, we present the postseismic deformation maps from 590 

April 20, 2011 to May 20, 2011 (Fig. 11, c) and from May 20, 2011 to June 19, 2011 (Fig. 11, d). 591 

These figures show that area “A” (Boso Peninsula) is subjected to an increase in the postseismic de-592 

formation starting from May 20th, 2011. To validate this observation, we calculated the ratio between 593 

the postseismic deformation and coseismic deformation before and after May 20th, 2011. In (Fig. 11, 594 

e), we present the ratio between the postseismic deformation from March 21, 2011 to May 20, 2011 to 595 

the coseismic deformation (February 19, 2011 to March 21, 2011). This figure shows that the post-596 

seismic deformation is less than the coseismic deformation in nearly the entire study area up to May 597 

20th, 2011. In (Fig. 11, f), we present the ratio between the postseismic deformation from March 21, 598 

2011 to June 19, 2011 to the coseismic deformation (February 19, 2011 to March 21, 2011). This fig-599 
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ure shows that the postseismic deformation increased significantly in the southeast direction after May 600 

20th, 2011. This postseismic deformation can be attributed to an activity in the Off Boso segment as a 601 

result of the large effect of the 2011 Tohoku earthquake. This postseismic activity may be one of the 602 

reasons for shortening the recurrence interval of Boso slip events (Ozawa, 2014). The off Boso slip 603 

events can be described as follows: because of the subduction of the Philippine Sea plate from the 604 

Sagami though, the Boso peninsula is moving in the northwest direction. However, GPS observed 605 

motion showed south-southeast movements in 1996, 2002, 2007 and 2011. These transients are inter-606 

preted to be caused by slow slip events in which the Okhotsk plate moves southeast in the plate inter-607 

face, opposite the direction of the subducting Philippine Sea plate (Fig. 12) (Ozawa, 2014). 608 

 609 

Another observation is the increase of postseismic deformation in area “B” (Fig. 11, d). This defor-610 

mation can be justified by postseismic activity of the Kanto fragment. The Kanto fragment as sug-611 

gested in (Toda et al., 2008) is a fragment of the pacific plate that has broken off and become lodged 612 

between the Pacific, Philippine Sea and Okhotsk plates, under Tokyo. It is suggested that most of To-613 

kyo’s seismic behavior is attributed to the sliding of the fragment against the other tectonic plates (Fig. 614 

12) (Toda et al., 2008). 615 
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 616 

Fig. 11. (a) Multiplication model paramter [b], (b) power model paramter [c], (c) postseisimc 617 

deformation map [20/April/2011 : 20/May/2011],(d) postseisimc deformation map 618 

[20/May/2011 : 19/June/2011], (e) ratio between the postseisimc deformation up to May 20th, 619 

2011 and the coseismic deformation, (f) ratio between the postseisimc deformation up to June 620 

19th, 2011 and the coseismic deformation, background is a DEM map. 621 
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 622 

Fig. 12. Boso pensisula slip direction and the location of the suggested Kanto fragment 623 

5.2 Local Deformation 624 

 625 

This section presents the effect of local deformation in the study area, focusing on the Tokyo 626 

bay area, which suffered from severe damage due to soil liquefaction (Fig. 1.b).  627 

 628 

5.2.1 Soil Liquefaction Identification 629 

 630 

We are able to identify the pixels that have been affected by soil liquefaction. We use the co-631 

herence difference method presented by (Ishitsuka et al., 2012) and (Tamura and Li, 2013). 632 

The main idea of this approach is to identify the pixels that lost coherence as a result of a cer-633 

tain event. This can be done by subtracting a preseismic coherence map from the coseismic 634 

coherence map and setting a suitable threshold.  635 
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 636 

In this analysis, we subtract preseismic coherence map no. 1 from the coseismic coherence 637 

map no. 6 (Fig. 5). In the estimated coherence difference map, a zero value means no change 638 

in coherence, a negative value means decreased coherence and a positive value means in-639 

creased coherence. Pixels suffering from soil liquefaction will exhibit coherence loss. To 640 

identify the pixels that are most likely affected by soil liquefaction, we use a threshold of 641 

(< −𝜎) (Fig. 13, b), where (𝜎) is the standard deviation of the coherence difference map. We 642 

chose this threshold based on comparison of the results with the observed liquefaction map 643 

(Fig. 13, d) presented by the Kanto Regional Development Bureau of the Ministry of Land, 644 

Infrastructure, Transport and Tourism (KRDB) and the Japanese Geotechnical Society (JGS) 645 

(2011). 646 

 647 

5.2.2 Postseismic Deformations For Uncorrelated Pixels 648 

 649 

The damage due to soil liquefaction caused phase decorrelation for the affected areas in the 650 

coseismic interferograms (Fig. 5). This phase decorrelation prevents the estimation of post-651 

seismic deformation values for the affected areas using the proposed methodology (Fig. 13, 652 

a) mainly because most of the interferogram stack records the coseismic deformation from 653 

the 2011 Tohoku earthquake. 654 

 655 

To solve this problem, we use the estimated postseismic deformation maps presented in this 656 

analysis to correct the errors in the raw postseismic unwrapped phase maps. First, we identify 657 

the three postseismic deformation maps from this analysis [21/March/2011]: [20/April/2011] 658 

(Fig. 7, c), [20/April/2011]: [20/May/2011] (Fig. 7, d) and [20/May/2011]: [19/June/2011] 659 

(Fig. 7, e). Then, we identify the corresponding postseismic unwrapped phase maps (No. 10, 660 
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13 and 15, respectively) (Fig. 5). By subtracting every deformation map from its correspond-661 

ing unwrapped phase map, we will obtain an estimation of the imposed errors eq. (12). 662 

 663 

𝐼𝑚𝑝𝑜𝑠𝑒𝑑 𝐸𝑟𝑟𝑜𝑟𝑠 = 𝑈𝑛𝑤𝑟𝑎𝑝𝑝𝑒𝑑 𝑝ℎ𝑎𝑠𝑒 𝑚𝑎𝑝 − 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑚𝑜𝑑𝑒𝑙       (12) 664 

 665 

Then we use a 7-pixels-by-7-pixels moving window to interpolate the imposed errors in the 666 

decorrelated pixels. For this small window, the imposed errors are highly correlated spatially. 667 

Finally, we estimate the postseismic deformation maps by subtracting the interpolated error 668 

maps from the raw unwrapped phase maps (Fig. 13, c). 669 

 670 

The final postseismic deformation map presented in (Fig. 13, c) is total deformation value 671 

from [21/March/2011] to [19/June/2011]. The areas suffering from soil liquefaction showed 672 

relatively smaller postseismic deformations compared to other neighboring areas.  673 

 674 

Fig. 13. (a) Postseismic deformation maps using the proposed method, (b) Liquefaction areas 675 

using the coherence difference method, (c) Final postseismic deformation maps,(d) Observed 676 

liquefaction through field surveys conducted by KRDB and JGS (2011).  677 
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 678 

6. Conclusions 679 

 680 

The main aim of this paper is to estimate the coseismic and postseismic crustal deformation 681 

of the Kanto region, Japan, with geodetic accuracy. The study area was subjected to large de-682 

formation as a result of the 2011 Tohoku earthquake. Several challenges were identified dur-683 

ing the analysis such as the large, uneven deformation that dominated the entire study area, 684 

leaving few stable zones to facilitate the identification of the imposed errors and the limited 685 

number of available coseismic and postseismic SAR images. 686 

 687 

To overcome these challenges, we designed a methodology that uses the observed defor-688 

mation from a single GPS station to determine the best deformation trends that describe the 689 

earthquake signature, then use a least squares solution for nonlinear multi-model parameter 690 

estimation. The estimated deformation trends are removed from the unwrapped phase maps 691 

to preserve the main deformation signature during the filtering processes implemented on the 692 

residual phase maps. Finally, the estimated deformation trends are restored to the filtered re-693 

sidual phase, and the final deformation estimation process is implemented. 694 

 695 

The proposed methodology was tested using six C-band SAR images and a single GPS sta-696 

tion. The GPS station was used to identify the best deformation trends and registering the 697 

unwrapped phase maps. The final estimated deformation maps were tested against the obser-698 

vations of 13 GPS stations and the mean values of the standard deviation error and RMS error 699 

were 6.0 and 6.9 mm, respectively. These results demonstrate the reliability and accuracy of 700 

the proposed methodology. 701 

 702 
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Furthermore, we include a brief discussion about the estimated deformation signatures in our 703 

study area. The postseismic deformation patterns were presented, and an increase in the post-704 

seismic deformation in Boso peninsula region was identified starting from May 20th, 2011. 705 

This postseismic deformation can be attributed to activity in the Off Boso segment as a result of the 706 

effect of the 2011 Tohoku earthquake. In addition, the effects of local deformation due to soil 707 

liquefaction and local land subsidence were presented, focusing on the Tokyo bay area. The 708 

locations of soil liquefaction were identified, and their postseismic deformation was present-709 

ed.  710 

 711 

We believe that this method can be utilized to study complex and fine-scale surface defor-712 

mations in areas that have been affected by large dominating deformation signatures and con-713 

tain at least single GPS station.  714 
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