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Abstract 16 

A major source of errors in interferometric synthetic aperture radar (InSAR), used for 17 

mapping ground deformation, is the delay caused by changes in the propagation 18 

velocity of radar microwaves in the troposphere. It is common to correct this 19 

tropospheric delay noise using numerical weather models because of their widespread 20 

global availability. A variety of correction methods and tools exist and selecting the 21 

most appropriate one by considering weather models, delay models, and delay 22 

calculation algorithms is essential for specific applications. We compared the 23 

performance of two tropospheric delay correction methods applied to Advanced Land 24 

Observing Satellite-2 (ALOS-2) data acquired over Japan, where the atmospheric field 25 

is complex with significant seasonal variation. In particular, we tested 1) a method of 26 

delay integration along the slant radar line-of-sight (LOS) path using the mesoscale 27 

model (MSM) provided by the Japan Meteorological Agency and 2) the Generic 28 

Atmospheric Correction Online Service (GACOS) for InSAR, which estimates delay 29 

using the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA5 30 

reanalysis products along with an iterative decomposition approach. Results showed 31 



that tropospheric delay correction using the slant delay integration approach with MSM, 32 

which has a finer temporal and spatial resolution, performed slightly better than 33 

GACOS, which used ECMWF data. We further found that the differences in these 34 

tropospheric delay models would have limited significance, suggesting that the 35 

difference in performance mainly originates from differences in the numerical weather 36 

models being used. This study highlights the importance of using the best-available 37 

numerical weather model data for tropospheric delay calculations. 38 

 39 
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 43 

Main Text 44 

1. Introduction 45 

Satellite-based interferometric synthetic aperture radar (InSAR) provides millimeter-46 

scale measurements of ground surface deformation that can be used to identify surface 47 



deformations as well as their temporal variations on land (Massonnet et al. 1993; 48 

Bürgmann et al. 2000; Ferretti et al. 2001; Lanari et al. 2004; Colesanti and Wasowski 49 

2006) sub-surface tectonic and anthropogenic processes (such as fluid extraction and 50 

injection) (Bekaert et al., 2017; Campbell et al., 2018; Murray and Lohman, 2018), 51 

earthquakes, fault modeling (Hamiel and Fialko 2007; Xu and Zhu 2019; 52 

Ghayournajarkar and Fukushima 2020; Fukushima and Ishimura 2020), and volcanic 53 

inflation and deflation (Hooper et al. 2004, 2007; Gong et al. 2011) among others. 54 

Atmospheric delay is a major source of errors in InSAR. The propagation velocity of 55 

microwaves changes as the refractivity index varies within the ionosphere and 56 

troposphere layers. The state of the atmosphere is generally different at the times when 57 

the two images used in InSAR processing are obtained. Consequently, a difference in 58 

the number of delays appears in the interferogram, unrelated to the real deformation. 59 

Numerous studies have focused on mitigating tropospheric delay noise using various 60 

approaches. The first approach does not use external data; when multiple interferograms 61 

are available, noise is suppressed by stacking or temporal filtering of the InSAR time 62 

series to separate tropospheric delay noise from the deformation signal (Ferretti et al. 63 



2001; Hooper et al. 2004). Deriving the relationship between the phase delay and 64 

elevation is another simple and effective way to reduce tropospheric noise (Bekaert et 65 

al. 2015; Murray et al. 2021). The second approach uses external datasets, such as 66 

meteorological data (Ozawa and Shimizu 2010; Yu et al. 2018a), multispectral satellite 67 

imagery, such as MODerate resolution Imaging Spectrometer (MODIS) aboard the 68 

Terra and Aqua satellites (Li 2005; Li et al. 2009) , and MEdium Resolution Imaging 69 

Spectrometer (MERIS) onboard ENVISAT (Li et al. 2006, 2009), or distributed Global 70 

Navigation Satellite System (GNSS) network data (Shamshiri et al. 2020). These two 71 

types of approaches can also be used simultaneously. 72 

In this study, we explored and compared the characteristics of different tropospheric 73 

delay correction methods using numerical weather models and evaluated their 74 

suitability in Japan. Most of Japan is in a temperate climate zone and exhibits 75 

significant seasonal changes. Temperature and humidity are typically high during 76 

summer for most of central and western Japan. Since ~70% of the Japanese landmass is 77 

mountainous, the troposphere above it experiences extensive spatiotemporal variations 78 

compared to other places in the world. For these reasons, different tropospheric delay 79 



correction methods tend to lead to significantly different outputs, highlighting the 80 

importance of choosing a suitable correction method. 81 

For this comparison, the tropospheric delay model, the weather model dataset, and the 82 

delay calculation algorithm should be considered. Here, the tropospheric delay model 83 

refers to a mathematical relationship wherein delay is expressed as a function of the dry 84 

pressure, partial pressure of water vapor, and temperature of the atmosphere. We 85 

compared three tropospheric delay models proposed by Thayer (1974), Berrada-Baby 86 

(1988), and Smith and Weintraub (1953), that are widely used by the InSAR research 87 

community. For the dataset and the algorithm, we evaluated the effectiveness of 88 

tropospheric delay correction using the slant range integration approach adopted from 89 

the Radar INterferometry Calculation (RINC) software; this has been used by the 90 

Japanese research community (Ozawa et al., 2016) and the worldwide Generic 91 

Atmospheric Correction Online Service (GACOS) for InSAR. The RINC software can 92 

use any type of numerical weather product but we used the mesoscale model (MSM) 93 

published by the Japan Meteorological Agency (JMA) in this study. The GACOS tool 94 



uses the ERA5 product of the European Centre for Medium-Range Weather Forecasts 95 

(ECMWF), which covers a wide area worldwide. 96 

2. Data and method 97 

2.1. Study area 98 

We selected two different areas on Honshu Island, Japan, as the study area (Figure 1a). 99 

The first study area was in the Tohoku region, which is located in the northern part of 100 

the island; the relief in this area consists of plains and mountainous areas (Figure 1b). 101 

The Ou Mountains running in the north–south direction greatly influences airflow in the 102 

troposphere above it. The mitigation of tropospheric delay in this area is motivated by 103 

the fact that this tectonically active zone hosts large earthquakes and volcanoes, 104 

including the Mw 6.9 2008 Iwate-Miyagi Nairiku Earthquake (Okada et al., 2010; Ohta 105 

et al., 2008). The second study area was located in the Kansai region of western Honshu 106 

(Figure 1c); this region has a sharper contrast in topographic relief than the first study 107 

area. The region is traversed by major active faults, such as the Arima-Takatsuki, 108 

Ikoma, and Uemachi faults. This area also includes the location of the 2018 northern 109 



Osaka earthquake (Mw 5.6), which was a shallow crustal earthquake on the 110 

northeastern edge of the Osaka Plain (Kato and Ueda, 2019). 111 

2.2. InSAR processing 112 

To evaluate the performance of tropospheric delay correction in the study areas, we 113 

used SAR images from Advanced Land Observing Satellite-2 (ALOS-2)/PALSAR2. 114 

Detailed information on the SAR observations is summarized in Table 1. For the 115 

Tohoku region, we used 10 images acquired from 2014 to 2018 from Path 18, Frame 116 

2830 (descending orbit), and 12 images acquired from 2015 to 2019 from Path 124 and 117 

Frame 770 (ascending orbit); incidence angles were 35.9° for both datasets. We used 12 118 

images acquired from 2015 to 2019 from Path 128 and Frame 680 (ascending) for the 119 

Kansai region, with an incidence angle of 38.2°. 120 

An interferogram is calculated from a pair of SAR images by taking the difference 121 

between the phases of the first (primary) and second (secondary) acquisitions to 122 

measure the surface displacement that occurred between the acquisitions in the LOS. 123 

We processed the interferograms for each study area using RINC software (Ozawa et 124 

al., 2016) with range and azimuth look numbers of 8 and 10, resulting in approximately 125 



20 × 20 m of spatial resolution. To reduce decorrelation, a spectrum filter with a 126 

window size of 32 × 32 pixels was applied (Baran et al. 2003). We used ellipsoidal 127 

height data generated from a 10 m mesh digital elevation model, published by the 128 

Geospatial Information Authority of Japan (GSI), and the Earth Gravitational Model 96 129 

(EGM96) geoid model (Lemoine et al. 1997) to remove topographic fringes and 130 

geocode the interferograms. Finally, LOS displacement was calculated by unwrapping 131 

the phase difference using Statistical-Cost, Network-Flow Algorithm for Phase 132 

Unwrapping (SNAPHU) (Chen and Zebker 2000). 133 

2.3. Ionospheric correction method 134 

For L-band interferograms, ionospheric propagation delays often cause errors that are 135 

more significant than tropospheric delays. Several techniques have been proposed to 136 

mitigate ionospheric propagation delays. In this study, the ionospheric delay was 137 

estimated using the split spectrum method by applying the following equation: 138 

𝜙𝜙𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑑𝑑𝑒𝑒𝑑𝑑𝑑𝑑𝑑𝑑 =
𝑓𝑓𝐿𝐿𝑓𝑓𝐻𝐻𝑓𝑓0�𝑓𝑓𝐻𝐻2−𝑓𝑓𝐿𝐿2� (𝜙𝜙𝐿𝐿𝑓𝑓𝐻𝐻 − 𝜙𝜙𝐻𝐻𝑓𝑓𝐿𝐿),    (1) 139 

where the 𝑓𝑓0 is the central frequency of the interferogram and 𝜙𝜙𝐿𝐿 and 𝜙𝜙𝐻𝐻 are new 140 

interferograms computed from the low (𝑓𝑓𝐿𝐿) and high (𝑓𝑓𝐻𝐻) frequency bands, respectively 141 



(Gomba et al. 2016). 142 

2.4. Tropospheric correction methods 143 

a. Slant delay integration 144 

The total tropospheric delay can be estimated by integrating the delay along the 145 

propagation path of the microwave in the slant direction (Figure 2); geometric delay due 146 

to the bending effect was not considered in this study (Ozawa et al., 2019). The slant-147 

delay integration method generally involves three processing steps. The first step is to 148 

resample meteorological data to a regular latitude-longitude-height grid. The next step 149 

is the interpolation of the data along the path, and the final step is the integration of 150 

refractivity from ground 𝑟𝑟1 to the upper limit of troposphere 𝑟𝑟2, using the following 151 

general equations (Hanssen 2001): 152 

N= Ndry +Nwet = (𝑘𝑘1 𝑃𝑃𝑇𝑇 ) dry+ (𝑘𝑘2 𝑒𝑒𝑇𝑇 + 𝑘𝑘3 𝑒𝑒𝑇𝑇2) wet,    (2) 153 

ΔL = 10-6∫ [𝑁𝑁𝑁𝑁𝑁𝑁] = 10−6 �∫ �𝑘𝑘1 𝑃𝑃𝑇𝑇 + 𝑘𝑘2 𝑒𝑒𝑇𝑇 + 𝑘𝑘3 𝑒𝑒𝑇𝑇2� 𝑁𝑁𝑁𝑁𝑒𝑒2𝑒𝑒1 �   
𝑒𝑒2𝑒𝑒1 ,   (3) 154 

where N is the refractivity index, ΔL is the total delay, 𝑃𝑃 is the dry pressure of the 155 

atmosphere,  𝑇𝑇 is the temperature, and 𝑒𝑒 is the partial pressure of the water vapor. 156 



Different values of the constants 𝑘𝑘1, 𝑘𝑘2, and 𝑘𝑘3 have been proposed in different studies 157 

(Table 2), which we refer to as “different delay models” in this study. 158 

We used RINC software (Ozawa et al. 2016) to read and resampled MSM data to 159 

compute the delay after linear interpolation of the data by applying Equations 2 and 3 160 

with different constant values. Three sets of constants 𝑘𝑘1, 𝑘𝑘2, and 𝑘𝑘3 were tested (Smith 161 

and Weintraub 1953; Thayer 1974; Berrada Baby et al. 1988), each of which was used 162 

by the GACOS (Yu et al. 2018b), Toolbox for Reducing Atmospheric InSAR Noise 163 

(Bekaert et al. 2015), and RINC (Ozawa et al. 2019) tools, respectively. 164 

b. GACOS method 165 

Yu et al. (2018a) proposed a method to incorporate delay data estimated using GNSS 166 

and/or multispectral satellite data into numerical weather model data. The authors 167 

provide a GACOS that delivers delay estimates computed by the method. GACOS uses 168 

the ERA5 products from the ECMWF, which has a grid spacing of 0.125° with 137 169 

vertical levels and temporal sampling of 6 h. To better estimate the stratified and 170 

turbulent delay components, GACOS uses the iterative tropospheric decomposition 171 



(ITD) method (Yu et al. 2018a). For the tropospheric delay model, GACOS uses the 172 

equation proposed by Berrada-Baby et al. (1988), which is as follows: 173 

ΔL =10-6∫ [𝑁𝑁𝑁𝑁𝑁𝑁]𝑀𝑀𝑒𝑒 = 10−6 �𝑘𝑘1𝑅𝑅1𝑔𝑔𝑚𝑚 𝑃𝑃(𝑍𝑍0) + ∫ �𝑘𝑘2 𝑒𝑒𝑇𝑇 + 𝑘𝑘3 𝑒𝑒𝑇𝑇2� 𝑁𝑁𝑁𝑁𝑒𝑒2′𝑒𝑒1 �𝑀𝑀𝑒𝑒 
𝑒𝑒2′𝑒𝑒1 ,  (5) 174 

where the integral is calculated vertically between the ground surface 𝑟𝑟1 and upper 175 

boundary of the troposphere 𝑟𝑟2. 𝑃𝑃(𝑍𝑍0) is the surface pressure at the topography, 𝑔𝑔𝑔𝑔 is 176 

the gravitational acceleration averaged over the troposphere, and 𝑀𝑀𝑒𝑒 is the mapping 177 

function that projects the delay from the zenith direction to the slant direction along the 178 

path. 179 

 180 

3. Results 181 

3.1. Interferograms with ionospheric correction 182 

L-band interferograms are often severely affected by ionospheric disturbances. The 183 

ionospheric noise in the original interferograms is depicted as irregular fringes (Figures 184 

3, S1, and S2). The application of the split spectrum method (Gomba et al. 2016) 185 

effectively mitigated the ionospheric noise in the two study areas, shown as flattened 186 

fringe patterns (Figures 4, S3, and S4). 187 



Standard deviation was calculated to assess the performance of the ionospheric 188 

correction method. After applying the ionospheric corrections, the mean standard 189 

deviation was reduced from 4.0 to 2.1 cm for the Kansai ascending dataset, 3.7 to 2.7 190 

cm for the Tohoku ascending dataset, and 3.4 to 1.9 cm for the Tohoku descending 191 

dataset. We also evaluated the effectiveness of the correction using a semi-variogram, 192 

which is a regression curve of semi-variance at different distances (Liebhold et al. 193 

1991) . Here, the semi-variance is defined as the following equation: 194 

𝛾𝛾(ℎ) =
12𝑁𝑁(ℎ)

∑ �𝑍𝑍𝑥𝑥𝑖𝑖 − 𝑍𝑍𝑥𝑥𝑖𝑖+ℎ�2𝑁𝑁(ℎ)𝑒𝑒=1 ,      (6) 195 

where  𝑍𝑍𝑥𝑥𝑖𝑖 is the observation value at the 𝑖𝑖-th location 𝑥𝑥𝑒𝑒, ℎ is the distance, and 𝑁𝑁(ℎ) is 196 

the number of point pairs at that distance. Semi-variograms show that the long-197 

wavelength variations were significantly reduced by ionospheric correction (Figure S5). 198 

For the remainder of this paper, we use ionospheric-corrected interferograms to evaluate 199 

tropospheric delay corrections. 200 

3.2. Comparison of the three tropospheric delay models 201 

Tropospheric delays were predicted using the Thayer (1974), Smith and Weintraub 202 

(1953), and Berrada-Baby et al. (1988) models. The difference between the first two 203 



models is the constant value 𝑘𝑘2, while the difference between the first and third models 204 

lies in dry component calculations. 205 

We compared tropospheric correction terms estimated from the three delay models 206 

using an identical MSM dataset. In this study, we adopted the slant range integration 207 

method (Section 2.4a). Our codes were verified to produce results identical to the RINC 208 

outputs, allowing for numerical errors. 209 

Examples of the Tohoku and Kansai regions are shown in Figures 5 and 6, and Figures 210 

S6 and S7, respectively. In these figures, a darker color indicates a smaller delay in 211 

higher-altitude areas and thus reflects a shorter propagating path. In some cases, the 212 

estimated delay exceeded 3 m, indicating a significant tropospheric effect. The 213 

correction term for tropospheric delay was calculated by subtracting the delay of the 214 

primary acquisition from that of the secondary acquisition. Results show that the 215 

calculated correction terms in both study areas are up to 4 cm for all tropospheric 216 

models; differences in the correction terms range up to a few centimeters. The variation 217 

in the differences within a scene, which is directly related to the difference in the 218 



correction performance, was even smaller (0.55–1.55 cm) in the example shown in 219 

Figure 7. 220 

Differences were evaluated statistically by calculating the mean standard deviation over 221 

the entire interferogram of all the tested interferograms. Thayer’s (1974) model 222 

produced the lowest mean standard deviation but the differences were small (Table 3). 223 

In the Kansai region, tropospheric corrections using the models of Thayer (1974), 224 

Berrada-Baby et al. (1988), and Smith and Weintraub (1953) reduced the standard 225 

deviation to 2.21, 2.22, and 2.22 cm, respectively; the standard deviation before the 226 

correction was 2.39 cm. This result indicates that tropospheric correction using the 227 

aforementioned method is effective and that there are only minor differences in the 228 

delay model. Similarly, tropospheric noise correction using the three models reduced 229 

the mean standard deviation from 1.87 to 1.79, 1.80, and 1.80 cm, respectively. 230 

3.3. Comparison of tropospheric correction of RINC and GACOS 231 

We compared the tropospheric correction products derived from the RINC (Ozawa et 232 

al., 2016) and GACOS (Yu et al., 2018a). RINC calculates delay along the slant 233 

direction connecting the ground and satellite using the equations put forth by Thayer 234 



(1974) and the MSM data of JMA. GACOS adopts the zenith integration approach and 235 

uses the ERA5 product of the ECMWF as well as the delay model of Berrada-Baby et 236 

al. (1988). 237 

Figure 8 shows the absolute delay distributions obtained using the RINC and GACOS 238 

methods. In most cases, RINC predicts a larger delay and less detailed topographical 239 

variation than GACOS. 240 

RINC and GACOS correction products were statistically compared (Figure 9) by 241 

calculating the tropospheric noise term (i.e., the difference between the delays of the 242 

first and second acquisitions) and subtracting it from the original (i.e., ionosphere-243 

corrected) interferogram. Results show that both methods can reduce the tropospheric 244 

effect from the interferograms; however, a significant amount of tropospheric noise was 245 

still present in the corrected interferograms. We statistically assessed the performances 246 

of the RINC and GACOS methods. In most interferograms, correction reduces the 247 

standard deviation of the LOS displacements but this is not always the case (Figure 10). 248 

Tropospheric correction is effective in mountainous areas (i.e., stratified components) 249 

but not in flat areas (i.e., turbulent components) (Section 4.2_). The mean of the 250 



standard deviation of all interferograms in the Tohoku region reduced from 1.86 to 1.80 251 

cm for both correction methods. The assessment of the Kansai region data led to a 252 

slightly different result; mean standard deviation reduced from 2.39 to 2.22 and 2.30 cm 253 

after application of the RINC and GACOS corrections, respectively, indicating a 254 

slightly better performance from RINC correction. 255 

4. Discussion 256 

4.1. Evaluation of tropospheric delay corrections in the Tohoku and Kansai 257 

regions 258 

The Kansai and Tohoku regions analyzed in this study had different conditions 259 

depending on topographic relief (Figure 1a, b), atmospheric conditions during the 260 

acquisition time, and coherence of the interferogram data. Therefore, the effectiveness 261 

of these corrections is expected to vary. The average initial residual of signals in 262 

ascending interferograms in the Kansai region was smaller than that in the Tohoku 263 

region, as shown in Table 3. Differences in the standard deviation after corrections 264 

remained the same (Table 3), which might indicate the same level of effectiveness of 265 

the correction method. It is possible, however, that the effectiveness of the correction 266 



may be different in mountainous and flat areas, which will be discussed further in 267 

Section 4.2. 268 

4.2. Evaluation of tropospheric delay in mountainous and flat areas 269 

Mountainous areas contain both stratified and turbulent components of tropospheric 270 

delay, while flat areas contain only a turbulent component. This section focuses on the 271 

plain and mountainous areas separately and compare them (Figure 11). Similar to what 272 

has been found in previous studies, our results showed higher standard deviations in 273 

mountainous areas (Table 4). In the Kansai region, tropospheric correction improved the 274 

interferogram by reducing the mean standard deviation from 1.8 to 1.5 cm in 275 

mountainous areas, while mean standard deviation decreased from 0.5 to 0.4 cm in the 276 

plains. In the Tohoku region, the mean standard deviation decreased from 2.3 to 2.0 cm 277 

by tropospheric correction, while mean standard deviation decreased from 1.2 to 1.1 cm 278 

by the correction. According to these results, we conclude that 1) tropospheric delay is 279 

more substantial in mountainous areas, 2) tropospheric correction is more effective in 280 

mountainous areas, and 3) correction is imperfect yet effective in the plains. 281 

 282 



4.3. Comparison of atmospheric delay on ascending and descending 283 

interferograms 284 

Atmospheric conditions over the same areas vary significantly with time. This study 285 

compared atmospheric delays in the ascending and descending interferograms in the 286 

Tohoku region. Ascending and descending interferograms were acquired at 11:42 and 287 

23:58 local times, respectively. Table 3 shows the values of the mean standard deviation 288 

before correction, i.e., 2.71 and 1.87 for ascending and descending interferograms, 289 

respectively; this indicates larger noise in the ascending interferograms. Tropospheric 290 

delay correction reduced the mean standard deviation of both the ascending and 291 

descending interferograms (Table 3) but still indicated the presence of greater noise in 292 

the ascending interferograms. In the ascending interferograms, after corrections (Figure 293 

S3), long-wavelength noise and altitude did not have a direct correlation. We infer that 294 

this is mainly due to difficulties for the numerical weather model to reproducing 295 

turbulence. It is noteworthy that we cannot conclusively state that ionospheric 296 

corrections do not work perfectly for ascending interferograms. 297 

 298 



5. Conclusions 299 

This study confirmed that ionospheric delays heavily impact ALOS-2 L-band 300 

interferograms in Japan and that the mitigation of ionospheric delays works effectively 301 

using the split-spectrum method. 302 

Tropospheric correction using three models—Thayer (1974), Berrada-Baby et al. 303 

(1988), and Smith and Weintraub (1953)—were applied to 46 interferograms in two 304 

different regions. Performance assessment of the three tropospheric models showed 305 

insignificant differences in mean standard deviation and semi-variance. We conclude 306 

that all three tropospheric models can be used to calculate tropospheric delay. 307 

Tropospheric correction terms obtained using the RINC and GACOS methods showed 308 

differences up to 4 cm and the mean standard deviation after RINC correction in the two 309 

studied areas was slightly smaller than the GACOS result; this indicates a slightly better 310 

performance from RINC correction. We infer that the use of the MSM mesoscale 311 

model, which has higher temporal and spatial resolutions, was the cause of the better 312 

performance of RINC corrections. 313 
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Figures and Tables 370 

Figure 1. (a) Map of Japan and two study areas shown in two red rectangles. (b, c) 371 

Elevation map for Tohoku and Kansai regions, respectively. 372 

 373 

Figure 2. Setting for the slant delay integration method. The black arrow represents the 374 

microwave propagation direction, shades of grey represent the hydrostatic equilibrium 375 



of the tropospheric layer, the dashed line represents the center lines for each layer, and 376 

the green line illustrates the topography. 377 

 378 

Figure 3. Descending interferograms in the Tohoku region before ionospheric and 379 

tropospheric corrections. One cycle of color change corresponds to 12 cm of LOS 380 

displacement. Acquisition dates for each interferogram are indicated in the figure. 381 

 382 

Figure 4. Examples of ionosphere-corrected interferograms obtained using the split 383 

spectrum method for the Tohoku region. 384 

 385 

Figure 5. Examples of tropospheric delay predicted in the Tohoku region, obtained 386 

using the slant-delay integration method proposed by Thayer (1974) (top), Smith and 387 

Weintraub (1953) (middle), and the differences between the two models (bottom). (a) 388 

Delay predicted for the primary image. (b) Delay predicted for the secondary image. (c) 389 

Correction term calculated by difference in the delay on the two acquisition dates. 390 

 391 



Figure 6. Examples of tropospheric delay predicted in the Tohoku region, obtained 392 

using the slant-delay integration method proposed by Thayer (1974) (top) compared to 393 

the Berrada-Baby et al (1988) (middle) and the difference between the two models 394 

(bottom). (a) Delay predicted for primary image. (b) Delay predicted for the secondary 395 

image. (c) Correction term calculated by subtracting the delay on the two acquisition 396 

dates.  397 

Figure 7. (a) Examples of corrected interferograms obtained using the model of Thayer 398 

(1974) and Smith and Weintraub (1953) in the Tohoku region. (b) Examples of 399 

corrected interferograms obtained using the models of Thayer (1974) and Berrada-Baby 400 

et al. (1988) in the Tohoku region. 401 

 402 

Figure 8. Correction terms from RINC and GACOS and the differences between the 403 

two methods, calculated for two interferograms in the Tohoku region. 404 

 405 

Figure 9. (a) Example of an ionosphere-corrected interferogram in Tohoku region. (b) 406 

Interferogram with GACOS-correction applied on (a). (c) Interferogram with RINC-407 



correction applied on (a). Decorrelated parts shown in these interferograms were 408 

excluded from the statistical comparison. 409 

 410 

Figure 10. Standard deviations before and after tropospheric corrections using RINC 411 

and GACOS in the two study areas. 412 

 413 

Figure 11. Areas in which the standard deviations were calculated (i.e., rectangles) for 414 

the (a) Kansai region and (b) Tohoku region. Red represents mountainous areas while 415 

orange indicated plains. 416 

 417 

Table 1 SAR images information for the Tohoku and Kansai regions. 418 

Area Sensor Path-Frame Orbit/Inc. angle Time Coverage 
Number of 

Images 

Tohoku PALSAR-2 18-2830 Descending/32.8° Aug 2014–Aug 2018 10 images 

Tohoku PALSAR-2 124-770 Ascending/35.9° Jun 2015–Jan 2019 12 images 

Kansai PALSAR-2 128-680 Ascending/38.2° Apr 2015–Jun 2019 12 images 



 419 

Table 2 List of the coefficients for each tropospheric delay model. 420 

Tropospheric model k1 k2 k3 R1 

Smith and Weintraub 

(1953) 

77.6 

(K/hPa) 

23.3 

(K/hPa) 

3.75 × 105 

(K2/hPa) 

 

Thayer et al. (1974) 77.6 

(K/hPa) 

70.4 

(K/hPa) 

3.739 × 105 

(K2/hPa) 

 

Berrada-Baby et al. 

(1988) 

77.6 

(K/hPa) 

23.3 

(K/hPa) 

3.75 × 105 

(K2/hPa) 

287.05 

(JK/kg) 

 421 

Table 3 Mean standard deviation of interferograms, before and after correction. 422 

Regional 

details 

Reference Thayer (1974) Berrada-Baby et al. 

(1988) 

Smith and 

Weintraub (1953) 

Tohoku/ 

Descending 

1.87 cm 1.79 cm 1.80 cm 1.80 cm 

Tohoku/ 

Ascending 

2.71 cm 2.33 cm 2.33 cm 2.33 cm 

Kansai/ 

Ascending 

2.39 cm 2.21 cm 2.22 cm 2.22 cm 

 423 

Table 4 Mean standard deviation of mountainous and flat areas in interferograms. 424 

Regional details Type of 

terrain 

Reference Thayer 

(1974) 

Berrada-

Baby (1988) 

Smith and 

Weintraub 

(1953) 

Tohoku region/ 

Descending 

Mountain 2.20 cm 2.07 cm 2.07 cm 2.07 cm 

Flat 1.17 cm 1.16 cm 1.16 cm 1.16 cm 

Tohoku region/ 

Ascending 

Mountain 3.10 cm 3.02 cm 3.02 cm 3.02 cm 

Flat 0.80 cm 0.70 cm 0.71 cm 0.70 cm 

Kansai region/ Mountain 1.88 cm 1.73 cm 1.74 cm 1.74 cm 



Ascending Flat 0.48 cm 0.54 cm 0.53 cm 0.54 cm 

 425 
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Figures

Figure 1

(a) Map of Japan and two study areas shown in two red rectangles. (b, c) Elevation map for Tohoku and
Kansai regions, respectively.



Figure 2

Setting for the slant delay integration method. The black arrow represents the microwave propagation
direction, shades of grey represent the hydrostatic equilibrium of the tropospheric layer, the dashed line
represents the center lines for each layer, and the green line illustrates the topography.

Figure 3

Descending interferograms in the Tohoku region before ionospheric and tropospheric corrections. One
cycle of color change corresponds to 12 cm of LOS displacement. Acquisition dates for each
interferogram are indicated in the �gure.



Figure 4

Examples of ionosphere-corrected interferograms obtained using the split spectrum method for the
Tohoku region.

Figure 5

Examples of tropospheric delay predicted in the Tohoku region, obtained using the slant-delay integration
method proposed by Thayer (1974) (top), Smith and Weintraub (1953) (middle), and the differences
between the two models (bottom). (a) Delay predicted for the primary image. (b) Delay predicted for the
secondary image. (c) Correction term calculated by difference in the delay on the two acquisition dates.

Figure 6

Examples of tropospheric delay predicted in the Tohoku region, obtained using the slant-delay integration
method proposed by Thayer (1974) (top) compared to the Berrada-Baby et al (1988) (middle) and the
difference between the two models (bottom). (a) Delay predicted for primary image. (b) Delay predicted
for the secondary image. (c) Correction term calculated by subtracting the delay on the two acquisition
dates. 

Figure 7

(a) Examples of corrected interferograms obtained using the model of Thayer (1974) and Smith and
Weintraub (1953) in the Tohoku region. (b) Examples of corrected interferograms obtained using the
models of Thayer (1974) and Berrada-Baby et al. (1988) in the Tohoku region.

Figure 8

Correction terms from RINC and GACOS and the differences between the two methods, calculated for two
interferograms in the Tohoku region.

Figure 9



(a) Example of an ionosphere-corrected interferogram in Tohoku region. (b) Interferogram with GACOS-
correction applied on (a). (c) Interferogram with RINC-correction applied on (a). Decorrelated parts shown
in these interferograms were excluded from the statistical comparison.

Figure 10

Standard deviations before and after tropospheric corrections using RINC and GACOS in the two study
areas.

Figure 11

Areas in which the standard deviations were calculated (i.e., rectangles) for the (a) Kansai region and (b)
Tohoku region. Red represents mountainous areas while orange indicated plains.
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