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Abstract 27 

Long-term slow slip events (L-SSEs) have occurred beneath the Bungo Channel with 28 

durations of several months to a couple of years repeatedly with a recurrence interval of 29 

approximately six years. We estimated the spatiotemporal slip distributions of the 2018-30 

2019 Bungo Channel L-SSE inverted from processed GNSS time series data. This event 31 

was divided into two subevents, with the first on the southwest side of the Bungo Channel 32 

from 2018.3 to 2018.7 and the second beneath the Bungo Channel from 2018.8 to 2019.4. 33 

Tectonic tremors became active on the downdip side of the L-SSE occurrence region 34 

when large slow slips took place beneath the Bungo Channel. Compared with the previous 35 

Bungo Channel L-SSEs, this spatiotemporal slip pattern and amount were similar to those 36 

of the 2003 L-SSE. However, the slip expanded in the northeast-southwest direction in 37 

the latter half of the second subevent. We also found that the total duration of the two 38 

subevents was 1.0 year, which was the shortest among the four recent L-SSEs beneath 39 

the Bungo Channel identified using GNSS time series data. The maximum amount of slip, 40 

the maximum slip velocity, the total released seismic moment, and the moment magnitude 41 

of the 2018-2019 L-SSE were estimated to be 27 cm, 53 cm/year, 4.1 × 1019 Nm, and 42 

7.0, respectively, all of which were the largest among the four L-SSEs. 43 

 44 

 45 

1. Introduction 46 

In the Bungo Channel, located between Shikoku and Kyushu in southwestern Japan, 47 

the Philippine Sea plate is subducting beneath the Amurian plate in the northwest 48 

direction at a convergence rate of approximately 58.4 ± 1.2 mm/year1 (Fig. 1). On the 49 

plate boundary beneath this region, aseismic interplate slips, which are so-called long-50 
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term slow slip events (hereafter referred to as L-SSEs), have repeatedly occurred with 51 

durations of several months to several years. The GNSS continuous observation system 52 

(GEONET, GNSS Earth Observation Network System) launched by the Geospatial 53 

Information Authority of Japan (GSI) in 1996 has enabled high-precision geodetic 54 

observations with high temporal resolution and detection of such aseismic slow slip 55 

events. GNSS observation stations have been set up at approximately 1,300 locations 56 

throughout the Japanese Islands and play an important role in monitoring crustal 57 

deformation caused by earthquakes and volcanic activities. Previous studies have 58 

analysed the slip distributions of L-SSEs that occurred beneath the Bungo Channel in 59 

1996-19982-7, 2002-20044, 6-8, and 2009-20117. Kobayashi and Yamamoto (2011)9 60 

showed that L-SSEs also occurred in 1980, 1985-1986, and 1991 beneath the Bungo 61 

Channel based on levelling survey and tide gauge station data and that the L-SSEs have 62 

been repeated every 5-6 years since 1980. 63 

Yoshioka et al. (2015)7 performed inversion analysis of the Bungo Channel L-SSEs 64 

that occurred in 1996-1998, 2002-2004, and 2009-2011 and compared their 65 

spatiotemporal slip distributions. In the 1996-1998 events, the maximum slip amount was 66 

approximately 15 cm with Mw 6.8 and it was estimated that slip occurred beneath the 67 

Ashizuri cape on the east side of the Bungo Channel from 1996.9. The slip area then 68 

shifted to the central part of the Bungo Channel. The maximum slip amount of the 2002-69 

2004 event was estimated to be approximately 21 cm with Mw 7.0. The L-SSE during 70 

this period consisted of two main subevents. The first subevent occurred on the southwest 71 

side of the Bungo Channel from approximately 2002.1 to 2002.8 with the maximum slip 72 

amount estimated to be approximately 7.3 cm with Mw 6.5. The second subevent 73 

occurred from approximately 2003.1 to 2004.3 with the maximum slip amount estimated 74 
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to be approximately 16 cm with Mw 6.8. Furthermore, the second subevent can be divided 75 

into three periods: 2003.1-2003.4, 2003.5-2004.0, and 2004.0-2004.3. The first slip 76 

occurred in the southwest to central part of the Bungo Channel. The second slip started at 77 

the northeast side of the Bungo Channel and expanded to the southwest with the 78 

acceleration of the slip. The third slip was observed on the southwest side of the Bungo 79 

Channel. In the 2009-2011 event, the maximum slip amount was approximately 19 cm, 80 

Mw 6.9, and it was estimated that the slip started at approximately 2009.9 in the central 81 

part of the Bungo Channel and then shifted to the southwest of the channel. 82 

Ozawa et al. (2020)10 analysed the spatiotemporal slip distribution of the Bungo 83 

Channel L-SSE that occurred from 2018 to 2019. They found that slip took place at the 84 

plate boundary north of Hyuga-nada from June 2018 to October 2018 and at the Bungo 85 

Channel from October 2018 to approximately August 2019. The maximum slip amount 86 

was estimated to be approximately 30 cm beneath the Bungo Channel and 36 cm in 87 

northern Hyuga-nada with Mw 7.0. 88 

In this study, we used the inversion method proposed by Yoshioka et al. (2015)7 to 89 

analyse the Bungo Channel L-SSE that occurred from 2018 to 2019 and compared the 90 

results with spatiotemporal slip distributions of the previous Bungo Channel L-SSEs. 91 

 92 

 93 

2. Data processing of GNSS time series 94 

In this study, we used the daily coordinate positioning values (F3 solutions) of 95 

GEONET stations provided by the Geospatial Information Authority of Japan. The data 96 

period used for analysis covered 1 January 2016 to 30 June 2020. The number of 97 

observation stations used was 114 (Fig. 1) with three components at each station. Six 98 
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stations (0075, 0076, 0385, 0387, 0388, and 0407) in the northern Chugoku district (Fig. 99 

1), which are not affected by the L-SSE, were used as reference stations to calculate the 100 

common-mode error. The analysis procedure was summarized as follows, according to 101 

Yoshioka et al. (2015)7. First, we calculated the residual, 102 𝜀𝑖𝑆(𝑑) = 𝑃𝑖𝑆(𝑑) − 𝐶𝑖𝑆(𝑑) (1) 103 

where 𝜀𝑖𝑆(𝑑) is the residual, 𝑃𝑖𝑆(𝑑) is the time series data of the reference station after 104 

removing the coseismic steps and the steps caused by antenna exchange, 𝐶𝑖𝑆(𝑑) is the 105 

linear trend of the time series data of the reference station, and 𝑖 (= 1, 2, and 3) denote 106 

the east-west, north-south, and up-down components, respectively. Next, the residuals of 107 

the six stations were averaged to obtain the common-mode error: 108 

𝜀�̂�(𝑑) = 16 ∑ 𝜀𝑖𝑆(𝑑)6
𝑆=1 (2) 109 

Assuming that this error component is common to all the stations used in the analysis, we 110 

removed the common-mode error from the time series data of each station. 111 �̂�𝑖𝑇(𝑑) = 𝑂𝑖𝑇(𝑑) − 𝜀�̂�(𝑑) (3) 112 

where 𝑂𝑖𝑇(𝑑)  denotes the original time series data of each observation station. After 113 

removing the common-mode error, we calculated the crustal movement due to plate 114 

motions and annual and semiannual variations and removed these components. 115 𝑦(𝑡) = 𝑎 + 𝑏𝑡 + 𝑠𝑖𝑛 (2𝜋𝑡𝑇 ) + 𝑑 cos (2𝜋𝑡𝑇 ) + 𝑒 sin (4𝜋𝑡𝑇 ) + 𝑓 cos (4𝜋𝑡𝑇 ) (4) 116 

where 𝑇 = 1 year, the first and second terms on the right-hand side represent crustal 117 

deformation due to plate motions assuming a linear trend, the third and fourth terms 118 

represent annual variations, and the fifth and sixth terms represent semiannual variations. 119 𝑎 to 𝑓 are unknown parameters and their optimal values were determined by the least-120 

squares method. The period used for the calculation of equation (4) was from 1 January 121 
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2016 to 31 December 2017, when no L-SSEs took place, and these components were 122 

assumed to be invariant during the entire analysis period. After removing the coseismic 123 

steps and the steps caused by antenna exchange, we also removed the crustal deformation 124 

caused by plate motion, annual variations and semiannual variations. The coseismic steps 125 

and the steps caused by the antenna exchange were corrected by taking the difference of 126 

the average of the previous and next 10 days. The corrected time series data were 127 

subjected to curve fitting using a cubic B-spline function using ABIC (Akaike's Bayesian 128 

Information Criterion) minimization principle11 to estimate the standard deviation of the 129 

data used for the inversion of the spatiotemporal slip distribution of L-SSE. In addition, 130 

the corrected time series data show larger variations in the vertical displacements than 131 

those in the horizontal displacements. 132 

 133 

 134 

3. Model 135 

Since the L-SSE is a slip phenomenon occurring on the plate boundary, the 136 

estimation area is placed on the three-dimensional upper surface of the Philippine Sea 137 

plate, as shown in Hirose et al. (2008)12 (Fig. 1). The size of the source region at the plate 138 

interface was 200 km × 200 km in the dip and strike directions, respectively, and 11 × 11 139 

B-spline functions were distributed as the basis functions. The number of basis functions 140 

in the time direction was 21. Therefore, the total number of model parameters 141 

representing the spatiotemporal slip distribution was 5082, where the slip was represented 142 

by two components, the dip and strike directions. The means of the standard deviations 143 

used to weight the EW, NS, and UD components during inversion were 0.14 cm, 0.14 cm, 144 

and 0.52 cm, respectively, which were obtained using the optimal curve and daily 145 
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corrected positioning time series data, as described in the previous section. In this study, 146 

the time step was set to 0.1 year. 147 

 148 

 149 

4. Results 150 

4-1. Horizontal and vertical displacement rates associated with the L-SSE 151 

The total horizontal and vertical displacements associated with the L-SSE at each 152 

station during the analysis period are shown in Figs. S1 (a) and (b), respectively. In the 153 

horizontal displacement field, a maximum displacement of approximately 5 cm in the 154 

southeast and east-southeast directions was identified at most stations. In the vertical 155 

displacement field, a maximum subsidence of approximately 5 cm was identified in 156 

eastern Kyushu, and a maximum uplift of approximately 5.5 cm was observed in 157 

southwestern Shikoku. 158 

The corrected time series three-component data at some picked-up stations in Fig. 159 

S1(a) are shown in Fig. S2. At the stations in Kyushu, southeastward displacements 160 

associated with the 2018-2019 Bungo Channel L-SSE began to be observed from the 161 

middle of 2018 and subsided in the middle of 2019. The maximum displacements were 162 

approximately 1.5 cm in the south direction, approximately 2.9 cm in the east direction, 163 

and approximately 2.8 cm in the downward direction among the stations in Kyushu, as 164 

shown in Fig. S2. The southeastward displacements also began to be observed at stations 165 

in Shikoku in the middle of 2018 and subsided in the middle of 2019. The time when the 166 

displacements subsided was almost the same as that in Kyushu. The maximum 167 

displacements were approximately 2.6 cm in the south direction, approximately 3.4 cm 168 

in the east direction, and approximately 4.6 cm in the upward direction among the stations 169 
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in Shikoku, as shown in Fig. S2. In particular, the uplift at the station located in the 170 

southwestern part of Shikoku was approximately 2 to 3 cm larger than that at other 171 

stations in Shikoku. 172 

Horizontal displacements at 0.1-year time steps are shown in Fig. 2. Displacement 173 

rates in the southeast to east-southeast directions began to be observed at both stations in 174 

Kyushu and Shikoku in approximately 2018.4 (Fig. 2(e)). During the period from 2018.5 175 

to 2018.6 (Fig. 2(f)), the displacement rates became larger. The increase in displacement 176 

was especially pronounced at the stations in Kyushu, where the maximum displacement 177 

rate was approximately 5 cm/year. During the period from 2018.6 to 2018.7 (Fig. 2(g)), 178 

the displacement rates decreased, and during the period from 2018.7 to 2018.8 (Fig. 2(h)), 179 

almost no displacement was observed. Subsequently, the displacement rates in the east-180 

southeast direction appeared during the period from 2018.8 to 2018.9 (Fig. 2(i)). The 181 

displacement rates became the largest during the period from 2019.1 to 2019.2 (Fig. 2(l)), 182 

with a maximum displacement rate of approximately 11 cm/year. After that, the 183 

displacement rates decreased, and almost no displacement was observed during the period 184 

from 2019.4 to 2019.5 (Fig. 2(o)). In contrast to the displacement rates observed during 185 

the period from 2018.3 to 2018.7 (Fig. 2(d)-(g)), during the period from 2018.8 to 2019.4 186 

(Fig. 2(i)-(n)), displacement rates in the southeast to east-southeast direction were 187 

observed mainly at stations in the northern part of Kyushu, reaching approximately 7 188 

cm/year, and the displacement rates at stations in the southwestern part of Shikoku 189 

became larger by approximately 8 cm/year. After southeast to east-southeast displacement 190 

rates were observed in both Kyushu and Shikoku during the period from 2018.8 to 2019.4 191 

(Fig. 2(i)-(n)), east-southeastward displacement rates up to approximately 3 cm/year were 192 

observed mainly in Shikoku during the period from 2019.5 to 2019.6 (Fig. 2(p)). 193 
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The vertical displacement at 0.1-year time steps is shown in Fig. 3. Uplift began 194 

gradually in the southwestern part of Shikoku in approximately 2018.9 (Fig. 3(j)) and 195 

became the largest during the period from 2019.1 to 2019.3 (Fig. 3(l)-(m)), reaching 196 

approximately 14 cm/year. After that, the displacement rates decreased. Subsidence, 197 

reaching approximately 5 cm/year, can be identified at most of the stations in Kyushu 198 

during the period from 2019.0 to 2019.1 (Fig. 3(k)). 199 

 200 

4-2. Spatiotemporal slip distributions associated with the L-SSE inverted from 201 

the GNSS data 202 

The inversion analysis of the spatiotemporal slip distribution on the 3-D shaped 203 

plate boundary was performed from 2018.0 to 2020.0 using the corrected time series 204 

GNSS data of each observation station. The spatiotemporal slip distributions inverted 205 

from the horizontal displacement (Fig. 2) and vertical displacement (Fig. 3) data at 0.1-206 

year time steps are shown in Fig. 4. The maximum amount of slip, released seismic 207 

moment, and equivalent moment magnitude were estimated to be approximately 27 cm, 208 4.1 × 1019 Nm, and 7.0, respectively (Table S1). The rigidity used in the calculation of 209 

seismic moments was 30 GPa. Here, we evaluated the minimum released seismic moment 210 

and equivalent Mw, although the seismic moment appears to increase even after the 211 

second subevent (Figs. S3). This point will be discussed later. 212 

The L-SSE that occurred during this period consists of two subevents. The first 213 

subevent was identified on the southwest side of the Bungo Channel during the period 214 

from 2018.3 to 2018.7 (Figs. 4 (d)-(g)). The maximum amount of slip, released seismic 215 

moment, and equivalent moment magnitude were estimated to be approximately 8.2 cm, 216 
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9.0 × 1018 Nm, and 6.6, respectively. The maximum slip velocity was approximately 36 217 

cm/year during the period from 2018.5 to 2018.6 (Fig. 4(f)). 218 

The second subevent was identified beneath the central Bungo Channel area during 219 

the period from 2018.8 to 2019.4 (Figs. 4 (i)-(n)). The maximum amount of slip, released 220 

seismic moment, and equivalent moment magnitude were estimated to be approximately 221 

19 cm, 2.2 × 1019  Nm, and 6.8, respectively. The maximum slip velocity was 222 

approximately 53 cm/year during the period from 2019.1 to 2019.2 (Fig. 4(l)). In this 223 

subevent, the slip area expanded in the northeast-southwest direction during the period 224 

from 2019.2 to 2019.3 (Fig. 4(m)). In addition, tectonic tremors appear to have been 225 

activated on the downdip side of the L-SSE occurrence region when large slips occurred 226 

beneath the Bungo Channel. After the end of the second subevent, a slight slip appears to 227 

take place during the period from 2019.4 to 2019.8 (Figs. 4 (o)-(r) and S3). 228 

Here, we compare the calculated values obtained from the slip distributions shown 229 

in Fig. 4 with the observed values. In Fig. 2, the directions of the observed and calculated 230 

horizontal displacement rates were almost the same at most stations, although the 231 

calculated values were more east-southeast than the observed values at some stations. The 232 

displacement rates were almost the same, although the calculated values were smaller 233 

than the observed values at some stations. During the period from 2019.5 to 2019.7, the 234 

observed displacement rates were not clearly identified, but the calculation showed 235 

displacement rates from east-southeast to southeast in the southwestern part of Shikoku. 236 

In Fig. 3, we show a comparison between the observed and calculated vertical 237 

displacement fields. Agreement in these data is not as good as that of the horizontal 238 

displacement fields because the data weight for the latter is larger than that for the former. 239 

There was a large difference between the observed and calculated displacement rates at 240 
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the stations in Kyushu, but the difference was relatively small at the stations in Shikoku. 241 

In particular, the observed and calculated values were almost identical during the period 242 

from 2019.1 to 2019.3 (Figs. 3(l) and (m)), when the southwestern part of Shikoku was 243 

greatly uplifted. 244 

A similar tendency can also be identified from the time series data at some picked-245 

up stations (Fig. S2). The fitting of the calculation to the corrected horizontal time series 246 

data is better than that of the vertical data, and the discrepancy tends to be slightly larger 247 

in the vertical component at the stations in Kyushu. 248 

 249 

 250 

5. Discussion 251 

5-1. Comparison with spatiotemporal slip distributions of the past L-SSEs beneath 252 

the Bungo Channel 253 

L-SSEs occurred beneath the Bungo Channel in the past. Here, based on the results 254 

obtained by Yoshioka et al. (2015)7, we compared the characteristics of slips of the L-255 

SSEs that occurred in 1996-1998, 2002-2004, and 2009-2011 with that of the L-SSE 256 

estimated in this study (Table S1). The first subevent of the L-SSE estimated in this study 257 

occurred on the southwest side of the Bungo Channel and the second subevent took place 258 

beneath the central part of the Bungo Channel. The location, magnitude, spatial slip 259 

distribution, and relative order in time and space in 2018-2019 were all similar to those 260 

of the 2002-2004 L-SSE (Fig. S4). 261 

However, the time interval between the first and second subevents was 0.3 years in 262 

the 2002-2004 L-SSE, while it was 0.1 years in the 2018-2019 L-SSE and the slip area 263 

expanded in the northeast-southwest direction in the latter half of the second subevent 264 
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(Figs. 4 (m) and (n)) in the 2018-2019 L-SSE. We also found that the total duration time 265 

of the two subevents was 1.0 year, which was the shortest among the four recent L-SSEs 266 

beneath the Bungo Channel identified using GNSS time series data. 267 

 The time variation of the cumulative released seismic moment of the 2018-2019 268 

L-SSE is shown in Fig. S3. The released seismic moment and equivalent moment 269 

magnitude of the first and second subevents of the L-SSE estimated in this study were 270 

almost the same as those of the first and second subevents of the 2002-2004 L-SSE. In 271 

addition, the released seismic moment and equivalent moment magnitude of the second 272 

subevent estimated in this study were almost the same as those of the 1996-1998 and 273 

2009-2011 L-SSEs. The duration of the slip was approximately 1.3 years for the 1996-274 

1998 L-SSE, approximately 0.7 years for the first subevent, approximately 1.2 years for 275 

the second subevent of the 2002-2004 L-SSE, and approximately 1.2 years for the 2009-276 

2011 L-SSE. On the other hand, the durations of the first and second subevents of the 277 

2018-2019 L-SSE were approximately 0.4 and 0.6 years, respectively. Thus, the total 278 

duration of slips was the shortest for the 2018-2019 L-SSE among the four L-SSEs. In 279 

the 1996-1998 L-SSE, 2002-2004 L-SSE, 2009-2011 L-SSE, and 2018-2019 L-SSE, the 280 

maximum slip velocity was approximately 28 cm/year, 44 cm/year, 39 cm/year, and 53 281 

cm/year, respectively, and the total slip was approximately 15 cm, 21 cm, 19 cm, and 27 282 

cm, respectively. The maximum slip velocities, which also resulted from the shortest 283 

duration, and the total slip of the L-SSEs estimated in this study were the largest among 284 

the four L-SSEs beneath the Bungo Channel. The occurrence interval of L-SSEs in the 285 

past was approximately six years, but the estimated L-SSE in this study was 286 

approximately eight years after the last L-SSE in 2009-2011. This may have affected the 287 

maximum slip rate and total slip. 288 
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Hirose et al. (2010)13 found that tectonic tremors and shallow very low-frequency 289 

earthquakes located near the Nankai Trough far to the south were synchronized in the 290 

2002-2004 L-SSE and the 2009-2011 L-SSE. In this study, an increase in tectonic tremors 291 

was identified, but synchronization with shallow very low-frequency earthquakes has not 292 

yet been investigated. 293 

 294 

5-2. Comparison with a previous study on spatiotemporal slip distributions of the 295 

2018-2019 Bungo Channel L-SSE 296 

Next, we compared the spatiotemporal slip distributions of the 2018-2019 Bungo 297 

Channel L-SSE obtained in this study with those obtained in a previous study. Ozawa et 298 

al. (2020)10 performed a network filter inversion by McGuire and Segall (2003)14 and 299 

found that the first subevent occurred on the north side of Hyuga-nada from June 2018 to 300 

October 2018 and the second subevent was identified beneath the Bungo Channel from 301 

October 2018 to August 2019. The locations of the two subevents were almost the same 302 

as those obtained in this study. In Ozawa et al. (2020)10, the second subevent also 303 

expanded in the northeast-southwest direction. The maximum amount of slip was 304 

estimated to be approximately 30 cm by Ozawa et al. (2020)10, which was almost the 305 

same as that estimated in this study. The moment magnitude of the L-SSE was estimated 306 

to be 7.0, which was consistent with the results of this study. 307 

However, there were also some discrepancies between the two studies. First, the 308 

start time of the first subevent was different from that of this study. In addition, during 309 

the period from 1 April 2019 to 1 June 2019, the slip near the centre of the Bungo Channel 310 

weakened, and slip was identified on the southwest side of Shikoku and the north side of 311 

Hyuga-nada in Ozawa et al. (2020)10, whereas there was no weakening of the slip near 312 
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the centre of the Bungo Channel in this study. Furthermore, the slip weakened in the 313 

period from June 2019 to August 2019 in Ozawa et al. (2020)10, but in this study, a slight 314 

slip was identified in the period from 2019.4 to 2019.8 (Figs. 4 (o)-(r)). This suggested 315 

that the slip may have continued even after August 2019. Another possibility is that this 316 

difference may originate from the fact that the postseismic deformations associated with 317 

the 2011 Tohoku earthquake, especially eastward slight continuous displacements, as seen 318 

in Fig. S3 (b), have not been completely removed in this study, in which a linear trend is 319 

assumed and detrended, resulting in superficial slight slip in Figs. 4 (o)-(r). 320 

These differences may be caused by differences in the temporal resolution of the 321 

slip distributions, the difference in the correction of the GNSS time series data, and the 322 

difference in the inversion method. With regard to the temporal resolution, Ozawa et al. 323 

(2020)10 explained the temporal change in slip using the slip distribution every two 324 

months, while in this study, we used the slip distribution every 0.1 year. In Ozawa et al. 325 

(2020)10, the period of the time step was longer than that of this study, so the slip amount 326 

at each time step was expected to be larger. For the correction of the GNSS time series 327 

data, Ozawa et al. (2020)10 used the estimation period of the annual variations from 2000 328 

to 2018 and the linear trend from 1 January 2017 to 1 January 2018, while in this study, 329 

the estimation period of both the annual and semiannual variations and the linear trend 330 

was from 1 January 2016 to 31 December 2017. For the inversion method, Ozawa et al. 331 

(2020)10 used the constraints that the aseismic slip vector and slip vector at the plate 332 

interface should be within 10° from the direction opposite to the relative motion of the 333 

Philippine Sea plate to the Amurian plate and did not give any constraints in the time 334 

direction, while in this study, we used the three prior constraints as described in the 335 

“Methods” section. 336 
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 337 

 338 

6. Conclusions 339 

In this study, we analysed the spatiotemporal slip distributions of the long-term 340 

slow slip event that occurred on the plate boundary beneath the Bungo Channel from 2018 341 

to 2019 using GNSS time series data. We used the inversion method proposed by 342 

Yoshioka et al. (2015)7 with the three prior constraints. Significant results obtained in this 343 

study can be summarized as follows: 344 

(1) Regarding the 2018-2019 L-SSE analysed in this study, the total duration time of 1.0 345 

year was the shortest, and the slip velocity of 53 cm/year, slip amount of 27 cm, total 346 

amount of released seismic moment of 4.1 × 1019  Nm, and equivalent moment 347 

magnitude of 7.0 were all the largest among the four L-SSEs which were recorded 348 

by GNSS. The latter may be related to the longest recurrence interval of eight years 349 

since the occurrence of the last L-SSE. 350 

(2) The 2018-2019 L-SSE consists of two subevents. The first subevent occurred on the 351 

southwest side of the Bungo Channel, with a maximum slip of approximately 8.2 352 

cm, released seismic moment of 9.0× 1018  Nm, equivalent Mw of 6.6, and 353 

maximum slip velocity of approximately 36 cm/year during the period from 2018.5 354 

to 2018.6. The second subevent took place near the centre of the Bungo Channel, 355 

with a maximum slip of approximately 19 cm, a released seismic moment of 356 

2.2× 1019  Nm, an equivalent Mw of 6.8, and a maximum slip velocity of 357 

approximately 53 cm/year during the period from 2019.1 to 2019.2. 358 

(3) Tectonic tremors appear to have been activated on the downdip side of the L-SSE 359 

occurrence region when large slips occurred beneath the Bungo Channel. 360 
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(4) Compared with the past L-SSEs beneath the Bungo Channel, the first subevent 361 

occurred on the southwest side of the Bungo Channel and the second subevent took 362 

place near the centre of the Bungo Channel, which is similar to the 2002-2004 L-363 

SSEs. The released seismic moment and equivalent Mw were almost the same. 364 

 365 

 366 

Methods 367 

We performed an inversion analysis for the crustal deformation associated with the 368 

2018-2019 Bungo Channel L-SSE by the following procedure using corrected GNSS time 369 

series data. The medium is assumed to be a semi-infinite homogeneous perfect elastic 370 

body. 371 

In this study, we used the inversion method proposed by Yoshioka et al. (2015)7 372 

with three prior constraints: 1) the spatial slip distribution is smooth, 2) the slip directions 373 

are oriented in the direction of plate convergence, and 3) the temporal change in the slip 374 

is smooth. The slip distribution is represented by a superposition of bicubic B-spline 375 

functions, and the temporal evolution is represented by a superposition of first-order B-376 

spline functions. In the following, we briefly summarize the inversion method according 377 

to Yoshioka et al. (2015)7. The relationship between the model parameters representing 378 

the spatiotemporal slip distribution and the observed data can be expressed by the 379 

following equation: 380 

[𝐝𝟎𝟎𝟎] = [ 𝐇�̂�𝐀�̂�𝐁𝛾𝐆] [𝒂] (5) 

where 𝐝 is the vector of observed displacement data, 𝐇 is a matrix representing the 381 

relationship between the unit slip on the fault plane and the displacement at each GNSS 382 
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observation station, 𝒂  is a vector of model parameters ,  A, B, and G are matrices 383 

representing the above-described first, second and third constraints, respectively. �̂�, �̂�,384 and 𝛾 are the optimal values of the hyperparameters and represent the optimal values of 385 

the weight of the constraints. These hyperparameters are determined uniquely and 386 

objectively based on the ABIC minimization principle11. A covariance matrix C of the 387 

estimation error for the estimated model parameter vector can be obtained as follows: 388 𝐂 = �̂�2(𝐇T𝐇 + �̂�2𝐀T𝐀 + �̂�2𝐁T𝐁 + 𝛾2𝐆T𝐆)−1 (6) 389 

where �̂�2 is described in Yoshioka et al. (2015)7. A resolution matrix can be defined as 390 𝐑 = (𝐇T𝐇 + �̂�2𝐀T𝐀 + �̂�2𝐁T𝐁 + 𝛾2𝐆T𝐆)−1𝐇T𝐇 (7) 391 

The value of the resolution at each solved point on the plate boundary is defined by the 392 

diagonal component of the resolution matrix as 393 

𝑅 = √(𝑅𝑃)2 + (𝑅𝑆)22 (8) 394 

where 𝑅𝑃  and 𝑅𝑆  are the resolutions in the plate convergence direction and 395 

perpendicular to the plate convergence direction, respectively. 396 

     In this study, we evaluated the reliability of the inverted slip distributions using the 397 

calculated estimation errors and resolutions. 398 

The optimal values of the hyperparameters representing the weights of the three 399 

prior constraints �̂�, �̂�, and 𝛾 used in this study were obtained as 7.4 × 10−2, 6.7 ×400 10−1, and 7.4 × 10−2, respectively. 401 

 402 
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Figure captions 475 

Figure 1 Tectonic map in and around the Bungo Channel, southwest Japan. The thin 476 

black lines represent isodepth contours of the upper surface of the Philippine 477 

Sea plate subducting from the Nankai Trough, represented by the thick barbed 478 

black line. The 10 km, 20-50 km, and > 60 km contour lines are taken from 479 

Baba et al. (2002)17, Hirose et al. (2008)12, and Nakajima and Hasegawa 480 

(2007)18, respectively. The arrows indicate the plate motion velocity vector of 481 

the Philippine Sea plate with respect to the Amurian plate estimated by 482 

DeMets et al. (2010)1. The light-blue solid circle denotes the approximate 483 

location where the Bungo Channel slow slip events took place. The red solid 484 

circles and blue solid squares denote the GNSS stations used for the inversion 485 

analysis in this study and reference stations to calculate the common-mode 486 

error, respectively. The grey squared area is the study region in the map of the 487 

Japanese islands. 488 

 489 

Figure 2 Spatial distribution of horizontal displacement fields associated with the 490 

Bungo Channel L-SSE at each 0.1-year time step during the period from 491 

2018.0 to 2020.0. The red and blue arrows indicate the observed 492 

displacements and the calculated displacements obtained from the 493 

spatiotemporal slip distributions shown in Fig. 4, respectively. (a) 2018.0-494 

2018.1. The scale of 0.5 cm for the arrow is shown. (b) 2018.1-2018.2. (c) 495 

2018.2-2018.3. (d) 2018.3-2018.4. (e) 2018.4-2018.5. (f) 2018.5-2018.6. (g) 496 

2018.6-2018.7. (h) 2018.7- 2018.8. (i) 2018.8-2018.9. (j) 2018.9-2019.0. (k) 497 

2019.0-2019.1. (l) 2019.1-2019.2. (m) 2019.2-1019.3. (n) 2019.3-2019.4. (o) 498 
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2019.4-2019.5. (p) 2019.5-2019.6. (q) 2019.6-2019.7. (r) 2019.7-2019.8. (s) 499 

2019.8-2019.9. (t) 2019.9-2020.0. 500 

 501 

Figure 3 Same as Fig. 2 except for vertical displacement fields. The red and blue bars 502 

indicate the observed and calculated displacements obtained from the 503 

spatiotemporal slip distributions shown in Fig. 4, respectively. If the bars are 504 

above and below the black horizontal bars, which represent locations of the 505 

GNSS stations, they indicate uplift and subsidence, respectively. The scale of 506 

0.5 cm for the bar is shown in (a). 507 

 508 

Figure 4 Slip distributions of the Bungo Channel L-SSE for the 0.1-year time step 509 

during the period from 2018.0 to 2020.0. The arrows indicate the directions 510 

and amounts of the slip, and the circles at the tips of the arrows indicate the 511 

estimation errors of 1σ. The contour lines with yellowish colour show the 512 

amounts of slip with an interval of 1 cm. Areas with a resolution of less than 513 

0.15 are masked in grey. The light blue dots indicate the epicentres of tectonic 514 

tremors that occurred during each period. (a) 2018.0-2018.1. (b) 2018.1-515 

2018.2. (c) 2018.2-2018.3. (d) 2018.3-2018.4. (e) 2018.4-2018.5. (f) 2018.5-516 

2018.6. (g) 2018.6-2018.7. (h) 2018.7- 2018.8. (i) 2018.8-2018.9. (j) 2018.9-517 

2019.0. (k) 2019.0-2019.1. (l) 2019.1-2019.2. (m) 2019.2-1019.3. (n) 2019.3-518 

2019.4. (o) 2019.4-2019.5. (p) 2019.5-2019.6. (q) 2019.6-2019.7. (r) 2019.7-519 

2019.8. (s) 2019.8-2019.9. (t) 2019.9-2020.0. 520 

 521 



Figures

Figure 1

Tectonic map in and around the Bungo Channel, southwest Japan. The thin black lines represent
isodepth contours of the upper surface of the Philippine Sea plate subducting from the Nankai Trough,
represented by the thick barbed black line. The 10 km, 20-50 km, and > 60 km contour lines are taken



from Baba et al. (2002)17, Hirose et al. (2008)12, and Nakajima and Hasegawa (2007)18, respectively.
The arrows indicate the plate motion velocity vector of the Philippine Sea plate with respect to the
Amurian plate estimated by DeMets et al. (2010)1. The light-blue solid circle denotes the approximate
location where the Bungo Channel slow slip events took place. The red solid circles and blue solid
squares denote the GNSS stations used for the inversion analysis in this study and reference stations to
calculate the common-mode error, respectively. The grey squared area is the study region in the map of
the Japanese islands.



Figure 2

Spatial distribution of horizontal displacement �elds associated with the Bungo Channel L-SSE at each
0.1-year time step during the period from 2018.0 to 2020.0. The red and blue arrows indicate the observed
displacements and the calculated displacements obtained from the spatiotemporal slip distributions
shown in Fig. 4, respectively. (a) 2018.0-2018.1. The scale of 0.5 cm for the arrow is shown. (b) 2018.1-
2018.2. (c) 2018.2-2018.3. (d) 2018.3-2018.4. (e) 2018.4-2018.5. (f) 2018.5-2018.6. (g) 2018.6-2018.7. (h)
2018.7- 2018.8. (i) 2018.8-2018.9. (j) 2018.9-2019.0. (k) 2019.0-2019.1. (l) 2019.1-2019.2. (m) 2019.2-
1019.3. (n) 2019.3-2019.4. (o) 2019.4-2019.5. (p) 2019.5-2019.6. (q) 2019.6-2019.7. (r) 2019.7-2019.8. (s)
2019.8-2019.9. (t) 2019.9-2020.0.



Figure 3

Same as Fig. 2 except for vertical displacement �elds. The red and blue bars indicate the observed and
calculated displacements obtained from the spatiotemporal slip distributions shown in Fig. 4,
respectively. If the bars are above and below the black horizontal bars, which represent locations of the
GNSS stations, they indicate uplift and subsidence, respectively. The scale of 0.5 cm for the bar is shown
in (a).



Figure 4

Slip distributions of the Bungo Channel L-SSE for the 0.1-year time step during the period from 2018.0 to
2020.0. The arrows indicate the directions and amounts of the slip, and the circles at the tips of the
arrows indicate the estimation errors of 1σ. The contour lines with yellowish colour show the amounts of
slip with an interval of 1 cm. Areas with a resolution of less than 0.15 are masked in grey. The light blue
dots indicate the epicentres of tectonic tremors that occurred during each period. (a) 2018.0-2018.1. (b)



2018.1-2018.2. (c) 2018.2-2018.3. (d) 2018.3-2018.4. (e) 2018.4-2018.5. (f) 2018.5-2018.6. (g) 2018.6-
2018.7. (h) 2018.7- 2018.8. (i) 2018.8-2018.9. (j) 2018.9-2019.0. (k) 2019.0-2019.1. (l) 2019.1-2019.2. (m)
2019.2-1019.3. (n) 2019.3-2019.4. (o) 2019.4-2019.5. (p) 2019.5-2019.6. (q) 2019.6-2019.7. (r) 2019.7-
2019.8. (s) 2019.8-2019.9. (t) 2019.9-2020.0.
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