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Peninsula in Japan. The earthquake caused significant surface displacement on the Noto Peninsula. The surface Accepted: June 25, 2024

displacement is measured by global navigation satellite system (GNSS) base stations, but there are limitations Published: June 30, 2024

in obtaining information in areas where base stations do not exist. Therefore, in this study, we aim to determine

the horizontal land surface displacement across the Noto Peninsula using offset tracking, which can detect Corresponding author:
rapidly occurring displacement. As a result of analyzing the Noto Peninsula using the offset tracking technique, Chang-Wook Lee

it was found that more horizontal surface displacement occurred in the northwest region than in the northeast E-mail: cwlee@kangwon.ac.kr
region of the Noto Peninsula, where the epicenter was located, and the surface displacement value reached a

maximum of 2.9 m. The results of this study can be used to calculate surface displacement values in areas where

surface displacement data are not available through ground GNSS base stations.

Abstract: On January 1, 2024, an earthquake with a moment magnitude of 7.5 occurred on the Noto

Keywords: Earthquake, SAR, Sentinel-1, Offset tracking
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1. M2
20249 1€ 19 Y& o] A7}k = E AHof| A HHlE (moment) 7
17.59] A 7lo] A5l o U2 7|42 0] 52024 - ERIE
A A 0 2 g5} T} (Japan Meteorological Agency, 2024; United
States Geological Survey, 2024a). 2 | X2 A& 7|4 A& AlF 7]
202 2o 215 79§02 7| S HT 5} 7] 04232 57
49 A4t 3] 5f B 2367 f AFGAZEEAY Sk WSS U A TH(The
Headquarters for Earthquake Research Promotion, 2024; Oh, 2024). 7
A AL B 91 T sho} At 3] ohE A} o] 2 A E
FIE o713t ojuf) A|H 0 =& Qlsf AR A 1 W 5 mefohe Tl
ol &= F& A4} global navigation satellite system (GNSS) 7] A =-0]| A4
248 Aot BHEC 55 204 W ENHE A0 A9 U2 3
EA YA GNSS 7| A =-2 53f SR AR A AR E AlES
1910] 2 A= A3 W9 A2 HET 2 Yk Geospatioal
Information Authority of Japan, 2024a). ©| % 5% GNSS 7] A|=9] ¢
AT AR WY A2 E NS 5 ke Fo] EAUT
LGNS 7] 41 0] $IX/5HA) 9 | Gle] 2|3k B9 Tjeta]
ol th= &AH o] EAIRIT. o217t GNSS 7 A =2 T A |
9250 BARL Fu3b7] AT 3 o2 AHIIL TS
QAR W AT 5T

Synthetic aperture radar (SAR) 9432 $4}(phase) 52 £/ 0]
&5to] A1 & M 9S4 mm o 2] FET HZo0] 7hs ) Aoz
Al 2ot AT ) i s BAo] ot o] 43 H o
53 910k SARS o §3+ T EH0l A3 W9l B 7oz
interometry synthetic aperture radar (InSAR), offset tracking 7] ]
SIck InSAR 7142 92 elo] A ¥19j2 H el T 2 9
e A4S 7HdTh ey & ZA o] 2 7 # 9] gho] AR A
A7 wt o] At o 2 79 914 unwrapping I o] A A1 71
HFAYSIth= A 7} Q1T (Peng et al., 2022). Offset tracking 7] #-2
Bernstein and Colby (1983)°] A3t W A} A} H(cross-correlation) &
TG A8 T G4 Aolo] 4TS 2T T A HS B

231 71402 W AZo] 1 2 AR HSIZH SR o] 2 1S

Chae et al., 2021). T3t offset tracking 7] #-2 differential InNSAR 7|5
o] 7HAI A w3 (line of sight) O] A| 3 HQIRF 24 4= Qlrh= SHAIE
7H A= B2 A A 9] azimuth W3 Y range H3F O 2 0] H Y
T 328 5 Aok F-E 7t (Fan et al,, 2019). 9] -8 3
=r(European Space Agency, ESA)0[| A A|-5-51= L2 13 ] SNAPO]
A u1 2 AL 910 W 9 S8 A RSt (L
and Veci, 2016). 0|23t FHEZ Q19 offset tracking 7] H-2 ¥ 512
ol 5t A1 9 ARAFE = Q1% ] 3f AAtof| go] &-8-F 1L QlTt

308

Strozzi et al. (2002)< offset tracking 7] 5 ©]-8-5}0] 19924 4
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2 FA8IA 2, Caietal. (2017)2 Pl E2H=F SH =T A0
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Aerospace Exploration Agency, 2024)+= Advanced Land Observation
Satellite (ALOS)-2 94 GAFS 0]-&310] 2024 L EHIE X072
OISt A £ HYE InSAR 7| H 7} offset tracking 7| H-& ©]-8-5}o] £
HBISITE TR InSAR 78 0] 88 BAS 2 A3 Moz ol
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GNSS AFEE AR 2 714 Fo] SRS 2] A3 Wt 2
S U= SHAZE EA R BHE SAR 4 715 HS 71
AR B2 4 507] 0] BAIR A0 HslE Ba
STt g8o] ek T2l /120 SAR 78S 34 %
7Y A 1] AR Q13 #E5H7] o Tk o] 23 HAIE =5
517 $Jofi A 2 Aol A= offset tracking 7| H-2 48519 0.1, 3F
Wolet A 50 FAY AT SIS B2 5 Uk FHL AL
Q17 7310 2L A A4 GNSS | A2 B 24 A%
H Q] A7 Q) 1] W 510] offset tracking 7| o] A X0 &2 QIt FA 3t
A3 1919 Hofol 314912 2ol 1At ghe). 2 AT F A
S R ER LR EP PR PN L BEEPEIE
sofo] 24 5 51 Aol

=20 2 T XR=
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2.1. 497 X4

A= 20249 18 1€ A 7o) AT A2 o|A[719F e B A
JLEHEE AT A9 o & HAstoirt 20241 Z=EHEE #3019
NG o 25 E ¥ 250 km o Hjof| A HHIE 5L 6 0]/9] 2] 710]
1900 o] ¥ & 3010yt AP o, o] 37 e EREE T 11
LA o)) A BFAI A TH(United States Geological Survey, 2024b). 2 Z] 21
O 2 Ql5f L ERME O A% Ft 410 m2] 57|7F AP sHR 0.1, A
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Fig. 1. Figure of the study area. Showing Ishikawa Prefecture (Apricot
color area), the epicenter (yellow star), and global navigation satellite
system (GNSS) station (blue dot) (Geospatial Information Authority of
Japan, 2024b).

20 2 1.48 m9] 14 0]|5-0] #= 5 Y tH(Geospatial Information
Authority of Japan, 2024a).

Fig. 1:2 1Y, I EXFE O] 93], GNSS 7] A= YA & A A9
UERd Aol Fig. 194 ek 8 FEl = HAE 2220249 = &
W 24 S BHE #F527F7.590 A9 AgS Y= Ao s
37.489°N, 137.264°E°] 91 x| 51 29 gl o]<= F 10 kmO]BH(United
States Geological Survey, 2024a). Fig. 10] 4] T}2HA 4 0 2 A7}
2 2 Ao A ARESE A GNSS 71452 912 2 Fig. 1(a)=
R }ol| A 71 717ke- 3ol QI8 Suzu 7] A=, Fig, 1(b)= Wajima
7175, Fig. 1(c)= Aol A F AR & 71712 3]l 21218t Noto 7]
A| =, Fig. 1(d)+= Anamizu 7] A| =, Fig. 1(e)+= Togi 7] X =, Fig. 1(H)+=
Noto Island 7] ] =& WEFH EHGeospatial Information Authority of
Japan, 2024b).

2.2. A4 K=

2.2.1. Sentinel-1 /4 FA Xt

2 Ao A ARESE 9142 ESAO A 2-8-5h+= Sentinel- 12 AH8-5}
%L} Sentinel-12 C t % SARS HAI5}TL 9128 ESASIA A A A
WA AT ol TR 2 AZotal 12H, Sentinel-1 Y5
5ol E vlolE e ot =2 2851 gk o] B F
Aol B4 L 84 Y E R, 84 AsiZ Q1g vlA ti-g 5o

siek

g
o] W g o} 2 A oflAl= A% Al 20234 12€ 308 5
A 217 & @Rl 20249 19 1Y 53 94 5 Ground Range
Detected (GRD) A&5 ARE-5F . GRD= A7 BRI A 24Ql
WGS84E o|-&-3f A4 H 9 B4l % Multi-look® 23S FF2t A
=2 speckle noise”} & 0] == E4J o] £A 3ttt Multi-look 7+
oA ST FolAl= A7 Ao & Aol Al AFE-EH ESA
SNAP 4 I E 9]01 9] offset tracking &= GRD Z}2-E 0]-8-5}0] offset
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Table 1. Image parameters used in this study
Sentinel-1A

December 30, 2023
January 11, 2024

Interferometric Wide Swath (IW)
9,691 x 19,404

Satellite Name
Acquisition Date

Acquisition Mode
Image Size (Range x Azimuth) (pixel)

Polarization VWV + VH
Parallel Baseline (m) -40
Perpendicular Baseline (m) —34
Temporal Baseline (days) 12
Orbit Direction Descending
Azimuth Pixel Spacing (m) 10
Range Pixel Spacing (m) 10
Mean Incidence Angle (deg) 33.78

tracking 7] ¥} = 8Y 3T wWebA] 2 o] A<= Sentinel-1A 9]4°]
2935k GRD A3 E AF8-5F9 THLu and Veci, 2016; Amitrano et al.,
2019; Mahmoud et al., 2020).

Table 1€ 3 ATONA AL8T 94 94 BF 9 G5
parameters-2 LFEFH Zl o]t} Offset tracking A 215 Yol A% &
AT 3 ESEGAMEQ] 20239 12€ 309, 2024 1€ 11Y
9 GAE AHESHI T & P4 I descending Ao A] £
om 91/ A7 Y] QLEXR WFO T YARZo] Bt 33.78°Y
T Interferometric Wide Swath (IW) L =& 855 i}, Sentinel-1
GRD 942 VV 4 VH H} =2 853 JHE Al5-5t VH Hte]
85 LR A oA FAgEt AvE d 4 Q7|0 vV HIkE 0]-85t
AtH(Du et al,, 2022). F GAF2 Azimuth, Range 3 & ©f 10 m2] I
A 7+ A8 E 7HATE GAFE9] parallel baseline2 40 m, perpendicular
baseline ©] -34 m, temporal baseline < 12Q 0| t}. 3T JA &
perpendicular baseline g}0] Yo} 212} = 7| 5}7} H] 520} 7] of]| &2
AT EE 7HITH(Back et al,, 2018). T3F 2 Ao A= TS5 2
F2:3ks17] 9fsf 20234 129 309, 2024 1€ 1190 53 G4
& AR8-5F%1 th(Jung and Hong, 2017).

for 10 X

it o r

2.2.2 X4 GNSS 7|X|= K& HY| 1=
£ Ao A A& GNSS 7| A=) A E || AR = G2 FEA
Yol A A|55t= AHaE ]85t it A= GNSS 7] A =9]
A B -5 Y a8 B Y S W) AR HAE AT
SFL Qlet. & Aol A AFE-3t Sentinel-1 G- A% A E53H G
4T AR A DA Ao 9] 7] 7ko] OB E GNSS AR YA &
S 9RE 71E 2 & k= Zlo] ofd, A7 A o) 1527121 2023
129 25955 20234 129 319714 9] A 3 A A2} 2|71 LAY
o] & 152791 2024 19 2Y H-E] 202419 19 8712 9] A3 H Y]
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Surface displacement measured by GNSS base stations. (a) shows the surface displacement in the east-west direction, (b) shows the surface
displacement in the north-south direction, (c) shows the surface displacement in the vertical direction, and (d) shows the projection of the surface
displacement in the range direction (Geospatial Information Authority of Japan, 2024b; 2024c). The background image is SRTM 1arc sec digital

elevation model.
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Table 2. Latitude-longitude coordinates and average displacement values of GNSS base stations (Geospatial Information Authority of Japan, 2024b;

2024c)
_ , , Displacement (m)?
Symbol  Station Name Latitude Longitude - -
E-WP S-NP) Horizontal? Vertical Range?d
a Suzu 37°26°45.7213” 137°16712.1601” —0.782 0.024 0.783 0.248 0.767
b Wajima 37°22'56.5443” 136°5320.9570” -1.213 —-0.227 1.234 1.049 1.129
C Noto 37°18°25.0939” 137°08°18.7634” —0.651 0.220 0.687 0.007 0.684
d Anamizu 37°13’35.1784” 136°5431.5529” —0.907 0.231 0.936 0.026 0.936
e Togi 37°09'24.2678” 136°43’07.5095” —0.812 -0.330 0.876 0.087 0.715
f Noto Island 37°07'23.3822” 136°59'45.8453” —0.241 0.606 0.652 —0.313 0.374

The displacement value is rounded to the fourth decimal place and may differ from the horizontal value.
®The displacement value is positive if the surface displacement direction is east, north, or in a direction where the ground is rising and moving away from the satellite.

9Horizontal indicator displacement is positive regardless of direction.
9 positive for moving away from the satellite, negative for moving closer.

A

Table 25 771 7139] 1A 248 % 7| ARNH 29 B %
T 9] ZE ERA A o]t} Table 2004 Fig. 1(a) Suzu 7] A =+-2 2
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9] 0313 m Auk A1 AT A 2 ey,

27 5R0] 2] I W1912 9149 9JA}O] range W50 2 Eojat AT}

Figs. 1(a-6) 7|13 55 940l A] Hoj Al a0 2 21 vhape) A

Jo

At

éo

1mo]/k1-

05 l‘l

ﬁx]

)

http://kjrs.or.kr

H HY7F RS A © 2 YEbyttt. Fig. 1(b) Wajima 7] A =of| A 7}
7} 2 range Wk 2] A # M 971, Fig. 1(f) Noto Island 7] A|=+0f| A 7}
A2 range ] A& H)7F e, Fig. 2= A4 GNSS 7]
Ao 4 24 2| E WIS ek Folth. Fig 2(a) 5-A W,
Fig. 2(b)= -5 13Fe] 2| 1 M E YE T Fig. 2(c)= 52 13,
Fig. 2(d)= YA FATY] range W3k A HYE YrebH Aot
(Geospatial Information Authority of Japan, 2024b; 2024c).
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Fig. 3. Flow chart of this study.
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Table 3. Processing parameters of offset tracking

Output Grid Registration

Grid Azimuth 0 Registration 128
Spacing in Pixels Window Width
Grid Range S Registration
pacing in Pixels 0 Window Height 2
Grid _Azir_nuth 400 Registration 16
Spacing in Meters Oversampling
Grid Range Cross-Correlation
Spacing in Meters 00 Threshold Ol
g'r id Az[muth 485 Average Box Size 5

imension
G_rid Range 19 Max Velocity 03
Dimension (m/day)
Total Grid Points 106215 Emgs for Hole 4

ot AA e o 2= AN Y A FEE 2835
oh A1 gol| 2%t offset= 2| 4x3}5t7] f18f 2] ELED-Z 0]-&5}
of coregistration o}+= ¥+ & 42390} th(Lu and Veci, 2016; Fan et
al. 2019). ouff 2|71 A g E53 Y=Y A FEE ESA||A
A 5-51+= Sentinel Precise A& 4-8-51%] O™ coregistration I 0
AFE3E =] 3 E-2 Shuttel Radar Topography Mission (SRTM)
£ £33 @EH SRTM 1 arc sec HGTES AF&-5}F9 th(United States
Geological Survey, 2018). 0] & L X O 2 T FAFZ subset St TF
< offset tracking 7] H-& $>H 5} tHLu and Veci, 2016). SNAP offset
tracking &2 AFEAL7} 2|4 §t grid spacing parameter & H O 2 ]
2 A Gl GCPE AA s, A X A e GAF 7 cross
correlation-S 5> 510 registration window WOl 4] Z] 2] HHAY &

9] GCP A& A3t} o] % = F4F2] GCP W9 7|H o = o]
& TS AESH, o] B0l A max velocity £ ©1-8-l o[/FAE
A A} velocity map-e 4t
Offset tracking 7] -2 W 9] 34 #d (kernel) Z7]|7} 2+ 739 Kt
RS A S AT 2 SO0 A} ol o] 2

Z] Bk T Oﬂ/K]-

F&31tH(Array Systems Computing, 2020).

A,
Hh 2 H ) 4 7'do] AX= 7% W=7t oA A& |
919] H W=7} Hoj 2| i= tho] ZAFHCH(Back etal, 2018). b

Aot M9 34 A9 9] A7) AT Ao e FERAIT. Offset
tracking®] 73-- & 5t-5 |7} tiAtofl tiet Aol AR E -
w}2kA] SNAP offset tracking £2] 743 parameter % max velocity2]

71 Z¥o] 5 m/day2 437 =]} THLu and Veci, 2016). L1} £ A
o A ARE-3F GALES] temporal baseline©] 12 0] 2 & Table 1] 4]
UrEbd o A - 0 2 QI3 2|14 GNSS 7] A =9] X[ off =3 W A
A0l 1.234 mE Y7 Bt £ =2 FHAFSHHE 2F 0.1 m/dayo] T}
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(Geospatial Information Authority of Japan, 2024c). ©]& 112 5}o] &
AT A= GNSS 7] A 220] 21 uFa 2| tf 2| I ©19] o] AFS Hlo
8} 4= QUEE processing parameter % max velocity 4= 0.3 m/day=
A5t o] & B 2 4-E59] 79 ESA SNAPO| A A5 7]
B 7S AR8-519 . 3] registration window width % height2] 73
S AE I A A 1Y A E TSt WS A5k
parameter = 2024'd e ERFE 2| Wof| A= A 3 H 9] H =7} 128 T4
ol f1x ekt whebA s g2 71+ kel 128 DAl = A4 skt
(Lu and Veci, 2016). Table 3= offset tracking 7| § ol A-&3} processing
parameters< UEHH Zl o]t
Offset trackingS 53] AFEH AR = A I HE IS 0]-3-510]
A BGES 55 velocity map= AFE5F TH(Lu and Veci, 2016).
ojuff AFRSE 4% R P2 A A7 3o A AFL-SESRTM 1 arc
sec HGT o] g 5to] 45191, o 817 A2 velocity map 22
L Ao A ARR-SF = YA AL 7F temporal baseline ZEQ1 125 &
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A 1720 A2 & A Q) Th(Strozzi et al,, 2002; Jia et al., 2020). = A Fig. 6% offset tracking 7| - 0]-8-3]] A&t =1 HIgFo] 2| & ¥

TLo]| Al A3t Sentinel-1 914 G4 Table 19]|4] pixel spacing Zt°] 912-S Ly 7ot} Fig. 6014 X4} 714 W] Eol 7l - EuE
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. — —————

(b)

136°36'0" 138°480° 37°0'0" 137°12'0"
0 —— ———

Comparison of horizontal surface displacement for offset tracking with a GNSS base station on the ground. (a) shows the surface displacement
in the east-west direction and (b) shows the surface displacement in the north-south direction. The red color represents the east and north directions
and the blue color represents the west and south directions. (c) shows the surface displacement in the range direction. The colors are blue for the
direction away from the satellite and red for the direction towards it. The colored circles in the figure indicate the location of the GNSS base station
and the surface displacement value.
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Comparison of surface displacement values from ground GNSS base stations and offset tracking. (a) shows the surface displacement in the
east-west direction, (b) in the south-north direction, and (c) in the range direction.
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Horizontal surface displacement maps obtained with offset
tracking. (a) shows less surface displacement. (b) shows a large surface
displacement in the southeast direction.
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