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Abstract: Co-seismic ionospheric disturbances (CIDs) not only provide a unique physical window into the
coupling dynamics between the solid Earth and near-Earth space but also offer a cutting—edge approach for
the early warning of natural hazards such as earthquakes and tsunamis. Progress in this field has traced a
clear trajectory from phenomenological observation to practical application. The evolution of observational
techniques, centered on global navigation satellite system total electron content measurements, has been
pivotal in revealing key physical characteristics of CIDs, including N-shaped waves, propagation anisotro-
py., and multi-modal phenomena. Underpinning these observations are physical mechanisms dominated by
acoustic—gravity waves, which are increasingly validated through refined numerical modeling and simula-
tion. The two primary application potentials of CIDs lie in:(1) the rapid estimation of seismic source parame-
ters by inverting disturbance features, and (2) their role as a critical “atmospheric messenger” in tsunami

early warning systems. A prominent trend is the paradigm shift driven by data—driven methods—particular-
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ly hybrid deep learning architectures and physics—informed machine learning — in the automated and near—real-

time detection of CIDs. However, the path from scientific demonstration to operational application faces

several challenges, including the reliable identification of signals amidst strong background noise, enhance-

ment of model physical fidelity, and the establishment of a globally coordinated observation and verification

framework. Future breakthroughs are expected to come from an integrated warning system that deeply fuses

multi—technique observations, high—fidelity physical models, and artificial intelligence. Continued advances

in CIDs research are poised to make significant contributions to both Earth system science and our capacity

to respond to natural disasters.

Key words: co-seismic ionospheric disturbances; acoustic-gravity waves; GNSS-TEC; tsunami early

warning ; ionospheric seismology
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Fig. 10 Empirical Relationship Between CIDs Amplitude,
Earthquake Magnitude (Mw), and Focal Mechanism"**

EAF 7 R A, () F iy e — AR
Byt g i — e v A B S A IR 10 BT
N B A5 6 B LA AR R A L X
RBET CIDs #i I8 A 32 58 R il , ik 32 31— R
G152 2 ) B R A 20 L H b A dE R R AL
il R R R UL LA A K KSR Hb R 3 1 R
T e A2 S R il P10 R T R M (4%
B ) 7= AR B CIDs 3R R 76 7] % 52 90 F % i
AN T R (O 8 85080 ) R E DB J2 AR (41 (8 s
FOME ., X—HWRAFE Y, Koy E w8
b 7% AR SF-328 30 oy H ™ A 1 e T B0 A8 A
X85 /N | DT 380 % 1) 7 O i Rt R ST
UL, BROBRAZ R B A R R R A B R g R UL
TSR — B AT R, (E AT AT A B Y S T A 2 45 45
Y-S 2 SN

HYK, CIDs B RS 405 AF AT T 52 38 58 1 40
Wi J2 AL 5k SRR . A0, 35 45 CIDs th N Al
D A0 By W A T R 2 11 A TR L A



%551 &5 8 il

VA 245 F) 52 v B9 24 8 - O L SBAE 52 55 0 T a2 e 1573

M7 240 SR W7 S22 14 32 2 O 2K o i G )Y, CT-
Ds #i% 1 (14 75 02 Ff1 3 A 152 3K 0] AT 68 B e 7 )22 ik 28
(0 4 1) M M B A A R OR X AT PR aE
LI 2 1) CIDs 040 5 AS 7] 7% 5 A5E 78 (1) 1 Y8 A2 41
ER AT LA BIE L n] DU bR A T i 2 i
FRIEAT RO A G R T AR LG R
CIDs #1477 I S B P TE T GNSS-TEC 4241t

g GNSS T/

g

444

o Th A

==

S
LSS

e

# TR - EL S I s ] e

=10~45 min:

=0:
IR Hh RN B B 5 S

TIE Y AR R O X T2 R

A B 7 J2 A5 TR (1 25 (] A e ) A R

42 REWME.ETCIDsHiEHEHME
FIH CIDs i A7 U Wit W7 300 990 48 S vl 9 )22 7%

40 I8 A L S R N R R e AN T

[ A s ) TR A A T AR A A A [

R AL 46  HEAFE B R 25 5 & 11 iR o

H B RS 5 AT ﬁ
AL R A
HEIFR 5 (1)
=3 h:
TEBRHRIL 7

BI11 3ETF CIDs A9 GNSS I i) 7742 Ji 3R 5% 1)
Fig. 11 Schematic of the GNSS-Based Tsunami Early Warning Principle Using CIDs

M PR R & A S (B 11,=0) , Hfg &
L o AR B AR AL B — SRR 1E HY TE U
2, b 7% B8 A A0 Ok I i I L AR R BV T D
HE X A 48 0 B (24 L A HL /B KR ) 1%
B W T BB A BE B k8 T 1R
— 2 DR R ) K- F B ) B AR b e W U
A G s B R A R, I E KA
K AGWs'PT X AGWs RE 8 LAt & T 1 Wi %
(18 3 5 (P 3 e 0 ) TRVl 1) 4 2 vl 2
JFAE 2 15~30 min N 5] 0] B GNSS %5 F B
A R AR M R B 2 0 3 (R B IE ko
TIDs)"",

IESE i F CIDs 28 Wi 557 1 21 2k i [f) Jz
90 Wl I 1) S PR B ik B [RD, 3 22 DB LT — A
IS s Y N D U Bt T 1 B I
— J5 A A L NAJITA &858 3R 78 2004 4F
PRI M -2 35 B R 2011 4F H A AR b 4545 K M =
H A B T R R I AR LI I Sz BTG B4R
T FH GNSS #E 47 ¥ it 10 100 Y S0 ) B
LR
4.3 MNIELBISLE A8 A : Al 1K 7 A ROk Rk

JAE CIDs 1 R F W 3 B R (3R B i F
0 R B E T — A RE R E L 55 A TR R S
Z ISR AEFE B R R IS8 o B85 X — 7,
00 1F AL i D A JE AR | T S R 55 P T T Y G
PR . TEMMEETHRE., — ML

55 A i TR AL 4 GNSS Bl R 4R SE AL e
Ak BT NRT-TEC 7 i A2 %) CTDs 5 5 #8
5N LL R OB AF R K A o R A S 2R A SR I
WO R A R AE RO B LAY o H AT, BUR BN BR
T CHNECHE b 31 mT DAAR DR, B 3 2] sy Fr) S8 38 473 2
A R T 2R G A E A IR I DR R R
T 41 2% T A e i b 0 Wl 1 5 DR % 1 Y
SR HL B R KA R R S R B AR R R A
O ME RIS e Ah , GNSS 6 3 A6 T I P X 8
(0 H:J2 B 2 BR0) % A i P e P e PR 1 0 g 7
T Wt F) PR
44 AERBE=MESEAMEGNMELR

CIDs BF 58 B9 A Sk 1 F J7 1) 9 22 U A
MBS 2R ERMS -
P RPN Z B EER R, AW
ARG PUE RGP RRANT B 1E, B8 A T AR
Fi AR 0 0 B DA 55 RS O B R4

5 —3H 5 2% (0~15 min) J& GNSS %5 [ii] # Ji& .
MR kA, GNSS-TEC &4 (41 GNSS )2k
ARSI R HF AT B M 4% (GNSS-based upper
atmospheric realtime disaster information and alert
network , GUARDIAN) )"/l 5 i GPS K b ]
i AT AE 15 min P ER AR IR A5 B AR LI W
Ao DR SHUH BT 3 R A R ER Y

5 L 3H B 2k (15~60 min) J2& UV 52 H 0
GNSS #9#7 # i 2 n] PL g SR DART (deep-



Lord RO K ¥ R OR BR D

2026 48 H

ocean assessment and reporting of tsunamis) & 4%
S5 SEORS B 5L W) N7 18 B4 T AT B X PR AR
DART 38 aof T 4 0 ¥ i 907 28 ok Wf iy /s A2 4
Sy T Wit A AR 1) 9T A A O B A S 0 AR 4R L DA T 4
15 BN R G R R AT S

I AN CERUIN I ) DU el 70 2 4 L0 58 oo
T T AL T B AV U 30) 2K VA % I ) e 2 S D i
FH T 0TI 790 A RN AT O S5 VAR S 7 Sl il
IR FR T, BT CIDs B GNSS %49 18 25 8 vl i fik
A g IR f 8 s R EAE T R g
it 1Y) 2R G0 4 BUE 53 B DR SRS (], DT A B2 0T 5
118 9 B B A Ay 2 S AR AE AL S5 s

CIDs AU PR 2 Bk Py i 2o i A Bk 1
B2 A LR S B P H (B . DA PR A BR R
U8 2 03 B v il B0 0 W 2 AR R T2
UESE o SR, K 3k 26985 ) e 4k hy vl 56 191 55 4k
L, 06 250 E AR I B IR AR SE R | AT 5E R R BT 5 P
T3 TRAF R 09 I S5 30 o R R 1Y & & 7 el 16 T 14
H— >4 GNSS-TEC 5 Ho Al WL T B (4K
D ORI AR ) IR E Rl & 1) Z R TE R & X
AR AR K S b SK e B, I 48 TH NS AR
AR 9 RE T Y O S

5 RS REKERTME

G B AR R R, CIDs BFFE © M 5 9 19 3R
SRR R — A HL A S H e Rl R R
LI BE A B AU . AN AT A, CIDs 7646 7 b
Bk 22 P 2 R G B ) 2 0 S P ¢ T TR R
THE R . R, Z5E 2 B0X — 5, 58
AT b 253 [ T 6T I 5 AR — 2R B2 R R 4
HHE AR
50 BH“ZETZE”:NEMERZRESKRS

M CIDs BF 5 181 I 9 45 K Bk %, J2 ] %5
7 A RS Ty ) [l 9 Bk 2 0 9 1 AT Aol 55 Ak
WMERGE"Z T 2D B NRT HM
£ 4 (41 GUARDIAN) B A5 J5 8 o s g, (1
HlL 55 b Z B AR A o 15, 2 N — A
7 v ) 3t 48 3R 5 R Ge R fdME L3k B 55 bR o Y
N A 2 O DA BRI SR B 3] 10 R A (1 A
SHETE B o N SE T 7 X 24 h R iE 47 .
UK, AT o] 4B R G5 A6 B O HILAG SR N T, AT A 20
Ze b K TS B SR S A DLE Wk A
AN ] Hi B R 2 ) R ASAR T DRRS T RR
HEZM G, CIDs & IR AL 2RI A 19 DART
VEAR SRR R SIS A R R 0 B il

B WAL I B A S A TR A i ARt T
P ] e 5 G B, AR R R i A Y S B IR) R, R U
7ok B9 F 5 00 T 22 b A R R PR A VE R B D T
Y, R bR UE AL 0 TUE 55 R A PR, O s
55 A BRI A FRHLAL A X
52 “FRELWIRE”:ERLE SRS PHERE CIDs
=5
CIDs M ) ] FE M AR AR b 52 ] F 1 8 25X
AN M R R IR BT . K PHIE Bl b R DL Ok
I 2 R A Al R R B Can xR A S
% TIDs) # 2> i it 5 CIDs 1B 25 A1 LAY
Bl A S - PR R AR ] g T 2
CIDs 45 7 58 o (9 A% O Bl 24 e, Hop | 35 5%
TIDs 19 #k 8IC 58 Hh | PR A A% 396 1 3 | ) 40 55
5 1l A 68 50 W & 1 T1Ds 7778 3 &, Qnfal 47
RUX Gy — 38 R RRAR R AR Y S B Ah  TER
Uity 23 18] A 1 (o b g 2% ) JUE ), 75 538 20 i
FER BRI CIDs 5 % , S BCH L 58 2k .
b, AR 19 28 % 77 18] AE T & i€ e 6% S B R
T4 4 R 2 R SR A AL I R Sk
BN T BEHE AR, M 22 HE R AIE 25 [8] v 24 2] F1IX 43
ENGE S NE w=/ PG L NI 25 E A€ 127N E U
W Can GNSS 5 K 35/ 1 56 A0 AR LR A ), Fl
FHAS TR 4 3 5t 1) 2 A4 ) 17 >k 2L W] 6 1A CIDs, 4 J2
PRI e e A A R 1R
53 EURBEAHE . EREREENYIEESR
JLE ANATX CIDs 1 ¥ BEHLEI A T 5 M 2
fife AR ST G B B ORS o 0 Y B
i, 0 200 AE AR ) ) B L AR S . Y
AR 1 O 204 v A X AR AR I E A IR
e A 45 X M R U A AN P Cln ek AT Ak
4558 TR 00 5 A0 M 0 G R B ) R A% it
T 0 AR R M R 1) 2 4 BRI A e 23 KU Y ™
B2 ), LA KGR A 4 B Gk %) G A Ak Can Al 26 1
HEAE R R 22 o B A SR 2 A i . Rk
W 5% T B2 e sl i iR 2 KRR 24 5 3 () A 3 2
BRI 28 LRGBS XU H A 2 4~ B 2 1
PRI —RAE BT oy T B R B
Bl R s IR B A A, K PIML AR FI) &
B 1A U 00 5 4 ok 24 AR RS IE 4 3RS AR b 2 S B
B 6] 6 5 v A 0 A A e O 3
L 2 B A ASE rp B T N ) E O BT R R 1Y
L7 = S
54 £IKEHEFMOEESKIEERMIZE
CIDs BF 5% 1 E — 25 & Ji 30 D) 5 22 DN 4 i 2%



%551 &5 8 il

VA 245 F) 52 v B9 24 8 - O L SBAE 52 55 0 T a2 e 1575

BB A B SR B ) — A Rk ) R
At RS —pBniE . R E PR GNSS ik
55 S 2 A BRI T B & 19 GNSS H 4k A
Frt = 5T HAE CIDs 33X — 45 22 N 4048k, B0 408
FRE Y (1 S 52 5 55 IF A7 I I — e 42

T R RE &2 5 bR Ak [ B AR BOR Ak
L& H] T CIDs #F 98 19 & o 2 A A6 19 NRT -
TEC 7= f AR A7 78 £ AR FECR 1 (0 BR AT . R [R) i
¥ MLAE) (8 FH 0 25 Ak 8 35 AR R 7 A XA R A
W], BELAS 1 RS R Y FLE L R S 3

SR, G ™ E = — AN B A
E " BE AR 4 o PLAR 2= ) 00 B MR D AR KRR
B b5 35 T 1% ImageNet X FERY KA AT &%
FARIC BB BRI A AE ™ SR AE CIDs 43
B, H AT Sz — A 25 R AL CIDs 40
AR SR (AR ) A A 2R 8 4 . X A AY
2y S i B (R ) O e R B
TR BE 27 S B RL) 1 JF 2, A0 0 A5 A ) A 5 42 1 7
A PEREME LUAE [A] — A A 3R AT A
oA,

e, =2 5 — R E P . R R B AIF 5T £
TR A S SCHY DA 48 B R0 56 E It #2459 R
2 [E] e DL ) bEA, 3 BHL G 1 R B B OG T
AR R R

A K 19 & T Tl g BT T AR — AN IR
Bh2E IR, LA TR FARBRER o A% AT 55 R R
P A s Dy B 2= B &8, # o — B
FAIR(A] & ¥ (Findable) . Al /5 [7] ( Accessible) \ A]
. #:1E (Interoperable) | 7] # F (Reusable) )™/ &
)1 42 BR CIDs S0 B4 22 A0 o B4l 4 o 76 I
Bl b, A LA — 20 BRI PR A AR 19 CIDs 158 71
58 BT (CIDs-MIP) | 25U 5 B} 27 45
I R A AR X R R R A
W5 2, o O A BROAS (] 18 % D0 335 32 AR ) 5
RUPEAT 48— W VERE PP Al o X RE Y B3 [ 55 07 4 A
R b B R AR A R A S B R T I
2y #h) R AT HE Y Mk 55 Ak R R 4E 2SR LY
FEAl .

55 BESREE

CIDs 1 Jy 1 72 RE B 75 g J2= R0 Hh B9 355 B 1]
M, HLAE 5 48 s 1 B AR S BR AR B sk R R
ROFHPUE MY TR RA M E M, P
F W, LI GNSS ML Z BRI A R B 46
fig XF CIDs 9 B 25 R AF #E 17 1007 BT & A 09K 4t %)
T AGWs Hi & HUE BB, E fE g

R U M S B R 2R i AL 1 Bl 12

SR, CIDs BF 5 1E 3 78 — 4~ I Al g 7 A 7]
SRR TR SCHE o o R R B9 SR BORE R A
R T 22 2 B R B 52 SR BT M RR S RS
B R RS g I, i R S ) ) B
IR BE Y N B e R B e i RS I
R T, = F VMR J7 BN E U R R R R
2R

JEBRA, — A T kgl | w ff
L Wy B TR N T RE A BE D B B AR
AT HLER R G K CIDs IF 58 i &0 B 5L . 783X
BRI R G, CIDs B A AU & — > 3h i WL
XFAR 2 BE 8 i 32 3l B0 | S R Ak O T bR
I WA LAY S BES B R . X CIDs YRR ER R R
ANASORE 5 2 TR AL TR $tb Bk A 3 2 A 0, B
B A — A SRR T R A M Bk R
55 U R AR B0 AN AT BBk A BT

2 % X #

[1] RISHBETH H, GARRIOTT O K. Introduction to
Ionospheric  Physics [M]. New York: Academic
Press, 1969.

[2] PULINETS S,BOYARCHUK K. Ionospheric Pre-
cursors of Earthquakes [M]. Berlin: Springer,
2004.

[3] PULINETS S, OUZOUNOV D. Lithosphere - At-
mosphere - ITonosphere Coupling (LLAIC) Model —
An Unified Concept for Earthquake Precursors Vali-
dation[J]. Journal of Asian Earth Sciences, 2011,
41(4/5): 371-382.

[4] HINES C O. Internal Atmospheric Gravity Waves
at Tonospheric Heights [J]. Canadian Journal of
Physics, 1960, 38(11): 1441-1481.

[5] HEKIK. IonosphericElectron EnhancementPreceding
the 2011 Tohoku-Oki Earthquake [J]. Geophysical
Research Letters, 2011, 38:1.17312.

[6] KAMOGAWA M, KAKINAMI Y. Is an lono-
spheric Electron Enhancement Preceding the 2011
Tohoku-Oki Earthquake a Precursor? [J]. Jouwrnal
of Geophysical Research: Space Physics, 2013, 118
(4): 1751-1754.

[7] HEKI K, ENOMOTO Y. Reply to Comment by
K. Hekiand Y. Enomoto on “Preseismic Tonospheric
Electron Enhancements Revisited” [J]. Journal of
Geophysical Research: Space Physics, 2014, 119
(7): 6016-6018.

[8] UTADA H, SHIMIZU H. Comment on “Preseis-

mic Tonospheric Electron Enhancements Revisited”



1576

BOBR 2 (R

ISR Y

2026 48 H

(9]

[11]

[12]

[13]

[14]

[16]

[17]

by K. Heki and Y. Enomoto[J]. Journal of Geo-
physical Research: Space Physics, 2014, 119(7) :
6011-6015.

ASTAFYEVA E. Ionospheric Detection of Natural
Hazards[J]. Reviews of Geophysics, 2019, 57(4) :
1265-1288.

DAVIES K, BAKER D M. Ionospheric Effects Ob-
served Around the Time of the Alaskan Earthquake
of March 28, 1964 [J]. Journal of Geophysical Re-
search, 1965, 70(9): 2251-2253.

CALAIS E, MINSTER J B. GPS Detection of Iono-
spheric Perturbations Following the January 17,
1994, Northridge Earthquake [J]. Geophysical Re-
search Letters, 1995, 22(9): 1045-1048.

HEKI K, PING J S. Directivity and Apparent Ve-
locity of the Coseismic lonospheric Disturbances Ob-
served with a Dense GPS Array [J]. Earth and
Planetary Science Letters, 2005, 236 (3/4)
845-855.

MALETCKII B, ASTAFYEVA E. Determining
Spatiotemporal Characteristics of Coseismic Travel-
ling Ionospheric Disturbances (CTID) in Near Real-
Time[J]. Scientific Reports, 2021, 11: 20783.
ROLLAND L M, LOGNONNE P, MUNEKANE
H. Detection and Modeling of Rayleigh Wave In-
duced Patterns in the Tonosphere[ J]. Journal of Geo-
physical Research: 2011, 116:
A05320.

ROW R V. Evidence of Long—Period Acoustic-

Space Physics,

Gravity Waves Launched into the F Region by the
Alaskan Earthquake of March 28, 1964[J]. Jowrnal
of Geophysical Research, 1966, 71(1): 343-345.
YUEN P C, WEAVER P F, SUZUKI R K, et al.
Continuous, Traveling Coupling Between Seismic
Waves and the lonosphere Evident in May 1968 Ja-
pan Earthquake Data[J]. Journal of Geophysical Re-
search, 1969, 74(9): 2256-2264.

NAKATA H, TAKABOSHI K, TAKANO T, et
al. Vertical Propagation of Coseismic lonospheric
Disturbances Associated with the Foreshock of the
Tohoku Earthquake Observed Using HF Doppler
Sounding [J]. Jowrnal of Geophysical Research:
Space Physics, 2021, 126(8): e2020JA028600.
MARUYAMA T, SHINAGAWA H.
Sounds Excited by Seismic Waves of the 2011 To-

Infrasonic

hoku-Oki Earthquake as Visualized in Ionograms
[J]. Journal of Geophysical Research: Space Physics,
2014, 119(5) : 4094-4108.

VESNIN A, YASYUKEVICHY, PEREVALOVA

N, et al. Tonospheric Response to the 6 February

[20]

[22]

[26]

[28]

2023 Turkey—Syria Earthquake[J]. Remote Sensing,
2023, 15(9): 2336.

AFRAIMOVICH E L, PEREVALOVA N P,
PLOTNIKOV A V, et al. The Shock-Acoustic
Waves Generated by Earthquakes[J]. Annales Geo-
physicae, 2001, 19(4) : 395-409.
ASTAFYEVA E, SHULTS K.
GNSS Imagery of Seismic Source: Possibilities, Dif-

Tonospheric

ficulties, and Challenges[J]. Journal of Geophysical
Research: Space Physics, 2019, 124(1) : 534-543.
HEKI K, OTSUKA Y, CHOOSAKUL N, et al.
Detection of Ruptures of Andaman Fault Segments
in the 2004 Great Sumatra Earthquake with Coseis-
mic lonospheric Disturbances [J]. Jowrnal of Geo-
physical Research: Solid Earth, 2006, 111 (B9) :
2005JB004202.

ASTAFYEVA E, LOGNONNE P, ROLLAND
L. First Ionospheric Images of the Seismic Fault
Slip on the Example of the Tohoku-Oki Earthquake
[1]. 2011, 38:
1.22104.

LIUJY, CHEN C H, LIN C H, et al. Tonospheric
Disturbances Triggered by the 11 March 2011 M 9.0
Tohoku Earthquake[J]. Journal of Geophysical Re-
search: Space Physics, 2011, 116: A06319.
BAGIYA M S, SUNIL P S, SUNIL A S, et al.

Coseismic Contortion and Coupled Nocturnal Iono-

Geophysical Research Letters,

spheric Perturbations During 2016 Kaikoura, Mw 7.
8 New Zealand Earthquakel[J]. Jowrnal of Geophysi-
cal Research: Space Physics, 2018, 123(2): 1477~
1487.

BNk, RKRT, sk BRI 2021 4 8. 2 4%
Mo 5% [ 52 FL B8 2 I S R AR KX LE A LT bR
AR, 2024, 67(2): 461-476.

LUO Yiyong, WU Dawei, ZHANG Liting. Analy-
sis of Coseismic Ionospheric Disturbances After
Alaska Mw 8.2 Earthquake on July 29, 2021[J].
Chinese Journal of Geophysics, 2024, 67 (2) :
461-476.

TR, kst ik, 45 . BEE R R SR
) 52 0 B SR AL S AL 4R R R AT LT ], i & 5 3t
BREh J12%, 2026, 46(3): 375-384.

XU Hanying, ZHANG Ting, YUAN Yunbin, et
al. Characteristics of Co—seismic lonospheric Distur-
bance Propagation Between the Noto Peninsula and
Hualien Earthquakes [J]. Jowrnal of Geodesy and
Geodynamics, 2026, 46(3): 375-384.

Ak, B, THEG S WIMw 7.9 5 HA Mw
9.0 M= Al HL 2 )2 SR ah WF 5 [T]. BR324
(5 AR L 2013, 38(6): 716-719.



%551 &5 8 il

VIA 7245 - [R] 52 vl s J2 e 3h - LI BRI 5T 5 5 e

1577

[29]

[30]

(32]

[33]

[34]

[35]

[36]

[37]

CAI Hua, LI Zishen, WANG Min, et al. Coseis~
mic lonospheric Disturbances of Mw 7.9 Wenchuan
Earthquake and Mw 9. 0 Japan Earthquake[J]. Geo-
matics and Information Science of Wuhan Universi-
ty, 2013, 38(6): 716-719.
AFRAIMOVICH E L,
KIRUSHKIN V V.

ASTAFIEVA E 1,
Localization of the Source of
Ionospheric Disturbance Generated During an Earth-
quake [J]. International Journal of Geomagnetism
and Aeronomy, 2006, 6(2): GI12002.

Astafyeva E, Heki K. Evolution of Tonosphere Dis-
turbances Associated with the 1994 Shikotan Earth-
quake[ EB/OL 1. [2026-03-22]. https://www. ur-
si. org/proceedings/procGA08/papers/HPHGEp14.
pdf.

CHEN C H, SAITO A, LIN C H, et al. Long-
Distance Propagation of Ionospheric Disturbance
Generated by the 2011 off the Pacific Coast of To-
hoku Earthquake [J]. FEarth, Planets and Space,
2011, 63(7): 881-884.

ASTAFYEVA E, ROLLAND L, LOGNONNE
P, et al. Parameters of Seismic Source as Deduced
from 1 Hz Tonospheric GPS Data: Case Study of the
2011 Tohoku-Oki Event[J]. Jowrnal of Geophysi-
cal Research: Space Physics, 2013, 118(9) : 5942-
5950.

JIN S G, JIN R, LIJ H. Pattern and Evolution of
Seismo-lonospheric  Disturbances
2011 Tohoku Earthquakes from GPS Observations
[J). Journal of Geophysical Research: Space Physics,
2014, 119(9): 7914-7927.

GOMEZ D, SMALLEY R, LANGSTON C A, et
al. Virtual Array Beamforming of GPS TEC Obser-

Following the

vations of Coseismic lonospheric Disturbances near
the Geomagnetic South Pole Triggered by Teleseis-
mic Megathrusts [J].
search: Space Physics, 2015, 120(10) : 9087-9101.
SUNY Y, LIUJY, LINCY, etal. Ionospheric
F2 Region Perturbed by the 25 April 2015 Nepal
Earthquake [J].
Space Physics, 2016, 121(6) : 5778-5784.

SANTOSO A, MUSLIM B. Effect of Earthquake’s

Journal of Geophysical Re-

Journal of Geophysical Research:

Surface Wave on lonosphere Layer [J]. Jowrnal of
Physics: 2018, 1108 (1)
012102.

MALETCKII B, ASTAFYEVA E, SANCHEZ S

A, et al. The 6 February 2023 Tturkiye Earthquake

Conference Series,

Sequence as Detected in the lonosphere[J]. Journal
of Geophysical Research: Space Physics, 2023, 128
(9): e2023JA031663.

[38]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

LESTARID S, CAHYADIM N, MUSLIM B, et
al. Analysis of lonospheric Disturbances Due to
Earthquakes Using 3D Tomography Models to Test
the Height Maximum of CID Correlation in Various
Regions [J]. Geodesy and Geodynamics, 2025, 16
(4): 387-402.

ADEBAYO O M, KHERANI E A, PIMENTA A
A. First Report on Coseismic lonospheric Distur-
bances Following the Deep—Focus Earthquake (Mw
6.6) in Tarauaca, Acre, Brazil: Ground Uplift and
TEC Analysis [J]. Annales Geophysicae Discus-
sions, 2024, 2024 . 1-28.

SHINAGAWA H, TSUGAWA T, MATSUMU-
RA M, et al. Two-Dimensional Simulation of Iono-
spheric Variations in the Vicinity of the Epicenter of
the Tohoku-Oki Earthquake on 11 March 2011[J].
Geophysical Research Letters, 2013, 40(19) : 5009~
5013.

LIM, YANG Z G, SONG J, et al. Statistical Seis-
mo-—Ionospheric Influence with the Focal Mechanism
Under Consideration [J]. Aumosphere, 2023, 14
(3): 455.

YANG Y M, MENG X, KOMJATHY A, et al.
Tohoku-Oki Earthquake Caused Major Ionospheric
Disturbances at 450 km Altitude over Alaska [J].
Radio Science, 2014, 49(12): 1206-1213.
BAGIYA M S, SUNIL A S, SUNIL P S, et al.
Efficiency of Coseismic lonospheric Perturbations in
Identifying Crustal Deformation Pattern: Case Study
Based on Mw 7.3 May Nepal 2015 Earthquake[J].
Journal of Geophysical Research: Space Physics,
2017, 122(6) : 6849-6857.

AFRAIMOVICH E L, FENG D, KIRYUSHKIN
V V, et al. Near-Field TEC Response to the Main
Shock of the 2008 Wenchuan Earthquake [J].
Earth, Planets and Space, 2010, 62(11): 899-904.
LIUJY, TSATIHF, LIN C H, et al. Coseismic
Ionospheric Disturbances Triggered by the Chi-Chi
Earthquake [J]. Journal of Geophysical Research:
Space Physics, 2010, 115(A8): 2009JA014943.
BAGIYA M S, HEKI K, GAHALAUT V K.
Anisotropy of the Near-Field Coseismic Ionospheric
Perturbation Amplitudes Source
Process: The 2023 February Turkey Earthquakes
[J]. Geophysical Research Letters, 2023, 50(14) :
€2023G1.103931.

BRIk, RARL, BRok, 5. 20204E 7 7 22 H 4L
Hrim 7. 8 2 b W] v B JR AL S a3 A [T]. HuER Y
B, 2024, 67(1): 34-49.

LUO Yiyong, WU Dawei, CHEN Qiang, et al.

Reflecting the



1578 BB R (BB RO 2026 48 H
Analysis of Coseismic Ionospheric Disturbance of sphere Imaged After the 2011 off the Pacific Coast of
Alaska M 7. 8 Earthquake on July 22, 2020[J]. Chi- Tohoku Earthquake[J]. Earth, Planets and Space,
nese Journal of Geophysics, 2024, 67(1): 34-49. 2011, 63(7): 853-857.

[48] CHEN P, YAO Y B, CHEN J J, et al. Study of [59] KAKINAMI Y, KAMOGAWA M, WATANABE
the 2013 Lushan M 7. 0 Earthquake Coseismic Iono- S, et al. Ionospheric Ripples Excited by Superim-
spheric Disturbances [J]. Advances in Space Re- posed Wave Fronts Associated with Rayleigh Waves
search, 2014, 54(11): 2194-2199. in the Thermosphere[J]. Jowrnal of Geophysical Re-

[49] LIUH T, ZHANG KK, IMTIAZ N, et al. Relating search: Space Physics, 2013, 118(2): 905-911.
Far-Field Coseismic Ionospheric Disturbances to Geo- [60] SHALIMOV S L, NESTEROV I A, VO-
logical Structures[J]. Journal of Geophysical Research: RONTSOV A M. On the GPS-Based Ionospheric
Space Physics, 2021, 126(7): ¢2021JA029209. Perturbation After the Tohoku Earthquake of March

[50] WANG H, EGBERT G, SONG B J, et al. Con- 11, 2011[J]. Izvestiya, Physics of the Solid Earth,
centric Ionospheric Currents Driven by Teleseismic 2017, 53(2): 262-273.

Rayleigh Waves from the 2011 Tohoku Earthquake [61] ASTAFYEVA E, HEKI K. Dependence of Wave-
[J]. Earth and Planetary Science Letters, 2025, form of Near-Field Coseismic Ionospheric Distur-
671: 119676. bances on Focal Mechanisms [J]. Earth, Planets

[51] RAO H, CHEN C H, MENG G J, et al. Relation- and Space, 2009, 61(7): 939-943.
ship Between TEC Perturbations and Rayleigh [62] LILL, JINSG, CHAIY. Co-seismic lonospheric
Waves Associated with 2023 Turkey Earthquake Disturbances Characteristics in Different Azimuths
Doublet [J]. Jowrnal of Geophysical Research: Following the 2022 Mexico Earthquake from GNSS
Space Physics, 2025, 130(1) : e2024JA033267. Observations[J]. GPS Solutions, 2023, 28(1): 23.

[52] LINCCH, SHENM H, CHOUM Y, etal. Con- [63] LI J D, RUDE C M, PANKRATIUS V. Charac-
centric Traveling Ionospheric Disturbances Trig- terizing the Complex Two N-Wave Ionospheric Sig-
gered by the Launch of a SpaceX Falcon 9 Rocket nature of the 2016 Kaikoura Earthquake[J]. Journal
[J]. Geophysical Research Letters, 2017, 44(15) : of Geophysical Research: Space Physics, 2018, 123
7578-7586. (12): 10.

[53] JIN S G, JIN R, LI D. GPS Detection of Iono- [64] HEKI K, BAGIYA M S, TAKASAKA Y. Slow
spheric Rayleigh Wave and Its Source Following the Fault Slip Signatures in Coseismic Ionospheric Dis-
2012 Haida Gwaii Earthquake [J]. Jowrnal of Geo- turbances [J]. Geophysical Research Letters, 2022,
physical Research: Space Physics, 2017, 122(1) : 49(24): €2022GL101064.

1360-1372. [65] ASTAFYEVA E, HEKI K, KIRYUSHKIN V, et

[54] LIU Y H, JIN S G. Ionospheric Rayleigh Wave Dis- al. Two-Mode Long-Distance Propagation of Co-
turbances Following the 2018 Alaska Earthquake seismic Tonosphere Disturbances[J]. Jowrnal of Geo-
from GPS Observations[J]. Remote Sensing, 2019, physical Research: Space Physics, 2009, 114
11(8): 901. (A10): 2008JA013853.

[55] TSATIHF, LIUJY, LINC H, et al. Tracking the [66] REDDY C D, SEEMALA G K. Two-Mode Iono-
Epicenter and the Tsunami Origin with GPS Tono- spheric Response and Rayleigh Wave Group Veloci-
sphere Observation [J]. Earth, Planets and Space, ty Distribution Reckoned from GPS Measurement
2011, 63(7): 859-862. Following Mw 7.8 Nepal Earthquake on 25 April

[56] KAKINAMI Y, KAMOGAWA M, TANIOKA 2015 [J]. Jowrnal of Geophysical Research: Space
Y, et al. Tsunamigenic Ionospheric Hole[J]. Geo- Physics, 2015, 120(8) : 7049-7059.
physical  Research —Letters, 2012, 39 (13) [67] HEKI K. Decoding Multiple Source Signatures in
2011GL050159. Coseismic Ionospheric Disturbances of the 2024 January

[57] GALVAN D A, KOMJATHY A, HICKEY M P, Mw 7.5 Noto—Peninsula Earthquake, Central Japan
et al. Ionospheric Signatures of Tohoku—-Oki Tsuna- [J]. Earth and Planetary Science Letters, 2024, 640:
mi of March 11, 2011: Model Comparisons near the 118796.

Epicenter [J]. Radio Science, 2012, 47 (4) : [68] ZHANG B, LIU T, FENG X S, et al. Successive-
2012RS005023. ly Equatorward Propagating Ionospheric Acoustic

[58] ROLLAND L M, LOGNONNE P, ASTAFYE- Waves and Possible Mechanisms Following the Mw

VA E, et al. The Resonant Response of the Tono-

7.5 Earthquake in Noto, Japan, on 1 January 2024



%551 &5 8 il

VIA 7245 - [R] 52 vl s J2 e 3h - LI BRI 5T 5 5 e

1579

[69]

[70]

[71]

(73]

[78]

[79]

[J]. Space Weather, 2025, 23 (4) : e2024SWO00
3957.

AUSTEN J R, FRANKE S J, LIU C H.
spheric Imaging Using Computerized Tomography
[J]. Radio Science, 1988, 23(3): 299-307.
RAYMUND T D, AUSTEN J R, FRANKE S J,
et al. Application of Computerized Tomography to
Ra-

Tono-

the Investigation of Ionospheric Structures [J].
dio Science, 1990, 25(5): 771-789.

MA X F, MARUYAMA T, MA G, et al. Three-
Dimensional Ionospheric Tomography Using Obser-
vation Data of GPS Ground Receivers and Iono-
sonde by Neural Network [J]. Journal of Geophysi-
cal Research: Space Physics, 2005, 110 (A5)
2004JA010797.

ZHAI C Z, YAO Y B, KONG J. Three-Dimen-
sional Reconstruction of Seismo-Traveling Iono-
spheric Disturbances After March 11, 2011, Japan
Tohoku Earthquake[J]. Journal of Geodesy, 2021,
95(7): 77.

CAHYADIM N, MUSLIM B, PRATOMO D G, et
al. Co-seismic lonospheric Disturbances Following the
2016 West Sumatra and 2018 Palu Earthquakes from
GPS and GLLONASS Measurements [J].
Sensing, 2022, 14(2): 401.

FU W Z, OTSUKA Y, SSESSANGA N, et al.

Unveiling the Vertical Ionospheric Responses Fol-

Remote

lowing the 2024 Noto Peninsula Earthquake with an
Ultra-Dense GNSS Network [J].
and Space, 2025, 77(1): 77.

SEEMALA G K, YAMAMOTO M, SAITO A, et

FEarth, Planets

al. Three-Dimensional GPS Ionospheric Tomography
over Japan Using Constrained Least Squares [J].
Journal of Geophysical Research: Space Physics,
2014, 119(4): 3044-3052.

CORNELY PJ. Flexible PriorModels: Three-Dimen-
sional Tonospheric Tomography[J]. Radio Science,
2003, 38(5): 2002RS002703.

NORBERG J, ROININEN L, VIERINEN 17, et
al. Tonospheric Tomography in Bayesian Framework
with Gaussian Markov Random Field Priors[J]. Ra-
dio Science, 2015, 50(2): 138-152.

NORBERG J, VIRTANEN I I, ROININEN L, et
al. Bayesian Statistical lonospheric Tomography Im-
proved by Incorporating lonosonde Measurements
[T]. Atmospheric Measurement Techniques, 2016, 9
(4): 1859-1869.

NORBERG J, VIERINEN J, ROININEN L, et al.
Gaussian Markov Random Field Priors in Ionospheric
IEEE

3-D  Multi-instrument Tomography [J].

[80]

[84]

[85]

[86]

[87]

[88]

[89]

Transactions on Geoscience and Remote Sensing, 2018,
56(12): 7009-7021.

ZHAO J Q, TANG Q, ZHOU C, et al. Three-Di-
mensional Tonospheric Tomography Based on Com-
pressed Sensing [J]. GPS Solutions, 2023, 27
(2):90.

SUL'Y, FUH Y, WANG D H, et al. Sparse Re-
construction of 3-D Regional Tonospheric Tomogra-
phy Using Data from a Network of GNSS Reference
Stations [J]. IEEE Transactions on Geoscience and
Remote Sensing, 2022, 60: 4102615.

MAO Z Q, CHEN C H, YISIMAYILI A, et al.
Seismo-Traveling ITonospheric

the 2024 Hualien Earthquake: Altitude-Dependent

Disturbances from
Propagation Insights[J]. Remote Sensing, 2025, 17
(7): 1241.

fLEE . BEA DORIS A1 GNSS B4 1 DU 2k vy 8 )2 )2
BB sk B Hop D). s )Rk, 2014.
KONG Jian. A New Algorithm for Four-Dimen-
sional Tonospheric Tomography Combining DORIS
and GNSS Data and Its Application [D]. Wuhan:
Wuhan University, 2014.

LB B GNSS FLES R AT AR 2 ) KT A
FEHRMRLALID]. R RILK:, 2022

SHAN Lulu. GNSS Ionospheric Tomography and
Its Application in the Study of Space Weather Events
[D]. Wuhan: Wuhan University, 2022.
LEONARD R S, BARNES R A.
Ionospheric
Earthquake [J].
1965, 70(5): 1250-1253.

GOKHBERG M B, LAPSHIN V M, STEBLOV
G M, et al. Ionospheric Response to Kuril Undersea
Earthquakes According to GPS Satellite Datal J]. Iz-
vestiya, Atmospheric and Oceanic Physics, 2011, 47
(9): 1019-1027.

CAHYADI M N, HEKI K. Coseismic lonospheric

Observation of

Disturbances Following the Alaska

Journal of Geophysical Research,

Disturbance of the Large Strike-Slip Earthquakes in
North Sumatra in 2012: Mw Dependence of the Dis-
turbance Amplitudes[J].
national, 2014, 200(1): 116-129.

INCHIN P A, SNIVELY J B, KANEKO Y, et al.
Inferring the Evolution of a Large Earthquake from
AGU

Geophysical Journal Inter-

Its Acoustic Impacts on the lonosphere [J].
Advances, 2021, 2(2): e2020AV000260.

CAHYADI M N, ARISA D, MUAFIRY I N, et
al. Three-Dimensional Tomography of Co-seismic
Ionospheric Disturbances Following the 2018 Palu
Earthquake and Tsunami from GNSS Measurements

[J]. Frontiers in Astronomy and Space Sciences,



1580 BRI (R D

2026 48 H

2022, 9: 890603.

[90] LUHRMANN F, PARK J, WONG W K, et al.
Detection of Tonospheric Disturbances with a Sparse
GNSS Network in Simulated Near-Real Time Mw
7.8 and Mw 7.5 Kahramanmaras Earthquake Se-
quencelJ]. GPS Solutions, 2025, 29(1): 54.

[91] BRISSAUD Q, ASTAFYEVA E. Near-Real-
Time Detection of Co—seismic Ionospheric Distur-
bances Using Machine Learning [J]. Geophysical
Journal International,, 2022, 230(3): 2117-2130.

[92] YEH K C, LIU C H. Acoustic-Gravity Waves in
the Upper Atmosphere[J]. Reviews of Geophysics,
1974, 12(2): 193-216.

[93] BLANC E. Observations in the Upper Atmosphere of
Infrasonic Waves from Natural or Artificial Sources —
A Summary [J]. Annales Geophysicae, 1985, 3:
673-687.

[94] HINES C O. Gravity Waves in the Atmosphere[J].
Nature, 1972, 239(5367) : 73-78.

[95] KALADZE T D, POKHOTELOV O A, SHAH H
A, et al. Acoustic-Gravity Waves in the Earth’ s
Tonosphere[J]. Jowrnal of Atmospheric and Solar—
Terrestrial Physics, 2008, 70(13): 1607-1616.

[96] VADAS S L, FRITTS D C. Thermospheric Re-
sponses to Gravity Waves: Influences of Increasing
Viscosity and Thermal Diffusivity [J]. Jowrnal of
Geophysical Research: Atmospheres, 2005, 110
(D15): 2004JD005574.

[97] CHUM J, CABRERA M A, MOSNA Z, et al.
Nonlinear Acoustic Waves in the Viscous Thermo-
sphere and Tonosphere Above Earthquake [J]. Jour-
nal of Geophysical Research: Space Physics, 2016,
121(12): 12.

[98] ZETTERGREN M D, SNIVELY J B. Ionospheric
Response to Infrasonic-Acoustic Waves Generated
by Natural Hazard Events[J]. Journal of Geophysi-
cal Research: Space Physics, 2015, 120(9) : 8002-
8024.

[99] GOMBOSI T I. Physics of the Space Environment
[M]. Cambridge: Cambridge University Press,
1998.

[100] HOOKE W H. Tonospheric Irregularities Produced
by Internal Atmospheric Gravity Waves[J]. Journal
of Atmospheric and Terrestrial Physics, 1968, 30
(5): 795-823.

[101]JKHERANI E A, LOGNONNE P, KAMATH N,
et al. Response of the Ionosphere to the Seismic
Trigerred Acoustic Waves: Electron Density and
Electromagnetic Fluctuations [J]. Geophysical Jour-
nal International, 2009, 176(1): 1-13.

[102]JHOLTON J R, HAKIM G J. An Introduction to
Dynamic Meteorology[M]. 5th ed. New York: Aca-
demic Press, 2013.

[103]NAPPO C J. An Introduction to Atmospheric Gravi-
ty Waves [M]. Waltham, MA: Academic Press,
2013.

[104]GILL A E. Atmosphere-Ocean Dynamics [M].
New York:Academic Press, 1982.

[105]SANCHEZ S A, KHERANI E A, ASTAFYEVA
E, et al. The First Near-Real-Time Compatible
Numerical Method for Co-seismic lonospheric Dis-
turbances Simulation[J]. Geophysical Research Let-
ters, 2025, 52(8): e2025GL115208.

[106]JKHERANI E A, LOGNONNE P, HEBERT H, et
al. Modelling of the Total Electronic Content and
Magnetic Field Anomalies Generated by the 2011
Tohoku-Oki Tsunami and Associated Acoustic—
Gravity Waves[J]. Geophysical Journal International
2012, 191(3): 1049-1066.

[107]MIKESELL T D, ROLLAND L M, LEE R F, et
al. IonoSeis: A Package to Model Coseismic Iono-
spheric Disturbances [J].  Awmosphere, 2019, 10
(8): 443.

[108]JINCHIN P A, KANEKO Y, GABRIEL A A, et
al. Three-Dimensional Numerical Modeling of Co-
seismic Atmospheric Dynamics and lonospheric Re-
sponses in Slant Total Electron Content Observa-
tions [J]. Geophysical Research Letters, 2024, 51
(21): €2023G1.108068.

[109]SUTHERLAND L C, BASS H E. Atmospheric
Absorption in the Atmosphere up to 160 km [J].
Journal of the Acoustical Society of America, 2004,
115(3): 1012-1032.

[110] DESSA J X, VIRIEUX J, LAMBOTTE S. Infra-
sound Modeling in a Spherical Heterogeneous Atmo-
sphere[J]. Geophysical Research Letters, 2005, 32
(12): 2005G1.022867.

[111] JONES R M, BEDARD A J. Atmospheric Gravity
Wave Ray Tracing: Ordinary and Extraordinary
Waves[J]. Jowrnal of Atmospheric and Solar-Ter-
restrial Physics, 2018, 179: 342-357.

[112]JSCHAFER P, VORLANDER M. Atmospheric
Ray Tracing: An Efficient, Open-Source Frame-
work for Finding Eigenrays in a Stratified, Moving
Medium[J]. Acta Acustica, 2021, 5: 26.

[113]DAUTERMANN T, CALAIS E, MATTIOLI G S.
Global Positioning System Detection and Energy Es-
timation of the Ionospheric Wave Caused by the 13 July
2003 Explosion of the Soufriere Hills Volcano,
Montserrat[J]. Journal of Geophysical Research: Solid



%551 &5 8 il

VIA 7245 - [R] 52 vl s J2 e 3h - LI BRI 5T 5 5 e 1581

Earth, 2009, 114(B2): 2008JB005722.

[114]THOMAS D, BAGIYA M S, SUNIL P S, et al.
Revelation of Early Detection of Co-Seismic Iono-
spheric Perturbations in GPS-TEC from Realistic
Modelling Approach: Case Study[J]. Scientific Re-
ports, 2018, 8: 12105.

[115]BAGIYA M S, THOMAS D, ASTAFYEVA E,
et al. The Ionospheric View of the 2011 Tohoku-
Oki Earthquake Seismic Source: The First 60 Seconds
of the Rupture [J]. Scientific Reports, 2020, 10:
5232.

[116]JKRUGER F, OHRNBERGER M. Tracking the
Rupture of the Mw=9. 3 Sumatra Earthquake over
1 150 km at Teleseismic Distance[J]. Nature, 2005,
435(7044): 937-939.

[117]ISHII M, SHEARER P M, HOUSTON H, et al.
Extent, Duration and Speed of the 2004 Sumatra -
Andaman Earthquake Imaged by the Hi-Net Array
[J]. Nature, 2005, 435(7044): 933-936.

[118]LEE R F, ROLLAND L M, MIKESELL T D.
Seismo-lonospheric Observations, Modeling, and
Backprojection of the 2016 Kaikoura Earthquake[J].
Bulletin of the Seismological Society of America,
2018, 108(3B): 1794-1806.

[119]JROLLAND L M, VERGNOLLE M, NOCQUET
J M, et al. Discriminating the Tectonic and Non-
Tectonic Contributions in the Tonospheric Signature
of the 2011, Mw 7.1, Dip-Slip van Earthquake,
Eastern Turkey [J]. Geophysical Research Letters,
2013, 40(11): 2518-2522.

[120]NOZUKA Y, INCHIN P A, KANEKO Y, et al.
Earthquake Source Impacts on the Generation and
Propagation of Seismic Infrasound to the Upper At~
mosphere [J]. Geophysical Jowrnal International,
2024, 238(1): 537-556.

[121]VADASSL, CROWLEY G. Sourcesofthe Traveling
Tonospheric Disturbances Observed by the Ionospheric
TIDDBIT Sounder near Wallops Island on 30 Octo-
ber 2007[J]. Journal of Geophysical Research: Space
Physics, 2010, 115(A7): 2009JA015053.

[122]SHAH M, AHMED A, EHSAN M, et al. Total
Electron Content Anomalies Associated with Earth-
quakes Occurred During 1998—2019[J]. Acta As-
tronautica, 2020, 175: 268-276.

[123]WEIL Q, LIJY, LIU L L, etal. Lithosphere Iono-
sphere Coupling Associated with Seismic Swarm in
the Balkan Peninsula from ROB-TEC and GPS[J].
Remote Sensing, 2022, 14(19): 4759.

[124]GARCIA R, CRESPON F, DUCIC V, et al.

Three-Dimensional Ionospheric Tomography of

Post=Seismic Perturbations Produced by the Denali
Earthquake from GPS Data[J]. Geophysical Jour-
nal International, 2005, 163(3): 1049-1064.

[125]ZHANG Y M, LIU X, GUO J Y, et al. Co-seis"
mic Ionospheric Disturbance with Alaska Strike-Slip
Mw 7.9 Earthquake on 23 January 2018 Monitored
by GPS[J]. Atmosphere, 2021, 12(1): 83.

[126]LE N, MANNEL B, SAKIC P, et al. Optimal
TEC Forecast Models Based on Machine Learning
and Time Series Analysis Techniques: A Prelimi-
nary Study on the Ring of Fire[M]//Geodesy for a
Sustainable Earth. Cham: Springer International
Publishing, 2022: 387-396.

[127]JASALY S, GOTTLIEB L. A, INBAR N, et al.
Using Support Vector Machine (SVM) with GPS
Ionospheric TEC Estimations to Potentially Predict
Earthquake Events[J]. Remote Sensing, 2022, 14
(12): 2822.

[128]MUHAMMAD A, KULAHC:1 F. A Semi-super-
vised Total Electron Content Anomaly Detection
Method Using LSTM-Auto-encoder[J]. Journal of
Atmospheric and Solar—Terrestrial Physics, 2022,
241: 105979.

[129]RAVANELLIM, CONSTANTINOU V, LIU H, et
al. Exploring AlProgressinGNSSRemoteSensing: A
Deep Learning Based Framework for Real-Time De-
tection of Earthquake and Tsunami Induced Iono-
spheric Perturbations [J]. Radio Science, 2024, 59
(9): €2024RS008016.

[130]RAVANELLI M, CONSTANTINOU V, LIU H,
et al. Harnessing Al in GNSS Remote Sensing: A
Deep Learning Framework for Real-Time Detection
of Ionospheric Perturbations Triggered by Earth-
quakes and Tsunamis [C]//EGU General Assem-
bly, Vienna, Austria, 2025.

[131JCONSTANTINOU V, RAVANELLI M, LIU H,
et al. Deep Learning Driven Detection of Tsunami
Related Internal Gravity Waves: A Path Towards
Open-Ocean Natural Hazards Detection [C]//
IEEE/CVF International Conference on Computer
Vision Workshops (ICCVW) , Paris, France,
2023.

[132]WANG L Y, LIZ T, CHEN Y F, et al. MaxEnt
SeismoSense Model: Ionospheric Earthquake Anomaly
Detection Based on the Maximum Entropy Principle
[J]. Atmosphere, 2024, 15(4): 419.

[133JSHIHC Y, LINC Y, LIN S Y, et al. Forecasting
of Global Ionosphere Maps with Multi-day Lead
Time Using Transformer-Based Neural Networks
[J]. Space Weather, 2024, 22 (2) : e2023SWO00



1582 BRI (R D

2026 48 H

3579.

[134]RUWALI A, SRAVAN KUMAR A 17,
PRAKASH K B, et al. Implementation of Hybrid
Deep Learning Model (LSTM-CNN) for lonospheric
TEC Forecasting Using GPS Data[J]. IEEE Geo-
science and Remote Sensing Letters, 2021, 18(6) :
1004-1008.

[135]TANG J, ZHONG Z Y, HU J C, et al. Forecasting
Regional Tonospheric TEC Maps over China Using
BiConvGRU Deep Learning [J]. Remote Sensing,
2023, 15(13): 3405.

[136]NATH S, CHETIA B, KALITA S. Ionospheric
TEC Prediction Using Hybrid Method Based on En-
semble Empirical Mode Decomposition (EEMD)
and Long Short-Term Memory (LLSTM) Deep
Learning Model over India[J]. Advances in Space
Research, 2023, 71(5): 2307-2317.

[137]JKARNIADAKIS G E, KEVREKIDIS 1 G, LU L,
et al. Physics—Informed Machine Learning[J]. Na-
ture Reviews Physics, 2021, 3(6) : 422-440.

[138]RAISSI M, PERDIKARIS P, KARNIADAKIS G E.
Physics—Informed Neural Networks: A Deep Learning
Framework for Solving Forward and Inverse Problems
Involving Nonlinear Partial Differential Equations[J].
Journal of Computational Physics, 2019, 378:
686-707.

[139]CUOMO S, DI COLA V S, GIAMPAOLO F, et
al. Scientific Machine Learning Through Physics—In-
formed Neural Networks: Where We Are and What's
Next[J]. Journal of Scientific Computing, 2022, 92
(3): 88.

[140]HABIB M, HABIB A, ALIBRAHIM B. Applica-
tions of Physics—Informed Neural Networks in Geo-
sciences: From Basic Seismology to Comprehensive
Environmental Studies [J]. Open Geosciences,
2025, 17: 20250853.

[141]BRAGA-NETO U. Fundamentals of Pattern Recog-
nition and Machine Learning[M]. Cham: Springer
International Publishing, 2024.

[142]MAJY, FUHY, HUBA J D, etal. A Novel Iono-
spheric Inversion Model: PINN-SAMI3 (Physics
Informed Neural Network Based on SAMI3) [J].
Space Weather, 2024, 22(4): ¢2023SW003823.

[143]DOUMECHE N. Physics-Informed Machine Learning:
A Mathematical Framework with Applications to Time
Series Forecasting[ J/OL J. arXiv(2025-07-11)[ 2025~
12-11]. https://arxiv. org/abs/2507. 08906.

[144]BLANKE M, LELARGE M. Interpretable Meta-
Learning of Physical Systems [C]//The 12th Inter-

national Conference on Learning Representations,

Kigali, Republic of Rwanda, 2023.

[145]ZHANG R Z, LI H R, SHEN Y X, et al. Deep
Learning Applications in Ionospheric Modeling:
Progress, Challenges, and Opportunities [J]. Re-
mote Sensing, 2025, 17(1): 124.

[146IMCGOVERN A, LAGERQUIST R, JOHN
GAGNE D, et al. Making the Black Box more
Transparent: Understanding the Physical Implica-
tions of Machine Learning[J]. Bulletin of the Ameri-
can Meteorological Society, 2019, 100(11) : 2175~
2199.

[147]GUIDOTTI R, MONREALE A, RUGGIERI S,
et al. A Survey of Methods for Explaining Black
Box Models [J]. ACM Computing Surveys, 2019,
51(5): 1-42.

[148]REICHSTEIN M, CAMPS-VALLS G, STE-
VENS B, et al. Deep Learning and Process Under-
standing for Data-Driven Earth System Science[J].
Nature, 2019, 566(7743): 195-204.

[149]JIN S G, OCCHIPINTI G, JIN R. GNSS Iono-
spheric Seismology: Recent Observation Evidences
and Characteristics [J]. Earth-Science Reviews,
2015, 147 54-64.

[150JASTAFYEVA E, SHALIMOV S, OLSHANS-
KAYA E, et al. Ionospheric Response to Earth-
quakes of Different Magnitudes: Larger Quakes Per-
turb the Tonosphere Stronger and Longer[J]. Geo-
physical Research Letters, 2013, 40 (9) : 1675-
1681.

[151]SANCHEZ S A, KHERANI E A, ASTAFYEVAE,
et al. Tonospheric Disturbances Observed Following the
Ridgecrest Earthquake of 4 July 2019 in California,
USAI[J]. Remote Sensing, 2022, 14(1): 188.

[ 152JHEKI K. Tonospheric Disturbances Related to Earth-
quakes[M]//Huang C S, Lu G, Zhang Y L, eds.
Geophysical Monograph Series. New York: Wiley,
2021: 511-526.

[153]CAHYADI M N. Comparison of Coseismic lono-
spheric Disturbance Waveforms Revisited: Strike-
Slip, Normal, and Reverse Fault Earthquake [J].
Geoid, 2015, 10(1): 104.

[154]ASTAFYEVA E, ROLLAND L M, SLADEN
A. Strike-Slip Earthquakes Can also Be Detected in
the Tonosphere[ J]. Earth and Planetary Science Let-
ters, 2014, 405: 180-193.

[155]NAJITA K. Tonospheric Method of Detecting Tsu-
nami-Generating Earthquakes [J].  The Physics
Teacher, 1978, 16(9): 606-615.

[156 JANGOVE M, ARCAS D, BAILEY R, et al. Ocean

Observations Required to Minimize Uncertainty in



%551 &5 8 il

VIA 7245 - [R] 52 vl s J2 e 3h - LI BRI 5T 5 5 e 1583

Global Tsunami Forecasts, Warnings, and Emergency
Response [J]. Frontiers in Marine Science, 2019,
6: 350.

[157]PELTIER W R, HINES C O. On the Possible De-
tection of Tsunamis by a Monitoring of the Iono-
sphere[J]. Journal of Geophysical Research, 1976,
81(12): 1995-2000.

[158]JOCCHIPINTI G, LOGNONNE P, KHERANI E
A, et al. Three-Dimensional Waveform Modeling
of Tonospheric Signature Induced by the 2004 Suma-
tra Tsunami[J]. Geophysical Research Letters, 2006,
33(20): 2006G1.026865.

[159]NAJITA K, WEAVER P F, YUEN P C. A Tsu-
nami Warning System Using an lonospheric Tech-
nique[J]. Proceedings of the IEEE, 1974, 62(5) :
563-577.

[160JOCCHIPINTI G, ROLLAND L, LOGNONNE P,
et al. From Sumatra 2004 to Tohoku-Oki 2011: The
Systematic GPS Detection of the Ionospheric Signature
Induced by Tsunamigenic Earthquakes[J]. Journal of
Geophysical Research: Space Physics, 2013, 118(6) :
3626-3636.

[161JGRAWE M A, MAKELA J J. The Ionospheric Re-
sponses to the 2011 Tohoku, 2012 Haida Gwaii,
and 2010 Chile Tsunamis: Effects of Tsunami Orien-
tation and Observation Geometry [J]. Earth and
Space Science, 2015, 2(11): 472-483.

[162]SAITO S, SUZUKI S, YAMAMOTO M, et al.
Real-Time Ionosphere Monitoring by Three-Dimen-
sional Tomography over Japan [J]. NAVIGA-
TION, 2017, 64(4): 495-504.

[163]CROWLEY G, AZEEM I, REYNOLDS A, et al.
Analysis of Traveling Ionospheric Disturbances
(TIDs) in GPS TEC Launched by the 2011 To-
hoku Earthquake [J]. Radio Science, 2016, 51 (5) :
507-514.

[164]BERNARD E, TITOV V. Evolution of Tsunami
Warning Systems and Products [J]. Philosophical
Transactions of the Royal Society A : Mathematical,
Physical and Engineering Sciences, 2015, 373
(2053): 20140371.

[165]MARTIRE L, KRISHNAMOORTHY S, VER-
GADOS P, et al. The GUARDIAN System—A
GNSS Upper Atmospheric Real-Time Disaster In-
formation and Alert Network [J]. GPS Solutions,

2022, 27(1): 32.

[166 ] BLEWITT G, KREEMER C, HAMMOND W C,
et al. Rapid Determination of Earthquake Mag-
nitude Using GPS for Tsunami Warning Systems
[J]. Geophysical Research Letters, 2006, 33(11) :
2006G1.026145.

[167IMEINIG C, STALIN S E, NAKAMURA A I, et
al. Real-Time Deep—-Ocean Tsunami Measuring,
Monitoring, and Reporting System: The NOAA
DART II Description and Disclosure[C]//OCEANS
2005 MTS/IEEE, Brest, France, 2005.

[168]WOODWORTH P L, PLAYER R. The Perma-
nent Service for Mean Sea Level: An Update to the
21st Century [J]. Jowrnal of Coastal Research,
2003, 19(2): 287-295.

[169]RAVANELLI M, OCCHIPINTI G, SAVASTA-
NO G, et al. GNSS Total Variometric Approach:
First Demonstration of a Tool for Real-Time Tsuna-
mi Genesis Estimation[J]. Scientific Reports, 2021,
11: 3114.

[170JHUNSUCKER R D. Atmospheric Gravity Waves
Generated in the High-Latitude Ionosphere: A Re-
view [J]. Reviews of Geophysics, 1982, 20 (2) :
293-315.

[171JHERNANDEZ-PAJARES M, JUAN ] M, SANZ
J, etal. The IGS VTEC Maps: A Reliable Source
of Tonospheric Information Since 1998 [J]. Jowrnal
of Geodesy, 2009, 83(3): 263-275.

[172]DOW J M, NEILAN R E, RIZOS C. The Interna-
tional GNSS Service in a Changing Landscape of
Global Navigation Satellite Systems [J]. Journal of
Geodesy, 2009, 83(3): 191-198.

[173]DENG J, DONG W, SOCHER R, et al. ImageNet:
A Large-Scale Hierarchical Image Database [C]//
IEEE Conference on Computer Vision and Pattern
Recognition, Miami, FL., USA, 2009.

[174]WILKINSON M D, DUMONTIER M, AAL-
BERSBERG 11J, et al. The FAIR Guiding Princi-
ples for Scientific Data Management and Stewardship
[J]. Scientific Data, 2016, 3: 160018.

[175]JEYRING V, BONY S, MEEHL G A, et al. Over-
view of the Coupled Model Intercomparison Project
Phase 6 (CMIP6) Experimental Design and Organi-
zation[J]. Geoscientific Model Development, 2016,
9(5): 1937-1958.



