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Abstract This paper presents a statistical analysis of ionospheric total electron
content (TEC) responses to geomagnetic storms at low- and mid-latitude stations in
East Asia and North America based on 563 independent storm events during 1998—
2023. Using the local time (LT) corresponding to the main phase onset (MPO) of each
storm as a unified reference, the storm-time TEC sequences are extracted and
converted into the relative disturbance quantity, ATECr. A superposed epoch analysis
(SEA) is then performed to investigate the continuous evolution of TEC disturbances
within 048 h after MPO. Additional comparisons are conducted in terms of day/night
conditions, latitude, and season to clarify the local-time dependence and regional
characteristics of storm-time ionospheric responses. The results show that: (1) a
pronounced terminator effect exists. During the main phase (At=0-8 h), positive
disturbances are more likely to occur on the dayside, whereas negative disturbances
are more likely to develop or persist after the disturbed ionosphere approaches or
crosses dusk. When MPO occurs on the nightside, the main-phase response is
generally weaker, and more evident positive disturbances tend to appear after the
disturbed ionosphere crosses dawn into the daytime sector. (2) Latitudinal differences
are mainly reflected in the persistence of negative disturbances during the recovery
phase (At=8-36 h). At relatively higher-latitude stations, negative disturbances tend to
be stronger and more continuous, whereas at relatively lower-latitude stations they are
more scattered and generally weaker. (3) The storm-time evolution exhibits
substantial event-to-event variability, with clear seasonal and day/night dependence.
The seasonal contrast is most evident under nighttime winter conditions and is
accompanied by relatively large dispersion. In addition, the day/night contrast is

strongest in winter and summer: positive disturbances tend to dominate at night in



winter, whereas negative disturbances are more likely to dominate at night in summer,
while the corresponding contrasts in spring and autumn are comparatively weaker.
These results provide statistical constraints for storm-time ionospheric modeling and
prediction.

Key words Geomagnetic storm, lonospheric disturbance, Total electron content

(TEC), Main phase onset (MPO), Superposed Epoch Analysis(SEA)
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Table I Geographic coordinates of the selected stations in East Asia and North

America and the LT conversion.
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Table 2 Average main phase and recovery phase durations of the selected

geomagnetic storms by season
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Fig. 1. Distribution of geomagnetic storm events during 1998-2023, showing (a)
annual totals, (b) counts by Universal Time (UT) hour, and (c)-(f) the UT histograms

for spring, summer, autumn, and winter, respectively
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Fig. 2 Median ATECr at the two North American stations. The x-axis shows the
time relative to the storm main phase onset (MPO), At (hours), where At=0 denotes
MPO, At<0 denotes hours before MPO, and At>0 denotes hours after MPO. The y-

axis shows the local-time hour of MPO, T (LT = 0-23). Each pixel represents the
median ATECr(At,T) over all storms whose MPO occurs at the same T. Red/blue
indicates positive/negative perturbations and white indicates near-zero perturbations(|
ATECT|<5%).
2.2 KNS EE RSG5 R

ZIFVY¥E CHAN. BJFS. JFNG 5 HKSL ) ATECr HAr s At 3 fr
o B3 HIAANR, AHSARETT RSB 2 L 3% MPO X HE T I R R
T=0-23 LT &K,

Kl 3(a) CHAN %24 MPO-LT fi T-H K (%) 06-17 LT) I, At=0-8 h LA
AT #EN AR8-36 h 5, IEAHRZNRES, JFIERS B4 5 3 I U
. %4 MPO-LT AL T 1Al (%) 18-05LT) Hf, At=0-8 h Wizh#55, HiEMiHI
TEAHBR S 3 22 R IAE 5 R R 20 5 1 (BRI B, B i 1) 28 R4 B S AE A 20 B
M.

3(b) BJFS ufif¥] ATECr J#{LHFES CHAN uh&fA—F. HR MPO
At=0-8 h [ IEMIRZHE S, 7F At8-36 h A, B5iR Dusk J& I kIR 5 3 A I
o WA MPO B, EAHSEEN AN R EHIESBRRLEI OB, ZEHE
Sy ML AHI S .

3(c) JENG £ At=0-8 h W#i% MPO-LT 24 Nl WIEAH$E SN HEA
At=8-36 h J5, TSR I, HIAE LT-At i Eor A Bgak. Sk L,



B W EA RN = BN . Dawn-Dusk [ B B .

K& 3(d) HKSL 7E 4K MPO I}, At~0-8 h N LLIEAHIEB N 7 At=8-36h
W, B5 2R S E A4 MPO-LT 25 £ T ) WA (K Al H 3 X 3. & TH)
MPO I, TEAHP SN 5 B BLLE 5 R 28 5 1) BT B, o J 7 2 1) 82 [ g
I 3 A AR B B W

ME 3 HIUASF BRI CAE 40 Ui S5 R B0 B 5 (0 7 B ARl OF
MRS LB CVEX R, R B 4 5 58 5 B RPN o A 5]l s SO L
P LT A B S5 LA 2R, WHE—ZEEX A ATECr iR H A 4
FERRE . B AR IEAE R . RIS TR — R EE 5 30 U B3 e 45~
R AR

CHAN BJFS
T & ¥ S & 0.45 T a ¥ 2 ¥ 2 0.45
AR = 2 o by ©
20 . b o ") 4  Dusk A 0.35 20 A N ’ r 1 . 0.35
+ r: + a + a + r: + a 8
184 = s [l 0.25 184 + + a - 0.25
a + N + a + a + o + a +
LI TR T 0.15 AL RN . Al el T 7 0.15
E4s L | RTEY e s & B14L A\ 005 &
SRR L. e i, T I IO [ St TR B
otof o el L GBI poosa oo ko CofewEm G TRAEEG | gl00s
Z 8% ST 0.15 =8\ % " L -0.15
6 a a + a 6 a a + a
o s pEEeg TN s oh \%  [——o 025
a & a a a a
2 1 a *4 a t a 0.35 2 ’o a i a ’4 a 0.35
+ a + a + a + a + a + a
oLt 4 + O + s 0.45 ot _+ S + 018 t+ 4 0.45
DR 0O O R XD P Y D PG T U IR IR UTCR OGN A
At/h At/h
JFNG HKSL
o & ¥ = n & 0.45 T a o 7y ¥ Vy 0.45
22 + a + a + (c) 22 + a + a + ( )
a a a a a a
20 ‘» a :] a ‘; A 0.35 20 ‘» a ‘» a 2 a 0.35
+ e a + a4 + e + a + 4|
187, A 0.25 18 L Ly = Y 0.25
=161 VR e 0.15 =161 1 % e B 0.15
E 14 AA ’4 AA| i I.AA +¢ 005 O E 14 AA : AA *o -A ]+¢ 005 O
.05 O .05 O
=120 5 L T o B OF12r 4 LS et 0o H
orof 1 B Nimey S T W ) go0sd orop an | TR vRIZAT G py00s d
=8 5 UG 0.15 =8 4 T AER N -0.15
TN T o2s 6, sl el o2s
4+ a + a + a - 4+ a + a + a -
+ a + a + a + a + a + a
2+t + a + a + a 0.35 2°F + a + a + a 0.35
+ a + a + a + a + a + a
0t L H S8 0.45 o+ & o x . & % @ 0.45
PNV PO 00 RSP ) PN PO 00D P
At/h At/h

K| 3 AW PU¥E (CHAN. BJFS. JENG. HKSL) ATECr HHAi 80 Ai. Ah%x
& S Bt bR R 2,
Fig. 3 Median ATECTr at the four East Asian stations (CHAN, BJFS, JFNG, and

HKSL). The axis definitions and color scheme are the same as in Fig. 2.

2.3 HS R DL T AR AUARAE



VPG ZEAT X R S AR B B2 TEC MR RS, B 4 8 MRl 5% S A
SR Z AR R 3 A R (06-17 LT) 538 (18-05LT) , fEFHANF B4
M4t CHAN. HKSL. WES2. CROI fE#. B. k. KMFEA 5.

M 4 FTLUE 1, &3k e B R AN B R B B R, H
K ZRLE 2 B0k m AN B ool B2 I A BB AR R 2, T A A B AR 2D
HEAR IR, ARE G ELE A RN B AR € E 5, Bl lnE
CHAN i, HEHRFMEIEE T, MAE WES2 Ml CROI uf, It
HOE BT A I B R I B I B 3

Seasonal storm counts per station

Daytime Nighttime
I spring (a) (b)
100 f [ summer 4 100
I Autumi
I wint
g sof { 80
E
o
g |
% 60f 1 60
S
@
E
407 ] 40
S
3 B
201 1 20

0
CHAN HKSL WES2 CRO1 CHAN HKSL WES2 CRO1
Stations Stations

4 HRFMIEAR CHAN, HKSL. WES2. CRO1 P4/l PUZ5 3t i 52 S AE 4000 A
Fig. 4 Seasonal distribution of geomagnetic storm event counts at four stations
(CHAN, HKSL, WES2, CRO1) during daytime and nighttime.
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Fig. 5. Daytime ATECr variations at CHAN, HKSL, WES2, and CROI in
different seasons (spring, summer, autumn, and winter). The x-axis denotes the time
offset (At, in hours) relative to the main phase onset (MPO), where At = 0 marks the
storm main-phase onset; At < 0 indicates hours before the MPO, and At > 0 indicates

hours after the MPO. The y-axis denotes the relative TEC disturbance, ATECr.
Numbers appended to season labels denote the mean hourly 1 o over At=0-48 h, a

larger o0 means bigger differences between geomagnetic storm events.
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Fig. 6 Seasonal nighttime median ATECr at CHAN, HKSL, WES2, and CRO1

(spring, summer, autumn, winter). The legend format is the same as in Fig. 5.
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