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ABSTRACT

On May 11, 2024, there was a strong solar flare explosion. A powerful geomagnetic storm triggered by a solar flare caused
a major ionospheric disturbance over the Korean Peninsula. When a geomagnetic storm occurred, an abnormal change in
vertical total electron content (VTEC) values was detected at all Global Navigation Satellite System (GNSS) stations in the
Korean Peninsula. In addition, we performed GNSS precise point positioning (PPP) processing using observations from the
SBAO and MKPO stations. We found that the up-directional position error increased significantly in both stations at around
17:00 UT on the day of year (DOY) 132, 2024. At that point, the root mean square (RMS) values for all position errors (East,
North, and Up) increased compared to other dates. Due to very high noise, the L1 signal-to-noise ratio (SNR) values of QZSS
pseudo-random noise (PRN) 07 dropped to about 25 dB. As a result, we suggest that the strong geomagnetic storm increased
the GNSS PPP position errors in the Korean Peninsula.
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FR01: AR7] BF AATIHPEALY, THY HEZ9), FARY
1. INTRODUCTION Global Navigation Satellite System (GNSS) AW Z9] ALof o
8kS & 4= 9t} (Astafyeva et al. 2014, Berdermann et al. 2018,
20243 5 1Y of] 2y 5l eljoke] 715l Zdjo] ZHkz Q15| Zakharenkova & Cherniak 2021). Odijk (2001)= A A|7F o] %
& ZFo] Aol EFt B ZHA HEE = wrhgh & EHoll A Z|2p7] FFol Qlgh FFFE 2 HP Ut 1= 714
9] YA & Zh= Eet2n YAE2 A A7 SE55tke] i A7} 4 km oW YA 2tE 75t A 2}7] £ZF 7ol AdthA
TS doFint. o]gA FAE A|2F7] EF(geomagnetic storm) A AEF AAE FAL £ ook _LJ-"“EF Sk Astafyeva
29, A, 34l FHAAE 59| Fopoll FofE WAL 4~ et al. 2014)2 X|2p7] &F 717H5<t Ak th22] GNSS At
ULt vl 57 BAE = olH 2217 £33 7P ARt ol %Ed(cycle slip)o] 2|3 BT} Tdo] ok Bas)
Sdol s, o] A2 2t 2003 109 o] & 21 dvtola} B o}k A7) FF 7135 < 4% TECS] ¥ish= GNSS 424171¢]
30k (https:/www.weather.gov/byz/May2024G4Watch). A5 A HPOHE LA 4 Q7 ALofl= By AAS
gutry o 2 x}7] XS A= AU Lo EF2s ¥ (Integer ambiguity fixing-rate)3} real-time kinematic (RTK)<]
3l 2 Aa]= F7H R} (total electron content, TEC)S] 524 29 52 A5}A]71t} (Odolinski & Teunissen 2019). Lu et al.
3t 271 5 HalE p2ks ofr|g 4 ik T HMelE ke (2020)2 2015 St. Patrick’s X|2}7] ZZ7]7F E9F multi-GNSS
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Fig. 1. The variation of the Dst and Kp indices from DOY 130 to 135, 2024.

precise point positioning (PPP) At22]8]& 43311, 1 5L 3ff
=Z7]17F 5<QF GNSS A1l #F&-H](signal-to-noise ratio, SNR)
o} thEAE 2x7F G457 ¥4 GNSS PPPO] &9 A 59|
AstE itk H11g “E]- Yasyukev1ch et al. (2020)-& 2018¢ 852J
25903k 269 A A7) HE7|ZE B2 PPPO] £9] A5 A5kl
St. Patrick’s 2] x}7] ——E—%ﬂﬂ}ﬁ o} 1:1 Zcty ¥ vgict
2024 59 1Y 735t A 2}p7] ZE0 2 QIsl|A] FHEE AF

oM & M3 agko] WAy FTh EEPEW, B Aol A= Sl

717k B¢t Al % TEC g} S493} A]2p7] Z&0] GNSS PPP &
A sl et Y-S FA=A 24 S AARH.

ofl of

2. DATA DESCRIPTION

2.1 Geomagnetic Activity Index

A 27179 APFEE Yl th2dQl AZ2 =
Disturbance storm-time (Dst) X]4=<} Kp A|4=7} @)t} Dst |4~
= Aol ARIFE 4319 A7 MM R RE] Al S0l =i, AT+
W 319 A F(ring current) 2] A|7|E AT SFH O & 22
7] F3o] WAYSHY, Dst A= 55 Fh(negative value)S ZH=
t}. Kp A= 595 (mid-latitude)o| A z}7] @] AME|E A1
St AMEEY, B3] S5 549 K A5 3he
(Davis & Sugiura 1966, Burton et al. 1975).

Fig. 12 2024 day of year (DOY)ZE 130 (5¥ 9Y)+HE 135
A (5¢Y 14Y)7HA] Dst 2|42} Kp Z|4=9] Rig}E HofFal Qlrt
Dst ZF& 59 114 universal time (UT) 03A]73¢]] -412 nano-Tesla
mT)of] EF3} 1, o] ZH& X 2003 10 ‘Halloween event’ o
o] 422 nT gk} 7] 9] H] 53} &=Fo|th Dst 32 59 11 UT 03
AE Aoz A SlEEE A% Belth Kp A4k 59 109
It 11do]] w72t 2217wk oulshs 9 3h& Holal Qi)
Kp ZHe 5% 102 UT 21K EE] 244], 54 112 UT 0A|EE 34, L
2] 3 UT 10A] 3] 124]0f] 242} 9 Zhofl =E3iict,

2024 599 102 UT 64] 5453} 11 UT 014] 392 o]|= = &
o] ZFst efeF Sfo] i (solar flare explosion)o] ATt &
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ellol 22t X399 X582 B5E FEE vj 7k Sefo]
e oy EHORRE YA Ui S 2k TR A
H}=Z(coronal mass ejection, CME)& =35} 59 11d0] Ay
St CMEE UT 7|&2 2 5¢ 1Y 1TAIZ2G(HEAI7 7180 2= 5
4 124 24])ell Aol =Este] At A 2H7] FF-& WA
(https://www.slsc.org/night-sky-update-may-11-19-2024/). Tt
CMEZ} 2 vlsko 2 R385} b3t Ty =] Q=7 2|+
Al A GFE T A9 AT o] okd Ao uh
2hA] 2127] B ol gkl 4 glc.

2 A7) el 94; SIS AFE) M TEC sl

rO

7] %
= ]&ﬂoh;} 7]% HNazpEs H 302 7kdow
1, g2 TEC Z+e GPSS} QZSS o]|&2mb4(L1nt
L2) AHg5HE ol §5}o] Ak,

A 2p7] 2A@7|ZE FRF Z44e] GNSS Z|EZoll A f41E 5
A5 E ol &4l W GNSS PPP 2t5 X2 5 4343ict. PP
Atz 2o+ GPS, GLONASS, Galileo, BeiDou, Z12]3 QZSS
HEAET} A ARSI B3 PPPO] S & 4 e VIR
T 29 AR 03 § SABH G 4] 999
BEEH o] AiH o2 22 HIZ(MKPO)L} AHAHSBAO) 7]
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3. METHODOLOGY

CE914 PUALEE o] 83 GNSS PPPE AU EAT
of|A] 7St Multi-GNSS analysis software (MGAS)E A&
t}. MGASE GNSS 7|20 441 BE g4ah A~
(GPS, GLONASS, Galileo, BeiDou, QZSS, 18] 1 NavIC)2] &

A3 AHE7} 7Hsste = A= o] Qlok

GNSS PPP 22X 8] & Ysfjrs AU QAo A=
o 914 ] ™Azt A BIL vrEA] B e slct (Zumberge et al.
1997). THESV AHAIAE O] AEL} A2 AHE RS AT
GNSS EAIEE % 73t0] gtk Ao, 59U AF2AT
A (GeoForschungsZentrum Potsdam, GFZ)2} %=+ Wuhan tj]
spato] QA AT BLE PV et Aok A2 AFEE
< ABtht £ dFelxe Y GFZoA Algshe %, 94

Azy, 18] 11 AR A 4= (earth rotation parameters) 52 AF
EE5S AHEET £ AEEL GFZ HlolelAlY (ftpw//ftp.gfz-
potsdam.de/ GNSS/products/mgex)<} b]= gh2-9-F=+-(National
Aeronautics and Space Administration)2] GNSS d]o|E]AllE]
(https:/cddis.nasa.gov/archive/gnss/products/ mgex/)ol|A] th-&-
2 6L S olr,].

GNSS PPPL 7|HZ 0 & o]%
g3k} o7 13}
otk A W ()& A
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Table 1. Processing strategy for multi-GNSS PPP.
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Item Models / Methods
Estimator Extended Kalman filter (EKF) smoother
Observations Un-differenced ionosphere-free linear combination
Signals GPS L1/L2, GLONASS G1/G2, Galileo E1/E5a, BeiDou B1/B3, QZSSL1/L5
Elevation cutoff 7°
Sampling rate 300 sec
Satellite orbit and clock GeoForschungsZentrum Potsdam (GFZ) products
Phase center offset igs20.atx
Phase center variation igs20.atx

Satellite differential code biases (DCB)  CODE P1-C1 monthly products

Inter-system biases
Phase wind-up

Estimated as white noise, GPS as a reference
Wau et al. (1993) & nominal yaw-steering mode

Solid tide, ocean tide, pole tide IERS conventions 2010
Receiver clock Random walk model
Ionospheric error Eliminated
Tropospheric error Zenith wet delay estimation with gradient parameters
Mapping function Vienna mapping functionl (VMF1)/GPT2
Atmospheric pressure loading VMF data center products
Ambiguity Float
PI%HSS = p8SS 4 cdt — cdTE™S + dtg:;; + [SBenss 4 55;1:5 1) ZHAash= EAS Ho|7|& sta, 7t 343 HgLE HolY]

(DIanss = p&S 4 cdt — cdTE™s + dtg:;; + [SBE"SS 4 ANIgF“SS + fi?:s (2)

o7)of| A P} @ = ZHz} ionospheric-free A3 X3HE F&
o} Bkat YAkel S ook SR} gnss= GPS, GLONASS,
Galileo, BeiDou, 18] 37 QZSS 43 ju|sit). p= YA} =41
71742 9] 7151eFEQ1 A, ci= ol £ &, die £A417] AlA 2L
dTe ] Al Al oA}, 28]AL d,, = tF-Z A1 2xfo|ct Inter-
system bias (IBS)& A|ARIZ HlolojA0] 3, & Ao & 718
A AE1S GPSE} AA5)3, GPS-GLONASS, GPS-Galileo, GPS-
BeiDou, GPS-QZSSZ} ISBE &4t} A= lonospheric-free &
o] Zm T, N, 254, 6,9 e, 717} lonospheric-
free 28 TE o} vt 9)are] BERGolt.

B Aol AE A5 ARETES 98] Table 1o 7143 2
23 GPS: L17} L2, GLONASSE: Gli} G2, Galileo= E17} ESa,
BeiDou:= Bl1¥} B3, 18] 3 QZSSE LI1FFL5 A1 5 & AM8-3lct,

PPPE 9] Halro] FFS & & Qi FL 03} 2917
5 1 E g} ol E 9, B A 4417 QEELE] ¢
ArA12.Al (phase center offset)¥} ¢JAF=AIHI5} (phase center
variation) A4t JAIUH g3} (phase wind-up) B3, X7 RA]
a3 8y, g8 RS Adext 24 Fol Lt ofof o
kA Q] B3} B2 Table 1of| 4] 21 4= Qlct.

H Ao T35 AE]2 TEC aldhol i £9] 9J3ks
o2 B7] 9 54 =2(kinematic positioning) HIH-S
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RE ol

4. RESULTS AND ANALYSIS

4.1 lonospheric TEC Changes

Ae)Fo] FHAQ TECE= 27| £33 5] g4 Wsls
73S 4 Ut} (Ho et al. 1996, Jakowski et al. 1999, Maruyama et
al. 2004). 53] A|A}7] FFol thet TECZHS o3 AIRF S71 &

b1orle
[
)

E45) shor] ALgElE 4 B shbs
A} 2k(vertical total electron content, VTEC)o]t},
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A7) FFo] I9IH DOY 1322 (b Al o2 BAlE
A)%}) £ VTEC gre] £:7+ a7k Atk o 2 widisil dayic
58] sl UT 2170l A Alziel 25 TECU o] 34
3 87 AAE)E gk £9, SulRe AL Ax] BEo)
%1919l THe'Eel DOY 133¢efl= 2t} VIEC grol A=e 7]
ZH 52k ANk olste] ghe Hola glck.

Fig. 32 A7lofl whE VTEC g}e] Male-& HojFal glek ¥
#] 97)¢] GNSS 7]E=ollA 418 QZSS $4d 2] AR E ©]
83to] VTEC g o 30 7H4 0 2 AF&s5}ict Fig. 304 A
Al VTEC H3H8-2 QZSS PRNO7H 9/l st X217
Z3o] AN DOY 1320l B 7|EFolA &3t mje 2
VTEC te] o)/ Hslr}t 22 = iet. Fig. 29} vRb7HA| = 2249k
o] sh= sl UT 174 7of| WA sict.

4.2 GNSS PPP Results
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Fig. 2. Time series of the VTEC variations for QZSS PRN07 at MKPO
reference station from DOY 130 to 135, 2024. The blue rectangular box
denotes the disturbed day geomagnetically.

Fig. 3. Time series of the VTEC difference (TECU/30 sec) for QZSS PRNO7 at
9 GNSS reference stations from DOY 130 to 135, 2024. The blue rectangular
box denotes the disturbed day geomagnetically.

Fig. 4. The distribution of two GNSS stations.

A5}7] 218l 20248 DOY 130U H-E 1358 7}X] GNSS PPP
2]2 2385193t} PPP xf22|]ofA] thEAE 92} S9
FE %0171 &l W=3Ho] 2L 23 SBAOL} MKPOL] 7|

o3 gt

Fig. 4= SBAOQ} MKPO 7|22¢] 9] B2 :
017 9] 1, SBAO 7|%
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= 7)1%327ke] Aa)e ok 300 km A& Gojx 9,
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(a)

(b)

Fig. 5. Time series for GNSS PPP position errors from DOY 130 to 135, 2024:
(a) SBAQ, (b) MKPO. The blue rectangular box denotes the disturbed day
geomagnetically.

=& 5%, MKPO 7|&=-2 d&of 9|25k Qlot.
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g3to] PPP A RA TS 23t Aol T, YA 0B AR
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AlsHAl 71 = o] Slek

Figs. 529} 5b:= GNSS PPPE ]2|3}t SBAOL} MKPO 7|&3+
o] $1X] L2554 (East), ‘F5-North), 12|31 15 (Up) WaFe
2 77+ Balste] Uehd Aolct 181 78t A xpr] EFo] wt
xgrs; o mleby Alzbel vFAE 172§t} SBAO 7]_r;1-ﬁ
A27] Aol ™ DOY 1329, 53] UT 17417 1
T"E} A7t 2o oF 11 cmef] =67 = ek FA419} IE}"E':'TOT_’E}

I-HJ_.

r°1'

oL oY



Table 2. The RMS values of GNSS PPP position errors in east, north, and up
components during a geomagnetic storm.

. RMS

Site  DOY, 2024 Fast North Up
130 0.55 0.63 1.91

131 0.59 0.65 1.58

SBAO 132 0.96 0.72 2.82
133 0.57 0.67 1.61

134 0.56 0.57 1.70

135 0.51 0.54 1.42

130 0.56 0.53 1.35

131 0.68 0.69 1.81

MKPO 132 0.78 0.91 2.42
133 0.63 0.55 1.60

134 0.74 0.52 1.62

135 0.44 0.51 1.48

Qb= sl 25 % lohe S48 ERAAT =g 4

E I AR
ol H|3lA = At o & 2Rkt MKPO 7|&= % sligdel ¢
2| 27T STV 735;}% Holx, 53] sligd UT TAIEAE
SBAOQ} SABH LW 92171 8 cm o|A7kA] EEEich E
PR /A o= &3 375 A o] FEiskA UEr

[o
T

| :
2 = %7}0}: E4& Holx|gt
= 3] o¥¢Fct Jacobsen & Schifer (2012)&
A2}7] 2Z717F ¢ L9 E A4 TEC #sle] o2 H+t
IES DEWF 0 2 BEF exjol

=2 T y
H|3 Adid o 2 37 AHEE ok 2o
Ao 2 T o] 7|EFollA YR exF SUHeE AL o
A] 8|3 TEC ATAIY T Y X]51aL E3F Jacobsen & Scha dfer

(2012)7} Alx gt Akels FAlsict. whakA 735t A 217] Z2F0
2 Q13 st W = TEC m&to] PPP 29| 915 =7}
A7l A& & 4 Stk 2L, Dst/Kp Z|p<} PPP S-9]9ko] A
e =] o} BRIt} o] AL X2} = °ﬂ £ A=
% TECS] ¥ispy} Fosicial |sict &, 2|7 ZF-o] WY
sitete TECY] 7t & §isl7} githd PPP7L ks HPZ] R
AR E97} 7Hs st
Table 2= SBAOS} MKPO 7]ZZo]|4] PPP 29| © 2}o]
S} root mean square (RMS) ZHg zF Higk A EHE 2 LelA A o]
o} o] AL 75t A 2}7] F3ol gt FE x| e HAAE B4
0}7] SJ8) AAISHAT}. Table 2] 7143 AX = DOY 13220]
39] 71E=oll A BE X ©X}o] thgt RMS gfo| b2 d&t
3} H] 2/ 5}oq 571‘@' neg s 0“’4
e AL I
i1 SBAOS] o= —’F“Lﬂm’ﬂ: Oi]' AiE FAAME FALEF
o] RMS gro] F-515Fe] RMS 7t B} ¢ Zith o]eh= it 2
MKPO+= G533k RMS Flo] FARFETE RMS Fho] o 3
A 7130tk 224 02 PPP $1x] 2.&}of| thgt RMS 4= A|2¢
7] Z3o] ARH siFdoll A SV Ao 2 YEtsitt
F7H 0 2 73R 2| 2F7] £30] GNSS Al Sof| F= JFS &
25}7] 98l Al 5o ZHeH](signal-to-noise ratio, SNR) ZH-& At
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Fig. 6. Time series of L1 SNR for QZSS PRN 07 satellite from DOY 130 to
135, 2024 at MKPO. The blue rectangular box denotes the disturbed day
geomagnetically.
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5. CONCLUSIONS

2 AFolA s 2024 59 1Y 7ret A
FHFE o] 4] 2] GNSS PPP 29| oI5k BAJ519ic}. WA GPSe}
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