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ABSTRACT

The Global Navigation Satellite System (GNSS) has been used as a tool to accurately extract the Total Electron Content (TEC)
in the ionosphere. The multi-GNSS (GPS, GLONASS, BeiDou, Galileo, and QZSS) constellations bring new opportunities
for ionospheric research. In this study, we develop a regional ionospheric TEC model using GPS, Galileo, and QZSS
measurements. To develop an ionospheric model covering the Asia-Oceania region, we select 13 International GNSS Service
(IGS) stations. The ionospheric model applies the spherical harmonic expansion method and has a spatial resolution of
2.5°x2.5° and a temporal resolution of one hour. GPS TEC, Galileo TEC, and QZSS TEC are investigated from January 1 to
January 31, 2024. Different TEC values are in good agreement with each other. In addition, we compare the QZSS(J07) TEC
and the Center for Orbit Determination in Europe (CODE) Global Ionosphere Map (GIM) TEC. The results show that the QZSS
TEC estimated in the study coincides closely with the CODE GIM TEC.
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. INTRODUCTION

20 2} 4HFS0] WA H ARy o] 5t HEo|ch A
=<2 Global Navigation Satellite System
(GNSS) A} Al 9] 2 (delay)a} 2HAd(advance) HAFS Lo
7ok T3 P 0 2 HE XAk 4171714 A4S APy of A
71 2 o212 251t} (Davies & Hartmann 1997, Mannucci et
al. 1999, Afraimovich et al. 2001, Otsuka et al. 2002)

GNSSE= A28 dd&x o7 W=Es TE3EEN g &
L5 7 Qltt A2 A GNSS A] H]i%(lnternatlonal GNSS
Service, IGS)& Az FHo g 184 BIsli Q& 7|&+
E9o #EARE o] g3l dElS A (Total Electron
Content, TEC) W& A| ¥l ot E=3F ALA Center for
Orbit Determination in Europe (CODE), 1]= Jet Propulsion
Laboratory (JPL), -3 European Space Agency (ESA), AH|Q1
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Universidad Politécnica de Catalufia (UPC), 18] 11 == Wuhan
University (WHU) 5 GNSS A ]2 B4l E]o| & A2 TEC
W A Fhc,

Ao Ae]= TEC RE L& Global Positioning System
(GPS)o| =3t=]o] A7} 2= o] gkt (Hofmann-Wellenhof
et al. 1993, Wilson & Mannucci 1993). 181}, FZofl&= #|A]o}
GLONASS, ==+ BeiDou, 5349} Galileo, d& Quasi-Zenith
Satellite System (QZSS), 12|31 1=
Constellation (NavIC) S-of|A] A|-23}=
sl Ae]& TECE Z YA Bdlgsla 9t (Tang et al. 2014,
Zhang et al. 2015, Ren et al. 2016, Wang et al. 2022)

2| Al GNSS 7]&= $£417] 58 Multi-GNSS A1 5 5 4$A15F
Q3 Es| AR T 1:}01—*} A5 23T} o8 7 EJ GNSS #
£ S 15 TEC B o) HSES A
_%

= 4 9t} (Wang et al. 2022). Heki (2022)+= o}

Navigation with Indian
chereh Ay 415 E ol g
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Fig. 1. The distribution of GNSS stations.

Alob-9 Alotjo} 2ol 4 %3 BeiDous} i QZSS7H 1|23}
HE $8l &9 Fo17] wiizoll A9 M2 TEC EE™ o] uf¢-
g5tke J9itt E35] A XU E(Geostationary Earth Orbit) ¢
2 A2 T o] £ $ix]elA Q] M5 TECS] thgt
5291 o] 7Pse}7] whgol] EaA ol oY TUES
33k opAlob-@ Aot o} Z|ejoll A GPsETloa} QZSS
e 4152 B3 Ael% TEC meo] sl
Wb, B AL ofAlob-@Aloko} AelolA] 441k
GPS, Galileo, 71831 QZSS L2215 & o|&slo] A a|& TECE
2Ye}a J0] tje WekE 4 BT B8 24E TEC
Zk& 1GS2} CODE9]|A] A|-&5H= Global Ionosphere Map (GIM)
AR E3} H| 23 AIHE AlAFC

off t 2 ox Ho
>.
2
-0,
o)

2. DATA DESCRIPTION

] Hel% TEC BRYL 913 opxlot-oMopiole] B
SHaL Qi 133¢] GNSS 713532 Agsigict Fig. 12 A4
GNSS 7|&=59 SIAERXE Uit ARk oz TEC 2d
A Sal Sl Aol L Wol AT 4 QYEE Bus 127 8
it 7|25 B X Receiver Independent Exchange Format
(RINEX) &4] 3.0 (A 3.02, 3.04, 3.05) o]AF ¥ 2] Multi-
GNSS TEAIRES A2 AT olek. GNSS 71%% B
2213 = IGS dlo|g AlE] (https:/cddis.nasa.gov/archive/gnss/
data)o]l Al th&2E o 4~ lch

Table 1€ 242k} 7] & Foll4 L9513 Qi $41719} et
Rl e et Aotk YR 7|E2E Aelshi ThEE Trimble
E+= SeptentrioAl AQ o] #417]5 ARESAL Qlom, QHEu+=
% o Thopat el AFg B} Qe

GNSSZ o] g3iA HelZ TEC REee FUshA Sast
7] SSAE olFFute BEARI WA Basich AT
o= 2o MElE TEC RE Y-S ¢ GPS, Galileo, 1811
Q7SS BEARE T o] 451Ch Table 2= & A4 AF
235} GPS, Galileo, 18] 11 QZSS9] THiA T E 1435t Aot
GPSE H& $A17)oA ZE QJAbAF Zkel C1Cx} C2WZE, 1
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Table 1. GNSS station configurations.

Site name Receiver type Antenna type
daej TRIMBLE NETR9 TRM59800.00 SCIS
stk2 TRIMBLE ALLOY TRM59800.00 SCIS
tskb TRIMBLE ALLOY AOAD/M_T DOME
jfing TRIMBLE ALLOY TRM59800.00 NONE
twitf SEPT POLARX4TR ASH701945C_M SCIS
ccj2 TRIMBLE ALLOY TRM59800.00 SCIS
anmg TRIMBLE NETR9  JAVRINGANT_DM SCIS
pgen LEICA GR50 LEIAR25  LEIT
pohn SEPTPOLARX5 JAVRINGANT DM NONE
jog2 SEPT POLARX5 SEPCHOKE_B3E6 NONE
karr SEPT POLARX5 TWIVC6050 NONE
darw SEPTPOLARX5 JAVRINGANT DM NONE
tow2 SEPT POLARX5 LEIAR25.R3 NONE

Table 2. GNSS observation types.

GNSS Observation types
GPS CIC,C2Ww,LIC, L2W Al
C1X, C5X, L1X, L5X
C1C, C5Q, L1C, L5Q
C1C, C2X,L1C, L2X
QZSS  CI1C,C2L,L1C, L2L
C1C, C2S,L1C, L2S

Receivers

Trimble series

Septentrio series, Leica series
Trimble series

Septentrio series

Leica series

Galileo

23 BkEat 9PAEQ LICH L2W 7 sl Algsta 9L
t}. Galileo= Septentrio®} Leica A|E 44177} 53 =€}t
QI(CIC, C5Q, LIC, L5Q)& Al¥35}1 ¢l vHHof Trimble AlY
£27]% CIX, C5X, LIX, 781 L5X TEERIS A&sict 1
2|31 QZSS+= Table 20 AAE AXH LIASE A|Qlstal 4241
7] A ZAL HE o]t BEERYC] AR FYSHA] Ut ut
gha] B oAM= HaE]E TEC BHY L sl 51798 v
& FEERRo] thEATE QZSS C2L3} C28 BFYd-& C2X Efglo]
2t 71gslal A8 A2 g T v A 2 vheat SdRts
¢1 L2L3F L2S BFQ& L2X Efqol2} 7 gt

3. METHODOLOGY

Ae1% TECE 2745)7] $Is) GPSe} QzssE AT 54
2T} (£~1575.42 MHz, £,~1227.60 MHz) A 52 A}&8}%l 3
Galileox f;71} £,~1176.45 MHz A1 5. & AFESIQITH A2 g}
A2Ele] BEARE o[ $3H TECE AksHe kel
2 A0, Qo] AT 4 Ut

1

STEC = —(

40.3

fEfEs

=135

)(PZ_P1+dS+dT) (1)

o7]0]| A, Slant TEC (STEC)& AAIWaF SHAFE oJn|sla,
P} P, = GPS, Galileo, 18] QZSS 2JA}A 2] (pseudorange)
zroltth. AA|R Pt Pi= $FHA] Table 204 A5 & HEEL
2 PR A Yt 193 79} d.& 77 GNSS AT 4
A1719] stEY|o] vlo]o] ALl differential code biases (DCB)9|
t}. DCBE TEC £40] A48 415235 Sz o Lo
(Lanyi & Roth 1988, Mannucci et al. 1998). DCB £%-& A #&
TEC Rl 71 2 j4lo] Hi Rito]n], whEa] 2434



(a) GPS IPP

(b) Galileo IPP

(c)QZSS IPP

Fig. 2. IPP distributions of (a) GPS, (b) Galileo, and (c) QZSS on January 1,

2024.The figure is plotted by the M_Map software package.

TEC AlAte]| & &3ljoF gt} (Choi et al. 2013). T3+ TECE 324
sH= 350l 914 DCBE} 4+417] DCBE 4314 ¢1 #-2]7} o
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7] g2 A ()} 22 MRS AFESE &, fATER
24) DCBs ZFe] $H(summation)o] ‘00| = =2 A4 gic},

Ng
z DCBs*¢ =0
k=1
Ng
Z DCBs*E =0
k=1

J
Z DCBs*) = 0 @)

o17]0l| A, Ng, Ny, 123l
GPS, Galileo, QZSS ¢4 —’F
GPS, Galileo, QZSS 2J4& ©
Al (DERE A4HE STECE 4]
(Vertical TEC, VTEC) 2. & W35t 4= Qlth

VTEC = STEC/M
M=-" g (3)
= sin(z)

o 7)o A}, ML )& AFAFsH4(ionospheric mapping function)
£ 9Ju)git}. RS At ¥ (6,371 km), HE= 2|3 1% (350
km), 18| 11 zi= 25 TR H oA 2] g Zolct.
B AFof & ofrlok-2AlotYol X HElS TEC Bd
YL 28| A (4)¢} Zro] LWz 315} (spherical harmonic
expansion) 7|H-& AF8-5}93t} (Zhang & Zhao 2018).

N n
VTEC(B,s) = z Z ) m (5in B)(Crm c0s(Ms) + Sy sin(ms))  (4)
n=0m=0
oJ71ollA] VIECE 2 33F Sx e 34 olulsid, pet s&= 2t
Zy 2| FEA 9% (geocentric latitude)@} EjoF 14 A= (sun-
fixed longitude)o]t} N& L 235)5F2] F|of 2} (maximum
degree)o|™, P, & x4 nit}t A4 mE Zh= 4ishd A 2%

=2 k4 (normalized associated Legendre function)& 2]n|s}
tt. 182 C,, 7§, 22 T Rse4o] ARl (sine) 3t FARQ]

(cosine) A4S (coefficients)o]t}.

4. TEC RESULTS AND ANALYSIS

4.1 IPP Distributions

A% TEC RdaoA= GNSS A152] Azg]

-1m
4
5y
X
ro

> S
Tonospheric Pierce Point (IPP)E E415l= 722 u|$& = Q5)ch
IPP 5412 Bl w3o] 7Pt HE et 18R] e BES wo}
slo] mely oig Y 4 Ik Fig 2% TEC UHL 9
5 Aot 7] Z3ol| 4] GNSS A5 0] PP H-E.5 ekl Zlo]
o}, Fig. 20014 & & 7} 7120 91715 ejulsla, 54
o3 37|H A2 GPsY| dY PP £ E oulgich PP+ A
% U AP} D Ee] Qleka g e e wt PekA e
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(a) GPS

(b) Galileo

(c) QZSs

Fig. 3. Time series for GNSS satellite DCB from January 1 to 31, 2024: (a)
GPS C1C-C2W DCB, (b) Galileo C1X-C5X DCB, (c) QZSS C1C-C2X DCB.

g & dFoflA]= o] TEE 350 km=E 7FH51th (Goodwin &
Perry 2022). Fig. 2b+= Galileo IPP X5 vJeR) 11 9l11, o] B
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2 GPS}ulg §AK SH & WOl ek, ol AL PPY} kY
opge] sS4k Bio] 9lv] mjRolc). Fig 20k Q7SS PPE
UERd Ao, QZSSE Al 47]19] f)4do] &4 Folm, Ay ¢
A A AE 0] 7] wl&o]| IPP B 7} GPS2} Galileoo] HIS} T}
A HASH AL & 4 9t T3 Choi et al. (2023)-& QZSS IPP
o] LA EAE &4 '@'H}O“l}
4.2 DCB and TEC Results

DCBL: A2l TECE Fgshet] /by 2 oX= 2hgsly
wjEo] BLEA] A4sle] TEC 240] 4 g3jof T, DCBE ¢
A3k $41716] b7} ERpsHE S1ES0] HholofAolt), Qba o
= A9l M2 TEC 2ol YR 0o} 7185 B

£ A1ga17] tho] 14 DCB Zho] skt 4 9lck. wata],
CODE 4! JPL3} Z+& GNSS A1 Al E(analysis center)of| ] A2
SH= £242) 914 DCB e AHgSHE 297 ek olefdt 49
o 417] DCBRHE A4 Tejsll w7] whge] Gae %
o] ehsAIck. vhel 914 DCBE A% F5ke B 9ol
9143k +417] DCB A& B5 Teisjof 513, DCB #2189
AR A T thh Gl Aol BERSIKITE & A
oA Sxjeo] upH-S w#sfA] GPS, Galileo, 18] 31 QZSS £
/d DCB k& Aol L2 Y 48193, Ao HeS
TECE B 5=t A58

Fig. 3 273 $14 DCB gh= AIAIE R yepd Rojct. =t
SAE 7|7F 20243 1€ 195 1€ 31471A] & 3190]1, ¢
4] DCB ZHe ddwhe]g AARIT Fig. 3a:= GPS $JAle] C1C-
C2W DCB Zr& Hoix a1 9ith GPS €4 CIC-C2W DCB &
£ -10~10 nanoseconds (ns) o|Wjof] EX5l= AL & 4 AL
QTS| ozhe] WEA S Holm glk,

Ao 725 TEC =Yl 914 DCB 240l FFL
olg} 450 Qick WAL Q4 PHIHS] BE4 BE
215} 2R $149) DCB gro] ek e 4 SItk. %, 914 DCB
Zkel o] ‘0'o] Bl AlokRA 0 2 Qi $l4de] DCB7} A HaH
AL S1 1A DCBe 3+E & 4 9l Aolet,

SR EA g YR 71EF0) RINEX T5A187} 27
814] k= 79l $14 DCB 240l 3ol ek, HEFHI ¢
o TEC Relgo] S W, 25 DCB #4 F2Hert ol
2= As zg 4 ok

Fig. 3b+ Galileo H/;jQJ CIX-C5X DCB

o] DCB #E2 tiF-& -7~6 nsol| £ & 5;':}
A} DCB =2 <} Ob 13 ns7/]-7(] =5H7) = glth Fig. 3ce QZSS
143 CIC-C2X DCB %9 /\1741“2 vebd Zolot QZSs 914
[e)

:L_
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fu e

P
o
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DCB Zh2 -15~15 ns o|jollA] ®isk= A& & 4~ 913t GPSe}
Galileoo]| ]3] Y WslFo] 2t1 ¢HdH 0 2 AMEHE= Ao
LFERGTE QZSS $14] DCB 3ol A& A 37} GPSe} Galileoo] H]
3 AR 0.2 ool AL ] FHHA|AH o Z NE J| R
ofl A BE $AJl sl bl TEAIE 0] 7Fs3 7] wiE

o2 BAjg},
Fig. 4= 20244 19 195€ 19 319712 GPS, Galileo, 12]
3L QZSSE AM8ElA] AR VIEC ghe] AIAQ S L o]



(a) daej

(b) anmg

Fig. 4. Time series for GPS, Galileo, and QZSS VTEC (TECU) from January 1
to 31, 2024: (a) daej, (b) anmg.

c}. GPSe} QZSS HEAIE = EE 7|E=ollA Aol H vhH
o, Fig. 2004 & 4 9lo] Galieo HEARE A4 7|53
A AlF=E A 9Tt GPS, Gaileo, 18] 11 QZSS W&2LE
Alel &galiA] MEF TEC Baly YR o2 HAl 9493t
7] DCB g:& A4¥1913, o] DCB gh& 7134 TEC Altel
25199t} Fig. 4= daejz} anmg 7]&22] VTEC A|AGE B
31 QAT Fig. 4oflA H2 A A3} 54 o8 2719 AL
7}z GPS TEC®} Galileo TEC ZFo|th. GPS TEC2} Galileo TEC
O] Wishe AR Wi FAR A& & 4 QAT 28 L ek A
° & 2719 AL QZSS TEC ®igleltt. QZSS TH 942 A A
= 402 daej 1EFolA = 24417 o] FRgsict. whe
A1 QZSS+ 54 159t HE 9] IPPo|lA] TECY A&HA #E&
8% 4 917 U] 12)5 TEC ] - BAol o $-8sith,
Fig, 404] 2 2 ¢)%0] QZSS TEC ¥sl= GPSe} Galileo TEC
wislol SAFSH AL o 4 9t} Fig 4bk A5 x|olo] $X|5}m
Sl anmg 71%3o] TEC WEHE Ui Zlolch. 99 VIEC g
©] ¥i5}7} Fig. 4a9] daej 7|+ ot & A& & 4 Qlot. =gt
daej 7]&=3} n}x7FA| & GPS TEC, Galileo TEC, 18] 11 QZSS
TEC2] ¥i5}7} uff-9- ARt

2

=
A
T

N> ool 2

Byung-Kyu Choi et al, Regional lonosphere Modeling 163

(a) daei

(b) anmg

Fig. 5. Time series for QZSS(J07) VTEC and CODE GIM TEC from January 1
to 31,2024: (a) daej, (b) anmg.

B Aol o8l 4 TEC 3] JEeg A S8l &
12 CODE||A] Al gsh= GIM AFEE2] TEC kit v ws}3]
o} kAl AAJEIGR 0] QZSS FAHIE $1432] TECE HlAL -
S5H710l R-83lt}. Fig. 5& Fig. 404 AAIgH QZSSJ07) TEC
2} CODE GIM TECE &b 7|30t} Figs. 5a¢} 5b= ZHz} daej
o} anmg 7] 220 4]2] QZSS TEC2} GIM TECE A|AF 2 3}
7| Yebdl Zlo|t}. QZSS TEC 7k uff 58 7HH o8 A
©]al, CODE GIM TEC Zh2 3t A7t 7+ 9] A EE 2
QUt}. daeje} anmg 7| &2 SiF 7|7 F1F QZSSU07) TECS}:
GIM TEC z}o]of tigt root mean square (RMS) Zro| Z+z} 2.86
3} 3,59 TEC Unit (TECU~10" electrons/m”)©]|t}. anmg 7] &3L9]
RMS gto] daej 7|&=2] 3tk vl aste] oA 0 & =] 4FE =
Atk o] AL AY Mg Bl ollA] =0l $X|3t daej Hrt
= A EA ol §X]3F anmgell A TEC 4 227t oA o &8 &
AL QU 4= girk. 2l & Aol 4% TEC g2 GIM
TECS} 7 o] Yx]5i, o]t A2 HE] 98] 4% DCBe}L
TEC Zto] A&sA AlLtE &= A& A &1 4= QU

A Mg TEC RS sl FHRSEY 7| & AMHES
a1, xSt AL 8l A 2 8xHE st
TEC REg 7]od 8 oz o} AR 7H7} 30°5~40°Ne} 100°E~160°E
B AASIAL, AR T 2.57x2.5%0|t}, 18] a1, 17H4 9] AJ7E
JAE S Z2H= 2] 21 2]= 7 (Regional lonosphere Map, RIM)o]
Ak,

Fig. 62 2024 19) 39 FHESSHE 7P S 283) 44
RIME Uepdth 2 dtof| 4] RIM2 1A 7Hatc} A3 A =] 2|9 44
7H 744 8] RIME AR slo] AAJ3iTY

Figs. 6b2} 6¢c= WAIZFH QI UT 4A]2} UT 8AJof AJAIE RIM

[

ol
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(@) UT0:00 h (b) UT 4:00 h
()UT8:00h (d)UT12:00h
(e)UT 16:00 h (f)UT 20:00 h

Fig. 6. Regional lonosphere Maps produced by the GPS, Galileo, and
QZSS measurements on January 3, 2024. The red dots represent the GNSS
stations, which are listed in Table 1.

oju] AtJH o2 =& TEC & Holil 131, 18|11 Figs. 6e
o} 6f= HFAIZI Y] UT 16A19F UT 204 €] RIMo|m 474 0
Hola Qi 5T Tk Z12 Figs. 6¢2} 6d
oﬂ/\q E %\%o T2 u—oﬂ Hl—xﬂo}h A x—]a]z o]/kl-'aiﬂ-
(Equatorial Ionospheric Anomaly, EIA)o] #ZE|ich= Aot
EIAL A% U 484 Do) A7 HES Eo s YA
o 7 Uehhs @Alolth ol AL FE kel 2|7 A1
(B)} FAYRES] 71 E)l 2t ExB drifte]] ofsf 2=
o, Z2FelE AeE U A4Ad BE B F Y A9e Y
K33k} WeA Figs. 6¢8} 6d9) RIM 2ol TEC Zho] &
= 7o) A ofo] FetalA| Lehgiey
B 0§ JLof| A= GPS, Galileo, 18] 3 QZSS THEX
2% TEC Rl g Saslo] TECS] AHEE vl - £4js}
2, 5o Blach 20 1213 BAE BEY 4 9lgick

o2

Z]
T
A

5. CONCLUSIONS

2 Ao obalob-2Aloko} X1ofe] GNSS He)% TEC

BYYL STk TEC BUYL 91s) WA 3w2A Rus)
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9 1320 1GS 1E3E AR, 7} 71 E el Sl
GPS, Galileo, 18] 311 QZSS T&EAEE EA]of X35l Th &=
3} TEC 2 @8] 2 DCB Aol = 31 25}8k8; 71 8 A5l
o} 2024 19 195 19 31712 7= GNSS 2255 ]
F5}o] GPS YA) CIC-C2W DCB, Galileo ¢JA] CIX-C5X DCB,
1831 QZSS €4 CIC-C2X DCBYV} ¢HgAH o2 A= A
& SIGiSIck ok S 02 VIECe! i3 A4 s
AFE35199 31, GPS, Galileo, 18] 31 QZSS TEC kel A|A|YE w3}
Y 40} A o % 919iCh. TEC 7te] =2 EA5H]
2J5 QZSS(J07) TECL} CODE GIM TECE H| 15} a1, oF 2~3
TECU RMS WollA Yx]5te g At

B Aol Sl 25%2.5°9] 9] - A% AzFSHAFE S 1XI7F
1ol AR 21 R A BT RN 591

ACKNOWLEDGMENTS

This study was supported by the Korea Astronomy and
Space Science Institute under the R&D program (Project
No. 2024-1-9-0201) supervised by the Ministry of Science
and ICT.

AUTHOR CONTRIBUTIONS

Methodology, B.-K. Choi, J. Hong, and D.-H. Sohn;
software, B.-K. Choi; formal analysis, B.-K. Choi;
investigation, J. Hong, D.-H. Sohn, and J.-K. Chung.

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

REFERENCES

Afraimovich, E. L., Kosogorov, E. A., Lesyuta, O. S., &
Ushakov, I. I. 2001, Geomagnetic control of the
spectrum of traveling ionospheric disturbances based
on data from a global GPS network, Radiophysics
and Quantum Electronics, 44, 763-773. https://doi.
0rg/10.1023/A:1013760814426

Choi, B.-K., Park, J.-U., Roh, K. M., & Lee, S.-J. 2013,
Comparison of GPS receiver DCB estimation methods
using a GPS network, EPS, 65, 707-711. https://doi.
org/10.5047/eps.2012.10.003

Choi, B.-K., Sohn, D.-H., Hong, J., & Lee, W. K. 2023,
QZSS TEC Estimation and Validation Over South



Korea, JPNT, 12, 343-348. https://doi.org/10.11003/
JPNT.2023.12.4.343

Davies, K. & Hartmann, G. K. 1997, Studying the ionosphere
with the Global Positioning System, Radio Sci., 32,
1695-1703. https://doi.org/10.1029/97RS00451

Heki, K. 2022, Ionospheric signatures of repeated passages
of atmospheric waves by the 2022 Jan. 15 Hunga
Tonga-Hunga Ha'apai eruption detected by QZSS-
TEC observations in Japan, EPS, 74, 112. https://doi.
org/10.1186/540623-022-01674-7

Goodwin, L. V. & Perry, G. W. 2022, Resolving the High-
Latitude Ionospheric Irregularity Spectra Using Multi-
Point Incoherent Scatter Radar Measurements,
Radio Science, 57, e2022RS007475. https://doi.
org/10.1029/2022RS007475

Hofmann-Wellenhof, B., Lichtenegger, H., & Collins, J. 1993,
Global Positioning System: Theory and Practice, 2nd
ed. (New York: Springer-Verlag).

Lanyi, G. E. & Roth, T. 1988, A comparison of mapped and
measured total ionospheric electron content using global
positioning system and beacon satellite observations,
Radio Sci., 23, 483-492. https://doi.org/10.1029/
RS023i004p00483

Mannucci, A. J., Iijima, B., Sparks, L., Pi, X., Wilson, B. D.,
et al. 1999, Assessment of global TEC mapping using
a three-dimensional electron density model, J Atmos.
Sol. Terr. Phys., 61, 1227-1236. https://doi.org/10.1016/
S1364-6826(99)00053-X

Mannucci, A. J., Wilson, B. D., Yuan, D. N., Ho, C. H,,
Lindqwister, U. J., et al. 1998, A global mapping
technique for GPS-derived ionospheric total electron
content measurements, Radio Science, 33, 565-582.
https://doi.org/10.1029/97RS02707

Otsuka, Y., Ogawa, T., Saito, A., Tsugawa, T., Fukao, S., et al.
2002, A new technique for mapping of total electron
content using GPS network in Japan, Earth Planets
Space, 54, 63-70. https://doi.org/10.1186/BF03352422

Ren, X., Zhang, X., Xie, W., Zhang, K., Yuan, Y., et al. 2016,
Global Ionospheric Modelling using Multi-GNSS:
BeiDou, Galileo, GLONASS and GPS, Scientific Reports,
6, 33499. https://doi.org/10.1038/srep33499

Tang, W., Jin, L., & Xu, K. 2014, Performance analysis of
ionosphere monitoring with BeiDou CORS observational
data, J. Navigation, 67, 511-522. https://doi.org/10.1017/
S0373463313000854

Wang, Y., Wang, H., Dang, Y., Ma, H., Xu, C., et al. 2022,
BDS and Galileo: Global Ionosphere Modeling and the
Comparison to GPS and GLONASS, Remote Sens., 14,
5479. https://doi.org/10.3390/rs14215479

Wilson, B. D. & Mannucci, A. J. 1993, Instrumental biases in

Byung-Kyu Choi et al, Regional lonosphere Modeling 165

ionospheric measurements derived from GPS data, in
ION GPS 1993 (Institute of Navigation), Salt Lake City,
UT, September 22-24, 1993, pp.1343-1351. https://www.
ion.org/publications/abstract.cfm?articleID=4317

Zhang, Q. & Zhao, Q. 2018, Global Ionosphere Mapping and
Differential Code Bias Estimation during Low and High
Solar Activity Periods with GIMAS Software, Remote
sensing, 10, 705. https://doi.org/10.3390/rs10050705

Zhang, R., Song, W., Yao, Y., Shi, C,, Lou, Y., et al. 2015,
Modeling regional ionospheric delay with ground-
based BeiDou and GPS observations in China, GPS
Solution, 19, 649-658. https://doi.org/10.1007/s10291-
014-0419-z

Byung-Kyu Choi received his Ph.D. degree in
Electronics in Chungnam National University
in 2009. He has been working at the Korea
Astronomy and Space Science Institute since
2004. His research interests include multi-
GNSS PPP, PPP-RTK, and GNSS TEC
modeling.

Dong-Hyo Sohn received the Ph.D. degree in
Geoinformatic Engineering in Inha University
in 2015. He is currently working for Space
Science Division, Korea Astronomy and Space
Science Institute. His research interests inclu-
de crustal deformation, GNSS precipitable
water vapor, and ionospheric variations.

Junseok Hong received his Ph.D. degree in
Space Science and Geology in Chungnam
National University in 2020. He has been
working at the Korea Astronomy and Space
Science Institute since 2017. His research
interests include GNSS TEC & DCB analysis
and ionospheric phenomena.

Jong-Kyun Chung received his Ph.D. degree
in Space Science in Chungnam National
University in 2005. He has been working at
the Korea Astronomy and Space Science
Institute since 2006. His research interests
include GNSS TEC & scintillation on space
weather and natural hazard.

http://www.ipnt.or.kr






