Pts/d0l o0 1003PNT 202413163 JPNT s,
Regional Optimization of NeQuick G Model
for Improved TEC Estimation

Jaeryoung Lee, Andrew K. Sun, Heonho Choi, Jiyun Lee'

[@NOIE

Creative Commons Attribution Non-Commercial License (https://creativecommons.org/licenses/by-
nc/4.0/) which permits unrestricted non-commercial use, distribution, and reproduction in any
medium, provided the original work is properly cited.



JPNT 13(1), 63-73 (2024)
https://doi.org/10.11003/JPNT.2024.13.1.63

NeQuick Ge] TEC 0| & 7iM2 2|51

ofzH=", M7|Y", 2252, OX|E"

Journal of Positioning,
]I) N T Navigation, and Timing

XS HXe} 71y A+

Regional Optimization of NeQuick G Model for Improved TEC Estimation

Jaeryoung Lee', Andrew K. Sun', Heonho Choi?, Jiyun Lee'!
'Department of Aerospace Engineering, Korea Advanced Institute of Science and Technology, Daejeon 34141, Korea

*Korea Aerospace Research Institute, Daejeon 34133, Korea

ABSTRACT

NeQuick G is the ionosphere model utilized by Galileo single-frequency users to estimate the ionospheric delay on each

user-satellite link. The model is characterized by the effective ionization level (Az) index, determined by a modified dip

latitude (MODIP) and broadcast coefficients derived from daily global space weather observations. However, globally fitted

Az coefficients may not accurately represent ionosphere within local area. This study introduces a method for regional

ionospheric modeling that searches for locally optimized Az coefficients. This approach involves fitting TEC output from

NeQuick G to TEC data collected from GNSS stations around Korea under various ionospheric conditions including different

seasons and both low and high solar activity phases. The optimized Az coefficients enable calculation of the Az index at any

position within a region of interest, accounting for the spatial variability of the Az index in a polynomial function of MODIP.

The results reveal reduced TEC estimation errors, particularly during high solar activity, with a maximum reduction in the

RMS error by 85.95%. This indicates that the proposed method for NeQuick G can effectively model various ionospheric

conditions in local areas, offering potential applications in GNSS performance analyses for local areas by generating various

ionospheric scenarios.
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o 4517] 918, GNSS AbgAHE
Klobuchar, NeQuick 529} dz]¢¥ 2d-& &-gslt} (Klobuchar
1987, Hochegger et al. 2000).

Galileoo] A &gsl= A2H oS FHQI NeQuick G= A
g Az 959 FEA dolelg &-8sle] /dE M 7
A} 2@ (Di Giovanni & Radicella 1990)& 7|Hto 2 4 Az} g
Lo £ 5 o|&slo] ARgAtelA AlF3Hct (Hochegger et al.
2000, European Commission 2016). s 2&-& Az (Effective
ionization level) Z|4~& o|-85}o] EjF 5ol T 2] de] o]
231 HES HIT 5 9] wjel, ik F71ef me chorek A
2] 7 0] malg o] 7153l Azs 2279 & (Modified Dip
Latitude, MODIP)o]] wh2 2x} T}ghal o @ g wn, o] o5t
41 Az shekl el Galileo SVdel A W H R 2GRl
A&t (European Commission 2016).
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Galileoof|A] BFg5le Az FEtulEls AAFLH 0 R £
Galileo Sensor Station (GSS)ol|A4] & &35t TECE 7|vto g 7+
Aof| thgt Az A& 4HES|a1, MODIPo]| whE 2} thgilo 2
AR PR Az A5 RIS ZA5}0] ALGROIA| Az Theto)
ElE 5% 7|2 A F3ict (Bidaine 2012). 1|9k 0|25t B
o2 Az TlElulEE AR A9 B AR BEOR o8| W
27le] A2k W Ewo} 2] Wele o) 22159l xlo] gt
Ae)d nulg)o] Ase 7 A5k 4= Q) (Aragon-Angel et al.
2019).

AR Aol A& o]2gk NeQuick G RR 9] gHAIE & 7HAds)
7] $18ll, 574 Aol 17t UE $EAE Fgsle] NeQuick G
2do] 219231 MEF LY S sk A7t 589 vl 9l
t} (Nava et al. 2005, Bidaine & Warnant 2011). Vukovi¢ & Kos
(017)= SHE Ao A BEYS Hfall 57 A9 <] TEC
GolElS Fluto 2 AHEE Az Al5e] AEH Mg shs Wl
BA5= AGLE 435193t} Osanyin et al. (2023)& L= A
9] TEC tf|o|e] &-83le] 4 A9 Az A|4-& 4H&E3]aL &
F A Gl gt TEC 4H BES RUsict. OPXIEP S A+t
oME AT FHe] B4 Ado] tfat Az A4S AuH o
ARESl o, o] X|of| T Az 2|49] F7HA ‘%i% e
A wredstod s Ao} Aol ek AW RE e fashs
o) &7} e,

3= RollAe A Hl ojof thet Hel 2ge] Haky
FAFS 93l NeQuick G RElo] 2|4 Az HF

RIYEHICE, 312 Z R|ede] A4 o 2rE] BE3E TEC Hlo]
E|E o] 835}o] NeQuick G 2@lo] TEC A&z} TEC U=
ztolE 2| aslsl= Az TiEtH|EE EE351%l 0, o] & 7[¥to 2
Tt 2ol &5k NeQuick G 7|9F = ZdPS
Atk A HE2 54 219 HoflA MODIPo|| mhg Azo] {14
Q1 sl violsinl, o] F ko= FAH2 Aoef of

mﬁrsﬂ

il :

B 5o bt ol FAE 2804 NeQuick G 29

o TEC 4F% 34 & A%k} 3ol s £ =Rl 2a%

GNSS elole] 2 TEC He] 242 7145190tk 43l TEC

BEAol that {2 AZ hetule] A5 L) ES ARKSII 5

oA g IRl FElol TE 4o chorgt el
#7o] thsh ALEE A Az sheiolele] BYY ATE Mol

o, 6golle 2E& 7Iesielth

_ED>

2. NEQUICK G

212282

NeQuick G &2 Galileo G Ful4
Az B Qs e dEd Bd QA gaEse
A folEl g o] §8 AA UE BEE Vvt
Giovanni & Radicella 1990, Radicella & Zhang 1995). NeQuick
G el US PASH: B3, FIZ, F23o) Hrf A4 U A%
ofl thek 1A Fuba(critical frequency)S! fos, fom, forn LI F

g
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H

3} Al4=(transmission factor) M(3000)F22] ¥ 71E2 15 7|
o2, 54 Aol @ A7l gk BATA] 3349 WA W
5 A|3-3kct (Hochegger et al. 2000, Radicella & Leitinger
2001). NeQuick G RElof|A] Az} W& AHile] 0] L5 = ulatn]
= g E5& sk Az A4 Sl 2HE, 5T B
Qe Az A4 W ST W ASE Nk 2 Tl ior Bl
5t Az UE B2 A 4= o)t} (European Commission
2016).

r{u: rL

Al

2.2 Effective lonization Level (Az)

Az Z4== Sun Spot Number (SSN) 4! F10.7& 7|Hto 2 )
of B3} 20 whe W2 oles} Y ehe AZolc
NeQuick G RElo|ME Az 2|40] wha} Hale =ee sl
B7F Ao, ole] ek A} W] Rtz AR, Az X

= Eq. )3} Zro] MODIPof| tfst 23} tiatrl o 2 F &,
oH% iAo A4l Az et (a,, a, a)2HE AR H
(European Commission 2016).

ty = { 63.7
2= lag + a, - MODIP + a, - (MODIP)?

Jifag=a;=a, =0

,otherwise M

oluf MODIP-2 ARG-2}9] 2] 2|4 %’47?]54 A 271k B2t
(Dip)& 71& 02 AF&E A2 9= u|slc} (Rawer 1963).
7k Az | E (8, a, a)E GahleOA A= GSSellA] 3
5} Slant TEC (STEC)S &3l 5l5 F7|2 At&EsiH, sig A
H & Galileo 91/d2] 3 dlAlx]of] Z3tE] o] A2 oA AlF
=t} (Arbesser-Rastburg 2006, Bidaine et al. 2013, European
Commission 2016). Galileo AFEA= Eq. (1) o] 851o] slig 9
%]©] MODIP3} Az HEf|E| 2 Az 2|45 4AMES1ct. o, Az 1t
2| El7F 25 021 H9 Az A5 7183821 637 solar flux unit
(sftwo 2 AAsin, o] 7 F2 EiYF & Aol sigiict
(European Commission 2016). T3t Az Z]4=2] ZFo] 0 sfue} 400
sfu] Atolo] M9}E ek off, Az 2|47} 0 sfu o]}l e+
0 sfu®, Az X]4=7} 400 sfu o]AFQl 74L& 400 sfug A5t

(European Commission 2016).

2.3 TEC A|& 2H

Galileo2] & Ful A}22E 915F NeQuick G ga1g] 2]
QJeizke AMERIe} 914 9) 913 Y A|74} Az sfelelefoln) 7t
A ZH-S Table 19f] A& o] 21tk (European Commission 2016).
F2-914d 7 2ol th$k NeQuick G| TEC A4t 22 ths
3} Z+t} (European Commission 2016).

(1) AF82F 914 (9, M)E 7I8F2. 2 MODIP A&

(i) MODIP} g2 Az mbulE (a,, a, a,)&
1ol i 2] Az A48 AL (Eq, (1))

(i) 914 912(0, 1, 1)} AL S (g, 1, B Afole] A2
2 ofe] M o2 Ll 5, 2 11 2 utch NeQuick
G Edeof Azz|4¢} UT, month% dHsto] M2 UE 4F

>~

58] AHgA}

iy



Jaeryoung Lee et al, Regional Optimization of NeQuick G Model 65

Fig. 1. Example of a global VTEC map generated using NeQuick G (March 21, 2023).

Table 1. Input parameters of NeQuick G.

Parameter Description Unit
a, Effective ionization level 1st order parameter sfu
a, Effective ionization level 2nd order parameter sfu/deg
a, Effective ionization level 3rd order parameter sfu/deg’
N Geodetic latitude from receiver deg
A Geodetic longitude from receiver deg
h, Geodetic height from receiver meter
o, Geodetic latitude from satellite deg
Ay Geodetic longitude from satellite deg
h, Geodetic height from satellite meter
uT UT time hours

month  month dimensionless

() $I-AHER H2E we} 74 3 AP WA DEES
H5}o] STEC AH=
NeQuick Go] AF&Z}¢1 STECE Eq. (S £39
I (mE §gkE 4 9lom, f(Hz)+ 459
t} (European Commission 2016).

40.3
[ =—=STEC 2)

f?
7]& NeQuick G &2 43} £417] YA & EF 43}

o] STECE A} *}Z]Ul- H o FLo]| A& Ionospheric Pierce Point
(IPP)2] ¢JX] & 9l& s} Vertical TEC (VTEC)E AFESSIEE L
34Tt Fig. 1-& NeQuick G R &lof 20231 3 21U o) HF4% Az
shebulel 2 Yeisto] AMESE WA VIEC 23] oAl U}
Ehuict,

3. TEC £Fx| L& 2+
3.1 GNSS H|o|Ef

2w g = z)odo] MEd Ruge 9
k= lﬁoﬂ HAATE A EA Y (KASD A 4d= 93La} ¢
= 2 2] (9% 20°~50°N, A E: 110°~140°E) 2] International

o o
r2
—LJ
E
c
ok

Table 2. Specification of GNSS stations used in the study.

StationID Latitude (°) Longitude (°) Network

AIRA 31.82 130.60 IGS
BHAO 36.16 128.98 KASI
BJFS 39.61 115.89 IGS
BJNM 40.25 116.22 1GS
CHAN 43.79 125.44 IGS
CKSV 23.00 120.22 1GS

DAE] 36.40 127.37 IGS/KASI
GAMG 35.59 127.92 1GS
HKSL 22.37 113.93 IGS
HKWS 22.43 114.34 1GS

JEJU 33.29 126.46 KASI
JENG 30.52 114.49 1GS
KMNM 24.46 118.39 IGS
KOHG 34.45 127.52 KASI
MKPO 34.82 126.38 KASI
MLYN 35.49 128.74 KASI
MTKA 35.68 139.56 IGS
SBAO 36.93 128.46 KASI
SHAO 31.10 121.20 IGS
SKCH 38.25 128.56 KASI
SKMA 37.49 126.92 KASI
SMST 33.58 135.94 1GS
SUWN 37.28 127.05 IGS
TWTF 24.95 121.16 1GS
USuD 36.13 138.36 1GS

GNSS Service (IGS) A|Ar= 15322 2 HE] GPS H|o|g & &35}
Slon], 7F 2144=r9] 9% J Ko} B3 = Table 29} Fig. 20] ZA|
st

Ao oo 5] e el milel g 2
Jhet7] i, el 347190 20193} elor Jej71el 2023

S TEC BEAE Faelel RAYE Anelct
2] 74]*“* 3L 1efslr] sl B A9k ST
&, 514, & 3 295
3}9itt. Table 32 Z} E#lof i
FI0.7, Kp, 72|31 Dsti= Z}7t foF B50] Fr ot 217 2|17] &
= AL g3 27 2% 52 UYepdct (Gonzalez et al.
1994, NASA Goddard Space Flight Center 2024). ¥ JLo|A] £
%43} Table 39| WE Yol i Kp 7|42} Dste] Fefgro] zk2t

ofl
olr
ﬂF
A
N
E
N
7
il
s
o
)
.-
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Fig. 2. Location of GNSS stations used in the study.

Table 3. Geomagnetic indices (NASA Goddard Space Flight Center 2024).
Day F10.7(sfu) Kp Dst(nT)

2019/03/21 79.4 1.0 -4
2019/06/22 68.6 1.7 -2
2019/09/23 66.6 1.3 -7

2019/12/22 68.7 1.7 -16
2023/03/21 150.4 23 3

2023/06/21 182.2 2.7 -24
2023/09/23 174.1 2.7 -26
2023/12/22 180.7 1.3 -19

42} 30 nT o|st2AK] Z|AF7] £3-9] X247 A4 YA G EE 2o
g, Axp7] FFo] WskA] oter Kp 47t 3 olsiel
A Aeflo]l slisic} (Bartels 1963, Gonzalez et al. 1994, Miteva
& Samwel 2023). WHH efjoF Z47]9] 20193} efoF 7] 9
2023d9] F10.7 gholl= et 2fol & 7AW, i HlolBl & &

8510l Hiok BEol ME B A5 BAT 4 Yrk
3.2 TEC 4hE 4y

GNSS dlo|ei 258 Aol Az
W EL Fig 33} 2ok S LS
|1gk AbE, A9, IFB AA 125
Syt

= TECE AM&Es= &
o Mtz ¢4 Wl
VTEC gk 792 53

E
o

N

321 |A| WA X|gt LE

GNSS Hojgjoll A Ha]H A% L1 € L2 o]F5ate &4
2|9 A 2o R FE(py, pp) D HETH,, ¢) SO o
3l 22t Egs. (3), (D)2} o] A& 4= Ut} (Jung & Lee 2012).
Ly ¥ 1,5 11 3= 9 vkEat SGR)E Bl 4RSS A A

H A Akl shgeiet
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Fig. 3. Algorithm for generating TEC data.

Pr2 — Pr1 4
Ly = — :IL1+y_1(IFB +150) + & 3)
b2 — P11 4 Ny —Npp
lpr =" =7 =la+ — T (IFB +rgd)+7y +ep (4)
fh
Y="1%5 (5)
fiz

oldj IFBS} 1= ZHzh 424179} 914 9] Inter-Frequency Bias
(IFB)oI™, N, It N,& BH53t S 2|7} 235l Boa4olch
W e 77 TEOL uhTh 2 A} TRk thE AR W A
& 912 Ueich £, 9 £ 11 12 A15.9] Fmpgolni,
Z1FollAf o] W o] &&of sljgel

th

3.2.2 MMz npd

H AA[RUYE 2= 78 e Q7)o

| < 2xte] 37)7} 27 whio] Held A
%k 9 TEC AF&o] o] 8} (Jung & Lee 2012). SHA T [, = 5
A8 T35t Q7] wigel|, o1& BAsH] Yl AtelE &1
(cycle slip)} oF-2eto]of(outlier) & A& E A A3t (Jung &
Lee 2012). npx|2to 2 [ & 7|50 2 [,9] ¢l (eveling) S
galo yhgate] R4 N, N, & AASIITE (Komjathy et
al. 2007).



Fig. 4. Algorithm for optimizing Az coefficients.

3.23IFBF4

Axe B Bl REASE AA L, S Aol 94
% 41719] D7} sehslol 517] wheol, 34at el Aelgy
2 A7) Sl ST holol A gk AASHE TS A

t}. $)43 IFB (z,)+= IGS Ionosphere Associate Analysis Centers
(IAACs)o| 4] AlZ51= IONEX A HE Ea) 3Es}0] A3t 4
Qlt} (Schaer et al. 1998, Hernandez-Pajares et al. 2009). ¥HH
2217] IFB2] A< 35 22417]9] GNSS - 2|2 7]uto 2 7|
w02 a2 slolo} su, o] A2t et 7ol €17 )
9t} (Ma & Maruyama 2003, Komjathy et al. 2007). & ¢33Lo]]
A= TAACso| A 22 sto] Algk= IONEX FH o] A4l
TEC ZH& &8510] 4417] IFB ZH oI&3519itt (Arikan et al.
2008). o] g2 Eq. (6)2} Zom, o|uff STECE 7+ S x| 9] 2]
7+ 2 f)x]of| sl IONEX K 9] TEC A =& Wilslo] doizl
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HAejEe] AxEE B2
L MODIPS] th3} 23}

q. (DoflAlel Zro] Az 2|4
Ao ? le Az € (a,, a,
a,)5 =3l MODIPY]| W2 Az 2|47} AA =T} Galileo2] 7|&
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BIE =50 2+ AL Az X 45 /fEH o 2 A&t
7} GSS AR A Bl TRA S Saf FH 2o 0] TEC TEA]
¢} TEC Belg] ARE7ke] root mean square (RMS) 2}po|7} A
7t 25 sk 8 Az ASE 51 FY1E ARt 28 B
= Ao Az 2|45 skl sllE Az 2|4 H|o]E] & MODIP
of Tk 27} ThAl o Tabslel WA A HelUe madsl
= Az d=2tu]E S ARESHC) (Bidaine 2012).

7]& NeQuick G BH9] Az u}z}n]E] “‘E W= g, 2
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F3ste] Az FEvE £ 4 OPME} N W2 A
HEXE o8 BHY a7} 2|47} == Az Fhetd]
31} o] & 53l ZF f1x|ell alFsl Az A2} TECE
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Fig. 5. Results of ionospheric modeling on the low solar activity days (2019). (a) Observed TEC. (b) TEC map modeled with broadcast Az parameters. (c) TEC

map modeled with optimized Az parameters.
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Table4. Modeling results on low solar activity days (2019).

b Broadcast Az parameters Optimized Az parameters
y (2 @y 2y)gu RMS error (TECU) (2 @y @y)opt RMS error (TECU)
2019/03/21 (39.75, 0.14, 0.0030) 7.26 (106.83, -1.66, 0.022) 2.87
2019/06/22 (23.75,-0.0024, 0.011) 5.97 (97.00, -1.99, 0.040) 1.80
2019/09/23 (28.00, 0.0024, 0.011) 5.55 (60.05, -0.74, 0.035) 2.62
2019/12/22 (29.25,0.39, 0.000061) 5.80 (60.06, -0.0099, 0.019) 3.26

Fig. 6. Results of ionospheric modeling on the high solar activity days (2023). (a) Observed TEC. (b) TEC map modeled with broadcast Az parameters. (c) TEC
map modeled with optimized Az parameters.

5.1 B 247 2% H] 9] 2:00 UT (1:00 LT)o] thgh TEC B30} mels
A3E Ve 9%5E Auts $522] TEC,,, Galileo
Fig. 5= ejo} F47191 20109 9] &8 olx), 22 9 Aol Az weulee] melg AT TEC,, 123 24 Az B9 2
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Table 5. Modeling results on high solar activity days (2023).

D Broadcast Az parameters Optimized Az parameters
y (2 Ay 2y)ga RMS error (TECU) (@ @y Ay)opt RMS error (TECU)
2023/03/21 (129.25,-0.25, 0.021) 25.63 (269.54, -2.02, 0.023) 3.67
2023/06/21 (162.00, 0.59, 0.014) 10.04 (245.55, 1.58, -0.067) 3.45
2023/09/23 (158.25, 0.15, 0.010) 7.49 (239.60, -1.64, 0.0053) 3.60
2023/12/22  (154.25,-0.72,-0.000031) 13.31 (231.38,-5.92,0.13) 2,51

Fig. 7. Comparison of TEC modeling RMS errors on the low solar activity days (2019). (a) RMS modeling errors using broadcast Az parameters. (b) RMS

modeling errors using optimized Az parameters.
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Fig. 8. Comparison of TEC modeling RMS errors on the high solar activity days (2023). (a) RMS modeling errors using broadcast Az parameters. (b) RMS

modeling errors using optimized Az parameters.
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