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(College of Electronic Information and Automation, Civil Aviation University of China, Tianjin 300300)

Abstract As effective means of ionospheric monitoring, NeQuick G model and Global Navigation
Satellite System (GNSS) Constellation Observing System for Meteorology Ionosphere and Climate 2
(COSMIC-2) have been providing plenty of information for characterizing ionospheric conditions. For ex-
ample, the NeQuick G model is an empirical model that can offer estimated ionospheric electron density
and Total Electron Content (TEC) data at any given time and location, while COSMIC-2 yields mea-
sured electron density profiles via radio occultation techniques, thus providing direct observations of ver-
tical ionospheric structures. With the development of ionospheric tomograhic techniques based on GNSS

data, four-dimensional (spatio-temporal) distribution of electron density can be reconstructed globally
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even during periods of ionospheric disturbances. However, such tomographic techniques are often limited
by uneven data coverage (non-uniform distribution of observation paths) and low vertical resolution in
the inversion, which may reduce reconstruction accuracy. In this study, an improved three-dimensional
ionospheric tomography approach is presented, adapting the Multi-Instrument Data Analysis System
(MIDAS) algorithm to integrate NeQuick G model electron density profiles and COSMIC-2 occultation
observations. By incorporating a background model and direct profile measurements, the tomography in-
version receives additional constraints that help mitigate issues of data sparsity and improve vertical
structure accuracy. Take a case study as an example, this improved MIDAS tomographic method is ap-
plied to reconstruct the ionospheric electron density distribution over the Wuhan station (WU430), Chi-
na and one South Korean station (JJ433) during the period of ionospheric disturbance between Novem-
ber 3 and 4 in 2021. Besides, ionosonde observation data from these two stations are used as the inde-
pendent measurements to evaluate the inversion results in term of peak electron density (N,F3) and
peak height (hy,Fy) of the Fy layer, as well as electron density profiles. The comparsion results show that
the improvement percentage of the Root Mean Squared Error (RMSE) of N, F5 tomographic results was

2025, 45(4)

up to 30.7%, and the RMSE improvement percentage of A, Fy tomographic results was up to 59.21%.
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and ionosonde profiles at WU430 at 08:00 UT on 3 (a) and 4 (b) November 2021
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Comparison between tomographic results with different input data and

ionosonde h, F5 on 3 and 4 November 2021
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£1 2021411 A3 B4 BEMERENEN N, F, 1RE (B 10" x m™®)
Table 1 N, F, errors between tomographic results and
ionosonde data on 3 and 4 November 2021 (Unit: 10" xm*)

Hi3EGPS+IRIEOF HiHGPS+NQCOSEOF ZIR-+NQCOSEOF (F i A K 6] )
i At Mean RMSE Mean RMSE gﬁiﬁjﬁ% Mean RMSE g‘lg\st];%%
2021-11-03 JJ433 1.13 1.57 1.42 1.91 — 1.22 1.8 —
WU430 1.94 2.28 1.95 2.30 - 1.24 1.58 30.7
Qingdao 1.19 1.43 1.25 1.57 - 1.09 1.49 -
Guangzhou 6.07 7.68 6.14 7.7 — 5.04 6.37 17.0
2021-11-04  JJ433 2.38 3.38 2.32 3.30 2.37 1.81 2.68 20.7
WU430 1.94 3.01 1.97 3.01 — 2.14 2.82 6.31
Qingdao 2.04 2.77 1.91 2.66 3.97 1.74 2.25 18.77
Guangzhou 3.87 6.09 4.22 6.40 — 3.60 5.63 7.55

*2 2021511 A3 Hf4 HEMERSUEM hy,F, RE (£I: km)
Table 2 h, F, errors between tomographic results and ionosonde data on 3 and 4 November 2021 (Unit: km)
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Mean RMSE Mean RMSE FAr /(%) Mean RMSE FAT ) (%)
2021-11-03 JJ433 53.21 66.26 45.20 51.79 21.84 24.31 35.62 46.24
WU430 53.64 65.65 28.49 33.34 49.22 19.57 26.78 59.21
Qingdao 16.82 25.57 20 26.25 — 10 13.33 47.87
Guangzhou 48.17 53.78 28.13 32.06 40.39 18.13 27.67 50.41
2021-11-04 JJ433 49.27 64.56 46.53 58.52 9.36 36.41 52.36 18.90
WU430 42.38 51.36 44.60 54.80 — 42.37 57.68 —
Qingdao 47.34 56.90 38.57 47.43 16.64 35.71 47.58 16.28
Guangzhou 58.22 69.91 57.22 72.21 — 51.67 75.88 -
WU430 (a) Ne/m? WU430 (b) Ne/m™
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Fig. 8 Changes of electron density with time and height on 3 (a) and 4 (b) November 2021

MIXER. & 8(b) M 11 A 4 A BV 5 AT 200~ ACURIIN A B8 2 P 25 54 sh A 1y s e s Ak, 3]
400 km, A ECRT— B, WA I LT, 2ol BERgETIER.



F ¥ %: NeQuick G BA 5 COSMIC-2 # 2 #3520 & B BT 5 ok P o448 A
3 455

i Bl MIDAS JZ#r593%, #¥s NeQuick G #H
il COSMIC-2 # /2 ¥ ¥ %1 i A7 3% o EOF 944 A
ki A AT o, XF 2021 4F 11 A 3 HAI 4 H
70°E— 140°E, 15°N— 55°N & Bl 4 19 rf [ 28 7 o
(WU430) Flek [E v (JJ433) S5l 5 b a5 i B )2 b 4T
A, E S, ETRL AR i GPS, &5
IE 32 R 8053 348 A IRIEOF, NQEOF, NQCOSE-
OF HEATIZHT BT, K JZ AT 25 3R i vl 2 8 ) -5 U
R IEATR H, S92R R, 22T NQCOSEOF Hy
JERTE SRR R IR Hk, R RE A0 12T
PR &K il 1] NQCOSEOF, fii A %4 73 i Sy o
GPS 5ZJ4 (M GPS. #A GPS. #5 GLONASS)
BTN S, B R ARG R Ny Fo, hF, FLT
0 PR ) T U v SR HEA T L, A SRR R Bk
Bk Z W B09E F1 NQCOSEOF J2 Hr oK B f #
NwFy Z % RMSE 19 2 2 7 73 L fe i 24 30.7%,
hnFy Z%8 RMSE RSk B oy e 50 59.21%. F—
A2 R I s (U 55 JE T B A T R . AR SO
i LG (WU430) Fine 5k (JJ433) &80k 5 12
DCBHEAT TR, X HAt DI A5 A5 1 Mk — 25
R

Ol A SO TR I R A B R U T Digital Tono-
gram Database F M (http://ulcar.uml.edu/DIDBase/) LA
Ko [ e Rk R A A A ARSI 0 e S TS SR
EF 74 TEME (https://data.meridianproject.ac.cn);
NeQuick G BEERIEFEM GNSS kg5 LB (https://
www.gsc-europa.eu/cookies/); #E 2 F 5 >k P F B U
(https://cdaac-www.cosmic.ucar.edu/cdaac/index.html);
WL SCAF | NeQuick G A5 #L iy A 2 2 5k I8 T+ CDDIS
M 3k (https://cddis.nasa.gov/archive/gnss/data/daily/);
MIDAS JEHTE AR T2 [ LT RS Mitchell #4%, 11
F B

S & Ak

[1] HU Jiayu, GAN Chengkun, GU Shengfeng. Comparative
analysis of ionospheric characteristic parameters detected
by CSES/FY3C occultation and ionosondelJ]. Journal of
Navigation and Positioning, 2023, 11(4): 120-129 (%5,
HEHh, S5 CSES/FY3C #A - 5He m AUR I i s 2
FHESELESIT [J]. SAUE A4, 2023, 11(4): 120-129)

[2] YASYUKEVICH Y V, ZATOLOKIN D, PADOKHIN A,

[5]

(7]

(10]

(11]

(12]

(13]

985

et al. Klobuchar, NeQuickG, BDGIM, GLONASS, IRI-
2016, IRI-2012, IRI-Plas, NeQuick2, and GEMTEC iono-
spheric models: a comparison in total electron content and
positioning domains[J]. Sensors, 2023, 23(10): 4773
European Union. New Version of the Galileo Open Service
Signal in Space Interface Control Document Now Avail-
able[R]. European Union: OS SIS ICD, 2023

LEITINGER R, NAVA B, RADICELLA S. Electron den-
sity models for assessment studies - new developments[J].
Acta Geodaetica et Geophysica Hungarica, 2002, 37(2/3):
183-193

GUO Meijun, XU Longxia, REN Feilong, et al. Analysis of
GPS/Galileo ionospheric model accuracy[C]//Academic
Exchange Center of China Satellite Navigation System
Management Office Proceedings of the 14th China Satel-
502 Satellite Navi-

gation System and Enhancement. Xi’an: Xi’an Aerospace

lite Navigation Annual Conference

Tianhui Data Technology Co, Ltd; National Time Service
Center of the Chinese Academy of Sciences, 2024
NIBIGIRA J D D, RATNAM V D, SIVAKRISHNA K.
Performance analysis of NeQuick-G, IRI-2016, IRI-Plas
2017 and AfriTEC models over the African region during
the geomagnetic storm of March 2015[J]. Geomagnetism
and Aeronomy, 2023, 63(1): S83-S98

ZHANG Zhen. Inversion and Quality Evaluation of Atmo-
spheric Parameters and ABLH of Multi GNSS Occultation
Mission[D]. Jinan: Shandong University, 2022 (3 5% . £
GNSS #t 2 KIS HOAI U B S B B 374l [D). 3%
B IIARKR2E, 2022)

ZHANG Shaocheng, GUO Sheng, ZHENG Shenyu, et al.
Analysis of COSMIC-2 radio occultation observations and
atmospheric profiles[J]. Geomatics and Information Sci-
ence of Wuhan University, 2025, 50(3): 497-506 (FRZAM, D%
I, AT, 45, COSMIC-2 i 2 WLM-5 0 TS I 4 et
B [J]. BBORZE2E4 (15 B BERR), 2025, 50(3): 497-506)
DEAR R M, MITCHELL C N. Ionospheric imaging at
mid-latitudes using both GPS and ionosondes[J]. Journal
of Atmospheric and Solar-Terrestrial Physics, 2007, 69(7):
817-825

MITCHELL C N, SPENCER P S J. A three-dimensional
time-dependent algorithm for ionospheric imaging using
GPS[J]. Annals of Geophysics, 2010, 46(4): 687-696

YIN P, MITCHELL N C, SPENCER P S J, et al. Iono-
spheric electron concentration imaging using GPS over the
USA during the storm of July 2000[J]. Geophysical Re-
search Letters, 2004, 31(12): L12806

YIN P, MITCHELL C N. Improving the vertical electron
density profile in ionospheric imaging at storm time: a case
study on 25-27 September 2011[J]. Journal of Geophysical
Research Space Physics, 2014, 119(9): 7963-7971

LI Shijia, CAI Changsheng, DAI Wujiao, et al. 3-Dimen-
sional ionosphere reconstruction based on NeQuick model
and GNSS data[C]//Proceedings of the 5th China Satellite


http://ulcar.uml.edu/DIDBase/
https://data.meridianproject.ac.cn
https://www.gsc-europa.eu/cookies/
https://www.gsc-europa.eu/cookies/
https://www.gsc-europa.eu/cookies/
https://www.gsc-europa.eu/cookies/
https://cdaac-www.cosmic.ucar.edu/cdaac/index.html
https://cdaac-www.cosmic.ucar.edu/cdaac/index.html
https://cdaac-www.cosmic.ucar.edu/cdaac/index.html
https://cddis.nasa.gov/archive/gnss/data/daily/
https://doi.org/10.3390/s23104773
https://doi.org/10.1556/AGeod.37.2002.2-3.7
https://doi.org/10.1016/j.jastp.2006.06.001
https://doi.org/10.1016/j.jastp.2006.06.001
https://doi.org/10.1016/j.jastp.2006.06.001
https://doi.org/10.1016/j.jastp.2006.06.001
https://doi.org/10.1002/2014JA019899
https://doi.org/10.1002/2014JA019899

986

(14]

[15]

[16]

[17]

[18]

[19]

[20]

21]

Navigation Academic Annual Conference - S1 Beidou/
GNSS Navigation School  of

Geoscience and Info-Physics, Central South Universit, Elec-

Applications. Nanjing:
tric Power Marketing Department of Hunan Electrical Cor-
poration Training Center, 2014 (Z=Jififl, 4% B 5% 1%,
4. —FB S R NeQuick BRI GPS a1ty =4t i3 552
HA 78k [C)/ /45T E TR AT ARFE 2B SCEE-S1 bt/
GNSS U . Fat: i R R 5 (5 B A B B
= [ T A H, A m R IR T B RS I3, 2014)

JIN S G, LI D. 3-D ionospheric tomography from dense
GNSS observations based on an improved two-step itera-
tive algorithm[J]. Advances in Space Research, 2018, 62(4):
809-820

OU Ming, ZHEN Weimin, XU Jisheng, et al. Computer-
ized ionospheric tomography combining with ground-based
GPS and radio occultation[J]. GNSS World of China, 2014,
39(5): 1-7 (BRI, B TR, #Rab/E, 4. Mtk GPS SRS
B HL B 2 2 M RSO EE RS 0], & ERENM R SE, 2014, 39(5):
1-7)

BRUNINI C, AZPILICUETA F, GENDE M,
Ground- and space-based GPS data ingestion into the
NeQuick model[J]. Journal of Geodesy, 2011, 85(12): 931-
939

European Commission. European GNSS (Galileo) open ser-

et al.

vice: ionospheric correction algorithm for Galileo single fre-
quency users[EB/OL]. (2015)[2017-09-04] https://m2.cn.
bing.com/search?q=European+GNSS+%28Galileo
%29+4open+service%3A+Ionospheric+correction+al-
gorithm-+for+galileo+single+frequency+users+%28issue+1
A2%29&search=& form=QBLH

REN Dandan. Research for WAAS Ionospheric Delay Es-
timation Based on Kriging Algorithm[D]. Tianjin: Civil
Aviation University of China, 2020 ({Ef}}. 2T kriging -
9 WAAS B2 SERARFEOEAY (D], Kt b E R,
2020)

YIN Ping, NING Zehao, YAN Xiaopeng. Imaging of the
ionospheric storm over China and adjacent areas with
BDS/GPS data[J]. Chinese Journal of Radio Science, 2022,
37(4): 653-662 (F1¥F, T, EIBEMS. 3L BDS/GPS %k
PRy ) 0 b DX B SR JE AT USRI ST [J]. R,
2022, 37(4): 653-662)

JIE Haiyong, NING Baiqi, LIU Libo, et al. Statistical ana-
lysis of the ionospheric Chapman scale height at Beijing[J].
Chinese Journal of Geophysics, 2014, 57(11): 3523-3531 (fi
WK, TEST, XIS, 4. L IX fL g 2 Chapman B 1
GEi o (7). HBERPIEEAR, 2014, 57(11): 3523-3531)
LIANG Yu, YIN Ping. The use of ionosonde and GPS
COSMIC occultation data in
[C]//Proceedings of the 14th China Satellite Navigation
Annual Conference - S01 Satellite Navigation Applications,

ionospheric tomography

Beijing: Academic Exchange Center of China Satellite Navi-

(22]

(23]

(24]

Chin. J. Space Sci. =RAFFIR 2025, 45(4)
gation System Management Office, 2024

WANG Jinyong, CHEN Biyan, CAO Hengrui. Global scale
ionospheric disturbance during the September 7—8, 2017
geomagnetic storm[J]. Journal of Geodesy and Geodyna-
mics, 2023, 43(12): 1261-1268 (£ 4 T, 6K, & 5 5.
2017-09-07~08 i Z [H] 2BRRUEE L EG 240 30 (7). KA
Subrkah J12%, 2023, 43(12): 1261-1268)

MING Feixiong, MA Jinshan. Study on ionospheric anom-
aly during geomagnetic storm by beidou GEO satellites[J].
Geospatial Information, 2023, 21(8): 100-103 (I &, ThH
. @A AL GEO LA MBS R S 3 B 5T (J]. Hb B2 )
FHL, 2023, 21(8): 100-103)

YIN Huimin, KONG Jian, AN Jiachun, et al. Strong geo-
magnetic storm and induced ionospheric disturbance in
September 2017[J]. Progress in Geophysics, 2021, 36(1): 96-
104 OMLER, fLE, #FE, 5. 2017 4 9 H IR K51k m
HLEGZ I3 [J]. MRk IE I, 2021, 36(1): 96-104)

EE RN

F O (BREEE) &, 197040
AT R, BT E RGCER FEES A
LA RERIBT S 0L, W, Bb A S,
BERFFEIT 0] TR SR L B2 /R
JRIBBGEN | EHTRR S ERIAE
E-mail: pyin2001@hotmail.com

S 2, 1999 4F 10 A AT
e KT, WEAFRAE, FEGE T8N
TRSHHEA ., B B2 /KRB RGEN
RS,
E-mail: 1821364922Qqq.com

#® O B, 1999 4F 9 A AT
BNLT, WS A:, FEHFI T R
LM IR SR B2 /KRR
R RGED | JEHT RS B
E-mail: 1572943329Qqq.com

BEF F, 2001 4 2 A AT
RGO, BB, RS R T
BESHEAR . B2/ RRZEEEN ., )2
B AR SER0.

E-mail: 2775884857Qqq.com


https://doi.org/10.1016/j.asr.2018.05.032
https://doi.org/10.1007/s00190-011-0452-4
https://m2.cn.bing.com/search?q=European+GNSS+%28Galileo%29+open+service%3A+Ionospheric+correction+algorithm+for+galileo+single+frequency+users+%28issue+1.+2%29&search=&form=QBLH
https://m2.cn.bing.com/search?q=European+GNSS+%28Galileo%29+open+service%3A+Ionospheric+correction+algorithm+for+galileo+single+frequency+users+%28issue+1.+2%29&search=&form=QBLH
https://m2.cn.bing.com/search?q=European+GNSS+%28Galileo%29+open+service%3A+Ionospheric+correction+algorithm+for+galileo+single+frequency+users+%28issue+1.+2%29&search=&form=QBLH
https://m2.cn.bing.com/search?q=European+GNSS+%28Galileo%29+open+service%3A+Ionospheric+correction+algorithm+for+galileo+single+frequency+users+%28issue+1.+2%29&search=&form=QBLH
https://m2.cn.bing.com/search?q=European+GNSS+%28Galileo%29+open+service%3A+Ionospheric+correction+algorithm+for+galileo+single+frequency+users+%28issue+1.+2%29&search=&form=QBLH
https://m2.cn.bing.com/search?q=European+GNSS+%28Galileo%29+open+service%3A+Ionospheric+correction+algorithm+for+galileo+single+frequency+users+%28issue+1.+2%29&search=&form=QBLH
https://doi.org/10.12265/j.cjors.2021165
https://doi.org/10.12265/j.cjors.2021165
https://doi.org/10.6038/cjg20141104
https://doi.org/10.6038/cjg20141104
https://doi.org/10.3969/j.issn.1672-4623.2023.08.026
https://doi.org/10.3969/j.issn.1672-4623.2023.08.026
https://doi.org/10.3969/j.issn.1672-4623.2023.08.026
https://doi.org/10.6038/pg2021DD0484
https://doi.org/10.6038/pg2021DD0484
mailto:pyin2001@hotmail.com
mailto:1821364922@qq.com
mailto:1572943329@qq.com
mailto:2775884857@qq.com

	0 引言
	1 模型数据与使用方法
	1.1 NeQuick G模型
	1.2 NeQuick G模型与COSMIC-2掩星剖面数据
	1.3 MIDAS层析算法
	1.4 NeQuick G模型与COSMIC-2掩星剖面数据构成层析EOF
	1.5 层析输入TEC数据

	2 结果与讨论
	2.1 地磁指数分析
	2.2 电离层IPP分布及反演区域
	2.3 不同EOF对层析结果的作用
	2.4 NmF2层析结果分析
	2.5 hmF2层析结果分析
	2.6 误差分析
	2.7 电子密度分布

	3 结论
	参考文献

