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GNSS ionospheric tomography with the unequal pixel size
considering the geomagnetic effect
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(1. State Key Laboratory of Geodesy and Earth’s Dynamics, Innovation Academy for Precision Measurement Science and Technology,
Chinese Academy of Sciences, Wuhan 430077, China; 2. University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: In previous studies, traditional GNSS ( global navigation satellite system) ionospheric tomographic methods neglect the influence of
geomagnetic field on the ionospheric variations. In this method, a new GNSS tomographic algorithm with the unequal pixel size in the height was
proposed to image the ionosphere in the geomagnetic coordinate, which takes into account the influence of electron density variation at different
ionospheric heights and the geomagnetic field. Also, a new iterative relaxation factor was established in the proposed GNSS tomographic algorithm
to improve the accuracy of the ionospheric electron densities. The performance of GNSS ionospheric tomographic method with unequal pixel size
considering geomagnetic effects was evaluated by using the IRI—2007 (international reference ionosphere 2007 ) model, GNSS measured data, and
ionosonde data. For simulation studies, IRI—2007 was used as references, while for GNSS data, the ionosonde data were used as references. The
peak ionospheric electron density error, the average absolute percentage error of electron density profile results and the root mean square error were
estimated by different GNSS tomographic algorithms. The validity of the tomographic algorithm with the unequal pixel sizes considering the
geomagnetic effects is verified.
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Fig.1 Illustration of the GNSS ray passing through an

example reconstruction grid of ionospheric tomography

M B3R GNSS "L %S J= 2 A ik AR T n] IR
8 d <n BFECHEAR IR T A EZEHFH GNSS W
ISR 16 AR L B AR A N A T2 8
FEMELRRNS TS 27 1) L 1) FiL 565 B 2 R, S e vl
1 )% P 1 R i e B R A B, AT 1 55 GNSS
o AR I T B T AR 5 R A A R
7 SR e e R R A T
T BEZ 6] 9 5 o (HL AT ZEUEWT Y &, GNSS TEC
WL A Z5 T AT 10 5 Ji — 1 R AR R A



56 1]

B IRST A U L RN ) GNSS LB R 2 AT AN SR R A A ©59-

W, 2 d =n I A FFBA X AHSBIZHTR R A% A
(1 R, BE A 2L, 2 T AR P 1 % BE A % i
7 18] b A AE AR RE s T HL 2 d <n IFZERH RIS R M
PO PR ) F, 2 AR 22 (B, AU T — A <8
BEK N T B AR 22 M8, (B 5 E—MR
MR GNSS S 2 A7 15 Fi i 11> AH AR 1R R A%
W HREIA R, A SO H 5 A Fiks
MG — 2P BT

‘xiik - xldfl ‘+ ‘xilk - xf[fl ‘

- , 1 <d<n
ik
ij
j=1
‘xi,k _xi,k ‘

. d d+1
A=l .d=1
25"
xj

i=1
‘xi,k _xi,k ‘
d d-1
: ,d=n
ik
X

(4)

grgaaN(n) (2(2) Ak (4) B A SCelotk i)

GNSS Hi B J2 )2 b F A4 S 3 455 Y ( Improved ART,
IART) .

2 MEARR TR AFGEEENES
BB &M

HT GNSS =4l &5 2 Z b #Rrb, S 171
PO 5 35 T BOK RRAF O A R B )2 28 (R R A T
Bk, GNSS Wi B2 247 o i B w1/ 3
T PR B B R | B 1) - R — 2 1
25 [i) ) b B B A T RS 2 T R R AR W
(g FiE T U2 25 ) Y 20 RN 4 B O 1) 4 3 i
501 2. 5° Mg fa) b, i BE 1) LA S0 k(1 [ Bk £
S DX 35 2 Ak R — S /N 25 R Z A& ) | [
I A2 A/ IME B T PN 174 H 28 24 50 - A L
PR 1) OB [B] YGRS 25 R 8 o 27
L1 B 5 5% b Bk oL fE 3 (W 5 L DX L 1
GNSS HL 8 2 2 M5 2 AE H AL b 22 R 14345 ¢
ST HL T BEAR R AR R G0, AR SCHE H 7E b i A b
RG24 T & R S s
GNSS Hi 25 2 2 H7 a1 2% FEAR A% 1, RE A% 5 i
A B A FOR R JZ AT 28 Gokk P9 I v T2 5, 5
P& 5 R A T SR

BEAh, LASE I B 5 R 5 4 B AR B A I
1Y) GNSS H &2 24T S 7 i Boe 15 L AR )2
WG R NI 51 50 A, 2006 T HL B 2% L
T R ) AR AR R R SO0 L
J2 LT P AR A AR R I WA P 7 28 X Sl R A

Mo AN HE LS 2 T 2 S B e AR RR
AR AL, RS V2 7 B 77 1) o v 1 R AR Al A
R DX /0N 8 L 8 PEE AR A% Y, A HL
8 BEAR AN DX SR o R AR R AR I, -]
REAE L 0 2 A2 AR I v BT 1) _E 4 R AR R A%
F18 23 1] 73 B3 (A P 8 )2 P 1 R AR A R Y
W (L P, 85 E B2 [XOR AT 10 ke 3 B2 A8 50A%
PO ] B 5 7 L R 72 P A X 650/ 0 S g B DX IR
FI 100 km (¥ B 5~ BEAR AR W1 ) o A SR
Hh i DR R s B R S 2 X O S I8, HLAR R
Or ANFEAR R TR B L B J2 2 AR Rk

1) 2 JBASCR I GPS 3k 43 A i [, 36 5
10 2 20 B2 i 18 DX I8 L O b il 22 12 150° ~ 200°
(R A BRZEEE IR 75° B ~ 135° E) 54
7° ~42° (RPN B BREE LI 10° N ~55° N) o fE
X 1 R Y L )2 DX A 2 [ AL, 2 2]
GRSl G W R A ) e 4 o T R ]
ARAGTE Bl , 76 i R 2 B A R 246 T 5 1o b o
BB 505 2. 5° [ it 548 BB M M THT

2)) TR B LS = v JEE X 4y 90 ~ 1000 km,
o3 BITERE S LT 90 ~ 210 km A B 30 km ()
FL 4 RE A4 R K 0 ) P B 2 M T 210 ~ 400 km
R e BE I 10 ke fY HEL 758 B2 AR A R [ B 25
M1 400 ~700 km [ BEHL SO km fryHL 758 AR
R I ) B B S M T 700 ~ 1000 km =g HE X
100 km (¥ -4 BEAR Z S 19 [R]

3 REBIERAERE

ARCRF201L4FE12 AL H 12 A2 H.12
A6 512 77 B EEGEM L 145 A Fk
Wil GPS LI FHE (12 H 3 H—12 H 5 H i
B /D) AT SE B e . A LA 1GS bR
SRAE (30 s) AREL, TR MR & BE R 150 20l ]
FHAS A XL 3k 1) RSB 282 I8¢ AH A7 - R 5, 9ok
WA v 00 o3k o 2 A 8 SR o ) 35
R4S GPS XL 3l 76 3l &2 77 1) b 0 44 e 0 )22
TEC 1.

AR 53 531 2R FHASEA0L 5 S 0 5 8 %oF BL A
5, WO EAS SCHE H B R M 7 5 R A GNSS HL B )2
JEMTAN R R BRI A 8 . FER LR
R, AL IRI—2007 Hy 25 )2 1 R AL (Y iy 4%
FEVE R BAA” , FF38 3 e 2 J2 B AL 1R 22 K
BE T8 B R B[R ) GPS ul B ARHE 7y
] b TEC By WLIECHE " 5 7 S D0 S 88 3 Tk X b 2ok
e, 2B A e (40.3° N, 116.2° E) FIEiX
(30.5° N, 114.3° E) 2§ 2 D &5 {O3R AR i B F



$ 60 - e AN o 4

542

S A D ELAE”

HPEAG AN [R] GNSS L B J2= 2 A S i %, e
LR e R, 0 B T AR GE B AR PR R R
L BEAR R S MIAR ) ART 503k (7 % —) M
HUARAR AT HL T AR R AR AL HIAR M TART 39%
(TR AR AR T i 78 BEAR R AN S (]
A% W TART 39k (75 58 =) FIMBRE AL AR 22 F L T4
FEMB R AEF IR AR W TART 593% (7 %6 11) B
LA IR ZE AR . A 2 BT 2
TET5 58— FNJ7 5 R I il 14 BEAR R 2 (AR =
Br B 38 2R Ge b, WL B 2 ST e Y [ D 90 ~
990 km, i1 F-4 AR M E] B0 30 km, AT,
N T SR H T S A AN Y ) S BN B
WL A5 S5 o 1) P, % 2 AR 2 00 fEL A9 58 K
i, LRl 6 14 2 ] L 15 B A 2R R B S, A
SCSMASCHR 27 ] 5 3CHRE 28 1 X i B X s v
B2 T BT T AL B, R T LA S
Tl /0B VL S A5 2R DAY P 4 B TR JE o

4 SLIREERISH

4.1 BB SHR
4.1.1 BMEBI %

ARSCH T TRI—2007 HR i J22 B A0 B2 16 1) i 1
R I T B I E R 2
P ARSI R gl A B 2 RENLIR 22 . HRAESC
k[ 29 ] H B 2 B ML 0TI 22 ) A 3 00 A FE AR T A
IEZS 2 A WU, JF F — 25 2 B Scik [30 ] Fn3C
BR[31] 43k GIM TEC KRG T45 R, A U 9eAE
fRIAL AR B, 76 o 26 B i X (AR SCHF 5T B 4 45
KTF 20°) FE4DL R 5 )22 Bl ML 15 25 43 A kA 109 R M
WO TECu FREXZ(E N 2 TECu B IE 40, 7EA%
3 B b X (MR 26 /N T 20°) BLAULFR 5 2 B AL IR
2553 Al R I EEAE A 0 TECu FRifEZE{EN 4 TECu
WIESAMG o TELR G TRI—2007 A7 £ {1 1) i 5
W JERUMIE L B2 TEC 8 3400 AR 400 17 L 5
JE LRSI R W] 41 G 45 2% GPS L 4 £k I
(1) HL B8 )22 TEC BBl I . 7F ok 3Lt b, R A Y
FPASTR) Jy G v 18 2 J2 AT B3 1 S T H 1 23 B A5
O35 28 HE H B R A R R T A L TR A R S e
JE T BAE AL, I DA RE T 20 B R R AT e B Y
Jr 20, B AR R GNSS B 2 2 M IO R A
SOHE S AR, BT R AT

W 1A R B - R e ] o 2 P 28 TRk ofe
w1 GPS TLELARHR, T R ET B N GPS {5 5 1%
T A A T 28 5 1) H - 28 B A5 A I P 11 R
B DAL A R R B 2R RO R BUE R A

SR 2 ALl % B L R TIRI—2007
BRSSO I BEA MR E N B 2 T
JE, I LA AR Ay e 28 3 ST LA v o

B 3 AU R B S T T L B 2 A
i TEC M EAA 508 1 58082 T8 A0
AR %R L B 2 RHEE TEC A vy =A - 5y

$ I8 4 A E IR 221 TEC WU « 57 % 52 br
ORI F LI I s 8 AR 25 () A7 A, TEASE LT3
| R L B R AME TEC B o AR M IE 25
IIAHIBENLIR2E e, TRA 1y =y +eo

SRS GABT L ~4 SFBE 5
JRIEHTSCE Ay = A - o, Hoh A DB BR 1 H3E
NI EE R, y R 8 4) BRI 3 & TEC {H ,x
Xif I PR 15 S T2 T R AR 24 D P T2 B

H 6 7EA TR S YHERY 1, 43 5% FH DU b AR
[F] 5 G819 GPS L 8 J22 2 AT B0 10k I T v 1 288 i 4
R, I 5 IRI—2007 AP AL f) e 7235 A
(" P47 LB I TEAS [R) GPS BB 2 J2 #r S i 5
AR
4.1.2 BMIIELR

1) P 2 L 4 B g R T S 4 SR e A

HIBIESCK B AR SCEEHE L4 1 2011 4
12 4 6 HILATHE 11:00,13:00 F115:00 f)HL
2 R R )T 2 8 45 T P O 451, H At B ) BE
SE L IR S S AR, B2 @
PEMbZA 43 50 AL G AR AE A ART 500k (7
— Eh gL FoR) AR R T T
16 3% 55 [ B K% 199 J2 et 799 2% 4 52 35 (Improved
ART, IART) B35 (R = Bh i e se &k 5
FOR) HUE AL bR R T LT R N S R B A
W ZHT ART Sk (€ = b H gy
Dy IR ) FIHLRE AL bR FR T L5 AR R A5 (]
BEA% P Z AT TART S5k (7 200, [ a1 48 52
L5 = MILFRIR) RO I 15 B B e A A 2
S, B HARNS T IRI—2007 i 55 2 455 R 4R {1 (1
TR HAE” (F P RS HRoR) ZE Y H 5
TG00 ST J5 0 A5 40045 SR R AR S ) 2
GNSS S 45 R A7 X F e, A 7 B0l 45
Bt 5 (40.3°N, 116.2°E) 5 57 (30.5°N,
114.3° E) 43 i J2 l 3 BE il 45 21

2 Jg7n T GNSS Hi 252 )2 583 iU Ap A W]
TS 7 A 1 L 2 v R o v A ) v
e ST D = e 7 N [ = S 0 = =3 SR e ol =
R A LA AT S 2 0 e SR 45 3] iy FEL T R AR Ak
FaAHIE . H AT L] A Y, 5 IRI—2007 457
PRAI I L B 2 R B M B, PR —R



55 6 1] RS, U MG (1) GNSS L85 12 2 AT AN SR 2 ] BE AR - 61 -
1000 10004, 1000+
1 —— ri—2007 {1t ——mr—2007 —Imfféogié
' . A S o “oe PR R T SHBEART
T AR T SFAHELART 7 s o 5 B AR R T AR EIART )7
1 AR /SR ART I 1 e ooy e TR e s AR s
o0\ MEARR FRSHEARTTE 2o gpod AR T AFIILART ) & 6004
< ‘ < “ =
i i i
1= 400 1 400
200 200
0 y T T T — 0 T T T — o7 T 1 71
0 0.4 0.8 12 0 0.4 038 12 0 02 04 06 08 1
. . 5 X102 . . 5 X102 . = 1o
Ol v B L/ (el/m) IOk L 2 LB/ (elim) AL sl B )R o B/ (el/m®)
Hi 7 EFL: 00 HJT 13 00 77150 00

(a) 2011 4 12 A 6 HAbaUAL B A T3 BN SS

(a) Simulated ionospheric electron density profiles over Beijing on December 6, 2011

10003 10004 1000
1 Efgfzﬂaoi%éb‘g? S IEART “ IRI=2007 {1 ——mi—2007

e | FEAEATIA AR FEAATIA R ARHART
800 § —+— MFABKRFE T SHIBEIART ) % 800 b —— MM E RS BEIART ) so04 | Lo M bR L R
AL T T RS HBIART \ PR TAFHBIART i AL A BEIART 772k
e R ASKR 7R T AN S BEIART /7 3%

_ HuFER Al R AR BEIART 7 32
Y MR R TS HIBEIAR T %

HuFER Al R AR BEIART 7 32
e MR AR RR R T NS BRIART T 3%

0 T T T T 0 T T T 0 T T T T
0 0?4 0|.8 ll.2 1’.I6 " 0 0|.4 0I.8 ll.2 1’.I6 " 0.I4 01.8 1f2 1.612
RIGH AR T B/ (el X 10 RIGH AR T B/ (el <10 RO B T B/ (el/m®) < 10
T 00 WA EF13: 00 7 EF15: 00

(b) 2011 4E 12 A 6 H DU B2 T3 AR I 45

(b) Simulated ionospheric electron density profiles over Wuhan on December 6, 2011

K2 A[H) GNSS WL B2 EA S L B A L T 5 TRT—2007 W5~ B2 U LUAR
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using the simulation observations with the ionospheric electron density profiles from the IRI—2007 model
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Tab.1 Error and accuracy statistics of the ionospheric electron density derived from the different GNSS
tomographic algorithms using the simulation observations in comparison with those provided by
the IRI—2007 model over Beijing during the different days
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Tab.2 Error and accuracy statistics of the ionospheric electron density derived from the different GNSS

tomographic algorithms using the simulation observations in comparison with those provided by

the IRI—2007 model over Wuhan during the different days
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Fig.3 Comparison of the ionospheric electron density profiles derived from the different GNSS tomographic

algorithms using GNSS data with the ionospheric electron density profiles from the ionosonde measurements
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Tab.3  Error and accuracy statistics of the ionospheric electron density derived from the different GNSS tomographic

algorithms using GNSS data in comparison with those from the ionosonde measurements over Beijing
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Tab. 4

Error and accuracy statistics of the ionospheric electron density derived from the different GNSS tomographic

algorithms using GNSS data in comparison with those from the ionosonde measurements over Wuhan
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