L p R

GEOMATICS AND INFORMATION SCIENCE OF WUHAN UNIVERSITY

BR & EARALSARTI IR G T+ =4 T B 2 A
PRETi, R okED, R

A

WRELIH, A< iX, 7K, 55, A 2 ALSARFIRIE T+ —ZEH 12 BE /A )], DUR2254k - (5 BRFRR, 2021, 46(11): 1677-1685.
CHEN Jingyuan, ZHU Wu, ZHANG Qin, et al. Estimation of Three—Dimensional Electron Density Distribution Using Polarimetric SAR
and IRI Observations|J]. Geomatics and Information Science of Wuhan University, 2021, 46(11): 1677-1685.

FRSCEEHER (FEEA KINERIEN AR EE CE )

Similar articles recommended (Please use Firefox or IE to view the article)

FlE InSARFIGNSSIY — 2T A2 Wil A FH 5 22 43 s Al T A A SISTEM 7 ik

RBUREAR - 15 BRRERL 2021, 46(10): 1598-1608  hitps://doi.org/10.13203/j.whugis20210113
I HTECS HIFEGNSS TECKER & T 4TI/

Feasibility of the Data Fusion Between Space—Borne and Ground—Based TEC Products
BIUREE2E - A5 BRIARR. 2020, 45(4): 557-564  htips://doi.org/10.13203/j.whugis20180293
BT E TG S HERCSE S AR Z AR L X FR 5 i A

SAR Image Absolute Radiometric Calibration Based on RCS Modeling of Communication Tower
RDURFAR - A5 BRFERL 2021, 46(11): 1746-1755  hitps://doi.org/10.13203/j.whugis20210052
R B T 2k Sentinel - 12 A5 LART IR AL 5 FH R0 BOME A AT

RBUKFFAR - A5 BRFERL. 2021, 46(10): 14501460  https://doi.org/10.13203/j.whugis20210130
BRI R 7K T3 HER PW V2 SR GNSSK R Z T3

GNSS Water Vapor Tomography Algorithm Constrained with High Horizontal Resolution PWV Data
RIBUREF2FAR - A5 BRI 2021, 46(11): 1627-1635  https:/doi.org/10.13203/j.whugis20210055


http://ch.whu.edu.cn/cn/article/doi/10.13203/j.whugis20210061
http://ch.whu.edu.cn/cn/article/doi/10.13203/j.whugis20210061
http://ch.whu.edu.cn/cn/article/doi/10.13203/j.whugis20210061
http://ch.whu.edu.cn/cn/article/doi/10.13203/j.whugis20210113
http://ch.whu.edu.cn/cn/article/doi/10.13203/j.whugis20180293
http://ch.whu.edu.cn/cn/article/doi/10.13203/j.whugis20210052
http://ch.whu.edu.cn/cn/article/doi/10.13203/j.whugis20210130
http://ch.whu.edu.cn/cn/article/doi/10.13203/j.whugis20210055

%465 11
2021 4E 11 JA

BBR S E AR R PR

Geomatics and Information Science of Wuhan University

Vol.46 No.11
Nov. 2021

DOI: 10.13203/j.whugis20210061  EI¥%AE

XEHS:1671-8860(2021)11-1677-09

=

At SAR FNIRIAG VF =4 T-% 5 5 A

BREEN Y R R OK OB FRa

1 KA RKSFAMT TR S % b Bevi P44, 710054
2 v EE PR ERAFSE R L BEE P54, 710068

W B AL TEEAMACREZNEMG XL AAGHER T EAERRA SRR LGS,
AT, 4 — A B A o AL S s L2 F ik (synthetic aperture radar, SAR)#A= B I &% & & Z (international
reference ionosphere, IRDAE A 53+ & 2 8] 5 R = o F 5 E o A 0h 7 k. B 8 A A &AL SAR Sk 4
% #% %% (Faraday rotation, FR)# ; R G A& 3& FR /i 4 & #3135 B 45 3t & H ¥ & F 4 % (vertical total electron con-
tent, VTEC); R G B A8 VIECH IRIL T H EHN A RME 2 M e T HEI> A . AT HRIEFRT k0
STATE AR B A E E T 3 e e X 69 e 3 1B 3L 2 (advanced land observing satellite, ALOS)-1 4 # 4t
SAR ## 4T T % B, K I GPS & Poker Flat 7] 35 49 3k 48 F # 4+ & 3& (incoherent scattering radar, ISR)4& 4%
AR ERBAFRIE, BRAA M TIRIZ S FF A, 7 xR G20 5 H 5 = %d T 5 EFK

REBRY T 335U, AP HFI33kmty e FEER LB Y T 47.98%,
KR AR ARTE  FEE RS, BERALF LT, WTEHE

HES %S P37 XERAR RS A

H1 B9 20 H -Hb 25 [A] 3R 40 0 B2 R 40, &5
Xof TC 4 HL I 7 AR AT S RO A A T e S R
XoJ 35 T TI0 28 R U A X UL I 4 R i R S IR R 22
W GPS Ay HL s 2 E R A i FL AR T A (synthetic
aperture radar, SAR) i AH A3 88 17 B ZE R DL Kk
$i1 %6 JiE % (Faraday rotation, FR) %5 0 b 4h , BB
B S R AR —E R R Ik,
B RAUAT LU T ff 34 H -Hh s (8] &40, i 5 Al DA
Al 12 (] PR35 28500 X T 2 H 38 A 7 5

B F & & (total electron content, TEC)
ML % RO B2 A SR
TEC 375 28 of B 85 2 09 20 A7 4% m A 4K b i
B R, RO T OB R A A T AE R
T RE AR T )2 SR SRR R AR
EFREERKEEMER, EEEF TEH
iR M5 B . HET, GPS i i & A R 40 R 5 15
ok BT OB A T & & (vertical total electron
content, VTEC) ™% ; By 88 J2 55 S 4 &L i WA 3% ¢
(the constellation observing system for meteorolo-
gy, ionosphere, and climate , COSMIC ) ifi i # &2
FoF AR B TR R R R A T RO ik

75 B #5:2021-05-29

(incoherent scattering radar, ISR) F| H # 4 15 5
AW I%E S B R B P L T AR B )R
N v A3 2ok A S v A Sk in I 00 e s S TR A
RARBF2 )2 05 A4 (foF2) HR B Z S5
E fr 2 % 1 B )2 (international reference iono-
sphere, IRT ) "' Fl 25 43 % & %% 2 7 35 [ [nl )5 452
S TR VTEC #I i % . #kin7, -
TR T5 1 AR AE AR A5 (6] 3 B A OR R A ) 8, R AR
SAR B 4 R 2 K 25 [\ 7 3 R 5 45
S BN BIFE S ) A B R )2 S R
BB

SCHERC12 M4 FR M 5 TEC Z [ B 5 5, F
FHA WAL SAR BT T Humg A6 Al S k44 s 1X
() TEC, UEW T 1 F &2 28 SAR ¥l [ i TEC iy vf
REE s SCHR 13 42 th 1 ) BE B 0 430k SR I TEC
(75 4 AR B 25 8] 43 B3 TEC 1Y J7 ¥ 4 e 3
AR Al SAR U s SCHRL 14 182 1 ) FH X Be %
FRAER I TEC 7 12, #E— L UESE 1 Jp Atk Al
T TEC WA A7 1% 5 SCHR [ 15 1) FH 42 4% £k 5t 2 fili b
MM T8 & (advanced land observing satellite,
ALOS) /¥ & AL 12 % ik (phased array type L-

TE®B . HEAARRAIE4 (42074040,41941019) ; E % E A BF & 18I (2019YFC1509802)
E—EE BN, W, FEWESE 7 R SAR/InSAR #E4T = 4E L 35 2 H . 2018126022@chd.edu.cn

WIESE AR W #4% . zhuwu@chd.edu.cn



1678 ) G == T

fi B F 2 R 2021 £ 11 H

band synthetic aperture radar, PALSAR) £ , 43
SR T RS L X TEC 404, IF 40 A
TS [ £ B R R R AR 5 T AT G B B AR
FEIR B 7, SCHR L1638 T = ik B g AR 4B R
BB R ICE R 2 ERU R 2Z 5 R TEC;
SCERLL7 J8& 1 A O 7 1] 3 Bk B hmF 2 DA
KSR o B b 5 B )R S 80 Jr L O A
ALOS-1/2 Bl E A7 92 56, 2R BT AH B B L B )=
SHREE R SR 18 1 424k ALOS PALSAR
PR RO T 341 VTEC 45 5, 9F % H 5 ISR 78 L
- i) — B 23 B S I ER A AT R, R ] S
KO 5 T M 4 B SAR S i VTEC 9 47
Rtk o
H AT A H SAR Al 31 L2 2 2 80 H g ik i
HER) VTEC o3 A5, X LR BORS 40 4L 1) = 4 v 1%
JEor A o R T A SOR ] i SAR TR 2
) VTEC A IRTAY i T3 R E B 4RI T
{ Hi MVH:|_A6W|:1 52}{ cosf2 sinﬂ}[
v Myy 01 fi]L—sinQ cosn
K, ANFIRLRGEW DRI 15 ) WE L o I
AL AL IR 500,02, 65,0, R P &S 5 i 4k 58
M SV B AR AL R EE R T s 2 B AR
FR A ;S Ry HAZE 280 N B 5 5 fa At
2% A [E #4657 25, HH (horizontal horizontal) 3 7~
IRV 22 33 7K SV 22 W 4[] 1) 1% Ak 5 X, V'V (vertical
vertical) 2 75 I 15 & 5 & 45 0 Y [ 1) B Ak
7, VH (vertical horizontal) 3 7~ & B & & 7K 3 B2
W ) 22 A AR 7 2, HV (horizontal vertical) &7~
KPR G AR 2 X . & RGR
2 DT S 14 SO0 I A 5502 o oA

|:MHH MVH:| —

HV MVV

{ cosf2 sinﬂ}[sml Sv“}[ cosf2 sin()} (2)
—sinf2  cos2L Sy SvyvlL—sin2 cosf2

MR LS RS B A O B 5 M (Shv=
Svi), X (2) AT 25 Ry
My = Sy cos 2 — Syy sin*Q
My = Sy + (S + Syy)sing cosf2
M = Siuv — (Sun 1+ Svv)sing2 cosf2
My = Syy cos’2 — Sy sin“2
FE T o 5 e 2 %000, O I (L IS R R
My 7 My, BT AR 4 28 (3) 8 5 FR /1 2. W
X (3) 7 5 Z Fp FR A Al 1T #4827, H b Bickel
and Bates fli i1 8% e A2 & iF AR -

(3)

Tl = A T R A AT
1 AXFZE

AR SC R BRI TR SR A
LAk SAR B8 FR £ S8 5 AR 875 3 1 FR
45 B 1E B8 VTEC: i J5 B4 IR A R
14 B -4 3 ) 28 SR M = 4 2 ) HL 2 R A0 A

| ttesarsganl—| o
|t s P ]

BT ARSIk R A
Fig. 1 Flowchart of the Proposed Method

1.1 FIALHEYSAREIEITEFR A
Tk SAR R 48, W {8 1S 46 [ M
Al R

Svall cos2 sl 1 0 Nuu  Nun
, + (1)
Sy L—sin@ cos2]|0: [ Nuv  Nyy

Q:%arg(leZ«jl),—%<Q<%
(4)
{Zn 212}{1 J}[ " MVH}F j}
Zo Znl |i 1Mw Mol 1
(5)

o, arg( ) LR BN A1 PREL; + R R ILHE AL
1.2 HENRFEERKEVTEC
SARE 5 i B )2 7= 4 /Y FR M ] %

TP R

0= 236?2><104 jn‘, B cos@ds (6)
SR SR s, T R 5 B O REY
FE 30 09 Ri S0 5 SAR 15 5 I A 5 [, ds 2R W15
4 B PR L T LS . IR BB B (1
BB ) 1 BIE A AL H cosd JLF:
AR TR M TR B 5 0 - 34 R 5 8 B A B,
ENODES

2.365 X 10*
Q— —————B,coslsecpVTEC (7)

fZ
AP, M SAR AGT o XFaR(7) AT A8 5 15 .
VTEC= / (8)

2.365 X 10" X B, cosf secg
HRIL A, ER S E BB SN T, 7 H
FRAITH VTEC,



546 BE 11

545 R 45 - B Ay WAk SAR R IRIA 31 = 4 g, 1 35 J3 o0 A 1679

1.3 BKAIRIBFEEIHNLEIT=4@#=EETE

BN

TRT J2 AR 4 0 508 0 5 48 445 45 i B8 2 A 00
B 28 56 AR, AT B L R B A A B R A Bk B
JZS 80, BRI, BT 08I0 A5 AR X B D H B R
FRPEATRE  IRTE RS 30y VTEC DL
TEEMREAEME, BT SAREUE T3
VTEC HA B i a] Sk, A SCHE T SAR £
P HF Y VTEC X IRTAL B9 #7358 47 0k
1, 15 20 55 v T S5k Y = 4k 25 6] W T2 0 A
IRT A] $2 fiE 4 5k 60~2 000 km A4 HL 7 %5 &, # 4
VTEC iy % 3, n] 4% %] IRT B AL () VTEC, i+ &
W

H

VTECw= > N(h) (9)
h=H,;,

K, VTEC i I IRIBEH ) VTEC; N (h) 4 IRI
B A (BT s km) A0 1 HL T %5 8 5 H e H i 57
BRI VTEC BB e K e/ 2. BT IRI
PR ALY M R A A R 2 TS BUA T
VTEC W AFFE R 2 . ASCHH SAR B 15 1
VTEC X IRTH, %5 B 47 200E 33

o VTECs
NO)=N(h)X S (10)

Ao, N (b)) ol iE S5 8 A GBS  km) &b ) L T
W VTECauw N SAR B4l i3 ) VTEC., N
TG IE BCIE Ty vk B A B X Bl OE S Y T
DEIEC

""" v o VTECsw <5
/IZEHWN(/z)— VTEC,., /,;,,M,N(h) (11)

EENCMAW QR DL LG T

M N(h)=VTECsu (12)

h=H_;,
ZbF 2w IE s IRIEE R VTEC 5 SAR 3
B VTEC A%,

2 SCIG4ER

21 BIERMRERE

T SR UE AR SCO AT AT R A i Ak 1
ALOS-1/PALSAR %4l #4752 56 o 5256 X Bl 7
¥ 36 6] BeT 7 ot DX, 3 5310 R FH R (52 56— )
B2 (S 36 =) B0 ok B0 0iE V TEC e 1 % JiE 45
BB TEN S ECIN R LR

®1 LRWERKSARTE
Tab.1 SAR Images Used in the Experiment

F g H 1 ABfG/C) RATTTR B R I /km LR MR KA ]
TR — 2007-04-01 23.94 TH 695 243 1250~1260 07:28
B 2009-08-03 23.98 [Z37) 695 618 2270~2310 21:08

Bl 7 55 VO A 1 2 Jr i 4 A TR Sk S —
WFFE X8, B ERE g R XL LB R 5
9 ISR M3 (Poker Flat il sk ) , 215 = ff1 )& i GPS
L0 355 JIT A 1 B R BE SE BT . R T IR S 0 45
S U T SAR XTI IS (BRI B Y TSR £ 4

— N
70°N \—‘q\—\- A
=
‘ o)
65°N Rais A
FREESE M
= Ee—
60°N ﬁ\—-«

155°W 150°W 145°W

K2 5K
Fig. 2 Study Area

22 FASARHFEITEFR A&

AR SCA) I 4R B A i Ak B TF 5T FR A
e, A AL S AR B I Fa X (R A S
M M Lk, R Bickel and Bates FR 4 i1 #% i1
BEFRM R (I Z, 20 8K 5 R
Z, 25 BEAT Z2 Ak 3R LA /N B B, AR S S
Z A HCE B 1) Ry 2, 05 L) R 14 fe i, R A OE
N T U R Xt 2 S Y 20, 20 BEATUE U, T AR
P (DT HEFR A 5 R i 3 7s o

K 3(a) IS — FR A A |, vl LA H B
BHFRAFH IS . 5 AT 5831 7 0 FR
i die KA Sy 13.4°, e /MK 3.2°, P39 R 6.1°,
R4 25 o7 56 RO 43 BT L A B 9 IX b A 19 i 3 F
LB 2 A 3L R 1 F 7S SAR {5 5 & 48 T Ak i
A eSS , AT 7= T FR A . B 3(b) AL — FR
o0 A . & FR M #E 47 4831 50 A B FR A
IME R 20, B RAK R 2.2°, 448 R 2.1°, iZAFSE



1680 R KM - F AR %M 2021 411 H
FRI/(°)
15
& 100
ﬁ 200
g A = - - -~ A
= 300
% 400
o
800 1000 1200 1600 1800 2000
D5 1 5 i
(2) SEB— VRIS BEEL fA 40 A FRAI/(°)
22
Ll:l;'
1= 200 2.1
300 20
E‘E 400
X
1= 500 19

5000

6 000

- |
2000 3000 4000
T i 1 2 G

(b) ST VAR A TR AT
P03 F 50 DX 0k L 5 e B £ o0 A

0 1000

Fig.3 Distribution of FR Angles in Study Area

X FR M O AR, 8 A X TR R /M 0.2°, 4
Wrsc o — B R R R

23 tE VTEC

HE, T FR A, AT U(8) 5 VTEC /0,
3R B[ PR 2 %5 M # 3 (international geomagnetic
reference field, IGRF ) $& Ik i) % 37 548 B 10 £ LA
oA £, i F ALOS T ©AT & 4 700 km 4
A, g A B 1] i AL v R AL, B3 BT H g

A VTEC/TECU

3

400
600
800
000

5

=
G
&
&1
=
izl
R

5

1600
1800

20000 100 200 300 400 500

BRIV E ST
(a) 5256 VTEC/Mii

A
40 0 4
5 20
400
30
600
252 300
%
20 31000
=
15 4\>_11200
S
1400
10
1600
S 500
N A
0 20005575 20 25 30
VTEC/TECU

(b) SR —VTECTRAA TR
B4 BFFEIX IR VTEC o3 fii [
Fig. 4 Distribution of VTEC in Study Area

ME 4R LIE 28— VTEC ) K{E N
33.4 TECU, H/MH X 7.9 TECU, ¥ {H M 15.2

JERERIAG B 208 A 300 km 26 47 HEL 59 0k
B, A SO0 R 78 B2 A 300 km B LA b B 39 1
PR O, A B s AR AR A (digital eleva-
tion model, DEM) #ll SAR Wi f% 25115 SAR A4t
i1 ¢ BT 5 SR 05 ¥ SAR A ¢ VL K WG 1
BB SAR AR R T IF MR 5 SAR A S
1 ¢ Z A1 £ 0 10 53 A0 s B, AR 41 =0 (8) 1A o
FEXIR VTEC 2045 B, 25 5L an &1 4 i o

B VIEC/TECU

I LI 8
g &

g

:

0 53
52

1000 5.1
150

49

148

47

46

45

44

6000 43

0 200 B'400 600
OIS 37

(0) 58— VTEC/Mii

1000

T LI FL
g 8

g

g

6000

B-B’
B
4 5 6 B
VTEC/TECU

(d) 5256 —VTECHYBBIIF14;

TECU; %86 — ) VTEC { K{i /5.3 TECU, &

JME 4.8 TECU,SF¥{E 5.2 TECU,

o A

ZAnm



546 BE 11

545 R 45 - B Ay WAk SAR R IRIA 31 = 4 g, 1 35 J3 o0 A 1681

3HUTLLE M, VTEC 43 i 5 FR M 43 A i HAH L
X &K VTEC i FR M MG S 15 B 3L W15 5],
HA S5 i, #3515 B0 28 AR A X F FR A (19 48
A R A5 2 B VTEC H FR £ & B A 56 .
TESLY —h , VTEC 224k IX M 82 K, VTEC 22 4k
A3k 20 TECU 247, HE00 A7 78 L 89 )2 5 S48
FESLE —rf , VTEC 224k 5/ , iU 0.5 TECU,
ANEEREZREFE AERADH, Fhim
4 00047 2247 B T — AN/ NI v A% 3 2ok 45 7 B
58 X 3 1 TR AR & B A R B R BIE T 4 9
(9 7K 38, HE 0 A 2 K 8 i T SARAE 55 )
2R FEVTEC R %,
24 BEIRIBHZH(BFZEESS

AR A TRTASE 7R A ORI 53 X 1 v 1 %5 12
B2k 5 R 5 i SAR B s 5 19 VTEC XF L 7%
JEE 26 UEAT CIE , DA T R A5 2 AN X = 4k iy 7 2%
JEor A . TEHFEL IRI VTEC B, TR B (14 %y A8
) 28 445 i D K ey B L H i ) S 2009
AEAEFR H 55 215K 2108, &4 ¥ 5525 — SAR
B 4 A o A TR] e BE Y R R 80~700 km
TR A% AU gy 1 {H Ry % 7 Bf 25 80~700 km Y HL, %5
JE OB IRT A AL S (9 %5 8 A i mT 3k B
VTEC. T SAR 47 B2 700 km, i =5
ST R B N e a7 o TR s B S = =S T
£ F 80 km | 7, B b X (10) H A 24 80~700 km,
TR )2, 2620 12 . % B 5 2 58000F 1) 75
B HE N WOR T SH T S R

P15 Sk S5 36y — S [+] e B2 A 1 v 9 R 0 A
HH L5 AT R, - % B2 AE 300 km Al 400 km &b %
R A A E DN

TR

S TR /19"m*
A 16

§ 500
N 400
fiZ 300

5000 2
3000%%@

% 400
%@? 30020O
= 100
NG
FN

n%@ 0 1000

F5 ST T = A T A A
Fig.5 Estimated 3D Electron Density Distribution in

Experiment 2

Fl6 k1B 5 AATE LR i I £k, e T AN )
R T A T L R Ak . K6
AR 5 DX (] e B Y F B AR T 6 A
HAHIA AL B, Bzl Saatl FR 4D m
VTEC 74 fb#a %5 [al i By & 2 o] %0, VTEC i1
A G IR B AE T H T BRI o s TE AR S
FEh R TFEESRESMHHMN VIEC %)
FH S

18

300 km
16F
12F
R
2 o 500km
i 200 km
b g ———
#
600 km
4+
700 km
2+
L 100km |
0 2000 4000 6000
AL R

16 AN TR] g B Ak 7K H 48 8 ) 4k
Fig. 6 Profiles of Electron Density at Different Altitudes

3 RESW

3.1 VTECH#RWIE

9 86 3E FR Al i+ VTEC B 1T 5& %, 43 51 F)
FH GPS F1 ISR £ 45 56 91F 55 55 — A a2 0% — 45 21
S — v SAR ARICAT AT 2 0 6] I ISR B dE
PR I il R BT B GPS B di AT 30 . B’ 7(a)
GPS 78 9 5 — SAR 35 WU (8] BL 9 (4 B30, 21 4
R Y b 92 3 — WF 58 X8R, 20 68 H A GPS
i, B 7(b) R GPS A1 VTEC 50 45 60 1 2k
J SAR s R AW [R] . H 181 7(b) AT, 7E 07: 30
A, GPS VTEC R L JH, B ik 1 Z i % HL 25
ZESE D . BE A, GPS #E SAR SR 4 B ] Y
VTEC #18.3 TECU,SAR¥t#lt VTEC F¥{H H
15.2 TECU, 2 & 3.1 VTEC, M & B H —&E
2200, {0 % & B GPS B 78 B 8] A 25 |) b5
SAR B I A 58 4 X% N, 2 5 BOM B A7 TR R
25, 0] LLIA O P 35 7 HL B R s I O R i
VTEC A M 41—t . X505 — , SAR 3R
V7 R B 220 BRI GP'S 03 A B 55 328, R ok R RS
JEE TR Y ISR BCHE E AT 30 0E . XL T SAR T



1682 RWKFE%E - F AR ER 2021 411 H
- 30 .
700N ;
5| SARHHE KAL) T
- Pl S o . .
1ot '-\.\lbw
B 20f '
o & !
65°N =l wir o 4
2 15 v
. e
S ot I H #: 2007-04-01
10 R :
60°NA - 8 1 ] I ] ]
175°W TT0°W 165°W 160°W IS5°W ISO°W 145°W J0°W 505067 0630 07:00 07:30 08:00 0830 09:00
= SRR, % GPSTUES UT

(a) GPS ¥ATHLIT

(b) 23— GPS {4 KIVTEC

B7 GPS ®ATHLIE LK S5 — 151 VTEC
Fig. 7 GPS Flight Trajectory and GPS-Derived VTEC at SAR-Acquired Time in Experiment 1

A BFZ0 /9 ISR B+ % B #E 47 B 40, i B ISR
VTEC H 5.5 TECU,SAR VTEC 4 5.3 TECU,
P& A 22 0.2 TECU, #F — £ B I T SAR il i
VTEC Al FE
32 ZHBEFERELRRIE

S 11 NS R [y W A S o o - T
PR, FH ISR 520 9 HL %% B2 X = 4 W 5 % )
ST UE . BT AE SE I — (A 5T DX

700

[E] Y52 A7 %) LAY TSR %4, A G JH Poker Flat I
U 2009 4FAE L H 45 215 K 21:06 ISR 4 H, T %
JEHAE R UE L R TR ES R, F
ISR % 6 5 52 % — SAR ¥4 % 4 wf 6] {41 2
2 min, FLiZ i [R] B L 89 )2 A S8 16 3, B A
Sy AR ISR L% 3 5006 1 O B S T
g5 5 AR S0 gk AT B b, 4 R &l 8
FF7R

600
500

& 400

B

1 300

200

100

0 0.5

IIAO ll.5
H /10" m
(a) Poker Flatilsi b (1] o 5 &

Bl 8(a) >l ISR IRT B A 3¢ 7 36 4K i v -7
R L A SRS O ISR B L 40t
SR N IRTHL 12 B 546, A (0 B 8 & AR S0y
P IE R M TR R . IR 8(a) AT, Bl 1E
HIIRT (Y H %5 B8 35 3k 5 T ISR WL %5 B2, 4
J R TRT Y VT EC Al B D -5 BOH L % B2
T 5 FEERIE 5, H 25 3 i v 0 42 45 31 B B ek
AL AT R O SAR U #lE 3HH ) VTEC 5 K5
() VTEC B b #2 35 , A b fff | SAR i1 5
VTEC #4780 IE J&5 2l T 5k i 25 B i =i 19
PG, MR AT R B, BUE AT IRTH %
FERZEAIR 8.14 X 10" /m®, ML 1E J5 o T4 iR 22

6
B RISISRAFEEIRE
- WSO ISR P [ 2

(b) T HE R

K18 SARA T L % B8 22 43 M
Fig. 8 Errors Distribution of Electron Density Estimated by SAR

FIH 5.41 X 10" /m®, AR R 22980 T 33.57 % -
Ry — 20 X AN [w] g B AL 0 H 4 RE R
P ISR F 2% BEE M B A T IRLE
ARSI AR 2%, W S(b) it , 4Lt AL -
IRI 5 ISR H % JF 25 {8 09 246 X, 18 4 5% 08 &
RARSCIT S ISR LT % 2 H 4 xHH . &
8(b) AT, X F I F Hu BR e 17 133 km #4319 B T
BIELE R AR AR TR IR EE K
X 5 T Hb Bk 22 T 133 km 43 1Y H 195 BE 45 51
AR ST AR B HL R R T IR A
B Gt g R & B, IRTAE 133 km WA R ik 2N
7.2X10"/m?, 133 km VL %22 8 7.42 X 10" /m?;



55 46 &5 11 ) WA UM 55 < BE i Tk SAR R IRTAN T = 4k o 7 %% 1 /0 A 1683
AT E133km L FiR2Z o 1.55X 10" /m?, 133 km Perturbations Following the January 17, 1994,

PL iR 22 8 3.86 X 10" /m’, iR 228 /0 T 47.98% .
T A A ) A OC BEORHE & B, TIRTAS B 75 i 25 3 23
TP 14 2 000 Sl R T R T P B | T A R 2
A3 B R TR R RS . T R B AR O
X I B 30 A7 7E ELELSON 0 3t , B o #E I 7 3%
WF 5T DXl TRTASE AU AR 25 35 43 1) Fi, 9 B A B ] &
P v, AR SC O 9 kI I X T A R R AT T 4%
Lo 3] 1) T 2, S UK 25 3 20 OIE SR R 25 3 K

4 &

AR SCHRE Y —Fp R 4l Ak SAR B4 45 A IRT
R HUAG T g 25 0] 43 5 = 4k W % B A A 1 7
%, Ik B T BT BT Nl X ALOS-1 2 ik
R UEAT SCI X 25 BT A BT AT R A5

) A 44k SAR B % 3K B 25 1] 49 9 %
) VTEC 434, T FRM 5 VTEC Z A1y %
F,F AW SAR i 55 T WH 5 IX B VTEC
A3 A5, JEFI T GPS ISR B0 48 56 9F 7] S5 . 45
oo S R N QR Sl g7 ) ]
VTEC 5 GPS it #y VTEC #1122 3.1 TECU, 5
¥ — FH SAR 4389 VTEC 5 ISR f VTEC
22 0.2 TECU, it W] 7 # JH§ 4 #% b SAR i 31
VTEC 43 1 B A SE 1k

2) T SARARMUT & i JE VTEC, I MK &
IRT HL %5 5 5 26 AR LT WIF 9 X — 4k Wl %%
Gy . A AE I AEANR] i AL () = A R
ANTA] L 300~400 km &b K, T 7E oAt 757 B2 40 AR %
BN, BT B I H T4 B AR KT O el LA A
LU o A e B, K25 R 5 ISR EUE XS s R B,
AR S5 VR AR I L T AR AR R 25 1 HE IRTAR
R/ 33.57 %, ZEAK T 133 km /5 8 1915 22 1L IRT A%
BUR L TE @ T 133 km &y BE Y R 22 [ IRTRE A4 /0
47.98% , 13X 55 IRTASEHY BT A (%) £ 40 AH 5%

Z £ X #

[1] ChenJY, Zebker H A. Tonospheric Artifacts in Si-
multaneous L-Band InSAR and GPS Observations
[J]. IEEE Transactions on Geoscience and Remote
Sensing, 2012, 50(4): 1227-1 239

[2] Zhu W, Ding X L, Jung H S, et al. Mitigation of
Tonospheric Phase Delay Error for SAR Interferome-
try: An Application of FR-Based and Azimuth Off-
set Methods [J].
(1): 58-67

[3] Calais E, Minster ] B. GPS Detection of lonospheric

Remote Sensing Letters, 2017, 8

[4]

[7]

[8]

Northridge Earthquake [J]. Geophysical Research
Letters, 1995, 22(9): 1 045-1 048

Ma Yifang, Jiang Weiping, Xi Ruijie. Analysis of
Seismo-lonospheric  Anomalies in Vertical Total
Electron Content of GIM for Lushan Earthquake
[J]. Geomatics and Information Science of Wuhan
University, 2015, 40(9): 1274-1 278 (B —7J5, %
T, REERA R AR B 2 M P AT L bR
MR R R[] RO 45 BRI,
2015, 40(9): 1274-1278)

Jakowski N, Heise S, Wehrenpfennig A, et al.
GPS/GLONASS-Based TEC Measurements as a
Contributor for Space Weather Forecast[J]. Jouwrnal
of Atmospheric and Solar - Terrestrial Physics,
2002, 64(6): 729-735

Xu Chaoqian, Yao Yibin, Zhang Bao, et al. Impact
of the Tonosphere and GPS Surveying Caused by So-
lar Storms on August 1, 2010[J]. Geomatics and In-
formation Science of Wuhan University, 2013, 38
(6): 689-693 (VFHEH, WhEDW, KA, 4. 2010~
08-01 < B XU 28 X 1y, 135 )22 Ko GPS M 4t Y 5% Wil 43 A
(7] BDUR %2 4l - {5 B2 B, 2013, 38(6)
689-693)

WuMJ, Guo P, FuNF, etal. Topside Correction
of IRI by Global Modeling of Ionospheric Scale
Height Using COSMIC Radio Occultation Datal[J].
Journal of Geophysical Research: Space Physics,
2016, 121(6): 5675-5 692

LiuL B, Le HJ, Chen Y D, et al. New Aspects of
the Ionospheric Behavior over Millstone Hill During
the 30-Day Incoherent Scatter Radar Experiment in
October 2002[J]. Journal of Geophysical Research:
Space Physics, 2019, 124(7): 6 288-6 295

XuF L, LiZS, Zhang K F, et al. An Investigation
of Optimal Machine Learning Methods for the Pre-
diction of ROTILJI]. Journal of Geodesy and Geoin-
formation Science, 2020, 3(2): 1-15

Bilitza D. International Reference Ionosphere 2000
[J]. Radio Science, 2001, 36(2):261-275

Ma Chaozhong, Zhu Jianqging, Han Songhui. Model
Selection Method Based on ARIMA Model in Outliers
Detection of Satellite Clock Offset[J]. Geomatics and
Information Science of Wuhan University, 2020, 45
(2): 167-172( B b, REH , WM. ET
ARIMA R ED {1 TLR b 22 e 6 B R0 1y A5 B 3ok 45y
L] RBUR 24 - fHBRHEM, 2020, 45(2)
167-172)

Meyer F, Nicoll J.

Using Faraday Rotation in Full- Polarimetric L-

Mapping Ionospheric TEC



1684

ER N

7 B

[T 2021 11 H

[13]

[14]

[16]

[17]

Band SAR Data[ C]//The 7th European Conference
on Synthetic Aperture Radar , Friedrichshafen, Ger-
many, 2008

Rosen P A, Hensley S, Chen C. Measurement and
Mitigation of the Ionosphere in .-Band Interferomet-
ric SAR Data [C]// IEEE Radar Conference,
Arlington, Texas, USA, 2010

Jehle M, Frey O, Small D, et al. Measurement of
Tonospheric TEC in Spaceborne SAR Data [J].
IEEE  Transactions
Sensing, 2010, 48(6): 2 460-2 468

on Geoscience and Remote

Pi X Q, Freeman A, Chapman B, et al. Imaging
Tonospheric Inhomogeneities Using Spaceborne Syn-
thetic Aperture Radar [J]. Jowrnal of Geophysical
Research: Space Physics, 2011, 116(A4) : A04303

Wang C, Zhang M, XuZ W, et al. TEC Retrieval
from Spaceborne SAR Data and Its Applications[J].
Journal of Geophysical Research: Space Physics,
2014, 119(10) : 8 648-8 659

Kim J S, Papathanassiou K. SAR Observation of
Ionosphere Using Range/Azimuth Sub-Bands[C]//
The 10th European Conference on Synthetic Aper-
ture Radar, Berlin, Germany,2014

Wang C, Guo W L, Zhao H S, et al. Improving the
Topside Profile of Tonosonde with TEC Retrieved
from Spaceborne Polarimetric SAR [J]. Sensors,
2019, 19(3): 516-526

Freeman A. Calibration of Linearly Polarized Polari-

metric SAR Data Subject to Faraday Rotation [J].

[20]

[21]

[22]

[24]

[25]

IEEE  Transactions
Sensing, 2004, 42(8): 1617-1 624
Quegan S. A Unified Algorithm for Phase and Cross—

on Geoscience and Remote

Talk Calibration of Polarimetric Data—Theory and
Observations [J]. IEEE Transactions on Geoscience
and Remote Sensing, 1994, 32(1): 89-99

Bickel S H, Bates R H T. Effects of Magneto—Ionic
Propagation on the Polarization Scattering Matrix
[J]. Proceedings of the IEEE, 1965, 53(8): 1 089~
1091

Chen J, Quegan S. Improved Estimators of Faraday
Rotation in Spaceborne Polarimetric SAR Data[J].
IEEE  Geoscience and Remote Sensing Letters,
2010, 7(4): 846-850

LiL, Zhang Y S, Dong Z, et al. New Faraday Ro-
tation Estimators Based on Polarimetric Covariance
Matrix [J]. IEEE Geoscience and Remote Sensing
Letters, 2014, 11(1): 133-137

Kim J S , Papathanassiou K . Correction of Tono-
spheric Effects on SAR Interferometry Using a Com~-
bined TEC Estimator[J]. Acta Cybernetica, 2013,
20(1):127-146

Zhang Jing, Liu Jingnan, Li Cong. Research and
Discussion on the International Reference Iono-
sphere Model [J]. Journal of Guilin University of
Technology, 2017, 37(1): 114-119 (5K #, X £
M, P EERZH &2 RS R
[J0. e bk B TR 2 2 e, 2017, 37 (1) .
114-119)

Estimation of Three-Dimensional Electron Density Distribution Using

Polarimetric SAR and IRI Observations

CHEN Jingyuan'* ZHU Wu'

ZHANG Qin'

LI Zhenhong'

1 School of Geological Engineering and Surveying and Mapping, Chang’an University, Xian 710054, China

1 The 20th Research Institute of China Electronic Technology Group Corporation, Xi'an 710068, China

Abstract: Objectives: The ionosphere, extending from about 60 km to 1000 km above the earth’s surface,

is an important part of the solar-terrestrial space environment. To better understand and characterize the iono-

sphere, it is necessary to observe the ionospheric parameters such as total electron content (TEC) and three-

dimensional (3D) electron density. However, the three-dimensional electron density derived by the current

methods is limited due to the low-spatial resolution. A new method combining of full-polarimetric synthetic

aperture radar (SAR) and the international reference ionosphere (IRI) model is proposed to estimate high-

spatial 3D electron density distribution. Methods: Firstly, we calculate Faraday rotation (FR) angles from

full polarimetric SAR data. Then, we estimate vertical total electron content (VTEC) using FR angles and

geomagnetic field information, and reconstruct 3D electron density distribution by combining IRI electron
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density profile with SAR-derived VTEC.Results: Application of the proposed method to ALLOS-1 full-po-
larization SAR images with descending and ascending orbits over the region of Alaska shows that , for Ex-
periment 1 with ascending orbit, SAR-derived VTEC is consistent with GPS-derived VTEC and the
difference between them is about 3.1 TECU ( total electron content unit ). For Experiment 2 with descending
orbit, the difference between SAR-derived VTEC and incoherent scattering radar (ISR) VTEC is only 0.2
TECU.When comparing with the electron density derived from ISR, the standard deviations has decreased
by 33.57% for the proposed method, and the standard deviations has decreased by 47.98% at the attitude
over 133 km.Conclusions: It can be concluded that it is capable to estimate high-spatial-resolution VTEC
and 3D electron density from full-polarization SAR images. These products can help us better understand
the characteristics of ionospheric variation in space.

Key words: synthetic aperture radar; Faraday rotation; international reference ionosphere; electron density
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7.04 cm and 0.20 mm/s, respectively.Conclusions: The proposed method is feasible and effective.
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satellite ; International Global Navigation Satellite System Service real-time service (IGS-RTS)
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