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Abstract Satellite radar altimetry requires high-precision ionospheric delay
correction to achieve accurate sea surface height measurements. The Global
Ionospheric Map (GIM) provided by the International GNSS Service (IGS) is
widely used for such corrections, but it integrates the total electron content (TEC)
from the ground up to the GNSS satellite altitude (~20,000 km), whereas an
altimeter signal only traverses the ionosphere up to the satellite orbit altitude (~970
km). This difference in integration limits can introduce systematic errors if GIM is
directly applied. To address this issue, this paper proposes a method for retrieving
ionospheric TEC along the instantaneous altimeter-to-transponder path during in-
orbit calibration of altimeters using a fixed-station transponder. The method is
based on dual-frequency (Ku-band at 13.58 GHz and C-band at 5.25 GHz) delay
differential measurements between the ground transponder and the satellite
altimeter. It obtains high-precision TEC along the actual satellite orbital
propagation path through these dual-frequency delay differential measurements,
based on precise calibration of hardware delays and tropospheric delays. The
retrieved path TEC is integrated only up to the altimeter orbit height
(approximately 970 km), which physically matches the altimeter signal
propagation. The method is validated using ten in-orbit calibration experiments
conducted with the HY-2B satellite at the Beijing Changping fixed station from
May to October 2025. Each experiment lasts 2-3 seconds and provides 300—400
valid dual-frequency delay samples. The retrieved path TEC values are compared
with collocated IGS GIM TEC values at the same epochs. Comparison with IGS
GIM products reveals systematic differences of 1-4 TECU between the path TEC
retrieved by this method and the GIM total column TEC, with a correlation
coefficient of 0.987. The uncertainty of a single retrieved path TEC ranges from 0.1
to 0.5 TECU, and the root-sum-square total uncertainty is approximately 0.433
TECU. This study provides an external independent validation method for
ionospheric delay correction, offering important reference value for improving in-

orbit calibration accuracy and altimetric precision of satellite altimeters.
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Figure 1 Vertical Profile of Ionospheric Electron Concentration

BE1HRRT —TMHRENFEEHREEEBFREESESAME (XA o-
cmmmﬁﬂLw)o%%ﬁ%%ﬂg,ﬁ%ﬁﬂmez&ﬁﬁ%g(%wo
km) , GPS EESEZ 20000 km, AEWRETBFIRENFTEDHIFME, NLIREEER
FE A4 0-2000 km, 3HIFEX K 0-970 km SEE, IR A X KIEMESE TEC R X{E. 970
km U EBRMEARTRENEFRE, TEXBMTEEENEFEFERENTE. ZEE
WEBAT GIM /= RIZAEASEEHE TEC (FRHZE 20000 km) DBRKRFACHIERR TEC (FR
Z 970 km) .

EHRBERLEMNBRRE TECZE, FE5RIMA GIM =BT KA TEC FEH T L.
IGS & KB EREME (GIM) Z2ERERLEAK ZNEBERE”Mmz—, BIIEIK GNSS
MNEE ZMRIBEEER, TEDMHRAZE 5. FHE 25°, WEDHFHEZ 2h, RHtE
B TEC (VTEC) MLk . ANNAREE =S EEHIEA B HZERI GIM XTI R W% EHE1E
HTECH%, HTLREAORE, AT CMBHELIHERNS, HEEXARERELN

8



GIM TEC BIRIE NN LLEEM A HTHINS B 31E, BRIV REIRE, WA TECH
B B L5 AL

[ HY-2 KU B ER 75 ] [ HY-2 CRBER 3] ]
[ AR E ] [ WERRE ]
[ HWREERRE ] [ HRRERRE ]
\
[ wm!eﬁ ]
|
( SREERER ]
|
( BB ETEC J
[ 5 GIM TECELE: ]

L EN0H ]

B 2 ET AR FEIRZDHIBRE TEC RIRRER

Figure 2 Flowchart of path TEC retrieval based on dual-frequency system delay difference
o IAY ==
4 KRG

ABWIEETF IR G LR ZE KRR TEC FEMREM S —5 M, ASGERHY-2B 2
B 2025 5 AE 10 BHEEILH EFEE B IR EARZ VN 5 4 T IRBAI DA R S 3E
REUBEHATH. ERMNTEEETAME, EMEFERFENERE. BALBIFEMN
B4 2~3s, FEEREE, SRFIEEA300~400 MRS, HRBEEHIER, FXE
NP HCRINBRILETEER . SIREERMEBRTR, Hf, JUIEEBEREREIEN
ERFBALTITE, SHRELIRAIG GNSSWNME, MEBEERN R IGS ZHEH
GIM = RN TER TECEHRTITE. EIBILER, MO EE—NRREGFEIRE
B, XN—ALRAEHCHREY, BENZALKENEFTREE. GIMRRENEMEZE
GPSEESE (420000 A8) HWEEFTEC, MANRLRENEMNEEZE HY-2 PES
B (A9702E) MR TEC,. WERPEEARR, MEBRXAE. EHERIFELER
SIANGIM ZE#, HETFTH—IEMNKRFRERZER MESIAENKENZ
“SEEE B TEC, MEZBAFEEEMNEEKRE AR, WE 3a. 3b fow, I—XRHH
K AB), BRILHIIREZ 300-400 PMRIFL



10

x10° ‘ ‘

1.94468 [ ®  Signal Round-trip Path
®  Geometric Round-trip Path
1.94466 [ ]

__1.94464 ,
o 1.94462 ,

1.9446 ,
1.94458 - ,

1.94456 [ 1

Round-Trip Distance (m

1.94454 1

1.94452 ]

1.9445 1

1.94448 : : : : :
0 50 100 150 200 250 300

Sample Index

B 3a Bih > EE SES SYEMNEXLE

Figure 3a Comparison of signal distance and physical slant range between altimeter and transponder

5.625

o
o2}
N

Slant Range Difference (m)
o 5
o =
- o

o
o2}
=}
a

56 . . . . .
0 50 100 150 200 250 300

Data Point Index

3b BETRGER
Figure 3b Altimeter system delay

MR ARG IER PR HIEE A AR LR ERYINE, HEAREZNRBR
TRIINREN. B4 PR MRERBREXMITE, MERKE MR B 7 it
HHEIER.

10



11

X RA R G IR B (8] FAI T EIT M. ST ERFA, KU BEBRSEITREAHER
4 5.624m, FRAEZE 0.021m, CRERESEITREMIER A 5.770m, &2 4 0.031m,

Ku-band and C-band System Delay Comparison

65T
Ku-band: mean = 5.624, std = 0.021 - : — Ku-band
C-band: mean = 5.770, std = 0.031 C-band

B

Y

2 --E--g--F_-g  _g--®-N
" -

5 g0 —0__ o oo

8

2

>

A5

1 2 3 4 5 6 7 8 9 10
Experiment Number

B 4 [5R KU 0 C R ERAE {4 FEIR B
Figure 4 Scatter plot of hardware delays for Ku and C bands across multiple experiments
& 4 o] AF R PRRE TR RS PR FERFE, AEEEEE TEC RIRR AT
SEIREM.
TETMEMHLEREER, TESAIRIFENTERIIEAL ETEEREEHXR
BEATEHZE TEC IR, X+ASKREHRHITITESBER TEC,

H—TERRORMNAHEE, RIEREERRE,

GA,I'
OJTEC,I‘: 1 1
40.3(5—=5-)
fC fKu

Hefo, AZNREZE, BH%RNR TEC KRN AHEE X 0.1~05TECU, A 5 A
T ZERKRPETRESZLERZEZDMEREZFETEC RESRITHRELREB LM,



12

TEC Inversion Uncertainty for Each Experiment

0.6

0.509

05 1
0.442

0.406

0.320
0.301 ]

03[ | 1
0.263

0.215
02F 0.190 4

0.155

o.cc (TECU)

0.124

01[ ]

1 2 3 4 5 6 7 8 9 10
Experiment Number

5 BRKHBRTE TEC RIEAHEEERE

Figure 5 Bar chart of TEC inversion uncertainty for each experimental path

AR TEC SEKER =R BMER, KA ICS KAHMLIKEERME(GIM)E
ATE, ATERHKUNERE, SXXBZEMNEEA—H, BINEREEHONX 2~3s, 18
SF GIM 9 2 /NBF D FER T BRI . E A SCR S5 B EAT N A9 &l & 7 BT EX
GIM MR {EEAXTEL TEC, M&ENLIWHHRN GIM TECEF, SRIXCTEREKRE TEC XF
EbanfE 6:

Comparison of Two Data Sets

50¢ T T
\ Std of Difference: 1.460 TECU ‘
G
40 7
Sa0l %/ﬁ ]
) 30
L
E
(0]
=
S20f 1
1071 ]
—©— Path TEC
—&—GIM TEC
0 1 1 1 1 1 1 1 1 1

1 2 3 4 5 6 7 8 9 10
Experiment Number

& 6 B2 TEC 5 GIM TEC *fLt

12



13

Figure 6 Comparison between path TEC and GIM TEC

5% 1 }%12 TEC 5 GIM TEC 3Lt

Table 1 Comparison between path TEC and GIM TEC

LWFS #%12 TEC(TECU) GIM TEC(TECU) #£1{&(TECU)
1 44.4783 49.1 4.6217
2 30.6626 32.9 2.2374
3 25.8512 29.8 3.9488
4 22.5752 25.2 2.6248
5 24.7042 26.6 1.8958
6 24.1802 28.5 4.3198
7 25.5256 28.6 3.0744
8 38.2715 41.6 3.3285
9 29.9629 30.7 0.7371
10 33.8596 34.1 0.2404

MBI ERKE, BE TEC 5 GIM TEC Z [EFR M 2 4 1.460TECU, X REIAZ
0987, EBAHEH—F, GFEBHMEASMRE. GIMTEC £ RIS T8R TEC BAMIM LK T
RXETESERSCESUNMREEZR. GIM =HRRTEEATEC, FHRIZESHEF
BAER BRI FIHER, MIRER TEC AXREMZREEERIBFEE, g EITER
BEXRISZEDENESE (N970km) , REAESEFEFEXEHE Fim. RIFEAT
HEEEE (40 IRI-2016) , 1000~2000 km 5 ESCEMB FEE4N 4§ total TEC A
5%~10%, XE5IWEIR 1~4 TECU ZFRERYE. I, CIM=RAEERIBRFH#TTE
EfEEMAEEELE, HEREREXEFHBRXTEEERS. ¥REHEZE TEC 5
BRSNS EUH T, RIMEMBEE (05 9. 10 AXKHE)  BETECHAEZE
iR, YEMEEEHERANBERENERN, Mg~ RTREARBIEE, KBE
TECUEZERMUNNZ ELEELTR, YEhEBERFERESERES, mEEFH
—S Rl
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AT HIZZE TS EITEIRASEFRF I, 1§ TEC ZEEH0H Ku KB TERIRE, RIES
BEERETECXEK, 7£ KuKERT 1TECU AXF R 2.2mm BERIEIR, #HEEER TEC 5 GIM
TEC E12EF 4 1.460TECU, MPESIAL 3.212mm IERRE, A YRS EITNEEEER
REHEXFEZZEREMNERT, ZRENTEREREERESEBLGFENX . M HY-2
K, EMEEREEIEAR A2 cm, 3.212 mm BERIREA & R ETE R 10%~20%.

®2 TBEREFS

Table 2 Analysis of the main error sources

Y TEC IR ZE

REXIR REER 2054 AR
(TECU)
Ku: 0.021 m, 0.281
BHIERIREIRE AR EHIRY
C: 0031 m
0.141 BEAIRZE, ®MmJL
Efre i EIRE =72: 0.0093 m o
A EItE
WIRE 5> N E 8 0.1~0.5TECU 0.293 FEBHIRZERR
ZEBNN 0.2 cm 0.015 o] ZWE
[ERrr 0.5cm 0.04 o] Z k&

BETR2HPNETRENFER, TR TEC RIRMNRTHEEHTEE TN, 8
HERIFREREFEHKUMCEBRBHERNIREZERE, KREEEETRIY 0.281
TECU, RINERZEHIRYE, FAEWKERTEC S5 GIM ZFBHMNAT, EFSMEREIR
ZFERBETONSSESUNNSEAREN, BENNIRE, TEBIZRALRFHH—F
MEl, WEMEDNEREELEAHEENFTEBIKE HopJENF 0.1~05TECU Z
B, LF GIM = @mIARFRIEE (2~3 TECU) . Z LB MEEEE EPHRZEDF4
0.015 TECU #1 0.04 TECU, %K/, TREAIT. B LR M7 IR ZRZERFF 7T
(RSS) Fii&&M, BEIRRE TEC RENETHEEAN N 0433 TECU, ZEREE SH &
REBHAHEEER N, #—TRIETAXTEERAEDEBEREZ G THIRREFRE.
SFEERNRIEMRE.

ZERTR, WIRFEREREBRESEAEMEERZNTEC, REBEESREL
HRIER SAEY, B, BRRTEC 5 GIM TEC Z @7 %k 1~4TECU BRER, ZZERTHE
BeERTTESKRELBERHUBE. NeEITRAENARE, ETHRERHMEBR
BEEIMNBETECEERMELAZERENBEFEE, B2 7 MRS ERNEEZE
FRANZEERR, TUASBEEEERERNEREMISE.
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ANXETHY-2 BEAEREMBRERSRLMF TRERAN Ku 5 COMARGTREIE, &
N7 ETHEREHEREFRSNSEITEREFRHIIAR S LEIR = REE M EERES
BERBEFEE (TEC) MEARRRE, HEZRFHETREIETECS5IGSLKETEHE
(GIM) FRMEFEREANSEITERNEN. EXHEZEEFREELERSTRELRE
IERSERL E, FIABBEEMEEREFMELINRE TEC R, H5 GIM = RitfT 7 WL 24T,

KRERKP, WHRFERFIEARFREN, ETZNERREGEMNEER
TECHHEE, HERREAHEEL A 0.1~05TECU, 5HF GIM = RBELTR—2
K. BBETEC 5 GIMTEC BAEH—B, WiIE7TIENBER M. bk IERE TECH
INF GIMTEC, FZEEL N 1460TECU, 1ZEZFREYE L THSERTCEEZREE:
GIM =R RTEEMFTEC, M EITEEBRENRPEREHESE. GIM =RERES
= AR RSB SR TS, FEEREENE GIM = RBEXE
o, MAXFARETINE2MMERIN, AZMEERLm, NERFREEE X&ES
BERSENNSEEERTEFEER N,

MNEETRGERAESE, EEEXATBRETICHTEERNE, THTEZKR
RE, AHNSBENSESERTZELANTRZU. BT, ETHRERREER
REHMBE TEC EN S ELEREEA N, TUISETEBERERELESRFRED
i At AN 2 — B A9 Tk Sz MM k3R

BE, ACRENETEELARE RS OIUIRFIERZED RIEEER TEC 7171 U
KU B EIHERFEEPEBERERNMEARIANEZERXFREEL, ANSHETES
BRREERBE T HNRARE. RRITETESGARNER T, ZEKSUNER,
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