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HEWB . HHE A KRB 4 (G5 :42574067,42174018)

(Dong %%, 2018; DaiZy, 2020; #{Al A %5, 2022;
AHAE AR, 2022) GO, R, WIMESEK
AL 2 32 B X U2 AR SR AL (s, i 29
T InSAR FEAR MY kG BE W T, JUHOR R . TR
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3 DR T AR AL Y BRI 5k R T A AR A
BOEJ7 o BT W AR A 1Y 20T T iR 6 R
RAER 25 S A A AR, AdE S 23 380 (Crosetto
2 02002). TEHEIEM (Ferretti 28, 2011; Xiao
S, 2022; AFRLE AR, 2023; Duan %, 2024) .
T ARG S HIE B AR O Sr BT (Elliott 55, 2008
Shirzaei 1 Biirgmann, 2012; Liang 450 2023) &,
IX B T5 i AN R R B, AT R AUE IR
DR 22 MY SE M o BT AN A A9 0IE T s A 4 A
HH GNSS K Tt % it )22 #E3R - (Onn F1 Zebker, 2006;
Houlie 5%, 2016; Yu#%, 2017, 2018a) . W16
W (Li%E, 2006, 2012; X4k %, 2007)
AR R A0 A 7 it B0l 55 B A (Jolivet 5%,
2014; WY A, 2016; YusF, 2018b) %, ¥
ST T P A0S 00 00 50 4k o o i 2 S R A L AT
flitt, M T InSAR T ¥ AHA Y Bk OE o & T 4b
BB A I T 1 R g SR A B T
ZWR L, HSE TR e —E SR FRYE . GNSS
SR T 54 T A v R R TGS A AR A 1, EH
23 [8) 73 BE AR A2 0l AP AT BR ), ESEVER S £
TGRS Z ~ W, JokiE T T A SAR 4L
o RAH TR B R i i 238 3 St K 85
FR I, TR R T InSAR RAEE

AP e ] 55— AR AR BROR AU il 1T -0 BT 7 it
CRA (China’s First Generation Global Atmosphere
and Land Reanalysis Product) 115545 2] ) K T4 i
JZIEIR ZTD (Zenith Total Delay) , H5E-5 KR H i
RAFHH L ECMWE (European Centre for Medium—
Range Weather Forecasts) FH:-2 4T H1[H] 7 i ERA-T
(ECMWF Interim Re—Analysis) L EGGE -3
2023), fF InSAR RHCIE A 2 R B R 47 AR
RIS 45, 2025). TEULEERN AR — Qb [ 4k
AR5 CMA-RA V1.5 (China Meteorological
Administration Global Atmospheric Reanalysis Version
L5, JREEfIFR A CRALS) i R i fit
TR R R R LAl . AT B £ InSAR KATIE R
e 22 PRCIE Y A R B R 15 B &R SR PEA
A T EAH AT ST

ASCHET CRALS Bdli R o J2 B D5 i A
KT R LR, I A & AR )Z 70 i 11D
(Iterative Tropospheric Decomposition) 15 % ZTD
O 1 2 InSAR JUf 25 6], H T RAUEIR 1% 22
O . WFSE IO 1 1 2R 15 5 [ i A 48 e N

(TRIFR “IIN™ ) VESRSEEH X, SR AR ARE 22 |
2% 1) 25 A6) R 80 B FH 8 — o R AH O 3R B = 1048 Bp )
BUESS RIATERE VN, IF 558 HAUECMWE 223k
MG T3 BT B4 ERAS (Fifth Generation ECMWF
Atmospheric Reanalysis of the Global Climate ) 138 F 7
TEBFBERIMIERS GACOS (Generic Atmospheric
Correction Online Service for InNSAR) #£47%F He43#7 .

2 Bl KA X Ak

21 KREHEFRNA

AT AT H5CH 3 3 il 22 RO I 9% L 4k
R, T KRARE, ARE . A NE
AR S PR S s — B AR S 0, iR
ARk, B ECHE A1 R B AS W i 2D R TSR R
R ERETE, EWNAMIER T 2E 28R,
FLAERT 25 A % | AR SRk BRI 7 55 Y 18 45
T B B . BERAS J2 H TR R b2 v
(R B BT 2 — B R T DU 4 AR 4y [
RS (4D-Var), ElG THFEHELE . Lk
HL A 4 0 T 2 JR A A N I 4k 22 T U 45 4 T
R, BRI R 372, WA 3% N 31 km/h
(Hersbach %, 2020).

20214, HESRG M EM T ES ek
KAFBE A H =8 (CRA), %77 52K FH = 4k
R L (3D-Var) Fik, BT 1979 4F—
2018 AL 1A 2 55 km = B A2k =4 KURES, &
BT R 642, B HEA Hy 34 km/6 b (Liu 5%,
2023) o Hi—A E 4 ER KA BT CRALS
BT 4 A A2 43I A Rl AL (Hybrid-4DEnVar)
MESGRRSIEWPEEA, BETHESE ek
KA BT BCHE R I DI A R 00 0 B )
DA R LAt 4 BOUL I ES A, 4R AR AN 1979 4F 2= A1
IR, EEAEREE. RE.
LA, FTHNEATE, B aPERER
10 km/h (Zhang & 2025),

GACOS F 5t i - 1 2541 1t 20 52 AT B 76 95 [ 4
RHRKFI K . IR R SR K I 4 1A
BAAEST, A ERE AN 3 BER InSAR KA MUIE 7
LRSS RG. GACOS I T ECMWF /& 4 B R K,
T4k HRESBERVE I (FE 1553)2 137 )2 . B 28 43 3¢
K10 km/6 h) , F I ITD #5589 A Bl s o0 3 R K T
i EIER 25 R (Yu %, 2017, 2018a, 2018b).



W AEHE £ 3 — U E AR RS AT 5 (CMA-RA VI.5) InSAR KA GERIR2ZTE AL 5 0T 821

EAERTTH ., . Sl EEE R, BE
FEAR T InSAR KAIER R 200 E AR T, 7F
b ARAR 32 N FHARA T
2.2 ®AFEXIEF SAR #iE

ARG DS BE IR [ LA MSE RN . 1
AL E AR U X, AU BT A,
SIS L |- e SO o = R 7 I =l
SRR NG R, BoKZEPTEE; NG
TREWERR, MR, WPamiTriy

38.0°N

37.5°N

37.0°N

36.5°N

36.0°N

(a) PEIA
(a) Shandong, China

ik, SR HRE, il 2R i e, B
IKEEH T4, ARRMRE ., BT,

Mg e —-5 (Sentinel-1) TR C I B A
FLAE T IK SAR (Synthetic Aperture Radar) 1482,
SARIIHRLZ 20 m, S T InSAR AL Wi I U
PR ) 2 IR IR . ASHIE ST E I 2021 4F—2023 4
300 1) 7 5 v T L 2 R 5 T DX I W S — o
HE 20 H5 HJE WL TOPS  (Terrain Observation by
Progressive Scans) AT B AMEHEBKR, EHR
b ol AR S

34.5°N ¢
34.0°N
33.5°N

33.0°N

32.5°N

(b) SEEINM
(b) California, USA

0 500 1000 1500 2000 2500
MBS ZE B — C— R NS

B BT A B0 B SAR 515078 o i il
Fig. 1 Topography of the study area and SAR image coverage
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3 InSAR KA HEIR 1% 22 2 1 KAl
J7 i

XL ZXT SAR 15 5 B 28R = SR F AR
IR R W HURE I I i AR Ak, T UL 1 PR AR A
K, R AT HERFRIEIR . 1 HER FEAZ KA
FE AN B, B R RO R, Wl R
AT WREER th KAOKIREIE, HA BEE
23 AR S ELAMESR AR, P IL ARk InSAR AH A
WREM EEARE . B IER S 2 T K 5]
ANWIEARE S, S FRIE AR WS RS B, e
T 3 B b P A PR AR XL S B

AHEFEF H CRA LS B8 1T InSAR KA HEIR
WREME, IFLAAERT 72 B B P AT s ERAS
FKAMIE RS GACOSIE NS IR, ARG IFAL Hk
IER AR, HARm RS B, MK EES
EHEME, X CRALS A ERAS (193 B JZ K 17411k
FRAE, BT RIS M S b 1 ZTD s Bl
FUHITD AR (Yu?%, 2018b) KBS ZTD 1 {E Ky
FATHERESY, T InSAR KM IE; &5,
LT AR ARE2Z | 25 (A1 25 04 bR 55 R A 5 — s B A
KRB WAER, 256 P4 CRALS. ERAS I
GACOS7E InSAR KA HE P AIRCR

3.1 RSB WHIELE

ZHERE JIE R, KA B W Y I
EREME, EMRXIMKRIFER S, RS HE
i 1o J5 1 T 0L 2 i B L, SO B AT S Rk
N FEE PR HLZ . AR SCR 5 Z R0 O ik Ak
P CRALS5 1 ERAS P43 #1848 £F 0—50 km = 5
BN RASEL, IR R = AR . 0—2 km X [i]
LK HM2m, 2—6km 10 m, 6—16 km 4 20 m,
16—36 km 3 50 m, 36—50 km 4 200 m. M 43
BT BSCHE AR B, S s B LR EE RN R A, JF AR
P R AN AR ROKR R . EREAE)ZE T, R
JE 2R MM D 4G AR, AR5 KRR X EOB
AAHE, A o BV T 815 20 B A% N G
ZTD1H .

kR kR, [t~ e
_ -6| 11y _ iy €
ZTD = 10 (lgP“'+(% Ry)fm pdh+

B e
kJMWM) (1
1, £=0.776 K/Pa, £=0.716 K/Pa, k=3750 K'/Pa,

R=287.05J/kg-K, R=461.495 J/kg-K, g=9.81 m/s’,
P HHERSIE, e KR, THRHIRE, h, iR
=Y

X3 2 R AR PR AE IR 38 2 I i 2 1)
5Kz mAE S . Yu% (2017, 2018a, 2018b)
& 3 B TTD A58 AU 388 2o 73 85 di ik 0 o AR AH O 43 i
ARARTE T ZTD B4R ARG BE . A SCHE T ITD AT
454 90 m 73 B R A 1 e BT R LR DEM
(Copernicus Digital Elevation Model) , # ZTD 47 fi#
R4 V2 FE R R A AR, T A A 5 Y XA
()= o BERIESE ZTD Yy . HBR Rk =N F

ZTD, = T(x,) + ZTD,e ™ + g, ()

A, ENTHIRMENE, TRRIMRDE, v 2%
[ A FR o] i 5 A3 )2 4r i DR BOREOE XA FoR, H
1 ZTD 2 15 4 /L DX Bl g 1 T Ak 43 JR A8 IR 4 i, B
Jo I R, by = (hy — by ) (B = by ) ARG A
L E kAL LI — LS R, e AR EBIR 2

ITD B A A% 0 B bR, SR 7E 25 0] 25 AH DG [
W, FIHE R ZTD 2% sk Uit (2) iR
JERELZTD e, TG, RIS (G 5 150
T, WIRAETEZTD, R B; Bl S, I S B AL
T EAEAE R AR M AR 5, TR B E IR B,
DATEH A3 )2 3R oy ik dE O 2Rk, mAA5E)
WS SR 2B ZTD, N B, FE ML FERE I, K pr s
27 G U A IR AR 2 AR B H AR B b, TIE
AR AE B, A CRALS FERAS X I ()
InSAR RAHEIR E]

3.2 InSARKSXIE

InSAR T A 7y
P = Puct ¥ P T Pty + Price + P (3)
KL, HOIBAHGL @, AT 2L 40 DEM 3> DL 25 B,
MIERZE @, M T EKE S PUE B IE, M A
L @, T30 2 AH P 0 25 5 225 [R) R Oy ik AT 4
il KBr BiRR2ES, TWERRKREER R 20 IE
LKmH

O == (r, = 1) - 2T (2D - ZTDI) (4)

X, A NERESIK; r M, 2052, e, B
ZI R &, ZTDYOS F1 ZTDLOS 43591 Sk X6k 107 e 270
ML 516 LOS (Line of Sight) R TFA L2 HER .

3.3 InSAR KS M IEXRITA
T YRR, KAIER A K IG5



W EHE S U E AR KRR AT 5 (CMA-RA VI1.5) InSAR KA FER 1% 22 000F 374l 5 i H 823

Sy IR LAY 20 . W LR IR AL X B
Je 5 ) 5 1 JY 8 B UIAH O, A2 HE 2 AR AR 1
LU DR B # X0 R 3 (Xiao 55, 2021) . AL
K FHAHALFR 22 Std  (Standard Deviation) . 55 [6] 4%
2 PR %L SSF - (Spatial Structure Function) 2 A7 —
A R 3 IR R, RGP CRALS. ERAS
T GACOS 7E InSAR KA IE H IR

(1) TR bR EZE . T8 B A5 2
MR EMFRIL DRI T, P InSAR KK
IEFiE (Doin %, 2009). A SCHTE+ ¥ B4 B if
] L2 3 il 7E 60 d LAY, 1l DAk K 1A PN b 3208 AR
BN, TR ESES KRR, M0
PRIfE2E 0 RN L B T RAUE 5 s

/ S (pha, - 77
Std = | = (5)

n—1
X, pha, WEER A& MARNAE , pha HZ T
PR AR 3408, RO o AR s 7 22 0 BRI
W RAIER R 2215 8 1A R il .

(2) Z3[H) G50 Rk . 25 (0] 45 00 R 3R T 1A
KABEX P AE S5 55808 . InSAR T3 E
B AR 5 1 22 1 B Ry 2 (ka4 amr, BPAHAL 7E
A LR RGN, At A (R S5 A PR BT =1k
T AL Fiti 25 18] B A8 Ak A G THRRAE

S&NEzE«fUJﬁﬂx+QY) 6)

A, KRR, R R FE%
IR T, TR R, & (5) T
AR A (R, BIOR BB
(=S E((f(0)-fe+m)) @)
S 5 O BRI TR, LK
BB RS TR, R (AR 3
. KA E S A IR R (61, 220
K 5 I SRS, B A
S 3 L 98 0 Y A BB £ 3155 7 5
HAER 45 IR 550 5 5 B
R BRI, BUR MR 4 B0 B
S, AR R A
(3) A — BRI R B R TR
SRS RIRT AR OREWES, HS
ST VI 5 M 5 2 P AT e
o A 5 3R BT 11T 9 2B R 6 9

(Jolivet 55, 2014). ZREIEE, A —m TR
KRB HE AR, RO P 5 B A 5
RAMF 13 LSS, 2 B0 JZ 7 B A SOE SOR
Eﬁ}o

4 GRS

4.1 FHEBAAIREESITEME

e T P S IS 711 B = B R A 3 P 2o N W
IERTE AR bR EZE , Seitas R umE 3 iR, K3
FRER— 1 4 B R T 1L 2R M X 430 I T 5 KRN M
Hi X 440 i T 35 Bl 28 CRAL.5. ERAS FIl GACOS K
SYOERTE AR HEZE . BOERT, PR R iG
bR AEZ A — E BIE N . 7EZ
B DLR, 4 CRALS, ERAS Ffl GACOS M IE )5,
AEA b o 22 98 BT R AR o Ll AR RO N b X 4+
W LT 51 0 - S5 R0 A A 1 25 RO E B 43 R
6.22+4.26 rad F15.15+2.12 rad, BCIEJ5, 14 HLX
T 5 50 B9 7 349 R 57 s o 25 43 i) B I &2 4,18+
1.90 rad (CRA1.5), 4.07+1.90 rad (ERA5) f14.35+
2.13 rad (GACOS); MMl b IX T3 & )3 51 i1 -4
A b 1 22 3 ARG 2 3.26+1.19 rad (CRAL.5) .
2.99+1.07rad (ERAS) #12.97+1.20 rad (GACOS) .
KAIE ST, A A5 M 22 1 285 1 U 3 RRAE 75
2T P

3 TR =5 o B T L ZR AU M X+ 2
L AH A A o 22 76 R0 IE A1 S 9 & % A8 AR 1 10
Hor IR AR R O 5 M AR U 22 TR . 7E LI AR M
[X., CRAL.5., ERAS5F1GACOS Bk iF 43 51 73.49% .
78.84% F173.49% (1T ¥ KIAR S bR ifE 22 B AIG, P
RER 43 14 32.80% . 34.57% F1130.06%., 7E 11 b
X, =H505H87.50% . 89.55% #188.41% I T
AR 7 A 7 22 080708, 7 2 B8 W 43 01 2R 36.70%
41.94% F142.33%.,

W AR 7 o 25 28 Ak i 5 DR T AR ME 25 1
AR R RBOEPERE P 4845, 45 R ikl 4 fr
Ro TEINZRHIX, CRALSEIEJEHRAEZIE/ N 409%—
60% 1T ¥ 5 Hefe iy, 3k 24.42%; 1 ERAS Al
GACOS HUIE JE AR 2238/ 209%0—40% Y 5 Hofwe i
53R 25.81% F126.45%. FEMIM HLIX, ERAS I
GACOS B IE J& FrfE 22 980 /N 409%—60% (1) T &l 4
Wi Er, 209k 31.36% F133.86%; i CRAL.5 2
IEJE L 209%—40% FEE R 32, 5 2R 30.23%
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Fig. 3  Statistical results of phase standard deviation before and after atmospheric correction
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New generation of China Meteorological Administration’s Global
Atmospheric Reanalysis Products (CMA-RA V1.5) for InSAR
atmospheric correction: Evaluation and application

XTAO Ruya,LI Rui,LU Zhaowei, WANG Xun,HE Xiufeng

School of Earth Sciences and Engineering, Hohai University, Nanjing 211100, China

Abstract: Atmospheric effect is one of the major sources of errors in Synthetic Aperture Radar interferometry (InSAR), and high-precision
correction is essential for improving the reliability of InSAR applications. Atmospheric correction using external data, such as imaging
spectrometer measurements or meteorological reanalysis products, is the most widely used technical means at present. Based on China’s
first-generation global atmosphere and land reanalysis product (CRA), the latest generation of China Meteorological Association Global
Atmospheric Reanalysis (CMA-RA V1.5, abbreviated as CRA1.5) provides hourly updated, global 3D atmospheric parameters with a
horizontal resolution of 10 km covering the period from 1979 to the present. In this study, the CRA1.5 product is applied to InSAR
atmospheric correction for the first time, and its performance is systematically evaluated. First, high-resolution vertical interpolation of
geopotential height, temperature, and specific humidity parameters from reanalysis data is implemented by the hierarchical integration
method, enabling the accurate estimation of Zenith Tropospheric Delay (ZTD). Second, the discrete ZTD values are interpolated into a high-
spatial-continuum delay field by using an iterative tropospheric decomposition model, which is then employed to correct atmospheric signals
in the interferometric phase. A total of 870 interferograms from Sentinel-1 satellite data acquired between 2021 and 2023 are constructed
over two study areas, namely, Shandong in China and California in the USA. The performance of CRAL.5 is evaluated through a
comprehensive set of metrics, including phase statistics, spatial structure, and terrain correlation. CRA1.5 is then compared with the widely
used ERAS and Generic Atmospheric Correction Online Service for INSAR (GACOS). Results show that CRA1.5 substantially reduces the
phase standard deviation of interferograms (with the average reduction exceeding 30% in both regions), effectively suppresses long-
wavelength atmospheric signals and elevation-related errors, and delivers an overall performance that is comparable to that of ERAS and
GACOS. CRAL.5 demonstrates excellent spatiotemporal consistency and reliability in mitigating InSAR atmospheric delay errors. It
provides critical data support for the development of independent, high-precision atmospheric correction technologies in China and
underscores the value of domestic reanalysis data for quantitative application of remote sensing.

Key words: InSAR, zenith total delay, atmospheric correction, CRA1.5, statistical evaluation, standard deviation, spatial structure function
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