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2019; Zolkos4E, 2013). IT4FAk, CHBS LB
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Zhang %% (2024) 42 AL (H) . 4
(A) SHUERSM (o) 7RG R ALY
fiff, T8 AE TR R B 5 22 R M AT R AR A S
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FH TR ARARGE A I3 M S AR ) B S AT . S
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[F) A ST FEAR AL e T i R Al |, (HIHAL L B AR 2
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IEU R D AN AE DA S T SR 1 R A T
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B, JCR Y 3 il 07 VAR TE AR RS 5 2 e B IX
S B0 3 P S ) B AT R . B,
HF LU B4 ik PALSAR-2 B4 RCA R A 43
i T AR AL RRAE . 5 AR AR AGB 1R G 1 ]
WAL TARG T, HAR D ZR AR AGB BYAH XS 07 A
1222 rRMSE (relative Root Mean Square Error) 1%
%22.95% (Peng%F, 2025). WAk & IomiRIm b
O3k D5 125 v SRAE B AR BN 8l 54 e M OGS
B, HASALRENS FOWe i i R p 45 4 5 A0 5 B
HLPERFAE (Cloude 55, 1996) . AT, TCRIAEIR AL
A RO AN ' Barakat % £k & 1 11554
WU AERE TR TSGR i e 2
PFTF RS R 2, T RE 3 SO AL BE Al 3t 30D
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ISR ARAR AGB S B 172 AL BE - (Nunziata
4%, 2013; DeyZ%, 2021b).

AL E EDoP  (Effective Degree of Polarization )
TEFRAEMACIRZES FFE DT W BA B L% (Vahimaa
l Tervo, 2004; Bhattacharya & 2015), MHET
A4 SR B it %) Barakat AL, EDoP i i 7351 i
AR ACE m, MHE AR ACRE m,, RERS SRS 203
PR ERACRAE, JCILAEFR AR Ak 18] 5E 2 i AL
R BT BRI, DR T Al 3 Ry A A
A4 (Ratha®F, 2017; Muhuri %%, 2016).
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TR MR R s T AR S A A M L AR Y
15 B0 T AT RE DR 47 55 i 19 R e Ik, AT A R i
75 FILST AR X AR AL BE A 1109+ 48 (Bhattacharya F1
Surendar, 2016)., FH I, EDoPZiE T /K EEEH
Ji AR B, AU R TR EE A TR o B
REHREEE, L RETERRARFNI T 45 52 2 37 5 T W i
B b, DX o3 A (] AR AR AR S, 18 5 0 358 0 B Ak D
BIRSBIRE ST, DI S b 1 2 R AR AR A B

BT TCRE I A 73 ifk (1) 4% 10> 250 Barakat B Ak
JE 5 BOW A BE Al A RRE 1 ELAF TR i 22 00 1)
AR SCAETCRE IR AL 7T R HESL TR 5| A EDoP, 421 T
— kR R ORI A o R DT YR BTE R R AL
FHIE IR I A ARb g S P A5 B HER P, JF
8 iR A A 0 A R TR X O Al B 5 R AR A R AR Y AR
{ERAERES) o A SCHEPEW A SRR B I AR
TRASIRAGAE e R 42, DAL B4l b SAOCOM
SRR EAE , 4 EDoP Rl A JCHL IR Ak 7 fHE
AR REEE T G Y TR = 43 R DY A Ak o3
ik, TSGR AR A AL 2 > B ALY
AR AGBATIALAL, 2 PPN el Iy VAT A ik
AREREE 6T AR AGB & H At ) A2 etk 5 3 P

2 WX 5

21 MREK

A 5 8 HORR PRI TR FOMR A3 5 48 25 55 B Wk 1
i FE A RN T AL A BT AR L RO TR B LA
FAHRTRER O IXCAE3ANIFSE I, a1 A
BRI ARANEE R IR AR AR AR . Horh, BEMR
ARG AL TR T A E TP R (26°59'N—27°21'N,
113°45'E—114"13'E), iRl el 3, i
K A15—1270 m, J@ SR R MR I e, RRbk
VBB A S AR 3, EEMFEZ AR (Cunninghamia
lanceolata) . L EEHS (Pinus massoniana) F11% Hy
¥ (Pinus elliotii) , Jy ¥ A7 Rl it B B, s v
(Cinnamomum camphora) o #Hr H EALF 7 M 7 Fe 75
# (25°58'N—26"23'N, 112°00'E—112°31'E),
EEMIL—EE—E M, B4k 100—1707 m,
AR BRI LLET R IR S bk £, AL DAL
7N &= T R PR IS 7 R £ TN R VAR I SN 7 71N
TR =T AT HbATy , THIFRZY 528 km?, HUSARIL
be, PRARERILLEF R S AR O T, BT Ak R
MR AT, HUBERIRZHE . e iiE e dE

JRE R, T MR bR o3 S B
FEMF A DR AR whE (Castanopsis
sclerophylla) . 1 Bt 5 52 3} BF g o & & £ 17
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2.2 HhEAEEER EfAE

AR B 1 BB R AP B AR AR AGB AR, AR
WFFEAE 3AFSE XA T M iR, I J st g 3
r, Hih# Mg (2022487 H—8 1) FiiHE
(2024 4F 5 H—8 H ) #fHuAR 3 i Bk 20 mx20 m,
KARBAE X (20224F4 H—8 H ) FEH AR 3 i FL
2582 mx25.82 m, FEREPFEHLM A, SRET
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(H) . bW RV A B2 25 SRR FIAR T 25 240, R
AGBARHE (== AR A TR cHET B 5 k2 1l ARk
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(HJ 1166—2021) HERMISAIRIHrifE, FHAFFE XA
A RRARI 3 M AR TR AR S (3)
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GWALEE, B, XA TR EAR, K ERE
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Fig. 1 The study area and ground measured samples

®1 HFEMHAGBIHHEAR
Table 1 Formula for calculating forest

aboveground biomass

st R PRZR
R a b c
[N 0.06539  2.01735 0.49430
M = a-DBH" H* M 0.06662  2.09317 0.49760
HTALLEYN 0.04744  2.10359  0.63110
Y= KR 576800  1.18460

a*(DBHH)" 107 fgnfff  119.16320 0.85420

T MY R Bpk A Yy i, B0 kg; DBH S 942, 207 K em;
HAW e BB me a b e AR AE P T35 R vh A AR 2
B, I a S RUBE BB, b R e TR RCR B YA DAL e B, i
SR

T BB, AR SO b R A A S
SAOCOM 2=l 1k SAR SEAR AE R EUES 8] b A7 HF — &
o BT X DL i AR A S ., MRS
SERIRRE, AR AGB TR I R S K,
BESE AR AU [1] 22 57 X5 R AR AGB 25 [B] 43 A7 4% JR I
ANTFIRR AR A3 7k B X e 2 SR A R

3 WA

3.1 SEEAREE
R TV EDoP B JCARE R 7 ik X 42 4%

M SRR ), IR R HX R AR ACB 22 &
ST ST, ARG LA R A 3 A4 M A AR X R
Lk Bt 2l ik SAOCOM A4 A BHE IR, 439l ok i 3
T S0t | A5 B8 G TR 4 gt Rt JC A TR )
30 il R B O AL R o HE T 45 45 Hb TR 1 )R]
BBAE, RART R AE R S 4 FHLAS 27 2 (] T A
RIVEATARAR AGB S, 5 i PP M el itk 11 Jo AR 7R 4
PR3 7 TR A 52 2 ARAR IR BT P X ZR AR AGB 2 B A
MRt 538 e (E2),

32 EFHEBISEHE

1% gt B TR AU AL 43 % O 2 (A Freeman—
Durden 73fi# . Yamaguchi 7355 ) 38 35 X P 7 225
W AT B AR, PR A BRI 20 Ry AR T RIS
TORHEU S AU 4 3 A EZ AU LT (Freeman
F1 Durden, 1998; Yamaguchi A5 02005), X
AR R X A B A AT R, AT A Ay
B W) O HICSRT 2HB, F ARbR L A FH 45 B8 b ) L
A REFE I (Hu%s, 2023), K10, T8
(8 3 % 7 12538 RS T AR AU BIL B 1) 56 36 i
B, SRR A5 R 5 F sBUR LR & i,
R s 5 B SE O AT REANAT , DA 3 B3 il 45 2R
2%, S0 e 2 250 BOEORS JE
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K2 MREHFMAGBFEITER
Table 2 Summary statistics of forest aboveground biomass in the study area
5T IX i) FEA K Bt/ (t-hm™) JE R/ (t-hm™) FRifE2/(t-hm™) 5 5 AU %
e N 202247 H—8 A 64 108.95 45.54—253.13 35.18 32.29
BT H B 202445 4 —8 A 91 71.35 12.67—175.41 37.29 52.26
N /RIGES IS 20224E4 —8 H 64 110.55 12.01—233.74 45.41 41.08
R®3 HFHRERERS
Table 3 Classification of forest type
PR il
LRUR N ABFA 0.2 HLAT IR G LU 80% LA L (1 pkih
F RER AR v T ] AR R 1 S R 5 MR B R 20%—80% ARl
FE S i i e o Y B R B o S e a1 e 51 s R W OB =R A N (B VAR S s Y R
F4 WHRRLEHL SAOCOM HIBHIEMIE S
Table 4 Detailed information of acquired quad—polarimetric SAOCOM data
5 IX iR B ARIAS [i] 25 [ 4 BER /m WA=
SAOCOM-1B L% B 2022-08-26 10 2
BIER ] SAOCOM-1A Lk Bt 2022-09-03 10 el
SAOCOM-1B LB 2022-09-11 10 2tk
SAOCOM-1B LB 2024-10-13 10 B
BT B SAOCOM-1A Lk Bt 2024-10-21 10 Ak
SAOCOM-1B Lk Bt 2024-10-29 10 2
SAOCOM-1B LBt 2022-09-19/10-13 10 B
KRS X SAOCOM-1B L% B 2022-09-27/10-21 10 E S
SAOCOM-1B L Bt 2022-10-05/10-29 10 S
T 54 FA EE AR TAL 3 %%%frfﬁ: N
SERUREH 4 A @A Ll I feE T
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:[ — i :r RACRHE | ; g it e LR 1 ?W | EHERal
I + ‘s ee ! ® | fi s @ Y ’ :
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Fig. 2 Technical route
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LAY B Ak o3 ik TF J2 8 B Ak B S RO 2R A S 8
XPEINE (Span) HEATHIEI AR 53, B HUH RE &=
g3 C 22 ELAA W 4 B SO RS 4 B, AT AE
I 2% AR OPR A B8 v 3 B M B G %) 3l 0 A SR T
(Wang %5, 2019) ., JoRiAL = Srm il fb o fif 3 T =
4 Barakat AL EE m, 5B 2R AL A 6, % H AR BT
R (Span) HEATAME, HAm,, B 33T HET
ESH

27|T|
1 ( T,(T)) e[ 1]
Kb, TERBREENITIIA, T (T) FRFEFER
i, BVHXAICR Z A

O BIFE RGNS FTC 2 B my ITRAS B, HIUE S

(1)

Myp =

‘T +T,+T

11 52 33 m(le)

m(le) T11 + 222 B T33
K =
R(T,) R(Ty)
I(Ty) 3I(T,,)
4m K, K
gu - t -1 FP 11 44 _450’450 (4)
e e Tpere )
Tﬂ)ztan*lfgile[(f,45°] (5)

K,

A, R 0RRE LI AER, K, =
(T, + Ty + Ty)2MK,=( =T, + T, + Ty,)2. £
118~ 2 i S v B SN 75 5y P /€ R 4
ST FRMECR DR | PARHLRT D 8RR T
Y& (P (HLX)) o AR T =401k 5 i
X FEHUR LAY X A Re Ty, s 5 AR KRR
PESBCR B T IR BEHON sy, 4T T H
P52 I RRAR IR v 1) 40 i ik I

34 MEAMMALENTHEESBRTIE

341 BRHRKLE

TeAs HI A 73 A (4 4% 0> S 50 Barakat $ A0 2 7R
TR IR TR TRIAT 9 IR, 7ERR bR
S RIRAL SAR KR, 24 1 HURME S S5 . A
RAFWELE T BEIE, AR R R 5 R Al T 3 5 32 3]
WIS AR A TR, X — B G SR
P AR AR X )R TR RO
SRR DX, e B2 2R MR 3 AR BH R 45 LA 3 Dk
DN e LR, TR

B[ —45°, 45°], HAK N

6, = tan"" meSpan(T” -T, - T33) (2)
Tl,(T22 + T33) + mppSpan’

BT, A ETA (Span) )43k ZIKEK
Gioh [p(DBL) ], REHEUH IR [P.(ODD)]
R [P (VOL)] 32415,

e Y S A A 70 A e AR AR T R R TR
i Fy 4x4 ) Kennaugh 55 [ K, I8 B e A AR
SSEAEPRAXNFRYERE, SEB T X =008 E
AP (Deyds, 2021a), —ZEMRALE m,, 5 H
PR X, WU 2B 0, S FE % K TR A
Ko [IEE, SRBERCR M 7 T 20 B AR U
AXFFRPE, BARR AN

R(T,) 3(T,,)

R(Ty) 3(T,,)
T,-T,+T 3)
11 52 33 _3(T12)

—S(le) -T, + gzz + Ty

B o AT 9 X R Ik fyis S REOEROR,
Barakat % £b BEAT T H4 30 B 5 % 2h sl 22, DA R
R R R EE ST EE ., £ T
— i, AR SCTE R TIOR3 i S A ) B
BUARASHIETHE R, 51 AT EDoP 4L Barakat 1L
VR WAL B2 B 468 . EDoP [A) 4 T 26 AE Bl ik
FE R AL, (05 =4k Barakat 8% 10 R 5 %€ L7
KA. Barakat B A6 B 8 T 4H 140 FF A B2 (A S8 i
AT, M N A SR A B RAE A A AR S U
BEALYE, 11 EDoP EIEZ #¥— M+t 5wl (Mueller—
Stokes) FHIREEHE, TELE ANFWMAEFZMT, 4
TR T KT e A B A S5 3 14 O R A X 1 1)
WO A EE my, 5 my, 38 TR A RO Ak
(Manickam 55, 2017) . AICEHKF (H) HiE
H (V) PRk A IALS A S IER, FE
BT UL 5 o R AE SR A AR B fk SAR
B %) UL 55 4H R R AL 2 DL HYVIE 38 26 Ik
Al U, ASSCRTR F ) EDoP BT #L# A H AR
£ H 5 VPR LR 2 i AT S5 E T 25 G 2o fh
N E B RAE . A it — 5l AZ R TEA SR
AT HAR AL B2 FE AT 38, 7 e A A
WAL A M HAE R E, 45 R AR
TS A B P AR, T AN R R
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— 4t Barakat iz fb B 75 9 PR S R A% BT 4 1 Jz Bk
3 R A I 25 A5 A AR T T T 07 14 B SR B AL
(BAETCR A S b, AL 42 SR H S
SrHE, EﬁﬁﬁﬂAﬁﬁﬁﬂ%ﬁﬁ%%%ﬁﬁ
B, ARSCE] A EDoP 5 78 AN IS BUS 40 e
MDA G YRS AR EMET, %m%mm
SR C B — B H AR R o0 RO TE B E P B AR
AL T 5 4 i 4 R e e M S T E Ak
EDoP BT S5 AH TR T,5¢, B X TH
W T IS A R(0), B
1 0 0
cos(26) sin(26)
0 -sin(20) cos(20)
A, O SR, TR s H AR XA
FEIERSZ MR, B 0 5 i /N e 7 I A 1
TRIT, (0) B E, Bils, NE— DA TR
MR A RO A, SIS — A S E P A e
M[R(2))],

[R(0)]= (6)

1 0 0
0 cos(2d,) Jjsin(29))
0 jsin(22,) cos(20,)
Ko, O, O A TR S R
HERE([T(0)]) Mk, B

([r(2)])=[r@) T<e>]> R(2)] ®)

fﬁim&ﬁﬁ?¢ BB
B SEE R(2)) ]

[R(@])]z (7)
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Fig. 7 Scatter plots of measured and predicted values of forest above—ground biomass (AGB) (MBD, MFD, and IMFD denote

model-based decomposition, model—free decomposition, and improved model-free decomposition incorporating EDoP, respectively.

The scatter plots for Region 1, Region 2, and Region 3 were generated using SAR images acquired on Sep. 3, Oct. 13, and Sep. 27,

respectively ; the unit of RMSE is t/hm*)
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SAR data with integrated effective degree of polarization
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Abstract: Full-polarimetric Synthetic Aperture Radar (SAR) data are highly effective for characterizing the vertical structure of forest
canopies and play a crucial role in estimating forest above-ground biomass (AGB). An appropriate polarimetric decomposition method is
essential for effectively extracting key polarization features and constructing high-accuracy quantitative inversion models. However, under
complex forest canopy conditions, traditional model-free decomposition based on the 3D Barakat degree of polarization is prone to errors
caused by depolarization, noise, and variations in observation geometry. These limitations reduce the stability and generalization ability of
polarimetric features in AGB retrieval.

To address these issues, this study proposed an improved model-free polarimetric decomposition method by replacing the conventional
3D Barakat degree of polarization with the effective degree of polarization (EDoP), which was used to regulate scattering power allocation
among different scattering components. L-band full-polarization SAOCOM images from three representative forest regions in Hunan
Province, China, were used as data sources. Three decomposition strategies—model-based, traditional model-free, and the proposed EDoP-
integrated model-free decomposition—were applied to extract polarization features. Subsequently, forward feature selection was combined
with four machine learning regression models, including multiple linear regression, K-nearest neighbor, support vector regression, and
random forest, to perform quantitative AGB inversion.

Results demonstrate that the EDoP-integrated decomposition significantly improves the power allocation among scattering mechanisms.
The proportion of volume scattering decreased from approximately 40% to 30%, while the double-bounce scattering component increased
by about 20%, effectively mitigating energy estimation bias caused by noise and depolarization. This adjustment enhanced the physical
consistency between scattering components and forest AGB, particularly in heterogeneous canopy structures. Compared with the traditional
model-free approach, the proposed method achieved stronger correlations between the extracted polarimetric features and AGB. In
quantitative inversion, it increased the coefficient of determination by 0.15—0.30 and reduced the relative root mean square error by 4%—
7%. The spatial distribution maps of predicted AGB were also more consistent with actual forest patterns, with less underestimation and
overestimation and a weaker saturation effect in high-biomass regions.

This study verifies the robustness and transferability of EDoP-integrated model-free decomposition in complex forest environments.
The proposed approach effectively suppresses decomposition bias and enhances the accuracy and stability of AGB retrieval. By mitigating
the AGB saturation effect and improving model generalization in heterogeneous forest stands, it offers a promising approach for large-scale,
high-precision monitoring of forest biomass and carbon storage using polarimetric SAR data.

Key words: forest Above-Ground Biomass (AGB), Effective Degree of Polarization (EDoP), model-free decomposition, machine learning,
SAOCOM
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