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WA BOE 2 R 50 BT, Zad— &5
R kdt, i K PHE (Zeng %5, 2016) B
FHEH)E (Leblanc %5, 1999; Kuusk £l Nilson,
2000; Kuusk, 2001; Wang FILi, 2013) BAH, &
Wi T AT T4 AL s i AR 2 A g4l s L
St~ Y rp (B A ) B AT e TR AR [ I ]
P AT RE A AL LI 2B g TR AR 1 — 4 37 ARk
(FIfE 4, 2012), aldHTR—Wa . Fra5H
AN TTAREEL . SRS TR TP R 22 | B R
TEEE RSN S T, AL G AT X L S =
Y23 [B) Y S B S5 R DL . = AE TSR LR DA 1Y S
B 2 R s R A R TR —,
MY TE ST A R E 1) =i R, SRR AU
S5 =i R b N R Z B s EAE AR,
F T4 O B A9 B A RAPID  (radiosity applicable to
porous individual objects for directional reflectance
over complex vegetated scenes) (Huang %5, 2013,
2018), LA HETIRLGA R YR DART (Discrete
Anisotropic Radiative Transfer) (Gastellu-Etchegorry
2, 1996) FILESS (large—scale remote sensing data
and image simulation framework over heterogeneous
3D scenes) (Qi%F, 2019). ifid 5 — 4k fx M7
SRR E o EER R A MR, BE
SR 2 b S AR ARORE J2E A A% OB ALL . R
) = i 3T AU YR AR ARG JZ N B 5 o P AT
MRFEAR > (Lin 4%, 2021), A AR 3=
B RS AR RS UL R 2 LUK Y s AT e T
A, FEIEAT R RS, A 225 | A S
FERL Y AR S RO T i (QisF, 2022).

AT BYIE 5 5 BORAMOE 2 57 1 SR R
RGeS LR RIARAT 45 [ Al A
TG 5 e JBOS B 2 ANACADLEE B . B BLAR ) 1% By SRT
(Stochastic Radiative Transfer) FHig Ui H — 4k 45 4
Rk, il s ABEHUERSE, i =Yk s
W T SEE RS, IR —ZER i R
T AERBURE R (BB 55, 2016), J2& H T
TR AU MODIS LAI (Leaf Area Index) . J&& 4L
9T W FPAR  (Fraction of Photosynthetically
Active Radiation) = 42 7 (9 #% 0 51 AU 55k
(Shabanov 4%, 2003; PuZ, 2023). Ee#IRA M
SRIT [ [i] PR Ff 2R bk, BAT LU s O e 26 1Y
AR 3% 2 AR MOE JZ 56 S L H A BE J1 (Shabanov 2%,
2000) . SRTHUSHRE IS T —RIIARE,

1o PR B ATL L ART B 8 S BT 6 22 R S T AR AR o
S S8 (Huang 5, 2008) , il #84
PO IR — BT 5 0 18] B 3 0 v T R s 5 A 30 458
Hirh (Shabanov 1 Gastellu—Etchegorry, 2018), I3
EIE T B RO AR, (Yang 55, 2018; Yan
&5, 2021), AT HOGHE S M4 R 5OLHRE SHE 4
(Zeng %, 2020) o SRT AL 1E 4R 1 it AR b7 57 1
R S A S AU ] B R L Ak b ik
SRT HUE AP e S ik 2 B T B — Sl @ R A A
e, Jo¥k HET R Bt i oG A R AR TR K
T B BT AR AR DGR R Z R RR S b
Ay W) R R F BRF  (Bi—directional Reflectance
Factor) 115 A9 FE1E A R W # 42 i (Shabanov
&5, 2007) , fH i A LSRR AR S R AT RAIE
I HL ik /b 2% 2 iR S 5 Tl J2 45 48 O 2 B O vk
PG 7 HAE R 22 st n SEPr i ] o e, REAR
(7] 2H S0 B8 5 PN ¥ A O 2 T S T P 495 4 1 Bk bR 3
S, A A B ol 3 Y S B 2 5 ) A Y
FESR . FRATTHEE T SRT HUS Y e 57 BT AR ARt )2 45 14
S Hb AT, 4R S5 T 3
JBAK S| TS T A S AR S R AL, R
TV A ARG SR R AR A R RN — A Mg B 45 A
Y iz B30 % B9 ESRT  (Stochastic Radiative Transfer
model for forests with hEterogeneous canopy structure )
BRL (Li%F, 2020, 2022).
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0 R S R A 1 S8 BT 21 M AEAEvE
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platyphylla Suk) R SSHAEHLFN 50 1>/Nag B3 38
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B AN E 48 S 5R E (Ross, 19815 Myneni %5,
1995) , SR i 12 JEXF Ml ORI 11 52 s 1o FH 3 5 7 15 0T
REE, TR S5 0 Ge - YA B A7 B 4R
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7 2 fifk 48 55 4% % J5 2 (Shabanov %5, 2000) .
KR, fE=4exs i, p(z) FoRTEKTF1H 2 4%
M RER, ¢(z, 2/, Q) LTI QI
Zad 2 2 P 7K s [ st AR A A HE R

Y

3
I
1
EHRq(z.2,0Q)

Y

4;//
Y [FEe

El1 SRTEEEISH p Fil g mEE
Fig. 1 Schematic diagram of parameters p and ¢
in the SRT model
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Fig. 2 Typical heterogeneous forest canopy scenarios
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254 (Huang %, 2008), FATH—2LP R T ik
5t 22 s v (R 4R B [) 2 3R 2 I SR R R 2%
A PREL, A CHE TR W SCHk (Li%F, 2020),
SR I T LUF 6T = AL 2 2544 1 R
W (1) Wt pl d 55 ELA AR [R) 5 BE i (B A 4
(2) S 5c T B 5eE v o007 B 9 A B F- B
WAE R (Stoyan %5, 2013); (3) oy AR
RGP B4 B A 119 25 () 40 BEAIL A o

2.3 ESRT#&EEp) N H

ESRTHERIAY) £ Zf AZE . (1) KPHOLHR
SRS R— KRS ifm . KA
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AR EEBEAER p) ) S RIS B yr . T SR
Te8yi. BIREPREEL Ot i B FEE IR Y b, P
TEXTH KRR g) 5 (3) THIE N F BRI —
REDEAE R (2R BB R3S 5500
% (o PROSPECT BLAUE A ) . He2fid i (PR
PRS2 1w AL A3 AR Sl s B, PSR
Bo(Q)) ., Wifnti (HFIE 2SS 2o,
(Q'—Q) MHERED; (4) Frapuik, £
TN TE MRS 2 22T I 4l 4 2 8 O R s
JE R REE (Li%E, 2020).
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M4t Z 9%t (ESRT M FLUSPECT A5 R HE-4 1Y 3 8
WA FluorESRT A7) (Li %%, 2022).
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B0 S 2GS S R E SR, BRI AT B
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KRB — s, Sl /N E L 2 “FEdL”
i, BT AR RS 5 K RO By 37 e isiqil (43
WFEHLH R >10 m, KR IR B g oT) (Li
45 2022).
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AVANTES & Z 6 (AvaLight DHe, KGRI
400—2500 nm) . [F]EF, #EGHR AXHL (TDP,
2m k) WEECIE EAFMEMN SR (Lin
A, 2018) . BFCEF IRk B A TR S R R If
R AT IS I A, DA SBE G A G IR ) T
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Fig. 4 Photographs of Yunnan pine needles at different damage stages
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Fig. 5 The measured foliage reflectance and transmittance spectra
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Fig. 6 Remote sensing images of mixed forests and pest damaged sample plots
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Fig. 7 The correlation of simulated NDVI with satellite—image
NDVI for the mixed—forest plots
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Fig. 8 The dependence of canopy NDVI on mixing level for

forests with different coverage
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Fig. 10 The dependence of canopy NDVI on damage levels for

the three kinds of damage distributions
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Principles of the three—dimensional analytical radiative transfer model
ESRT and its applications in simulating heterogeneous
forest canopy spectra
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Abstract: The complicated spatial heterogeneity in forest scenes may have an effect on canopy reflectance. How to address heterogeneity
is a challenge in the field of radiative transfer modeling. To overcome the accuracy limitations of classical analytical models caused by
simplified scenarios and the efficiency limitations of computer simulation models in large-scale applications, we developed a three-
dimensional analytical radiative transfer model called ESRT based on stochastic radiative transfer theory. At present, the application of
ESRT in different complex forest scenes still needs to be explored, and additional field data are essential for model verification.

This study introduces the basic principles and input—output parameters of the ESRT model, in which two key input parameters were
proposed to express different heterogeneous canopy structures: (1) the intercanopy heterogeneity index (yr), representing the ratio of tree
crowns with different optical properties to the total number of trees; (2) the intracrown heterogeneity index (yi), denoting the ratio of
elements with different optical properties within a single tree crown to the total number of elements. To evaluate the model performance in
simulating different kinds of heterogeneous forest canopy spectra, 21 30 mx30 m sample plots in mixed forests and 50 10 m x 10 m quadrats
in pest-damaged forests were set up with individual tree measurements and remote sensing data acquirements. Control experiments based on
the original SRT model and the three-dimensional model LESS were conducted for the two cases to compare simulation results with the
extended ESRT model. On the basis of the framework of ESRT, sensitivity analyses were conducted to reveal the effect of mixing and pest
levels on forest canopy spectra.

Results showed that compared with the original SRT model simulations, the canopy spectra simulated by the extended ESRT model
have better consistency with the measured spectra from the sample plots for the cases of mixed forests (R’=0.77, RMSE=0.075) and pest-
damaged forests (R*=0.64, RMSE=0.039), and the simulation accuracy is closer to that of a 3D computer model. The conifer—broadleaf ratio
and the vertical distribution of damaged foliage can affect the canopy spectral signals. In mixed forests, the canopy NDVI decreases with the
decrease in forest coverage and with the increase in coniferous tree species proportion. Canopy coverage is the main factor affecting NDVI
when the coverage is low, but the effect of mixing on NDVI becomes more apparent when the coverage is high. In pest-damaged forests, the
sensitivity of BRF to yi varies considerably with damage types. The BRF of the bottom damaged forest exhibits a slight change at reduced yi
and then shows a sharp change toward the maximum of yi. On the contrary, the BRF of the top damaged forest changes dramatically at
reduced yi but levels off at increased yi.

The three-dimensional analytical model ESRT balances the simulation accuracy of three-dimensional structures with the simulation
efficiency of classical analytical models, resolving the difficulty in accurately and efficiently simulating radiation transfer in the presence of
heterogeneity. The computation time is suitable for large-scale heterogeneous forest canopies. The extended ESRT can simulate forests with
mixed canopy types and heterogeneous leaf distribution structures within the canopy, potentially aiding forest managers in more accurately
and effectively monitoring forest dynamic changes.

Key words: remote sensing, radiative transfer, three-dimensional analytical model, heterogeneous forest canopy, mixed forest, forest pest
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