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Fig.1 Photon transportation in a black-soil canopy
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B1, i 5 =3 XA DL # H FIPAR Al FAPAR Sk it
WL ARG 2 AW, FAPAR W mT LA A 9t 78 55
J& (Fractional Vegetation Cover, FVC) 3 # /R,
BIFEAEI TR IERIE R
ip~FIPAR,~FAPAR,~FIPAR ~FAPAR~FVC (23)
PA] st 5 )22 1 24 3 2t Ak o m] DL R AR 55
FAPAR FVC
T LAI | LAI

p (24)

el
FAPAR~FVC=~p-LAI (25)
EH G FVC 5 LATW F A & Xk A8 8 b
B (SVC)'™, PR A Bk o J2% 06 39 ABE 28 S PR - ] Hy
LB B R AT Bl 5
p=~SVC=—— (26)

3.1.2 kB LAI(LAIsun)# it 5
e LAT(LAL,) i & i T2l
_(1-P(6,)) cosb,
G(0,)
. G(0,) JE M 852 s 5, B B n i 7R 0,07
] A 4% 1w AL, 20(27) 38 i Oy AL R P(0) Skt
B LAL,,, % % S8 F0 B B 2 3538 .
F2023 30k K& LAL, 5 p IS KRB, X
BB A R R B (r, Q)% — 4 LAL,
N P
LALw(@)-— | zronaL  @8)
Acda

Forp o R IR 7. 2 (28) R HL A7 Hb 2 1 AR
Y BTG B A, X XE R, FE s B R
BT R AT LAgOG R R U LATR 2 Oy
Aot — 2 CRE B —2F) o 2 (28) P oFi 2L
(r, Q) K& X LAL,, BA G IHRAE X % 22 F 25 1
S JZE WS o H R (28) s Ul OB M A X
SR I 0 RO AR CHeana ge it B 45 anif s X, 5 FF
E— 2R
3.1.3 KM A T oAk BT L LALG
eI A 4y e (a,,) R FE AL IR (B 0T)
S B AT U TR (R A AT L e TR Y A A b
AT LATHAE BB KR A
LAL,(0.,0,)
LAL,(6,)
Hodr LATL $8 G BB A9 T W LATL, LAL, R B Ay Al W
LAL, K (29)rh 34722 5 02 A 2 1) sR A (B s B) o

LALun (27)

Osun (0,,0,)= (29)

PRSI R AR UL T 1) A 26 3 AR (o (6,) ) 1T LA
ﬁﬂ?fﬁﬁ“%ﬁﬁ @J[(ss—ss] .
1 G(6,)
p(@v)zza.\,un(&\,ﬁv) cos 0,
X (30) B 1& 5 B9 B AR A — 8 K/ 1y BT
R (Al FR S iE R R, planar-leaf assumption) , 31

B A A B o, 0 UUTHD 2R ST A — AP 2
Ers

Osun ( Hxaev ):

(30)

2p(8,) cos b,
G(0,)
e KT AT NG AR VAL A R VA

T e (B R UM cos0./G(0,)) , LMEY a,, BT

HS AR — B R0, 20 J7 18] 5 K B J7

] — Y, a,,(0,,0,))=1,0(0,)=0.5,

L GBD AT TH AL L LAL 2% 5

(27), B A WL LAT ] 7R 2y

1-P(6,)) cosb,

g (29) (B MA(32), /T35
LAI, (6s,0,)
72p(0v))COs05_(l-P(Gv))cosﬁv (33)

(31)

(32)

G (0s) G(6,)
5577 M e IR A A 5 ALBR A R (K(4)) A
LAI, (6s,0,)
_(1-P(0.))cos0s LALi(0.) (34)
- G (0s) LAI

A HEFEBAH T BRF B9340 (50
(30) 5 2 (14) i R B ) /i 5 3 &
B TR LAL BT
3.1.4 MR EZ e @A B a5

F2023 SCHRAE DASF B9 %E SC, 4 18T 1 A 8
22 BR— 77 [a) 100 B 5SS A F (Hemispherical-Directional
Area Scattering Factor, HDASF ) 12} Bk — 2} £k 11
S IR T (Hemispherical-Hemispherical Area Scat-
tering Factor, HHASF) W > & o i % 5 )2 %
PR FPER (= 4,) , &2 HDASF 7 %78 0«

HDASF=LAI-p(Q) (35)

HDASF £R B 5) 53 A Ae B At £ E 2%
I [e] P S U5 00 O - 3 B 4 B e 2 R L Rk
30 AE 2 A 2 A (R Y U] AT DA ok 7 S AR (i)
ol & 5 FAPAR 4 558 )22 HHASF :

HHASF=LAL p=LAI(1-p)=ip=iy o
HHASF ~FAPAR,~FAPAR~FVC

HDASF I HHASF ¥/~ i #E & 40 e 1T A

DASF 5& X, A7 B T B4 32 308 6 J2= 1 S5 )RR ALE



5 4

545 HBOLIEA

A B A O 0 809

32 pEREEIN
3.2.1 pRIEEEGHE L
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T 1 2 R B R AT A A B — A Al S50 S 4
— - T flf 1 ABE 2R R SR AE D F 19 2 R B A R
S SR I B i e (2.1.2799) R, Y 2 AN
JZ 1 3 AN A R — PR Y B R R R
J&i , B AT B AR AT KR B 2 R . G A
f3ME SR AL T — B A it 7 B e )2 A R B i
Jri (R(8) ) o 3k Ah AN [R] RUEE 9 1k 285 vl ik — 2B 4 )
B0t R AR R 5 MO A OR TR RUBE ATk
WS ((9)) . i Z A SR T e
2 RS B R A A RN R BT SRR ALY
JRUBE AR $5 6 7, R AL BB i 9 ] T AN [R] 1Y S (8] 43
Pragle vl
3.2.2 FIFHRpEBGILNSEE L

2 ) R GE p BRI 75 22 B LA X 51 - O A 9k
62 A0 22 51, QAT 8 B e 2 R R RO 2 (R
My e 2 B DR T AT AR Ay R AR A sk 4 7
WA BT @it R R A R RN AR e A A ) R B T
B X591 5 2 7 - T AN T 5 R Y DX An B
T ARSI (%) 22 531) B B B SR R ERL7 e
TH] 2 B AR T B (LB % BRF A LAT) , A7 28 0
S BN B I (A 3k 3 MR 23 Rl R ARE R ) | S R
MAEBNASIRE. B NTEHNMAERE, kiR
HE 5 38 B X R A S A S AR A S A CED (G
Q) , X FEE T35 BRF . F-Alf 38 A8 R 5 F BUE 2
BF-BMEH (p = 1-0), AR AE T )2 19 F 5 R AE o
F2023 SCHARHE 1T 3¢, JLFR R LA K.
3.2.3  MLME B IUIR K Ae 2k ik E E 4G 57 F

FL B 2 30 A o R 2 R A R T ) B
FLBR bE =8, G 2RO 1 R S A5 B A 3 R SR OT
1 LB A o HE 1 )2 e A A — A e
B 7 1 2 o B ek 2 1T A SRy VA D Y KA BT, IR
5ik J2 B 77 1) L B R AT DL i Beer—Lambert %2
‘H‘;%"‘MFGN:

P(0)=exp(-G(O)LAIl/cos(8)) (37)

Hor: P(0) &5 )2 A R0 A 077 n) /LB 20 (37)
X 7 TR AT i 5 R % (point—leal assumption) ,
RISk — AN B RN A58 B AR R 2
B (GCO)IFAT LA 2 Bkt m A, K (37)
1) P(O) WA FR T8 0 J7 1) 19 5 /N k3t A 5

FETE M ACE A RS | A8 8 e )20 B ik

ML AL R A R P R AR E s B —EL
LB o(r,Q)= P(r,Q), 252 R e
(r, Q) BA J7 1 1, 107 A X B i AR5, S
Al AR 4 e /2 BRE 2 15 21 A7 3800 i A R (o,) -
_ p(rQ)  BRF
Cl-p(rQ) e, o,
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245K S B DASF W 5 Z 3 - 5 Sa 2, T
FERAEA AR TT 0] FOG IR - S5
33 REBMRFAME

LRI 4 p B8 HAAE 42 5= B4 v 7E 1] B Y % 22
L TP WS TN N L 102 o e
AL R 2 0 1] B CAn BSO8R T, ARk
7% AT LAAE 3 — B 4 1 B0 T 3 A S50 Al 1 HE R
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A Synthesis on the Vegetation Spectral Invariant Theory

FANG Hongliang**
(1.LREIS, Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences,
Beijing 100101, China
2. College of Resources and Environment, University of Chinese Academy of Sciences, Beijing 100049, China;
3.Jiangsu Center for Collaborative Innovation in Geographical Information Resource Development and
Application, Nanjing 210023, China)

Abstract: Over the past two decades, studies about the spectral invariant theory have been developed rapidly in
vegetation remote sensing. The theory has been widely used in vegetation parameter measurement, canopy re-
flectance modeling, and biophysical parameters retrieval. A review paper titled "Photon recollision probability
and the spectral invariant theory: Principles, methods, and applications" was published by the author in “Re-
mote Sensing of Environment” in 2023 (DOT: 10.1016/}.rse.2023.113859). The current paper provides a com-
prehensive overview of the background of spectral invariant theory, general principles of the theory, determina-
tion and applications of spectral invariants. Recent progresses of the theory are summarized and potential future
developments are discussed. A special section is dedicated to the researches made by Chinese scholars. The goal
is to provide a synthetic overview of the theory. Some new thoughts about the theory are also given in the paper.
(1) The spectral invariant theory evolves from the successive orders of scattering approximation method of the
multiple scattering process of photons in vegetation canopy. The theory faciliates the conversion of spectral pa-
rameters between different spectral bands and different scales (mainly between leaves and canopy) and provides
new means for calculating the directional reflectance, albedo, and fluorescence escape probability.(2) Spectral
invariants can be obtained through empirical methods, spectral methods, and structural methods. The spectral
method is divided into single scale spectral method and spectral scaling method, and the structural method is di-
vided into the Silhouette to Total Area Ratio (STAR) method, clumping index method, Stenberg method,
and approximation method. Different methods can be cross—validated.(3) The spectral invariant theory has been
applied in a number of canopy reflectance models. Based on these models, researchers have carried out a large
number of inversion studies for vegetation structural parameters and physiological parameters. The principles,
methods and applications of the theory can be further explored in the future.(4) New approximation methods for
the spectral invariants are proposed and new formulae for the visible sunlit leaf area index and the hemispherical
directional area scattering factor are summarized. Chinese researchers have made significant contribution to the
development of the theory, especially in calculating the escape probability of the solar induced fluorescence us-
ing the theory.

Key words: Escape probability ; Recollision probability ; Spectral invariant theory ; p—theory; Canopy reflectance

model



