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W E: HGBESHREIE (SIF) SRRyt aE RS RN CHRE, AR 28 ROE - X R8T SIF Y
SR VT L2 2 WA 4 1) S B o A VR FH B A BRAS o SRTAZE I L 434 AR FH SIF fad e v, A A AEAR 2 0 R
2, SIFRY R4 BB R 2 PLEE, MHLHE & A% STF SRS M AR BVE T, JE40 B8 SIF iR 1Y 322
FH A B T I A i B SIF SOGAVE DL A A Wit (N TEBR FR o [RIL, AEL# ST 5 S 1% 45 R0 7 A A8 A0 1 SR
ERMF T A EEAER . Hb SIFE S, HZ5e, Mg/ EBSELMAEFrEm, FEEREk
i, Xk STF 8 FHE BT AL A A e Pk ik o EAPok, RES#H DL KIE— R SIF 50 G MR,y STF &
SR AR AL T R ST B LAY . ARSI T R, R RS R G R SIF LAY, AL A, % EE

R R

TIE e, FREARN SIFBERY Y K R AT b AT TR

K@ HOLFEFHERION, MHERIOUHR, MMM, Hyaiy, ZUHUs

SIAEX: EEE, FZ5IM, KA .2020. B FSHE R BEHEAERFRER ERFIR,24(8) : 945-957
Zhan C H, Zhang Z Y and Zhang Y G. 2020. Recent advances in the radiative transfer models of sun—induced
chlorophyll fluorescence. Journal of Remote Sensing (Chinese) ,24(8) : 945-957[ DOI : 10.11834/jrs.20209379 ]

15 =5

H G 5 28 % 2% )6 SIF - (Solar-Induced
chlorophyll Fluorescence) HHAHY) H1 (0L R 48 1 HDG
RO EUR T A . AR Y O R R Rt RE R &
WERM Tz —, SIF 5CE1EHMAFERCE N5
KR (Krause 1 Weis, 1991), AHE TR 3ET
SRS AR AR B, SIF n] LUSE N B a5 s i
HAEVERRE D). BFSEERM SIF 5 8190427 J) GPP
(Gross Primary Production) 2 )41 5¢  (Frankenberg
&E | 2011; Porcar—Castell 4, 2014)., ME% = GiE
e A 1 & e ARk 25 R 9 Ot R I I H FLEX
(Fluorescence Explorer) FJHEME, T T4EHF5T A 61
T 2873l AT b T L AT R T P 5 AR B 3 SR
B L) R T SIF (Moya 45, 20045 Joiner
2011, Frankenberg%, 2011, 2014; KohlerZs,

FE HHA: 2019-10-08; FEDZ: 2020-03-10

2018), EEIFE (2019) A7 SIF i gk s i 3
LN N T2 N A R T =00 | VAR (2
(2018) [l il 1 SIF J 853 3% o SIF 1 % S5 0 Be A
650—800 nm, HAT WA A G, Z il fELLE ) B
(685 nm) FZLLYEHEL (740 nm) BT, HATRT
HFEEAOCRGEN A, FHEAOLREIADERSE
a2 A (Miller %, 2005; Van Wittenberghe 55 ,
2013) . WEFEFRI STF )7 A 1 72 52 20 H [H 3RS,
WA AR CA A K, FGE 2 1Y
G B MRS, T I R - A2 2278 1 A ) R B R
KA W ZE W (Lichtenthaler il Rinderle, 1988;
Malenovsky 55, 2009; Rascher %, 2009; Porcar—
Castell 55, 2014) . fEMFr | &2 A S RGN
L SIF XS PREE A A BEP 2R (o A A2 0%, TRt
T SR AN A R A S SN AL Bl R, T
HAE SIF B & S i Bl AR e 506y A

BEE&WB: ERTESEITR (475 :2016YFA0600202) ; [ 5K H AR FIE 4 (45 :41671421) s VLA 7N 5 4F 3L 4 (45 : BK20170018)
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P L v

FE IR AR DOLIEIR . E-mail: zhanchunhui@smail.nju.edu.cn

WISEE T A, 19804FA4:, T U2, WFFE O 1l A w4 R 968 SN 4 BRAKAG 24 . E-mail: yongguang_zhang@nju.edu.cn


mailto:E-mail:zhanchunhui@smail.nju.edu.cn
mailto:E-mail:yongguang_zhang@nju.edu.cn

946

Journal of Remote Sensing(Chinese)

i RFER 2020, 24(8)

HAER . SIF W E AR 5 75 12 i B T+ LA KA w o
TR % R, 9K Bl T STF 558 S S i A 4
B o I AN [R] RS Y STF SRS i AR AR F A0 43
Br, AT LRLIX 43452 K74 STF F6 A F A 5 i
BEFAVE AR IF AT DAMAILEE H & S f- kb fig R R A
FH SIF 3B IR (5 5, 9%t SIF 5064 AL R 1Y
P, UE—L M, ST 58 5% Fr A A0 5 s v A =X )
ARG T XA 2R R DL R . A
SR T i e 2 R A A5 2R G R 1 ST 4 53 1%
IR (1), X TSR] SIF B A% s A 2 e |
D5 EERGE A ESE, 50 STF FR L AR R Y % J
RS T TR,

2 MR R SIF AR

HCENAM G R AR F A R A e R
UNNUEES B R N ID R SR E i B SR
BB LAZG e X E B R S i 25 s R AE ] L
HE B (400—700 nm) A ESRWILAER, JFH
5 SIF 0 % 55 9% B (650—800 nm) A ¥/ E 4 .
PRI 2 B I 210 DX ST e b B i ok A rpr st
AR R S A R I, S EOULI B Y £156 SIF
EEAL . MG MR SR T &, ZGHESIF
ERPGE R, 252 BEA%, Wi 204 ik B
SIF e AL 5555 . R, FEnt i RUBE Y SIF #5275
H T ZLHER R X e (Mohammed 45, 2019) .
Y T RUBE Y SIF 55 S5 238 01 ) 5 K 2% A

__________________________________

R G R ESIFRERY

/SRR ESIFRY

K, 5 SIF ARSI 7 RURE B S A R 8 R R 22 4 57
TEASE AN 7 Sz b 3 MG G R 9 01 27 Ja 1R A 28
fifi | o

21 ETFH/REREMK-MIBiSRIHETR

W R ST #5278 1) g 37 5 T I 7 b Ja A T
Xof I 2 S 025 558 Ja e I AL R L ST AR AN TR )
L S LR b S0t Rl Rt LIl
0, HRERE (Beer-law) 1] LA AR
R AL A R o N PR A IR AR 1A% 1
2 MW N 2 U I RE R, R AR 514
BT H A G 1) iR B i BR AR RO BOE U2 I . Baret 55
(1988) JH—F 5L T LU IR S 0 2 S B B AU AL
FoGsE e . TEBLEERE I, Ounis %8 (2001) 3T
IR S AR BOG AR AE M BB S 45 B S i, AR
HOGIE SO0, R T BIROCL A BT i I i
BG4, Kubelka Ml Munk  (1931) #5717 Hi4
Ty RS BATR M AT R o (K-MBLE) . 8
B K-M HS e WAL 5 2O6H 4, Fukshansky 1
Kazarinova (1980) . Bonham (1986) #il Shakespeare
(2003) 45 B 40K K-M BHIE fE {51 40 5 5 6 1 11
B Rosema (1991) #&ih 7T K-MHE 19
B KMF  (Kubelka-Munk Fluorescence Model) 15
RIS AL I 51 A BT rh 9 6 & 55 . W W R AL S
SuN

dF*

dx

= —kF* - sF* + sF~ + P2 (1)

________________________________

—> CCDAS(Koffi £, 2015)
NCAR CLM4(Lee %%, 2015)——> BETHY(Norton 4, 2018)

3YEfR

Oliso %(1992)

»FLSAIL(Rosema 4§, 1991)
FluorSAIL(Miller, 2005) «<——

SAIL(Verhoef, 1984, 1985)

1
1
1
:
i Suits(Suits, 1972)
:
1
|| SAILH(Kuusk, 1985)

__________________

| Beerjgf#

! (Ounis %, 2001)

| FeLkiBE:

] (SusilaFINaus, 2007;
v Zhao#MNi, 2018)

LL SCOPE(Van der Tol £, 2009b) <
mSCOPE(Yang %, 2017)

KM# it
(Fukshansky#/lKazarinova,
1980; Bonham, 1986;

™ FluorFLIM(Zarco-Tejada, 2013)

FluorWPS(Zhao %, 2016) <
DART (Gastellu-Etchegorry %5, 2017) <
FluorFLIGHT (Hernandez-

ClementeFINorth %, 2017)

_________________________

SEARAR
PROSPECT
(JacquemoudF1Baret, 1990)

Shakespeare, 2003
— KMF(Roseman, 1911)

— FluorMODleaf(Pedros %%, 2010)

L Fluspect(Vilfan %, 2016) ——

Fig.1 Summary of radiative transfer models of SIF (Relevant models that do not include SIF simulation are shown with a white

B SIFARGHE LAY K e 45

background)
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5%;—: kF~ + sF~ - sF* - PI2 2)

K, Fr, Ayl FoR BT AT 98O 8 Gt
HERE (Wimpm), ks 7051 K=M 75 74 il i
WA [ B3R 2R 88, IR EE T LK A b Fl s, P
M T K SR 1 TR 2 G, TR B R R B &
SRS 12,

A

P =¢n [K(E"+ E7) (AAg)dA ©)

Aorf, MR TEA, (BB TR fia, (BB
BUr BB Z DGR IsOE e & S 286, A
FPEBE, Ao N 670 nm ALPEBE, ETHIE 435 M 1A
R PR RS E R (WmYpum), ¢
RUC KRR, BUE N 0.02—0.12, 5 Rfiikse
T J3 A (R
22 ETFEHRENT R

- H SIF AL FluorMODleaf  (Pedrss 2%, 2015)
F Fluspect  (Vilfan 5%, 2016) EAIER 23T 4
BEAL R JBOR o SPAOB AL B I Allen 55 (1969)
P, A B R A R R . %
BRI 1 40 A 1] B /N s e, 0 okt
Ao BlJG Allen % (1970) et TFAUBLRL, f S
JE 4 D i ELA 4R ] BR 0 43 ol NS S
Z, KRN S0 NS A G . A
BAWEN GRS SR )5, @S nE
FNEFE A DRyt v R AGE o 2L B An
B R )Tz B i R R G AL B AR PROSPECT A5 44
(Jacquemoud F1 Baret, 1990) #f 2 & TV M 5 AU HL
WAL . BT PSR, PROSPECT 2 ALKE
MR R EEMEALN-1)2, Hdi 2 A
FeAE R o, Hofth N-1)J2BIEAFHE R 45 m R E
PROSPECT #5550 ] L oKS B A% 481 ¥ - 7F 400—2500 nm
P B 7 ) 2 BROSCB RRE R . B A S8
SRR, 430 R g5 S E ORI AR Ak
2%, PROSPECT-5BHEK! (Feret %5, 2008) 75
PR S ml R T AR S BRI 2R,
THERE . KIS MR AR, KSRTYE.

1£ PROSPECT # U S Atk - & R (1) i F- SIF #57
FluorMODleaf 11 Fluspect H-VWS T PROSPECT #5 #
FA) i A 2 BRI S %) B B A e R AR
SR = R R ) e all S 17 O = NI [
FluorMODleaf #5751 F 43 F 8 & 56 5 N T Z i

BA ARV A5 W I TB) R TH SR 9O i 7 iR . T
Fluspect B AUE X — ol B2 ik, KE/ RGN
R R, N ASE Hirbg, &

M CAE L LG X IR, T m,, 25 2¢
FAELLIE X A WA (Franck 55, 2002), #1512
T Fluspect £ FluorMODleaf 157 (%) 3= B4 A S50l
JuH

%1 Fluspect 71 FluorMODleaf # 8! &£ E i N\ 2]

Table 1 Main input parameters of Fluspect and

FluorMODleaf
S8 s L PRAEME T
PROSPECT #5i%!
Mok it C, 0—100 40 wg/cm?
W MR AR C. 030 5 pg/em?
IRAT C, 0—0.04  0.009 cm
THy o i C,, ~0—0.02 0012 glem?
BNAEIEAPEY B 2 N 1—4 15 —
WY RRER) C, 0—0.6 0 fraction
Fluspect & 74
PO HBCEOLRAED 7 0—0.2 0.002 —
PO RBCECERGEI) 0—0.2 0.01 —
FluorMODleaf F7
X W2 SR T L oo, 1.0—2.4 1.0 —
P FFm OERGED 7, 0.034—0.1 0.035 ns
PNFFam CERGE) r,  03—20  0.05 ns

FF MR, R R LA 2 A2 . M
AT TR B KMF A58 TR AR 10 2 A R SR 5 a3 % A
FEAT T TP A4S0, FluorMODleaf £l Fluspect £
RIAEN 528 S b i 0 SLE LU S B, 7
I R P AR DL IR o R, 3k O R A R A I R P
() ¢ 56 5 S5 15 B i B o Pedros 45 (2015) i FH
FluorMODleaf 15 7 Fll KMF 714345 SIF %5f A [ 5 A
SR BURPERT 2 B, KME A5 50 0 45 A A 4 41
JEUBE SIF A F RIS
23 EFREHFERLEERNEHIER

5 HF R I OB 48 BE MCRT  (Monte Carlo Ray
Tracing) J&—FPGEit ik, FLABTHIGE F 0K o 1
BB TR A G, B TI%0r 0 SIF IR
B i RS K5 ) JC R ZE A, T B R D
A TRZ, NGRS TR AL A . BT A
SRV RS A U B AR B ATLECRT Rl R
HeE, R R E 5 i R o JokE &
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A AR RS R R, BRI R O TR A PR
B MR G B G B A ST, I BRI
PG RG4S 1 [FPE . KSR M2t 588
DU i G R W TR | 1 S Do o
MG WA, R AR A S A i ) 2
o MOETFRRE R /DT REE REN, 26T G
Bt FELE R . Sugila A1 Naug (2007) Z£T MCRT
RUINA T SIF B4, 1 Zhao FII Ni (2018) [F] £
HTSEER I IR E AL T SIF A I R 55 5 A% S A
AU Al AT A I A R AR A S B A AR S
Fluspect 5% 75 FF AR 4L (1) I R 2 3 2% 5 388 3 R T -7 —
e, RN AR PSR STF AURIIEE IR, B
PR A 55 TR AR 0L 45 R ) 22 S BRI AE 21 56 IX 8,
Fluspect AU 7E 2T X A0 1) STF 485805 o

3 e )ZRE SIF A

St R fE S B AR L, DR A A B )2
A B A B ok A v 2 E— 20 5 R N I A A0 kAR
BT, AR5 B W M s O o R AT e 2 25 4
i AR A A A L R RN R AR B
6 B A5 25 5% W ek )2 Oy UL B (1 R S A
SIF o PRI L v At A A0 5 28 A A 4 8 J22 O ) o S A
ot A X AL B AN T SR ) SIF B e E i 2 SIF A
R EEMERA AN SIF 76 76 )22 PR 77 A6 DL K 59t )2
253 A AR RS MBS E OGS A . i) SIF AR
T 22 J2 7 e J 22 8 SR AL A () S il 45 50 e STF
BRI A ST 1Y (Disney 55, 2000) o AR AR R XA
YT 2 R R IR R, T LAk 1 460 3 45
JZ SIF BT ART5Ke 53 5 A 43 P P S 7 1) 5t 23 R
STF 1528 1) & Ji Fn IX 1]

31 14EER

i 348 56 )25 SIF 1) 1 A5 0 K 22 56 F SAIL
(Scattering of Arbitrarily Inclined Leaves) (Verhoef,
1984, 1985) 5 7 i 7 H L it E 2t B9 SATLH
(Kuusk, 1994) A0, 1 2R 5% 4 A5 2 (B AT Bk
W E g — (B2 (a) ). SAILFAEI 442
PEJ7 R A A T T2 A TR AR AL o R . BB
5 W EESHOM gl A i R
fiil £f 43 41 PR ZL LIDF  (Leaf Inclination Distribution
Function) . M FRF5 %L LAI (Leaf Area Index) . K
FH K TH0AF . W8 0 K T £ A AH X 5 62 £ o Kuusk
(1994) 75 SAILASAYELR_EANA T LEAH )2 1

BRDF #5884, a7 1 SAILH AR

s V> <
":-,‘\
N L,

V4 V 4

(a) 1455682

(a) One dimensional

(b) 34k )2
(b) Three dimensional

description of canopy

description of canopy
K2 AR R RS B

Fig.2  Description of vegetation canopies

Olioso 55 (1992) %54 T SAIL A b 1y )1 25
TH IR BRI SIF . A p U5 8T B0 A
JE R W, A BRI R ST A OO W
W75 1) B9 SIF 434 34853 LG A ST K SIF,
H R SIF, HHER G AR Uk SIF, BRI
oG G T LR E AR AR S U

(1) = L,-exp(—f:ke(L’)dL’) )

Ko, kONTERRE, S0 RORAEE R B 2
SERAE O, 1, )2 AT RS (W/mY/pm)
LML 2 AIEE 2 TR by BRI T AL (m?/m?)
76 2R AR BON LAL )2 & 5756 R
dF (L) = ¢(L)K(L)I(L)dL (5)
K, (L) WHIEKR IR, K(L) IR REL,
St )R a0, (L) hAE B AR EON Lk
(AR AT . A SHGIR (1Y SIF 76 56 J2 v i 44 4 1ot
FKF (4) PAFHER TR, B R
GEE A2 T AR RO s, IR AR
FEHCE 5310 SIF, JUHR T 2L AN BE Y SIF .
Rosema %% (1991) Kt KMF # %1 5 SATLH #5 Al
AN T FLSAILABEAY | [] A FHAY 38 v oK A e
TIER B R AR, PR T RRBLRCR . AT
B R AR S AL R A, FLSAIL A HUH]
RBHUFOCE TR 5. Miller % (2005)  Fifi
Ja e SATL LAY (1 Sy T 3257 T FluorSATLBLAY
P 25 A T KRR A% A 7 MODTRANY
(Berk 5%, 1999), )24 G F A R R AL T 48
S, B 400—1000 nm, OGS HER
A1 nm. FluorSAIL & &Y ) i |- g A S %0k A T
FluorMODleaf 5751 i i i - R B 23 | i o 2 A1
RN K PR, e B 25 2 R
J& () STF
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(7] B T SATL A5 R 28 57 (14 56 )2 STF B8R iR A
SCOPE (Soil Canopy Observation, Photochemistry and
Energy fluxes) (van der Tol 2%, 2009) 4% SCOPE
BRDR 4R L i S e AT B AR SS S B
0.4—50 wm P BOE FIRYE 2 R SHOLAISIF, FAS
BAAE T ROt r a2 8 MYEE 8 S
TR S F 5 . SCOPE #8S ipb Xif 1 5ef )2 45 44 1)
SE 5 SAILFE AL —8, BIE 134 mHiiff . 364
M fifl (50, 150, -+, 355°), SERTEE T IH
73060 )2 BT R BEE A #EAR R T oA
X TR BRI T ), AR RO B I 00 60x13%36
IR, MM R 60t , WK 4
S0y RO AN B IS o3 o DGR 7 B & 4 Hh Y
SIF 1] 3k

Ly (0.1 0,.0) = &' (x.0,.0) -
(WA A B9 E,, (1) +

[l 2(AeA0u0)E (x1) +|da,
Lo (AL E (2.0,

X, 0, F g 235 g it At 7 i, x e

(6)

TR AR R, BUEVER [-1, 0], A FIA,

I3 BRI BT R B, &' (x, 0, ) AL
W 5O R S B IE I T, D SIF BB
A, Es BT, ETRBINASERORBHE SO, K
23 () T AL BB C R AT E R (W/mYpm) .
Hbo, o', w3 MREERRHN
MAA)+ M (LA
v (ALALOLp) = ‘fo‘ ) +
M(A.A) =M (X.A)
2
VL0t = AL M)
M(AA) =M (XA
2

M(/\ea/\f) + M((Ae’/\f)
wf()\e’/\fﬂelvgpl) = ’ﬂ.fn’ 2 +

MAA) - M (XA,
[pEOAHOA)

K, ML) M (A, A) 4350 K R 1 A0S 1] 5¢
FC B, f RN 43 A L [ A B g
B R 7o BASE M B 2% B3 /0 SIF ] AR B3
~H

s

cosf,

/.

cos6,

T(vf(Ae,A DE (xA,) +
400 (8)
o/ (AADE" (x.A,))dA,

ﬂL{d(x,)\f) =d',(x) -

A, o (x) R BIRE M F9' k 40 M R B 1E I
T ET, ET AR KA R M A O G R
R o v (A, A) o) (A, A ) SR ZE U 5
B, SR P 5 ) B 2RO P Y
1
v (ALA) = %Zf(el) zvf()\ca)‘f»ala%pl)

136, 360,

| ©)

0 AA) = 36 2 (0) X0 (AA0,)
136, 369,

A, f(6,) A A A R TR SR

T3 5 2 89 5¢ 6 B 2 JEE S 6 BEOHT B 52 8 23 STF BY
ISYILF

P.
L LS o) S (e 000 +

wL°¢ = 0 ; 36 1= g |
[P.(x) = P (x)]mLi(x.A,)
(10)

A, LOHRIZ TR R, Loy R4
e, PP, S BRI E G B R F B B AR
BER, Thrls fld sl R i Ao

SCOPE #i R 253 4 143 (1) RTMo %
Peo HROR AR 25 A GRS, 55T SAIL 57
BB e 2 RS2 L R S RO & AU 5
(2) RTMueAH . 3 5 Bl - A 7 it ) AR
R AR S (3) REEOPAgAEA . L
RTMo Fl RTMu 55 i) i 1 25 SRAE M A S48k, 1t
BRI i B WA R PGE A, [ AR
P B AR R A R R Z TS (4) RTMS
BB . SRR T SAIL B Y 5 vk, 1 5 g A
Fluspect F5 5 (1) 45 5 A6 2 19 565 W A 24U S5
UL STF 7 568 J2% PR 3508 1 s SR A i

SR 2 T R A 2R
M) 5 2 PN P 8 55 WA Sz A STF 7 5 J2 PN A AR B
Yang 2§ (2017) 7E SCOPE A7) (g FEAl [ hn A 1w
REMEm R A, #37 T mSCOPE BEAL, % 4%
TR TH AR B A 4 68 S22 7K 7 7 [ 4% 1) 35—, fE 3
e i Z 0] 43 60 2 . K mSCOPE ## % 5 SCOPE #5
RN ZE R 5 SR A e A2, mSCOPE A
FIE A% B 7 B b ASE 401 5 2 ) R K9 J2 T 194 i S %
FASIF,

3.2 34tER

M TR BOE R K J7 1 4% ) ) —, 1486
JZ SIF AR Z38 AR H L Bt S5 ] BRAR R ALY
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BEAUl o TR T AR AR RO 2R AR A, TE )R
SEFXF SIF F S A& 4 ry s AN ] Z20m, RLH R Sl
SE3ME R (K12 (b)), SRR R as i godE
JERSIF. 13 4eig AL R B b, S XHEHOE )=
PEATASTR) R B2 B a7, 300 o A 8 A T 2 1Y
T TTEAATT , XA [R] (4 18 T B A T IR T AN 8] 96
FIRPE, T T RS Rk, 3 YA
2 K HDICER A B 1 75 1ok B8 A b 1 IR A DR )=
WIS A 7 o SR RIS EGB ER T ik
T 10 S S R30S B . T[] 3 R OGRS K, G
BT DO IR B0 A7 8 i A, EEDE TR
th 5 B WA IR J2 T R MR 5% 1 5 90 1) S B
MNAE SCE LI A, S A, 3 R ROk DG IR
MR FE, SRAFHEA G SR SE, BIT808&E T
[HIfIBER 2 Rt

H T2 A 248 A] R 47 3 4E SIF iYL .
Zarco-Tejada Z: (2013) 454 T FluorSAIL i1 FLIM
(Forest Light Interaction Model) (Rosema 4§, 1992)
BAL ST T IR AR B 5 B JE /Y SIF AR R
FluorFLIM. Zhao % (2015a) 7£ WPSHEIRL Y HI3E
EEREER AT e FPHE B9J7% (Thompson
FI Goel, 1998) , AWE Ex X WL 7 1) A BTk (9
¥, HIE T IR BRE B O, e T
R WPSERLAYERS I, FluorWPS  (The
Fluorescence model with Weighted Photon Spread
method) %% (Zhao %, 2016) #H4& T Fluspect 5

BAIDO

TOTAL

ILLUDIR
1.456E4

2.1397E3
3.137282

4.5268E1

(a) 3437 Al

(a) Three dimensional

scene with maples single tree

(b) HRRB B RS ACSE

(b) Three dimensional radiative budget of a

AR 6L )2 SIF,  HHp i BE Y ok 400—1000 nm,
YB3 B R 1 nm,  £F 400—750 nm i BeWz Wi 14 o'
Tk — B R )5 1) SIF 2684

(M) = :Z((Q (A)+ 0 (1) M (roa))+

(0u(A)* 0 (1) 0 My (2,2,

(an
AL, (A)FOf, (A,) A SRS RS
T, B W/wm, A A G5 STF (38 % Fil %
BHBL, Mo F1M g, 53 514 Fluspect £ 7 115815 5]
YERGE TR G NI DOCE IR, @ MIIE
RE, S9N TRACEA O, EEIT AL
(RS . 2 b T XL 2 ) SIF s 2k
. 2O (A
Lﬁ(/\f) - TS, 505)0,_

K, 0, I KT, S, A2 by i T
B (m?), QF.(A) o il B ik f A A I e 2% 5 19
SIF (W/um) . FeZAG 5]/ SIF 43 R R4y, — 3
43 A% & 5 G STF AR LSS STR 4R, 59—
43 FH 22 U STF RN 8 2 19 STF T4 A

gy — & 4 W3 YE R AL i B AL DART
Gastellu-—
Etchegorry %, 1996) #54 H ATt #4 G T SIF AL,
"] HEAT 3 4k SIF (I BE 4L (Gastellu-Etchegorry 55
2017) (#13).

(12)

(Discrete Anisotropic Radiative Transfer;

90° g SIF/(mW/nm/m?sr)
o2V 80
120°% * 60°
o O b 45
o o [ ] 5
- 40. ® 30 4
L ]
b 200 6 * 3.5
° [ ]
e o o ° 0° N3
L ]
NN 25
e [ ] [ ]
® ° o 3300 [
° . o . 15
]
240° e ®300° 1
270°

() DARTBEAEL 2 #f 2 WL SIF
(¢) SIF simulation with various zenith and

azimuth viewing angles

B3 DARTHEAUEL 3 i Sl S AN 2 # )& SIF
Fig.3 Simulation of radiative budget and SIF with multiple viewing angles by DART
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DART B HLHS 3 4E 7 5 B Bl Ry — 229125 6] AH 4
PIRIC. YiscEx. y. 2 3 DT I, 78
SN LP R UNA & Sy e SRR 77E
AN 2 Oy R ARTTE B, A TR
DL AERT R . 3 4E ) 5 h 46 B HE
PR RE . KIR, . ERYEZFOTR, A
A A PR R T ECE moT . R R RN
BRI Z T, DARTBIAR I 2= Fr v 45 1y
SR (MR R SR LATSE) IR 2ERMATT
BT TG A BT PRI, 22 i kR A S A2 o A 7Y
AU R (BOA) 38 1A oy 37 55 9 A
. DART # 7L Flux—tracking B, B %
PRI 347 BRSO . 23—k
B EAOCRA S SN S RS, 5K
IACIE BR TR B B S AL i, TR] I ASE DL B YRR
P AR, G 2 RE AL 5N 22 OB o AR
DART AT A T Fluspect 5 AL A1/ ) 15
6] SIF, i 1k [R] R A 4 A % i 7 vk 38 B e J 2 N R
SIF, fJA132E)Z FIr RAUEH (BOA) MRS
TiHE (TOA) HYSIF. H T DART BB A GO
BRI, S RE AR 5 55 56 R s H Al 57 e
BAE R 245 5 DOt i 7 ORI BN
S — s I 18] 1] [ 7 2 A PR A I IR s 2, mT DA IX
[ AR, A4S 252 A B - FTEH - STF Y 3 4
g3 o AT LATE DART BRS¢ GUI BT 5E SC
WANSH, BN R B JEIE AT Direction
B, s SOCZGRERTT 0, ZJRi51T Maket B8k,
E X s YL EFITTER , AR5 1847 Phase AR AL
TCREEHFDG R (R BN . B .
VL F A B HGs AT 45 R RAFAE xml SCIEH, )5
21T Dart LR S AL Frad 7 .

Hernandez—Clemente 28 (2017) 7 Fluspect i
BRI FLIGHT £ (North, 1996) A&fifi 1 HF kT
FluorFLIGHT 3 £f SIF KA {245 R 3o Xof AN [f) 25
FtE O 2 SIF RN, fif ke 1 2 22 MO E 1Y
/BB TT . 6 )2 G5 A VBT 3 T X AR R bR SIF
s . Hoh FLIGHT BERU A 2480 (3R2) ok
H B Ah I e OL K ZOPE LIDAR - (Light
Detection And Ranging) K2 {# (Bye &, 2017),
R RLRE R AR ESF Ay — R U o, i
Wl R HESE . 62 N R 4 A B LA LIDF
P . RLT FLIGHT BRI R X3 e R e (qnm

FrE5) $EETI9TTE, FluorFLIGHT A7 ip X - —
TRy (C) WSIFHEARIT
Fe(A)= z (]o(k)'YF('QO - 'Q)Po +

k= 400

%Z L0 (2,) 7. (2, — 0)
AP, SIF#CAEIR B 400—750 nm, 1, M EL$HE
(W/m?um) , 1, F2K [ @, J5 18] B ECE Y (Wmpm) |
O, KBRS A S 5 a1, QW 5 [ [ R, m
REZWHH KB, A NTOCK FI B, |k hwe
LN B . oy, AR
(2.0 — Q)=

(13)

w Mb[kA]| 2 -2, |.(2-2)(@2 - 2)<0
w'Mf[kA]| 22 ).(2-2)(Q - 2)>0
(14)
K, Mb. Mf 5 OCRGETHDE RS LIS 0]
FHT 0] 96 Y6 K B MR FEZ R, R i (R 3k ) &
Q' ] A 5 o ) i
#2 FLIGHT#EEBMANSE
Table 2 Input parameters of FLIGHT

24 e RME RRME B

- TR SR 4L L 2.0 6.0 m%m?
— Ry S IRAR H,. 0.0 16.0 m
— R IR H,. 0.0 17.0 m
R i F, 20 80 %
BTy b S, 0 20 ()
PV B S E, 2.0 4.0 m
B RETE AR E, 2.0 6.0 m

3 4 J72 RUE ST 53 18 6 8 i 45 X AL 4D B AR
WY STF (1) 3 4k 73 A i AT E, I AT LA At 0 AR bR A
RS (CAnfa M) 42 (A4 Fl i o SR T A
BT 14, 3RS 2R A S, B
IBAT ARG, R RS e 252
R J3sh, 34ERRI B BN 2, RA Bk
R

4 ARG SIF ALY

L A A T I S P Y CO, R T il
o A 2 AR GURRAG PR 5 R R A B T LA A . i AE
ERRARLRFT RN, R AFEE RS
A 52 D2 R BR B AT PR AIE 5 A B FTAR A R
UTAER , T AR Y e R il A 4 Bk JUE STF fY) S i8
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W AT HE (Joiner%s, 2013; FrankenbergZ¥, 2014;
Wolanin 2%, 2015) . fRZHFF WAL SIF 5 £4) 2%
A 7771 (GPP) A B UIMAH LR (Frankenberg
4, 20115 Guanter 5§, 2014), [H I SIF 32 B A fifi
WA ARG GPP ARt TR Y B BR RO vk o TR
Bl TR PR SIFAREAY X6 T R AR A1 BRASE 4L )
ANRENE, T A 25 2R G0 X 4 BRAUAs AE AR A o iy
HAHEENE XL,

SCOPE AU J& 4 % J 14 SIF 50 A VR IR &
B, (HZEE R BB G B B A, TR R
K, P SCOPE LAY F R 783k 5 JUEEXT STF A1
% o i —SE RIS R SCOPE 2 !
5 il i % R 45 . BETHY
Transfer Hydrology; Knorr, 2000) J& & F if #211)
Rl g AR 20, R B R BR B TR AL &R S8 CCDAS
(Carbon Cycle Data Assimilation System; Rayner 55,
2005) AR SY, HE T R AIK o3P A DL
) Ak L R Ay A R e R I . BETHY 2 LR
AN (1) BERFUKFH; (2) JLEfE
s (3) e (4) BT, 2R R DI
IR 13 MR SRS T A 7 A R A A B R
i b BETHY A8 v 14 56 J2 5 565 4% i oG A4
BRI SCOPE AL AR AL Y 4K, (145 STF £
B[Rl Ak 22 G0 b B A AT RE L O 8 3 DN 1A
B GPP AR A A EYE (Koffi %7, 2015; Norton
4, 2018),

NCAR CLM4
Research Community Land Model version 4; Lawrence
5, 2011) i pa A P e A AL i Ml 2 AR L2
[y CO, , Ko FAE R AY S o IR S LT
NIEEH SIF ARl (Lee4F, 2015)

SIF = APAR X ¢, (15)
b, APARIEEARRSS,  h bl AR b i 4
SR ITRRSR]; o, NI RACR, R
WL B B 28606 T4 (van der Tol 5%,
2014), SIFBIH 5 NCAR CLMA B (5 A 1l A5
L4z Bk RUBE /Y SIF B nl g, HBLHUL A SIF 5
GOSAT (Greenhouse gas Observing Satellite) 1% Ji%
WL e A5 2 /Y SIF 3% B B — Bony i 2 o A
FHAIE

Machean % (2018) % T SIF 5 GPP Z [ £k 1
KAMBBE, ¥ GOME-2 (Global Ozone Monitoring

(Biosphere Energy

(National Center for Atmospheric

Experiment-2)  SIF [A] f£ ] ORCHIDEE (ORganizing
Carbon and Hydrology in Dynamic EcosystEms;
Krinner 55, 2005) Blim=CH, & T GPP g
PORGEE . BEAh, QiudE (2019) M T35 HF AR
A RGBT SIF Z KB R R T 2%, ¥
JZ 17 19 SIF R ot BEAIBH 52 38 43 o 5T ik 49 SIF
ZH SCRRRESE AR 7 SIF 430 2

SIF.,, = a,SIF, . + B..SIF, . 16)

SIF .y = @y SIF, i + BuuaSIF. Ly
A, SIF, , FSIF, ., 73050 S8 ot BEFT B 52 88 45 it
R RS SIF (pmol/m¥s) , e, F1 8., 7351 >4 Hi FH
W22 S SIF A Ul R RIS R, o B 23 51
FH BFI I 2 555 SIF (R s AU R4k, Rl

G ( 0 ) 'QLAIsun/ shad
A n/shad = €XP
cosf 17)
Bowia = pL2(1.1 = 0.1LAT .. )exp (—cosf)
A, 0N KHRIMA, QNREFESRE, LALK

MR, G (0) 5 R U oA A G pR AR,
p M R RB R R A% 7 ) BEPS  (Boreal
Liu %, 1997;
Chen %, 1999) BIFHAF MBI T SIF (1) 43Kk 5 4
FRIE, JF R FZBRAS 55 T BEPS B it - Fil 5
JZ R SIF 5 GPP Z Al Y £ .

5 %5 iE

SIF A LU S F8 7 Al 661 FH B A ROE IR
% (GraceZE, 2007; MeroniZE, 2010), JfFarLiig
= GPP 1Y 1l 5 K5 ¥  (Frankenberg %5 , 2011;
Guanter %, 2014). AWM &2, £S
F 48 KRB 1Y SIF ] DL 47 b 23 i SIF 1) 7 AR HLEE
DA Ko SIF i 5 A% i aed A v S5 AFLRY AR (W) 20 7 9 AR ELAE
FOEFR o ARSCM SIF LI &, A48 T RIA
TR Y 2 [] A AR S DL BGE RS L, LR
IR R

(1) SIF @A as . iR R SIF LAY
ST I T R R AL AR, DA R B H R
FERKIERFEET K-MBLE, E— e E s Al iy
SLRE A SIF R, $2 5 T X0 A SIF i
KB o eE)22 RUBE ST R 75 76 Jo2 5 S5 1 A 700 ) 5
filt FARG i Fy SIFAEAY, CRe i 5 SIF #5280 iy i iy i
Rt RSO R HH I (S k—k5) 1ER
A BRI . H AT R R e 2 STF AR A 43
12 RN 3 AER AL, 1 4ERAY (4 SCOPE#EAY) Rk

Ecosystem Productivity Simulator;
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R A& B —, FEKV 71 b JCRREE A, i T
B R HO'E R A S A Bt (s, &
A5 ) o TR T 25 T S Jo 1 s O AR (A0 2R
M), 1 Y R S A e s A M DAV 6 A 4L SIF AE e
JZ AT Y AR I A% ik B . DART. FluorWPS,
FluorFLIGHT %5 3 4 SIF 5% #1 1/ F] D 2k 38 5 7 48
U J2 BB 0 S A i, 35T T AR SR AR 1 4
4 SIF BB . (HIX BRI iR, TEAb 3
Ze 7 S REI B o Bl AR AT DAL Xk 4
BRORUEE 52 R A X o 3R ) FA R DK USS Head 245
HE— A R MRS R G GPP, O SIF 5 il T A5
A T LU S Bl A A R G GPP A RS

(2) SEMECIEX TRIRL A BB, 1) SElEL
P Ve AR A S ) RUBE SIF AR rh i g A 2
B, R RSB (s EWE . i T
T HRSWSE (AR EEE
JEAF) S L] DL PR BN, H 2T A AR
PR E M B0 ), B A S I e AR
BB AN A D RS A o 2) S0 D R R
JEHEMHE % 5. RAMI (The RAdiative transfer Model
Intercomparison) i FF J& 8 5 B0 ) 52 I IE (1) 52 45
(Widlowski 45, 2015). Bk 7L Z MR HE, K
ST DR 5 R TR 48 T L SR A A AT A A A R 5 i
JraXe BEAMULIN 5 18 B AR S Y STF S A5 ) 56
RS TR S R AR 2 U Y STE AT LA
5 BE T AR R AR E M A SR Ok, g A
N (Spectral Fitting Method, SFM; Meroni A
2010) &, SRR ARt T 2 S EdE . [
FISE U I 5 AR P 8 - A KOOI S i 225 ] 0O 35 4 3
SRS BT AT S E SR e
#iio Pinto 55 (2017) TEAHBOE)Z b Ir 452 1ot
TEARBL, 152 1 A DL AR B SIF BHER, R
R 4 56 MRS LRI 9 Tk

(3) SIF B E W YCAHUNOFTE . SIF 7RI L0
B (740 nm fIT) BN R, R0
P B (685 nm Fff T ) H W WA AR S 32 S A
(Porcar—Castell %5, 2014)., BT EE4EMH AR,
I 5L 2 RUBE SIF 7R 210G AL 200G I Be iy e i 23
225 (Cendrero—Mateo 55, 2015), Kt H M F
Th RO 3 5 2 kB, AR ] B ROEE A8 46,
I 8 SIF 5 56k J2 4 2 4 AR B & A RIS
EW S 2 o van der Tol 5 (2019) 1E Fluspect 5
RIFISCOPE AR AT SIF AU IR, 1551

1456 )2 STF 73 0 BTG & STF . B G STF Al
Z YT SIF 2 348643 . 55 S B 0 Xof b & 3
PR S RS RORS BEA BTt i o 7B 3ERIRI, S
LRI R ) VA AR A STF (4 22 YRR 1 72 74 2] o v
IR

Bifi 45 SIF 32 8% 5 (%) & 8, P4 STF 0L 45 4
M F 5, LLROOT SIF /9 7™ A= HLEL G F — 20 3L
SIF A BIAE DL JUASJ7 1 HAT T il i) & R i 5

(1) FEAUfR . et R, Z8) 2 W H
(1) Fluspect BRI IR 2% [R5 A AN 5] 40 A 1)
L, ARt R SIF AL K e 5 B E i Hu ALl
ARSI AR . XT3 EFR AT LMY, o
Hu AR G 5 (5 B R AR BRI & R %, LiDAR
S BE T DU RN 0 SR R A MR S . Lin 4
(2019) L FOE T XS 2 R 505 B
IR R R, 5 DART BRI S 545
P56 2 3 4 SIF 43047 o

(2) AEAY 3 ;3 3k A HCH ) 5 15 E5 0 A SIF
oK IS T R Y 45 AR B A AL SR R L
SR TITT 260 S A2 i 55 T8 1Y) i Y ot AR R A 2 4% LR T AL
BAK, XT3 4ERAT L R ADR UL, W T AR
T 1 Y im GG R R S A 2, B0 T AR Y s 1Y
MESE K HR STAL AR S PR 2 2 2 A ] DLk A
TR Jiz e B AL 35 1 i e JEL BRI
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Abstract: Sun-Induced chlorophyll Fluorescence (SIF) has been recently used as a novel indicator of photosynthesis of vegetationdue toits
direct relation to vegetation photosynthesis. The mechanism behind the SIF signal is rather complicated. Thus, the physical process and the
interaction between SIF and vegetation structureshould be understoodfor better interpretation of SIF data. In this respect, the development of
relevant SIF models is the key to improve the understanding and use of SIF signals. In this review, we introduce various SIF models in
different scales by clarifying the mechanism behind each model andpropose the prospects in the future work.

(1) At the leaf level, fluorescence models are generally based on leaf optical properties models and focus on the simulation of leaf
reflectance and transmittance. Several theories canexplain the propagation of light in a turbid medium or a simplified blade. The simplest
one assumes that light decays exponentially within the blade according to Beer’ s law. The Kubelka - Munk differential equations
arealsoused to solve radiation propagating in a turbid medium, which isfollowed by the Plate model fordiving the blade into several
homogenous layers. The most popular leaf fluorescence model called Fluspect is based on the PROSPECT model, which follows Plate’ s
theory. The key objective is to simulate the re-absorption effect accurately due to the band overlap between SIF emission and chlorophyll
absorption.

(2) At the canopy level, fluorescence models incorporate the canopy radiative transfer and leaf fluorescence models, which can be
characterized as 1D and 3D models. 1D models, such as FLSAIL, FluorSAIL,andSCOPE, incorporate SAIL model with a leaf fluorescence
model and assume the canopy as several horizontally homogenous layers. 3D models, such as DART, FluorWPS, andFluorFLIGHT,
simulate the canopy fluorescence in a realistic scene using ray tracing method. They are suitable to heterogeneous vegetation canopies.

(3) At the ecosystem level, these fluorescence models help reduce the uncertainties in simulating carbon cycle and predicting ecological
system response to global change by incorporating them with land surface models, such as NCAR CLM4, BEPS, and BETHY.

Despite the advances in the SIF models across multiple scales, further studies are still needed with respect to model development,
validation, and inversion. For example, accurate tree positions and canopy structure parameters can be derived from light detection and
ranging data, which enables thereconstruction of 3D scenes based on the real landscape. With the development of insitu SIF measurement
techniques, SIF models can be validated with the measurements except cross-validation through various models. SIF model inversion is a
prospective research area to derive vegetation structure and biochemical parameters through spectral data. The novel machine learning
approaches may also provide new opportunities to be incorporated with SIF models to solve inversion problems.

Key words: sun-induced chlorophyll fluorescence, SIF model, radiative transfer model, vegetation structure, multiple scattering
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