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ABSTRACT

ABSTRACT

In the context of global warming and decreasing precipitation, drought disasters pose a
serious threat to regional crop yields. Crop models can be used to predict and evaluate the
impact of climate change on crop yields. However, because crop models require a large
amount of field measurement data for parameter calibration, they are mostly used for field-
scale simulation, and there is considerable uncertainty in simulating at the regional level.
Solar-induced chlorophyll fluorescence (SIF) is a new remote sensing indicator that can
directly monitor the photosynthetic productivity of regional crops. Combining SIF with crop
models can help constrain the photosynthetic simulation process of crop models, thereby
improving the regional yield simulation ability of crop models. However, under stress
conditions, the linear relationship between SIF  with scale effects and vegetation
photosynthesis may become decoupled, and there may be significant issues with directly using
SIF for photosynthetic estimation or coupling with crop models under stress conditions.

Therefore, based on the chlorophyll fluorescence and photosynthetic response
mechanisms under drought stress, this study coupled fluorescence algorithms with the
Agricultural Production Systems sIMulator (APSIM) crop model as the core, and conducted
simulations and analyses from four aspects: the photosystem scale, leaf scale, field scale, and
regional scale. At the photosystem scale, the fluorescence emission spectra were reconstructed,
and the fluorescence quantum efficiency of photosystem I (PSI) and photosystem II (PSII)
were separated, providing a theoretical basis for modeling photosystem fluorescence. At the
leaf scale, changes in the chlorophyll fluorescence spectrum, gas exchange parameters, and
Pulse amplitude modulated (PAM) fluorescence parameters of maize leaves under different
degrees of drought stress were analyzed based on indoor drought experiments, which can be
used to improve the photosynthesis-fluorescence modeling under stress conditions. At the field
scale, the simulation of canopy SIF escape probability in farmland and the analysis of its
influencing factors were carried out. Based on existing theoretical knowledge and research
results under stress conditions, the APSIM-SIF model was developed and improved to enhance
its applicability under drought stress. At the regional scale, the APSIM-SIF model was applied
to simulate SIF in the Midwest region of the United States, validated using TROPOMI SIF
data, and used to simulate crop yields in the region by constraining the APSIM-SIF model

with remote sensing SIF data. The main research results and conclusions of this paper are as
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follows:

(1) Mechanism for converting full-spectrum SIF emitted by leaves to single-band
SIF at the top of the canopy

By using the fluorescence excitation matrix to calculate the SIF band conversion factor
(¢) and the spectral invariance theory to estimate the fluorescence escape probability (fesc), the
full-spectrum SIF emitted by leaves can be converted to single-band SIF at the top of the
canopy. € and fese can respectively represent the physiological state of the leaves and the
structural characteristics of the plant canopy. € can be calculated using biochemical parameters
inputted into the FLUSPECT model through the excitation-fluorescence matrices calculation.
The fese of near-infrared SIF can be expressed as a function of directional reflectance in the
NIR region (Rwnir), normalized difference vegetation index (NDVI), and the fraction of
absorbed photosynthetically active radiation (fip4r). Sensitivity analysis results show that
chlorophyll concentration is the main driving factor of ¢ in the NIR region, which can explain
more than 80% of the variation in e. Regional simulation results show that fe remains
relatively constant during the crop growth peak period.

(2) Reconstruction of the photosystem fluorescence emission spectrum and
separation of the fluorescence quantum efficiency based on the FLUSPECT model

Using the singular value decomposition (SVD) method to separate sample weights and
singular vectors of the fluorescence emission spectrum, the decomposition results show that
the first three principal components can explain more than 90% of the spectral variability.
Based on non-photochemical quenching (NPQ), net photosynthesis rate, and the first three
principal components, the fluorescence spectrum can be reconstructed. Integrating the
reconstructed fluorescence emission spectrum into the FLUSPECT model improves its
accuracy in simulating fluorescence spectra under light, temperature, and CO> environments
(R*> 0.9). The conversion coefficient between PSII fluorescence quantum efficiency and the
PSII fluorescence yield measured by PAM is determined to be 0.87 using linear regression.
Under short-term changes in light intensity, the PSII fluorescence quantum efficiency reaches
its highest value 0f 0.012 in weak light and then decreases with increasing light intensity, while
the PSI fluorescence quantum efficiency remains stable and contributes up to 1/3 of the total
fluorescence quantum efficiency under strong light.

(3) Improving the linear relationship between chlorophyll fluorescence and
photosynthesis under drought stress based on leaf-level experiments

Under drought stress, the linear relationship between chlorophyll fluorescence (ChlF) and

photosynthesis is decoupled at the leaf level. As the soil moisture content decreases, the

VI
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changes in photosynthesis rate under different light intensities show a consistent trend with
stomatal conductance and electron transfer rate, all exhibiting a distinct threshold of soil water
content. However, the decrease of ChlF with decreasing soil moisture content is not significant,
and even in the red band, ChlF may increase. Therefore, under sustained drought stress, the
linear relationship between ChIF and photosynthesis rate is very low (R? < 0.2). Based on the
electron transfer rate formula, introducing the degree of openness of the PSII reaction center
(g1) parameter can significantly improve the estimation ability of constrained chlorophyll
fluorescence (ChlFxqy) for photosynthesis under stress conditions (R? > 0.9).

(4) Simulation of canopy fluorescence escape probability and influencing factors in
farmland based on the canopy radiative transfer models

Using the one-dimensional SCOPE model to study the effect of observation direction on
canopy fluorescence escape probability, the results show that directional fluorescence escape
probability is greatly influenced by leaf inclination angle distribution function (LIDF),
observation angle, and leaf area index (LAI), while hemispherical fluorescence escape
probability is mainly related to LAI and LIDF. Assuming that the LIDF of the farmland canopy
is spherically distributed, the accurate simulation of hemispherical fluorescence escape
probability can be achieved by LAI and the scattering and absorption coefficients of different
bands (R? > 0.95). The directional fluorescence escape probability can be estimated based on
Rnir'NDVU fapar (R* = 0.89). By setting different crop planting scenarios with different plant
and row spacing in the DART model for three-dimensional radiative transfer simulation, the
results show that under high planting density, soil reflectance has a low impact on fluorescence
escape probability, while under low planting density, soil reflectance has a significant impact.
Compared with plant spacing, row spacing has a greater impact on canopy fluorescence escape
probability.

(5) Construction and improvement of the APSIM-SIF model

We developed an SIF module within the APSIM model framework to couple crop canopy
gross primary productivity (GPP) with top-of-canopy SIF (SIF:.). The APSIM-SIF model was
validated at two agricultural sites in the Midwest United States and was able to predict over
90% of the variation in GPP, aboveground biomass, and leaf area index (LAI). It also captured
well the seasonal variation in SIF,. (R? = 0.84) and GPP (R*> = 0.81) at a maize irrigation site
in China. For grid points where crops occupied more than 70% of the area, simulated SIF .
explained over 75% of the variability in satellite-observed SIF. We improved the
photosynthesis-fluorescence coupling system in the APSIM-SIF model based on the
Mechanistic Light Response (MLR) method, and downscaled the leaf-level simulation to the

VIl
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photosystem-level simulation. The results of validation showed that the improved APSIM-SIF
model significantly improved the simulation accuracy of total canopy SIF (R? > 0.9, RRMSE
< 20%) and enhanced the response to drought stress. Based on the MLR method, the APSIM-
SIF model simulated crop yield with a high correlation with the county-level crop yield of the
National Agricultural Statistics Service, with the highest correlation being 0.78 and the lowest
simulation error being 748 kg ha™!.

The conclusions of this study are as follows: Using reconstructed fluorescence emission
spectrum at the photosystem scale helps improve the simulation of leaf fluorescence spectra
in different environments. Introducing the ¢; parameter in fluorescence-photosynthesis
modeling at the leaf scale significantly enhances the estimation ability of photosynthesis in
stressful environments. At the canopy scale, LAI and LIDF have a significant impact on early
canopy fluorescence escape probability, while fluorescence escape probability remains
relatively stable during the crop's peak season. At the regional scale, the APSIM-SIF model
accurately simulates the spatiotemporal variations of regional SIF. Downscaling leaf
fluorescence simulation to the photosystem scale and introducing the ¢, parameter contribute
to enhancing the sensitivity of the APSIM-SIF model to drought responses and improving its

capability to simulate regional crop yields.

KEY WORDS: chlorophyll fluorescence; crop model; photosynthesis; drought; fluorescence escape
probability
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1.1 fAIRBEMENX

TR FH T — P B B AR5 T 20 X ME A 77 L 7K BRI PR S 1™ A
TR H AR . FRKE D IR 5T, X P 3R R E X TR 22 47
R 2 (Sternberg et al., 2011). IPCC 25 fLik P i &5 F8 ik & 130 S BR-FITHE
0.85°C, J+H H 20 e 50 AR AR, 5 b — s [X 4w WoOR PG 3RS i B T 5 7™ 5
MBI [R5, 32 202 AR EOE N5 Bk 9> 5 8 (Stocker et al., 2013). 5%
ZPRVF 2 B RN A P = A PR R, S S T A R A O SR M X 52 B T R
MR, fi4n 1930 4EAR. 1950 FFEAR M im + 5 21 (Cook et al., 2007), 2011 43 5w
M F(Williams et al., 2015) P &z 2012 4 K1 J5 1358+ 5 (Hoerling et al., 2014) %+ 5 5
PEATVES A ot 5 TR it R 3 B0 T2, 38 Je 45 2% (Smith and Matthews, 2015). & FI1EY)
Fe R R RMECN™ E N EF(EH %%, 2007), [FIRH A E 5K/ 77 A
WHPE, BT 2010 4 11 A AL T RRE T R U B &N A, BURFRIG— &
F7K G A RN HE TSP R Ttk R T B T B 5 AR B L R B2 M (Yu, 2011) . 4E
P EAE N AR A R, 1970 SEFFAS, N TRBER S, JEH
SKH TR K AS 43 1R /KA R 4 36m(Pei etal., 2017), [RII 2ESAEASALEEI T, FEK D
R T & S BRI R R EME R A, JEIRkIETE 1980-2011 S WA R ZH 740
T3 03 R AR FH O A2 T 52 0 S5 2 (Wang et al., 2015) o ZE IR RIS AV X R RE 32 51 T 52 5
Wi, I T 1895-1903 F-5. 1937-1945 T LA K 1997-2009 KA FHE A ML IX «k
T-2om, Sbe . @U KIREE R ER N, TRERNFESIRE F S
HE/K 43 K54G ¢ (Ummenhofer et al., 2009). 2010 452 5304k B 17 A1 12 77 22 (/N 32 1k
;7 32.7% 1 19.3%, FEEFN [ FEEIN K NEHEN, SEAEERNHE SR B, X
BT PR A R R AR AR (Yu, 2011) . [RIRAE % DR 577 X A AT T 52 I I Fn
FEEVHE N A AT R AR % T R E 2,

XF T A AE AR 7 B B VT SR U 7 S S INATL B (R A AR AR, G H 2
HER VP Al T 2 0 EXTRIED = B . RAIEY B WAGE — BT UR A BV K
SERK, VEVIRE AL & T SARA DGR 1 AR S o DA B A B it 5 DR - R AR
IR U FEN (Wang et al., 2019). HAZ, H AR ) 32 5 ) BUR A28 RAFAEBOR IR
7=, FFHEA XM K EE L (Feng et al., 2019). 57815 22 ) SR 4 B @ 4
B g1 BTN B T s = T S B B S O HE R . TR Y A B 2
SHED AT R Bk, To R A e R B EM A K e . 2T 2008 R4k 1)

1
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J7 150 2 U538 R 10 LAL NDVI 55 [ W AR AE R MR B B 45 205 VR Y ik
178 #5 R (Huang et al., 2019), 7] DA R I8/ D8R 2 501 AN 7€ 10 A S e 52 9k
I NI RE T, AT e A R VR B 1 T AR 2

H %1% S M4 2 %% (Solar-Induced Chlorophyll Fluorescence) , f&ifk SIF, %Ffa1E
KEHYCHR AR, iR 96 HIBUR , SIF 2 MR EY A KRB R Ak THEY = B 8 7%
TR DR AR S MO I AS S T DO DX SR g (RS e R AR T AR AR A KAE
B, EHTF XA TR TR (DR TN 1) 5 R
Al LA — R A AR B0 S NDVIL EVI %5 0] 2 B g 42 K5 B (Xue and Su,
2017), (HRALGUEIK P U I VEFAEVFL M IAREE S5 2801 B NDVI S5 H
FEHUA BE S W 4 (< 58 515 S (Walker et al., 2012), 17 5T iz P4 360 26 BR A% 00 A0 AN g
IR BT ) S B (Sun et al., 2017), PRI 2 48 52 B G0 FHBEINT, RIS AR A8 PR < 615 12,
B RA U, DR I SR A H8 0 B AN AR BUER, R UM Bt B3 i 2 4
R A ] AR g, A REiE I A TR BRI 5, Tk 5 DR R AR P R
TIEME . AT AR RIS IR R, SIF 2RO A 1F FH B AR ER
%t (Zhang et al., 2018), SIF 7] LURLFHI R BAED A A EE S, TR T2 50
UL T St Fe 2, v A T B IR 6 AR KRS IR AT 7 B L (Guanter et al.,
2014). ik B TR 1) ' ol 5 s T DUORE A S E A g R R OB E B, B AT 4
BRI G A AR FURSHEAT M (Sun et al., 2017). SR 52 3 76 2 4546 A SE I, 32 S8
(1) SIF 15 B R R S s G B AR AE B — &8 73 I BANF 2 R RUE OG5 & G R &R
XF P I il 3 1) S AS [R] (Lu et al., 2020; Magney et al., 2020), HEJSZ a4 T ES
RNK R INLER MR, Q0T 5 W aa it i 5 G IUR AR B B 5200 DL AR 1 el /2 45 74
Xt SIF 48 5% 1 521 (Dechant et al., 2020; Magney et al., 2019). K 75 B 4i & 4E FE 5L
5. ZRIEMLRZR DO AR PR BRI LA S R B0 I 048 >k B AT 2% - oA - 526
KA LR RGN 6 AEFH R 4= BT U R

1.2 BRSMARERE

1.2.1 MHREIERIEER

KRBHYGRE Bk i B R A 28 RAWRIE A AR R FRE, R h
TEF(P), MY H & IFAFERL(NPQ) I £ & %t (F)(Krause and Weis, 1991). Y& R4i/K
PRI RRHICRG | (PSD RIS RS 11 (PSID Rk, PSI £ 25 I E TR
730nm L4, 1 PSI )43 25 ¢ 6B 7E 685nm /£ 45 (Porcar-Castell et al., 2014) . 4%
FRNEIETEVEEN 640-850 nm, i B XU £ A AL A 20 AT 2D AN AN B, PSIH
FICIEE B T PSI R HIEMH, TRIE Rk Bk R s AR B . 4T
UL (400-700 nm) BEM FJE 4 KA R 3B ARG R, TR e — s 2 b

2



FoE i

7t (640-850 nm) K77 EHTR K, BT 2OtB S W CBATES, A
By AR By AR S B I SRR I B 3R T BB, AR A R B R
DA G 380 5 I R 2 & BRI INE, W BT SRR 5 O O Bl e B A AIC A v TR AR
(Porcar-Castell et al., 2014). K PH Gk o [ 78 75 2 2 WOE M sk Ba B, I HO8uE
S iEs, RIS RE B EEE AW IAF 2, T K FH 6 Bk M 2 BT 4
BRI TR, BRI TR V2 58508 0.1-10 nm (ISR, RO R IR 27 15 4%
(Fraunhofer Line) (Kozyrev, 1956). Fraunhofer Line +& % e M« g& 117, FEREHT
FEME 2RI BN A I SORDGELSS , T SRR OG5 BA “IHER” N, @it HE
7241 FLD(three bands FLD). cFLD(correct FLD). iFLD(improved FLD). eFLD(extended
FLD) LA A2 SFM(Spectral Fitting Model)=& 1] LSEEUAHAE#E SIF 15 5 1) S 5 A B (22 41 0
25,2019). RIEFIENIFEEZREESE. e PR i E e b s (S i 4%,
2015). MEERWOERMEMMOE A EH R AL S K Re R, HIERRGERE BN
BICHEHFEREN 1-2%(Baker et al., 2008). HF 4R 2 5 AR b -5 1 P 3 e & AL 2
HREFVIME, LA SER AT SIF B 7L i) K & 2 (Mohammed et al., 2019), SIF M il fE
B AR B ) K 506 AH SRATL I 5% SR M2 4 R

23 22 ¢ LT 70 T B 2 G B A 2 58 S W DL B2 5 S AR S A AU AR, . F2 37
SN 3 BE D)k R E I A1) (Pulse-Amplitude-Modulation, PAM) M4 & 568, +
BN I 2 N g il 3 AT K e SR = AR OGRS, A8l a & 48 K FH
BHAMD G RS J, I AR SRRSO — Pl AR A 1R % Ot (Zarco-Tejada et al., 2003). i
i 2% 2 98 680 1 S AR SH0nT LARIE FUARE 6 AR R 70 DL Bk i 97 (5K <74, 1999),
PAM 756 R /INAR AL AT s I 6 0% A 10 (Schreiber et al., 1986). [ YA 7t A 32 3))
2R R OGN AE OC B AT R B R, 2L e+ 5. i . Ko iia BLAAR
i P XL S0 LA ' e A R A B R S I (OS FEA 45, 2013, BRI 9 4R, 2004; M AE,
2004), T4 3h 2GRS A B, 2 DU 35 AT GPP it 55 5 I T BiF 72 9 3 (B
HHRSE 2019; XTG4S, 2017, $HEFE4E, 2020). [EAMIT 7T AR e B £ (3 TSR R K
JCER AL LB R R RO 7T, B RO DO A e R 58 S A% i
TR L S AR ZS RGOS PR A R M. R 2R R 0O GPP #2 K AETE
JERGKY, HEMSGRWICAT Z—MLHES, MOLRGER = TR L it 75
IR 2 52 B A A S B DL K J2 45 48 2 B0 PR R SCR R T R sz, DRI 2= IS T
2R R OER GPP Bl S RE /. N T I BT GPP i LA Rt Rm WL 5 ES RE
BRI G, 75EO SR 3R PO AR I 2 R AR S it R 3047 78 70 Bt 7

122 MRFXAZRIIZAFER
2R 3R 9O RE KOG R GUKT MR KPS i 2 AR AR R . o
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WICERAIEAENE R GKF R A AE IR b A AR AHE S, i v A J2 15
SRR, TR IR B o A IRSORBABE R A, EC RGUK TP L 430K
o6, ARJEAEM N s (iR L MR B RS B BUER T,
BT Pk, 225 e 2 A HICH AT R P AT 286 /2 T PRIt SIF BL2E A
AR REE AN A AT RN

SIF, oy (2) =PARxax Bx D xp(A)xe(A)x (1)

canopy

SIFsg

(1-1)

SlFps (1)

S”:Ieaf (/1)

K, BEI TP PSy leaf F1 canopy 7 MR RIERGKN I KR Z 7K
AR PAR ZIGEA IR o &M ARBOGRE R, B 2JGRELE PST AT PSIL 77
BeLbfl, 756 RS R M R U 250 (o) FIYGHEZE PSI A PSIL [0 BLLLB (B) 3@%H
WENERE a 8084, BN 0.5 Ol ¢ 73 A2 R CBUR SR MG CHUR T, 4515
Hil 6 RGBT DG TE R /ANFITEAR, @ A7 PSI AN PSIT 26Uk 345, Horp PSIL %6k
BORR GGG EREDIRR; ¢ RHEERIOLNIERGE R F oL 25, 5
M AR A BB IR IR O fose /EMHER R TGN I 256 2 B 2Otk IR 2, 5
JEEER (MG o0 A PPIAR RS, SRR )« K PH-I JUAAT f R L 33 e S e 2%
FUIMH K

1.2.2.1 BRGRBERIHFA

R G0 R RGO 1S T 52 B TR B M RGO S 2 . H AT 2
AR G AR B AT DA A M S I OR OGAE A b R O AR, 9
FluorMODleaf(Pedros et al., 2010). FLUSPECT(Vilfan etal., 2016). 23k 245K ig 62k
1B B A (Zhao and Ni, 2018)F1 FIuLCVRT(Kallel, 2020). X E6MH- F 28 YA Y i k% 00 4
R G K VRGO, T PST AN PST PR % Y6 IUR U B 4] e MK T8 14 I S Ak Y R R
MEARH|, EES% Franck 55(2002)7E % il NI A RKZZ M PSIT 28 H6IUA HE LA K Croce
ZE(1996)7E 6°C Tl F AN F PSI 2 Uk 1E (il 1-1 B PSI AT PSR 1S T2
MR o T BT R S 1K L SIS INAT ) G T A B AR SR VAR &, AN T A )
ST SRR, Se B VB RIE, ISR AR BT I & 5% Y6 IR B S SR AR 1
FIE M T AN Z 2D A A BT
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Figure 1-1 FLUSPECT built-in fluorescence emission spectrum of PSI and PSII

T IRARIE AR B 5 Ok 1, Palombi Z5(2011) 4 H 7 —FhEE T Kautsky R
(I F PSE A PS5 6 R 5 40 B g 2. SLBEA TR F S . R s o A
FE AT DGR (0 —BEIR], R0 F SR TBOH — Ph S £ R B N (R R R A5 5, X
PG IR A Kautsky ZU, HA B PIWIGE oA O, BiJE2 G EFAF B A
0-J, J-I, 1-P =B IA B el Pt XL P2 1615 S8 15 th 2k
A, XANEREFEES PSR EYIIEA S SONAH I (Guisse et al., 1995; Krause and Weis,
1991), PSI FIoTRRAEIX AN ISR H I8 H AN PRFFANE K (Dau, 1994; Pfindel, 1998), Jt
HOETE O-1 BB (Palombi et al., 2011). K bif T Kautsky RN Y61 AR 40 28 it T LLOKE:
P 7K B PSR PSI (7€ 6 R S i 43 5t Sk, 38 1T Frdied iy f 58 Sl A i A5
U] DL H 6 R GUKF IO BOR . SRR T Kautsky 2N 20 25 13 21096 6 & 5
JEIE SR 2O, AN R AEM 4R 2R PR E ISR B RO R LT . AR«
3t FLUSPECT BEAY AT LLZE S Ji 5 B A S 4 R UOE el N DO R, ik
AT UK IE /& PSIN AT PSI 55 152 6K i (van der Tol et al., 2019). G RGH
FEI R VR RS R (A%, R RGOSR, A BT
R I P 2 P T St A Y B 4 3R W e e B AL A A 1, T 20 e R GO B AR
HLEEE

1.2.2.2 A RERIEHA

I JRUBE 5% Yt 90 75 2L 2 Iy PR 0 45 440 LA B €8 3 43 X 2 Y P W AT P LB o P
AR R IEIETE TR o BT B S S 50R0 38 3 56 A0 m] AR 7 1) B A Y
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MRS E, JFHMGRFOCER N RE R 5 KT A A AR BAE,
S XTI o 58 N A A ADLIE  E STAE AN [F] ) i 0t 2 SR MR AR R . (] 1-2 BoR) . H
TN )2 O F O 24 AR T )2 PROSPECT P %Y (Jacquemoud and Baret, 1990),
PROSPECT &4t F#ioA N Z-FAR AR, Hde BRI — R KGNS G MER
o, FAl N-1 2RSS EE 1 [F P AR S50 A i i S8R AR S 4L
PROSPECT-5B 1% (Feret et al., 2008), 7EHE R IEAE IS 7AW SHFE, @& 7t
ZRER S RE MR, BFOER. KT, AT RLHERBATI: - 400-2500nm U B
S EFNFE ST # . £ PROSPECT ZEfili B & 11 FluorMODleaf(Pedré et al., 2010) Al
FLUSPECT(Vilfan et al., 2016) % 6B BN 1 2 G UK FE MRS, 49 PR s 4 AL
A R4 R 5O RS ThAE . FluorMODleaf il FLUSPECT 2 X HI#E TR 6 & 17~
W THE, FluorMODleaf #2&¥4 715 K 5 S 38 5 G 2 i B AE UK AS s Ta] Sk v 55
WE Fros, M FLUSPECT #% HE2K PSI A1 PSIN (58 & 71 BAE NN S HL.

IDER T Bit 2) N-flux %Y
Réflectance m o P
[nk JPuta <. = TG
H [nk W% | 2 ly
2 g I,
i pon £ bA T
- E & 'L
28 ([ oo i i '
Transmittance W T
|
3) BEER R TR A5 S AR FT EL v

11

6) MLtk

= A,_,,L,hn._,,_‘...-h.l_J AR IK A

1-2 JeJm P s
Figure 1-2 Optical properties leaf models
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ek J2 FRURE 56T 78 T B -6 5 BEAR AR S A% S A R AU 70 5 DG A e 2 F 4
fefid A2 . e R uOE T BITE 2 BER S A% S R KER o B 26 T AR R N
EFTIRONTHICR PR A — #0900 1 RT PA<iik ok, X —id AR 5 ek JR S5 R 1 o
A AT A TR 2. KA F5 %055 (Yang and van der Tol, 2018). AgfE ki
HH R B 2 AT B AR LI B (T 2 T 5, T Ta J2 BT M AR IBUR ROEAR Z N e J2
P0G, W R R RO E T T UL SR 25 2 B PR R (fese) o fesc Y
W8 5 B R T A AR R DL K — 4R A0 = 4 1) R R HR AR B B AL . Sk A AR
P2 (Spectral Invariant Theory, SIT) WA\ 7k 207~ HIRSOREUR SR T AT A
WARI K B JZ BRI BB (FRREREAER) (Knyazikhin et al., 2011). FEREEMER T
RSB NN Rk R R . 20T 5B e R A AR, IR B A
MERBERACAR M (B, — HOG7 e, BOR AR S e R Al A3 A AT e PR Gk T U
JGHIAL BB J5 ) SRR UOGAETE 2 A BORR SR A R 5 B D' 7 1 S S 4 4 i
FEARABL, DX R TR UEAN A o SRR Tt 5 B 07 IR FHOG, T 90 /2 j i Y
B R R TR AT ORIEAZRE®, [N FOhAERN R (B, T4t
SIF [ fesc ] AR Z L LA 2 (Rair) SO w DR el J2 6k NS D [ R
#K i £33 (Lu et al., 2020; Yang and van der Tol, 2018), B[l fesc = Rir /(i>WL). ITZL4b SIF
HIHUR MO AR AT AR GF A NIR SREoR,  [FIRESE T AR P DA K 2% 18 1)+ 3%
WS, Zeng 55(2019)% ], IELZLAMXIHMEIRMATTMEFHN: fesc = NIRV/apar,
Horb NIRv I NIR 5 NDVI tH5EAR 2, fapar #2 56 EROGREA BUE ST ORI LB, 32
— i B R R Al LSRR U, AR R LR I SR, R HARE S
T I PR R AT R o Yang 45 (2020)i8 i 5 AR T AR SR S FEHE S Rar S
A OGS #E Rvis (400-700 nm) W22, BISEGRIERAEE FCVI, W] TR IEITAL
HPX I SIF ) PAR HWSORTHUR RO, B8 4 4h Skt e 2 B o TBCR:, A AERf T
SRk 2 R G I 1B IR M

fesc 10 TT LLIE IS D GHE AL S R R AT UL B . —4EDOBR SR fii Y. SCOPE
(Soil Canopy Observation, Photochemical and Energy fluxes) i Van der Tol £5(2009) %57,
HAS T FLUSPECT WM Fr /K2R, & B Al By i IR S AL i
(R 4%, 2019). SCOPE MU E BARGHM LR SRE &Pl g &, M Hit B A K
i E G EVEREE ). SCOPE #i% 3- Z phy UM B . RTMo A8k 32 B2 1 5K BH
MR A AR, B 2 RS2 T, R HDG &0 RdRS: RTMt it 3 2l e i
P 7 R A AR SR T S AR A RE RSP ETAY Z BL RTMo Al RTMt BEHL 4t
SRS, BRI TR PGl R, RN A RS AR A R
T s RTME AR & il i i NIH F FLUSPECT 57155 R R B DL J2 e &
AR, SR A B2 SO RS R il A . BT E O R T 3R B AT

7
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25 S R M e 2 N AR ST A e e 2 N A BAE A, Yang £5(2017)7F SCOPE 1
RURR LRl g By & 1 1) B AR 2, /% T mSCOPE #24!, 5144t SCOPE #
TUFALL, ZARAYSE a1 ek J2 TS S i SR A SIF Bt i e 14 . H #F SCOPE EE& 2N
2.0 A (Yang et al., 2021), A LAKE A LI BN K AT oG ZLAMIFAAT A 5 i T
FRER R EK, JFEAA TR, AR LR SEE ) 7] BLE SCA RIRAE I 2 4
P, NI AT USRI R R 2Bl 72, o) A B 3 0 R 0 ThRg, M 5 i
it AT J2 RO B 5 23 v G ok 3385 S R 52 ), ©) mT DUREHUAE I 3 R A 24 51 i 1) el /2 J
UPRE AL, TS IR a M R, d) AR SRR A, T SRR SRR 90%. X
Lo Pt iR 1R 2R SNEARE ), IRR 1RSSO A A B e S, [R] A
AT BRI E N g 1\ T 4 R v e s i TR ot PR AT R A

W T —4E 0O kR S AR R TR BOE R A T A ) —, 2T HE 2R
A% FH RIS P 8 S b o A 6] B 37 S5 A ABE UL o T XS 2B AT G5 A T O WY S R A ) Gl o 7 A
WAEKEED B RSN E RN S, JEEEHXS SIF 4R AL Al 72 i 52 i AN
A] 2R, R R B i — R et AT 7 i g Sl (Liu et al., 2019a; Zhao et al., 2015) .
H BT = 4EDO04E AL I 1 WA G B R R, 2B T4 = 4H 0 P
BOR, M= AE B 32 5 DA SRS R i R, 3 AR 38 A T B AS [R] 5 R A 1) 3 e A
#)(Gastellu-Etchegorry etal., 2018) . # UL =4k e @ L5 24  FluorwPS(Zhao et
al., 2016), FluorFLIGHT(Hern&dez-Clemente etal., 2017), DART(Gastellu-Etchegorry et
al., 2018), HIEAJFHL 375 i B LR 1-1.

R 11 =HETOUIRE M AL R

Table 1-1: 3D fluorescence radiation transfer models

I J WA Yyt 275 Lk
- . Gastellu-Etchegorr
DART-SIF AT LRI FLUSPECT PR eI ( gorty
etal., 2018)
FLIES-SIF TR FLUSPECT fai 4k J LT 44 (Sakai et al., 2020)
AT HLRIE R+ ~
FluorwPS . FLUSPECT T A8 %R Zhao et al., 2016
T ( )

(Hernandez-Clemente

FluorFLIGHT AT HLRIB I FLUSPECT [EREWIREIELN
etal., 2017)

B 52 3D
FIULCVRT TTYELIB FluorModleaf o ) TR (Kallel, 2020)

A =448 S AR A A w] LUE &0 ole T AE FELAROE 2 o (R A% S i 72 (Disney et al.,
2006), H Al i) =45 Yeha i AL g A Al 2 1 M AT e 2B B R A BRI 1A d 2

8
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by TR R RS e T I e JE AR A e R B AR AR R .
41 DART-SIF BiAYH, a2t B Bk br /7 AT &8, HAE SR 4k,
[ A AR 22 A A B e i 26 RE RSS20 A 55 22 Fh 8 S 4 7= b (Gastel lu-
Etchegorry etal., 2017). FLIiES-SIF #5%(Sakai et al., 2020)% ] T %5 8] B i () AR AR 5t 00 3
TR RSB ER L, ST MERAR K EAEUR J7 1) B B HL BRI 2 53 A s 0 (45
U Lambert-Beer $5¥0R A B MG RBD HisE, I FE BUR AN S BT IS R H R
J6, DA BI SRR R H ) 06 S 5 e J2 TOUES A H () 2 Y65 i 2 18] [ 9% 2 (Porcar-Castell et
al., 2014). FluorWPS 7)1 %4 (Zhao et al., 2016)iE L IO T4 BT %, KW & X
R RIS LB EE AR 10 U AR S R SRR, AR R AN R T
—ANREE I I, 0] DO TSRt R IR 7 5, Wit T BRER Sk 1 GIR CELS R
JEANE SRR BOLT, HFRPDLTSEECEM BRI TTER, AR RA T
VT F Rk E 7%, PLSRBDE T IR BRI 2 6107 JARL, BRI AR, SR
B R T VE LG R IREE, R EHEAT R . FluorFLIGHT [EFf @ A& it ok
JeAEA FLUSPECT Al 3-D Ye£RIB AR FLIGHT KR E 2 701, B —& L TN
S AR = BER B 5O6AE 5 I EUR 1T JT K 1) (Hernéndez-Clemente et al., 2017).
FIULCVRT (Kallel, 2020)iz F o 5 5 % 7% BRG SRAS AR e I U o e R i, A8
SR RIS RIB BRI AN B 3-D 45 M BT AL, Jl IS =4 R E
DA% i 2 2 S0 A s R (R A4, T DB 3 S P S W et J2 45 R 0T SIF 5 S A5 i i
T B YR Aff 1 408 B0 7 = 0 e ik R 22

1.2.2.4 XBRERIEHA

DX 38 R -2 K e T £ B LLBIR SIF 77 BB B4k DL R 9 e R 5 AR S R 5
BAGRA W9 N 3 . HRTIERK SIF 77 i £ 224 TROPOMI, OCO-2, GOME-2, GOSAT,
TanSat %5 (Mohammed et al., 2019), {HSERKZX L SIF 7= 5 T2 B H 23T K
RS BB, BT I e TR FORIE - H R m, H BRSO & 13 B s
B PRI AT A e BB AR BT A 5 SIF, BT SIF AT BB I B AR O B R 2R
e AR KOG A A F1 A8 1k (Lee et al., 2013; Song et al., 2018; F£/5E A xR
7,2010), ¥ SIF FIRT RO 2 . LRI SIF $24tR: e & 1F F 8RRk
7= 71 (GPP) ARG R, MiAA RGHER (R KL FE K BE S AG PR EAAE AL KA 2

P (Hartley et al., 2017), i 2E BN ) SIF (5 B RlE BIAES RGBS, ALK
JeaE R, S R GPP HIA(Lee et al., 2015). HHT, AIRZ

i T AR 7R 4 CLM4(Lee et al., 2015). BETHY (Norton et al., 2018). ORCHIDEE (Bacour
et al., 2016). BEPS(Qiu et al., 2019)#&% % CL 22 i Tl SIF #i &k 2, Mk 1 Rkt
FEXT Rocm & T A9 7. Lee %8(2015)5: Tt B Fr=EE A& E T E X R (Van der
Tol et al., 2014)¥ SIF Sk AT NCAR CLM4 (National Center for Atmospheric

9
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Research Community Land Model version 4) (Lawrence et al., 2011) ¢ & 1F F i TH &
SIF BU45 R 5 GOSAT [#) SIF BRI &5 KT, —FUEH AT . Norton 5(2018)
# SCOPE #7155 BETHY (Biosphere Energy Transfer Hydrology) 4574 (Knorr, 2000)#%
G, BIVERTOCEHEMMEN RS, BERICBETHY A X GPP fli & KA E
Y. Qiu %5(2019)F1 Cui %5(2020)2¥5 SIF St A4k 1% BEPS(Boreal Ecosystem
Productivity Simulator)(Chen et al., 1999)3H 17 T 51, A& MWE T &M T AFREY EZ
Sk BRI D MEAM (HEZER 7 ) A OGREIL, FRIRIE 1 i Fy Fljet 2 R
FEH) GPP 5 SIF £ %, J5# 2% BEPS 5 SCOPE (7% it Edm St il Fe Al & 7 —
i, JFEZ AL N BRVE FED R M RE AT IR, HATET SIF 5B RGNS
XAER RGEIIIGIRE A T BRI

123 MREXRNEEXEXRHAR

HOGH M4 ER %O (SIF) 2l JUFE R & R oA, BT HSEE0E
YER EREASC, DRI P A ORI A A B AR A R PR 53 I 38 52 0 () 9K . TR AT 52 1)
T H.(Frankenberg et al., 2011; Guanter et al., 2014; Porcar-Castell et al., 2014). TEHYIH 2k %
WS B4R S (APAR) A PURFERUEAS, 70l vt etk IR RER R
HE T E (D), WRMERIOCHZOLE T & (Op) LA THEFEIARL
ZEEER (NPQ) REREALE T HEHFERL (Dn) RIARMIFER (dp). X TUFRER 2 [H]
FH TR A A B SRR A R AE 52 5 8 R HHRE R 2 MG 20y 1. 6 &R %t (PSID
I ZRER a R ISR A BOR TOU R S UK BT IR, 5o6EE R A NPQ 1)
DIReIREAR L. B, SIF. JtEE NPQ Z A R CE ) 2ot REEREK
MBI E SIF 5 A7 B M IR 4 5C R(Li et al., 2018; Liu et al., 2022a),
HREARAEE O IRE. K5 T SIF 5568 K% RAFAEF 24 R BIAH & 1
(Marrs et al., 2020; Martini et al., 2022; Wohlfahrt et al., 2018). SIF == E7E ) e it R
K, MGE COy AR 3 ERAEME SN AT, BT 66 1R F Hh R0 S S AN IS 5 o
Z A FEIREL 8 N A REAEAEAN FIRE RS (Gu et al., 2019), {EXLEIMEIF R, K>
IR A A0 v i A B R R A A 7 S BRI S B R 3R, B T SIF MG & Z B 9% R ATy
IR .

IERAER R 22 RS S5 N R R RO 5L E IR R4 SIF 58S KEH
B, M A RE L, Van der Tol 55(2014)iEid 7 A FEDERE . COL WEE . RUEALEEFN
TR A T A EF Fr PAM Wl & 1R 2% 28 58 A R S s, I ©p AT O 2 [H]
AR SR, N HRRET T EN. £EZRE L, Gu FQ2019)F T
REAM AR B, K E U KM, S Tz SIF MEHIR A 11 (GPP) ZIaJK]
MUEER R, FEME T —ANLASERs A& il Ze 4 iy 12 42 SIF A GPP LI ' i [V 452
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FoE i

R, MERERDOCHDCE LRI 7T BoR, B ESOGHIAL 7 5 2 B N 2
NPQ W), MORT, B Op MK, O SN, RMAEFEANT S, BEE
Op FIFRAC, O th TR, fEmDCAmPNERME (R NPQ) T, X @p FFLEI~0.3 LLF
i, @p 3G HN(Van der Tol etal., 2014); fEje )2 RE b, 8% SIF 5 GPP 4 PAR Al
TR AR RN, RS R OG5 A A IR AE PN BT P8 SR A R AT X LG, R IAE T
IR N B2 45 M PAR S SIF L B B2 STF X6} kit e b7 5 AU (Chen
et al., 2021; Kimm et al., 2021).

2R R OE 5 EAE FAEA FII 23 RBE IR E N AAE R AR R E RIS
[ AN X RE e PO 5 GA M Z M ¢ REE, SR BE & R PR A A 5 i aa 1)
I AR E R RIFE . I HEEIRER R &I SIF 5 GPP [HA 55m M 2t ok
Z(Sunetal., 2018; Vermaet al., 2017; Yang et al., 2015). Marrs £5(2020) i\ X 35 R EE _E
(1) SIF-GPP [ 25 o¢ R ELHk T2 (8] B[R] SOUL ) AR 5B VR BN I 25 & 52 . Magney
£5(2020) LA M B AE I 25 43 2 HATAT IS TRIRS, TGV A SIF OB v MRS & 4R
PR, I Ho R ORI R AR R G AE el 2 A% e R ) B R SORT BSR4k e /2
T ) SIF Bried o FAE ) AR 3RS B . 38 K UL 52 R BHEY) SIF-GPP 234 1%
KB TR EE AP S 3 (Dechant et al., 2020). 7EM A R, RZHF5E K SIF
5 GPP Z A E AR MR R, WL SR SRAF TG T Sk B ATy i £ 21 2Ok
Al LAk S48 in(Magney et al., 2017). Marrs 55(2020) & I M A 4 S FLR IR, Jedr
R R, SR SIF FRERIE, SIF ANRERIFHEE A AL, M H Bk
GRS . Helm 55 (2020):8 it T 5 JH 38 (1) S 56 7t 58 3 7 782 550 1) T S R 4 ) (1]
W, I A FRRAR B KT SIF FIRRRARRE, W b AR AN F ). R
S (201 FEASE A B WA KFE R BI B SIF 5 GPP fAHSe M, A BAE B 5 2
RABHF, M- eI SIF 5 GPP X RE %

ZWBRFICE B G A TIRECEMER D). TR, MR IOOLE S5E
PG RV ORI S, X FER B TR B RRE, ZRBREEER
Bt A E 2 A ShiaG e, Wi trat (~685nm) FIELL G Bt (~750 nm)
() LB 252 B 2R IR TS, AT DR A SR 7K L il Bl U 2 e 82 PR A S
(A& et al., 2015; Agati, 1998; Buschmann, 2007). il SCOPE #BYARAL LA K S2 R 't 1% M
W25 FAIE B 2 I B R O & A B BRI BUR D 5B Tl 3 00 R B N % (Liu et al., 2019b;
Verrelst et al., 2016). 80 i B A0 BOR GGG I 70 -5 e b DL R AR KRS &
B, WS ER POGR AR BOGIE WA DI M SRk S K (NPQ) 5 I FE HHE B

(Magney et al., 2019; Zhang et al., 2019),

SIF X 66 2 B0 fih SR 38 i AR bE e S R A8 BE AR . AR Sk g 4 B

NDVI f EVI T&4) 32 N TR A 77 77 b B 7, SR T AX S HR HA AN AT DAL S A
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PWAEKEREMEHSEE CYGE7 ), MARKRPEE A EEE, EAGRN T2
PO ARG B B e 8 o RIS T “ SR BE 7 (5 B AR e e BOuE P e B A T A B
2 « VI 2 B FEAE B SIF GRS A2 7 0 B4l 558 0 HH B AL S A TR BCR A P e,
1 Zhang %5(2014)FIH GOME-2 SIF T+ i KARMIER (Vemax) FH 45 G SCOPE Hi4Y
BAUAEY) GPP, KILEET SIF [ Vemax $215 7 GPP i HKE AL . Guanter 55 (2014)iF B 2k
TRE B SIF v] LARE IR PP A RO AR 7= J77KSF . Guan 55(2016) 2% T 6 G- e ik
FIFE KRR AR IR 1 R EHLH], R GOME-2 SIF Hdls X 1EY) ™ &
(AT TN, B FTEE SRR SIF n] SRR W ie T E G RE R R e, SR AE
W EP = B AL & v B = WOGR IR R e N e E, 288 TIEMA KK EHhAE
Yy ) e R AR B FR DL R A R Z A5 . Chen 45(2019)#F 7t A2 b~ J5 R oK A K 2
SIF HIS5 AT, SIF X5 Wil bR e a A S iU, oo XIS EY) T 52 0 58 Dy T 5.
WAk, AT SIF AR HIAR PR e i 49052 9 35 2 1 S i (X 452, 2019) 0 X1 R
=5 (2012) B ST R WIHE SO G SR A B NE T C3 A1 C4 AEPII £ 38 58 S FAFERL AR
WHRHEA R K ZE S, AT s m s il s AR S EDI SIF 5 PRI $8%0, Mifi
X7 C3 M CA1EW o3k, S T e /EY 2N AL, T8 SIF
SERAEDIAE KRS, AT COAEYDG & A 22 1 S WAE P BT 52 R e il KN, R
% TR 4 R TR

SIF TGl 55052 B J2 485 14 R 3 RO 7 1l R s el o 38 sk T L i e A AL
TR TR 25 2 W ) 56 2 TR (TOC) SIF R AE Y et 2 5 R 5 SIF [1—3#84y, SIF 1B
JE HFE AR IS R 2 e JE A IR SR FH A% B U L ART R sy, T 6 R 25 il
557 SIF M 2 &4 71 (GPP) ZIHRIK F. ik, e M SIF BiE Gi 2
P T I AR STF B i) 5 GPP 9% & L TOC SIF % J(Lu et al., 2020; Zhang et
al., 2019). ITLLAMIE B fose T 5256 ZHOAE FH BRI, T L0068 B fese [RIINFIE 551
J P E KA 9%(van der Tol et al., 2019). BI{§i7E A —#FH 0] fose BAFLE B Z 57,
1 2 52 BIVEYDAS [RI oA 45 #4) UL % 2B K P 520 (Chang et al., 2021; Dechant et al., 2020).
ANFEDII 5 1A SIF 556 206 A R RN, @b e 2 T I 77 m) 5% 2 eI i
7w FARTT R LA SBT3 B T4 = SIF 5 GPP [AH M (Hao et al., 2021a; Hao
et al., 2021b; Hao et al., 2022; Zhang et al., 2022). EAk fose T B ABH-WIM) LT o245
MZE R DGR DL A IR S DU MR A {5 )E.(Yang and van der Tol, 2018). fose
[P A X 768 2 2 STF [/ 78 F GPP-SIF [ #5177 5 E(Liu et al., 2022b; Lu et al., 2020).
HAT, RDEHFAFERE foso SRPMBESERPI LR, EZRITTEN foo AL TN
% $(Guan et al., 2016; Guanter et al., 2014)503H 13 S 30 B % FI P EEAL A 347 11 5 (Romero
et al., 2018; Romero et al., 2020). T & H <323 N\ E HHAEY) R E R EE AT BE 15 2
SN A e 2 38—, IF HAEMIAS R A B T 481 S s AR R, RS fose
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AR AR R k.

1.2.4 EYHER (APSIM) HABHISAR

VRV RY o] DL g B VP Al SR AN IR 2 7K 53 DA RS R R 8 B 4 e ko 22 PR AR
WK S mE . A FRIUCE A K APSIM(Agricultural Production Systems
sIMulator) & F 821 30 SRR R 5, R4 kA L 72 i H (Wang et al., 2019).
APSIM 2 KR B RN T 4140 (CSIRO) Al E 22 SN ) 277 I 38 58 P BBk £ W5 B
AN A= KRG A EAETT R, RSB L8, 1RV SRS &4 A EAE R L
PRAEAY i AR 5 £ 22 1) WOFOST F13E [H ) DSSAT — i, st A = KAWL 2 —,
A DA E Y AR T 46 B R A FE & H AR = AL R A0 B LAL DU AR ZE Al
RIS ()42 K (Holzworth et al., 2014). HRTAT LT/, E2K% 20 KFEY
(R4, APSIM — KA AU R OB S 3R A % . 138, (B, AT i
PR SEIAA DI RE, & MRS R ZR/RFE T RN, "L CH#. VB E4miEiE & S
5o XM RIERIGA R TR GIAF SR, A FE 5L 200 APSIM fif tH 5Tk -

APSIM 1B AN E PR R BTG A= V) S AN REA] H %2 (Radiation Use Efficiency, RUE)
AHEEXRAR. RUE BRAEA RS, 1RSSR, (H2 RUE &2 —ME LR H&
Bt i S, X AR T 3 X 40 R R A AR B AR AE ) AR R P R )
S . BN, FEYDCE YIRS R AR IR R . CO2 R 2 DL AL R %
PIAESG, & EAF Fid 252 2 R R B 52 . — MBS RUE HEUAREH T
FE ARG At S B 5 AR S DA SIS 2 R ER, B THSERZOLE SEYE
AEFERRPE, FTUET RUE MESMEMEEAE H T T s 2 OBl TR & .
APSIM B () dsc it g h 2 I N Zt & E -3 EEE (DCaPST) , JEHAt
F 3K R RS R (Wu et al., 2019). DCaPST P& EEH K (1) MHEYE
PERIVEIRE AL B 53, et AR i BEORN AR e i 80 B 2R P T 28 I AR 2 11 1 438 7K 2 W i
R, LR (2) #sEig it v A 20 A 1EH . iR A E R I 2 75k X
Be Rl oy 5 3 EIAEL 2 (R B A A BAE F AT DB AN E Y A= i S5 S A VRO G i 7R
Ak S B Y O AR

VP2 WA B AT 88 R S E YR B A R R G T LR EMRRE AL,
AR SR AN E PR B30, Huang S5(2016) 15 F - /R 2 i8I 5101 18 kot T AR A
¥ (LAD WA F 5 4E 5 WOFOST {EVIRE AL [RI4L, AT 2 iy 0f X 33N 22 77 4 ) A
P FAFAEINGE J7 . SR BT TR B MODIS LAI 7 5 76 ARk M X R IBLLT, 178 4% FH
XL ZE, AU RAIEY) LAICRIAZ 48, 2017; # ©W&E, 2010).  [F] IR 3E EdE 20 - Be ks
Ty 2R E”, AN Be e AR S bRt &G sl RIS F e A T 3 BEE A B Bl w3 7
IR AF7E—E [K)7 )5 (Lee et al., 2013; Lu et al., 2018). WFRCAEUFH, REJK SIF 2 Sz Wi
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HOAE % 6 A RS AAR S 8 A2 B H ¥ 71 148 ¥R (Mohammed et al., 2019). ¥ SIF MM &5
REEWERMEAE G, AT A ED A KA RO G ATA E 1, DALE B N
(A RORE b B 4 i R R AR IR S R AR A DL S HE TR PRI = & o SR T VR Y 5 3 A
ZRERVOCHEINAE ), PIIERR SIF SEVBIEEHE R RS MM E s Jeme AT 900
5 EAMK R, 1 SIF BYE S 2WEDBE M iz B SIF B4UaE /s, #Eimm] LS
it PR SIF 20 RAEYIAR Y B SRR, 32 = il s A N ARV A5 R

12.5 RASKEBER EZMRIHRE

F A SIF AR 5 1275 Lee £5(2015)#1 Van der Tol £5(2014)H 3 i3 FH 5 %
BEAT I R K S O, RS E RIS O & A BGRES fe R (APAR) 5UO6E T
PR, AT OGRER I ZMM . SO E T E ] LLEIE NPQ R FDGIL T
PEAR, JuhFE TR SHEERDCEEFE VMR, EEd ROt E T EANDE
Wi, NS - S R, ¥ SIF UK & RIS Rg .
I RS ERRE Y, RO NPQ 2 B AR DA% &I 853 1Bk 3[R 3R 1R 5 1)
(Bacour et al., 2019; De Canniére et al., 2021). Parazoo %5 (2020)iH 1 — £ 1) Fifi #th A= 4P| A
M5 SIF MG 7T R IZ T 1B SIF X Sama NAFTERCOR 22 5, REAUARERLY SIF %o
APAR Wi ST HURK . R FR EE I g e - DO & %, Bz SIF %) APAR i
RLHBURARRE, I $e i SIF X6 E KA LR RE

SIF ZAEGEE DG ORI R b A S SR DG 115 5 - Gu 25 (2019) 5L TOL RS 1
SIS (SIFesi) 506 RSt 11 (PSID EDE &R S0 1 (PSD 1 SEFr i FA& s % (J)
Z A ER TR (MLR). 1 Jo 5SERROGEHEEZ A KSR H C3 M C4 FHAHI - T4
AR KA 52 (Farquhar et al., 1980; Von Caemmerer, 2000), [RlIt, 0 SIS 206 5 H
R, W TREARE, BT Je, #EM AT PURYE MLR 7723845 SIFesn, HIULEE
T MLR J5 & 0] AR — D OE-OL SR & R4t . MLR J5 18 H AT 2 At &8
RPN E RIS B BTG, HBE T AR (Han et al., 2021; Han et al., 2022).
[FJRF, MLR 77 R ] N T 7ek 2 58 R BEAU F T 487 SIF H A2 4k 1) A AN e 2 45 44
Z(Chang et al., 2021). MLR J5 25 Van der Tol Z5(2014) - I3t 5 &R &G T A
RIS, Wi RO 7778 (Opstimax)» 9 GIHFRH BUM S5 A VE PGB 3R 5
., AFEIHIE Van der Tol 25(2014) 7 R 5 miAE T @r HITHE, 75 EHGERL (I NPQ) &
%, T MLR 72 FEAIET J M5, 752 NPQ 8 PSIT N HH I 248 (q1) (Gu
etal.,2019). 5 g AHEL (FERZBDEESEHD, NPQ B 2% FHGH MM T JEIR I 18] 2
8 DA K 2 AN TR R ) 3l ) 2 B OR BB 3G TN 1 NPQ AR 1) 52 A P (Han et al., 2022).
BT o ZHGHTERE, G MLR 52, M i A i e i 77 .
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1.3 iR EAERYE)E

FELAE P 3 2R 9 A2 B4R AT DX SR e O S A AR R T B 25 b, E 2011 42
BRI SIF P HILE, ORI 7SR SO IR B R R . 3k i A
RS RS GPP. SulE A BRERIG IS Ak P38 e 77 T A 4558 L EAE A
HRHT SIF W ABDCRSE. i 62 DL X OR B S A 4R ARl FE e, 12
JEERE T H AT SRAFAE — S8 [ J 7 B — DR &R

(D ENRGREE, 2O ISR 2R R RO B G E L, IR AL T 546 1) PSI
A PSIT ZEORHE ) FLUSPECT FEADLI 2R 28 2 S B 5 1 F s b Ul 5 1) 5% 6 e %
PLE B AL BATAE R G014 W B % 7 (Magney et al., 2017; Vilfan et al., 2016). A 1 f# 0Ll
[R5 G A FLUSPECT B 26 1 OREF— 2, van der Tol 55(2019)i@ i PSI Al
PSII MWK RE G, HHFTRME T B N 3R PO, il e i G 44 L i
RIS TEAF G oI 45 5 o R AN B — WP AR 8 PR SRR 1 R W 4 47
PTG IR HE, ATV R TCIE MR U SE IR VS 7 AN [RI AR B 2 B B3 B 58 2% AR R IR
T 1 I FH 9 1)

(2) fEM T RBE, a4 N a3 50 56 G H Z TR i R LEE AN S i .
EREBRE I GPP M SIF FHOCHE B, (2 7EMa KM T, 2 i 2 W45 R EoR SIF
XF GPP I B RE G I N I%, B R R A SE e i sz, 7 R 2R M08 R B
T, Wi A AE B SR, RmIAT I N RO S AR R ?

(3) 7EEZERE, Gl HLERAKS jak 2 A 2 e 3 e s IR B K el I T T AS
JEIE T 256 1R IEK T+ (Lee et al., 2015; Qiu et al., 2019). XA EE R SRR IEH &
WA 2% RS A B U B B A5 71 SIF HIFE #5072, tH 22088 T STF 6h WL 77 1) 4 55 AR #5i 14: (Liu
etal.,2016). Kk, HATHRIEE ARG I T REAAENLER R R . [R5 ik i
MERIEAR B35 P IR A 7858, BT AR A2 3 O B s L « 28477 Fiie 4 ki
P54 TH =3 3 S R P BN, VR 1K) 47 BEURTRR B DA % 398 e St 23R B 4] S i et J2 5% s 16
AL EE ?

(4) XN, HETAESRGHA L SIF # AR 652 ] APAR )
FR, MO Fre R MG ARA R, XU w2 550 R & 2 G B R
AL FEEF R, T TR AR UL, S A AR T vk, 2 45 R (et
WA FIBF ERFEA T, PRI SO EYIAR AL 5 SIF # & I FRAE 515540 SIF X}
JeA AR R e S TR AR, XA Bh TR SIF BN AL A E AR Y o A AR AL i
T2, o XIRAE Y = AL e
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1.4 AR B

(1D N RGRIE, WA R T 2OCHO S AR, 8L SR
FOCENTTIE, TmmM ARG SR i — Bk .

(2) e REE, RITMIEAEL T 706 5 e 6 AF R S LE, 385 @A
REHSBHAFRER, FRIOCEIE LR R,

(3) (i JZRIE, WK e R B 9Ot O RS E BB I 2 T O LB T i,
% 8RB R SR 3 PR A A AN DR &, DU ST SR e R ) 1 B J=
WA TT 1%

(4) EDIRRUE, St EYRAL S SIF My &l i, SRmEYIRR DL SR REXT
SIF (R SABURKE , ISR TH AR R ot X AR 4 B A 4L

1.5 RS

(1) HRGEWRNCER G E RIS PSI A PSIT %GR 2R 5 5

FI I P S S A3 5 23, it FLUSPECT BB A3 2 Atk 28, ¥t
ARSI NS FLUSPECT B84, R4 R AT 5 TATH SRR L
Tl 2 S 8 G IUR S A O R BUR B S H . R A R AE 5 il (SVD) J7ERT R G
RT3, IEFETTRR KM E ki, @ AN ESE AR AR
KA, MIMTHHTIOLER RN . T PAM &K PSII %GR 77 MUt Sk
R, 4y B3 PSIL AN PSI 58 Y6 BOR X% . @i FLUSPECT MAY i, BERDE RS
FEWOR B CAERE iy 8 YRR R AR PR B AR Ak T 0 5 e ik A UL B

(2) M 565 66T 5 i RLLER R 5T

KRAHENT 2B, LEREVIENTF AR, EidEA -7 - HFE s E
ARG, FFRAEYIM B 33 583 SR R 0O SR L B S HO PAM 25001 [R5
B . WM R OR A 5RO B AR BT R A TR 2R, Rt
H5XEETREBARE N R R ER . BT M ALY, R T 5 a4
F 065 A FEREAL H G T B A 24 R SO B G I RE

(3D GBI 2R At 55 DA K AR FH ek J2 2 't b J0 MR 26 52 i K] 2 A 7

I —4EROEEAL (SCOPE) Je =4E i AL i (DART) HEAT 2GRN
T FEAE D A A AN [ £ BT 2 S b R MR 22 (R R, 23 BT A (5] 7 [ 7€ 6 106 i Ak 26 11
BURSH. WA S [RIARAT PR bR 185 2 K% 3383 o0t il 2 2 R SR S AR sz e . adl
SRR A AL DA K BRAR 7 VAT S B IR MR R A B A . I8 e 2 U R S A A
RUBEH,  FRIE S UM T7 1) LA S AR FHAN [R) kAT R PR AR SO0t 5% St W e B 2 52 i (1)) 3= 3¢
K%
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FoE i

(4) {EVIETY 553 5O G RAEME . SO R XA

ARV S BT R AT VR S-SR R PO E IR & KRR . 300E A it
AT LA EVIREEL APSIM R EAA, 256 it AR 38 556 25 SRk T S 80 HE, 1 FLUSPECT
PRI SVEMIRE RS, ) E APSIM-SIF K5, SEIEYIR IR SIF ffE J1.
FA H 56 Z A0 ) SIF A GPP #cHf DA K X 35 8 SIF %4, ZiE APSIM-SIF A4
ME. BTG SIF G R DU B b A S AT A I, 76 R i R 9% e
RIFRFEMAG, AHF T 4R R e 5L & T B ia AR ALE & d 2 28 6 AR i 45 4
HRESEAESE SIF @RGSR, o Hox TS aa mo B FBURRE R, JF LbBiE 4t 5 it
Ji 9 G FRAR 5 VR 5 Py 3 e S AU DA BT XS A E )= B B AR

1.6 FAREKZE

AHFIAZ O AELL APSIM-SIF #8583, MHERGRE. A RE. &2 RE.
IR BEFEAT 4R R RN 5 ERE S T fEE RGRE, & 46 H FLUSPECT
TR f2 8 I P A B PG i 8 Y R A VOEREAR S AL, W0 R GE R PR
RHFR R ESH, WM RGO S TR 8% 2 50§13 FLUSPECT 5 R B
W 58 5 I 2 e PR — 8. ER I RBE, T8 T 5 AR B SR IO A E P & A R
M AR RS R R ROCIMR B R, AT E SH SRR VOHEERS. £EZER
JE, il 4R AR R (SCOPE) FI=4EW eia it et (DART) Bl
JERCHERMEEE, B TR JE R A 2 B R AR B 5. 838 O 2R U T [l
VRCNE, TRE R R, AT ROGRIRME G, AN E- RO G T IERI ROtk
TRMEZEAL L, MR I Gt APSIM-SIF 5 8Y, f8 A A« H 5t )2 U0 SIF A1 GPP 404 1% ifE
B iE APSIM-SIF A0 6 22 AR . o £ X 3R R APSIM-SIF
BRI EAT X 38, STF #5540, FHREIEK SIF MEATIOE, RN FIARIL S L, F i SIF £ fi
APSIM-SIF #EHLR AT A, NI XA BV = ST, JRiE X R &
BATERYVEAS o AW ABAR L WE 1-3 B8,
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J6 R GG WUR W ELA 5 PSIRIPSIIZE G WUR B 4 88
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5% S B bS WL = 13 HE SR B S5 ;
O BRI O PSSR 17 & O i fridse 5
O Mzttt O PSIFGERIR MR || O ZRE A
| O REERRE O PSISERR T & 2 O <iLTE
L O B O PSIR M IR L O PAR; MHili: VPD
= )\ﬁmmﬂgf O PSIDEAL S 5 177 o E@l‘ﬂ:’ﬁ%fﬁmﬁ

<L
APSIMEMIBE R 6 &t 2 5 R e iR st it IR & (APSIM-SIF)
HRLIN FLUSPECT
DA 0 0y B PR LR A TGRS L AR
S . B

APSIM-STFHE 7 [X 55,k 1)

B 7
LD
-
B % 11 5t )2 STEAIGPP AL

K 1-3 R EL

Figure 1-3 Technical route
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BoE MBS

FE MRS5EE
2.1 RXEAEIERIE

2.1.1 MR

WEFE X (P 2-1) EAESEE PR 12 A JbiAREMi/N (North Dakota). #
IERMtM (South Dakota). AARHL TN (Nebraska). HEF# Wi/ (Kansas). BHJEF5ik
I (Minnesota)« Z MM (lowa). 75 BN (Missouri) BT EEE M (Wisconsin)
RV I (Tlinois )« 25 B AR M (Michigan)« EJ 25 224 M (Indiana) FE Z M (Ohio) .
AWFFAEH APSIM-SIF AL 1 iZH X PR 3 EZAEY) (2K Zea mays LATKE.
Glycine max (L.) Merr.) o 2018 4F /1 50 [X (1) B K FRE AR /9 29522461 Abit, 1K
FIHE IRy 25439093 23 Bil e iR FEIX 802 T 5 EARM AR O SR RIILIX 22—, 414
SRR ERANUR S B 1 33%A1 34%.

0 200 400 800 Miles
1 1 L Il |

P 2-1 F 58 XA 56 1] v 1 48 S KR K S 4 ) 731 18]
Figure 2-1 Spatial distribution of maize and soybean in the study area in the Midwest United States
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2.1.2 uh 5 EC JB=H0 SIF #3E

N E B S (  https:/fluxnet.org/data/download-data/
https://climatesciences.jpl.nasa.gov/sif/ ) Al H ( https://data.tpdc.ac.cn/home ,
https://chinaspec.nju.edu.cn/) [\ AR FH 8 53k AT 1 UL 30k 10 W0 0 254 134T APSIM-
SIF B (D ST S DO B RER AL (3R 2-1). EC lEHHR A IIE A K
U WU 5 H A2 E 55 B PN A 37 00 K S M A R S P A B it SRR HE T RO I A
AmeriFlux MV (US-Ne2 Fl US-Ne3) MIE R, US-Ne2 (41.1649°N, 96.4701°W)
Fe—NEC & B R RIREIE S 5 US-Ne3 (41.1797°N, 96.4397°W) & —A~[
FRu o PR A K- K GRAE R RS, BT US-Ne2 I US-Ne3 ¥k 5 H [A]
AR SCE R e B, A3 EC IEEMARGINE, DU VR A Hh I 74 A= A0 £ (431
Wik FAYIEA LAD (Pengetal., 2018), XN 55 & A T APSIM-SIF #5781 75 i
TR R 77 RSO 32 B0 . AR T 1) EC JE & A0 SIF s (760 nm) UL
HedE ok 8 F b B H R KA K (CN-Dm, 100.3722°E, 38.8555°N). %k fif
ARV R REE Tk, A S YRR, 9 ARk, Kisuhf SIF WLl R 4«
BB EE L, BE R 25 K. SIF W & 48 3 EA {2 QE65PRO Y (Ocean
Optics, Inc.), HIGHETEEA 645-805 nm, Sl 73 #¥%4 0.34 nm, JGili RALAIRG M 0.17
nm, {FEMELEN 1000, A 5¢ SIF M FEL(E S 7] S (Liu et al., 2021). 7EEKEKE
PIREE R 2018 £E28 150 K25 230 K[ SIF W EAWE A EC MEHEE . R 7EX =4
EC HEH AR ZHEARGNERS, nTUNERHRESEE. SAREE. FBACRKRH
RN R, 1EJy APSIM-SIF B R KB B . B 7tk i H3E 2402 )\ GSDE %
PEEFMETHER] TS0, BT i 2011 /1 2013 FEEY A K2 US-Ne2 Al US-Ne3
i RSN GPP Hb FAEYE A LAL SAHM I ESS R, 1Pl T APSIM-DCaPST 4,
FARICE ST IR . BT US-Ne2 Fl US-Ne3 &Rl s, R AHT 51 H
K H AmeriFlux 7 7b =4k fi CFRFFEF M Champaign ) Bondville (Bol )
FHiHEM Ames P Brooks Field Site 10 (Brl) F1H7 J& 7532 #H B J& Baf sk A1) it 3T 1)
Rosemount-G21 (Rol)) FEMA7HITEAE APSIM-DCaPST HIGERAIERE . IX = ANk A
HRWNIRFM T HER-KEREME RS (K 2-1), HHEZETT (TOC) SIF &M
CN-Dm ¥ s ) EC @ &M H) GPP 4% H T PFAf APSIM-SIF #%%, US-Ne2. US-Ne3
A1 CN-Dm 3l 5 HIESHCKRE T GSDE (WL F 30, BAASHE 2-2.

AHIE T B [ 52 4 AR M TR 2 AN 38 BB R A0kt i (Coles Field oK AN
Brook Field K&, # 2-1) {E NS4 APSIM-SIF #4! (APSIM-SIF V2) i
A XA AR E R SIF. EC FIS R %#E, H Coles Field fi7T 42.59°N,
93.53°W, £KT 2017 4 5 H NAJFHE G % 2017 4= 9 H i3k ; Brooks Field fi7 T 41.97°N,
93.69°W, KET 2017 4 5 HJKFMEIG S 2017 4F 9 Ak, XFAN G5 S #HHE RGCR I
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5 [ o 75 & R KRR A ) 81078 05 (Dold et al., 2017). 30 234 EC $df o i s AN K

A FIBUEWI A, FERT R XA S8 A )(Baker and Griffis, 2005), §ifiidk 7 (A
(Dold et al., 2017), FFIAAMFIAE . 548 F % (] 7% (Reichstein et al., 2005)4 NEE %43 A
GPP FAER RGN . £ B KRR GAEDAEK N, {FH PhotoSpec 76N & 4t
(Grossmann et al., 2018) M\ A& H &t J2 T 3R EL SIF /55 . PhotoSpec Hi—- 2D i ¥t
BRA A, TR SO BIERE S 51 S BB m a HEEOGIS A, R FHORBH R IR AN 3 2k e T
£ 1HH SIF(Grossmann et al., 2018). % RSt 4E =N G : PI4> QEPRO Y614 (Ocean
Optics, Inc., Florida, USA) 43%7& 55 650-712 nm 1 729-784 nm P KJE[H, H-FH
A HFLE A AN KR SIF, LA —A Flame Y6 i4X (Ocean Optics, Inc., Florida, USA),
Bk 177-874 nm PACTOHEH, FHTE w2 R R AT E AR HEE . PhotoSpec R4 %

fﬁﬁﬁéfﬂﬁ 7 KERIERE E, HMZAEN 0.7°, HAZLAN 5 & 20 HK(He et al.,
2020). @I THEAE 30 0B AP B RTA LA B JE 3, PAULHED EC R i [A]
7 ##%(Magney etal., 2019).
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R 2-1 AR AL HE AN PP PR A e B It A 245 8

Table 2-1 Crop flux observation station information for model calibration and evaluation

Y ID S 35 L RHERE ALK CERRIR
2003'-2009!, VEWBE, 20094F 2 Hii A B A S K AR T N
US-Ne2 41.1649 -96.4701 _ . Peng et al., 2018; Suyker et al., 2005
20112, 20132 K, 200942 Jg NEK (Peng Y )
2003'- 2009, _ (Peng et al., 2018; Suyker and Verma
US-Ne3 41.1797 -96.4397 MR, AEEE RN T KRB R R E ’ ’ ’
20112, 20132 H H 2012)
_ Bernacchi et al., 2005; Peng et al.,
US-Bol 40.0062  -88.2904 20002-20072 F7R, AHUE N E KRR ETE A RE ( 2018) ¢
_ Hernandez-Ramirez et al., 2011; Pen,
US-Brl 41.9749 -93.6906 20072-20112 MR, BEETE RN T KRB R R ( s
etal., 2018)
US-Rol 44.7143 -93.0898 20082-20152 IR, AFEETE R EARFEETF R (Griffis et al., 2008; Peng et al., 2018)
CN-Dm 38.8555 100.3722 20182 HEWE, Bk (Liu et al., 2021)
Brooks Field ~ 41.9745 -93.6937 20172 MW7E, K& (He et al., 2020)
Coles Field 42.4884 -93.5226 20172 MR, EK (He et al., 2020)
VR 2 PEAG
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22 WEFCHL R IR E S B A F LR IR AE (BD), hsgil 2k v] LU
TIEEIKEWIR (Airdry). HEEEF/KEHOK TR (LL15). H#E/KEHIK ER (DUL) A
FKE (SAT)
Table 2-2 Soil characteristic parameters of the study site, including soil bulk density (BD), air-dry
soil moisture limit through evaporation (Airdry), lower limit of soil water content (LL15), upper limit of

drained soil water content (DUL), and saturated soil water content (SAT) for different soil layers.

TRIZ BD Airdry LL15 DUL SAT
(cm) (g cm?) (m® m) (m® m?) (m*m?) (m*m?)

S-Ne2 #1 US-Ne3

0-4.5 1.480 0.076 0.151 0.331 0.442
4491 1.480 0.076 0.151 0.331 0.442
9.1-16.6 1.480 0.078 0.156 0.331 0.442
16.6-28.9 1.480 0.150 0.166 0.331 0.442
28.9-49.3 1.500 0.180 0.200 0.325 0.434
49.3-82.9 1.550 0.225 0.225 0.311 0.415
82.9-138.3 1.610 0.177 0.177 0.294 0.392
138.3-229.6 1.610 0.161 0.161 0.294 0.392
CN-Dm
0-4.5 1.200 0.052 0.104 0.359 0.456
4491 1.220 0.052 0.104 0.359 0.456
9.1-16.6 1.290 0.052 0.104 0.359 0.456
16.6-28.9 1.410 0.096 0.107 0.358 0.460
28.9-49.3 1.470 0.096 0.107 0.355 0.459
49.3-82.9 1.480 0.107 0.107 0.332 0.454
82.9-138.3 1.460 0.117 0.117 0.339 0.465
138.3-229.6 1.460 0.118 0.118 0.315 0.460

2.13 XEEYH /. TIRESKHKIE

2018 FFARRM KGRI R A (B 2-1) SRETRER L NASS /)1
BHEJE (CDL) #¥E4E (https://nassgeodata.gmu.edu/CropScape/). CDL HHE&ERML T H
2008 “ELAK, SEEBEANREE 30 KA H R ED A E . B RMAEE, O
i AR« BE/K B AR FHAR ST, >R H T Daymet V3 (https://daymet.ornl.gov/) %
4k (Thornton et al., 2017). JIT i i 32804 & MRS 16 1 2 Bk 384l 45 (GSDE,
http://globalchange.bnu.edu.cn/research/soilw) (Shangguan et al., 2014)F {5 5] . GSDE #2
BE7 L 30 P A A IA) o FE R B A Bk R AE B . RV ) 3 HAR L DL\ B IR T R
N BORTRFE N 230 JE K . GSDE H4: LI Z IR A E(BD, gem™) HEZK T FR(LL1S,
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m3m3). HEZK EFR (DUL, m3m3?) FEAIE/KE (SAT, mdm3) ¥JM GSDE H#HL,
KIZ LB ME WK 2-2. BD H#KH T GSDE; LL15. DUL Al SAT 72 Mib+
ARG 1 B 73 b 55045 21 (Saxton et al., 1986).

&
#Q@ﬁ‘

e e -

BD(g cm®)
i1 85 LL15 (%)
3 — 36. 08
LI s
-

SAT (%)

m 55. 36

DUL (%)

e 55. 24

3 03 -

Kl 2-2 EEPEE LIRS GRE) WA AE (BD, gem®). H7KFIR (LL15,
mém3). MAE/KE (SAT, m3m?3) FlHEK LR (DUL, mdm3),
Figure 2-2 Spatial distribution of soil parameters (surface layer) in the Midwest United States: bulk
density (BD, g cm™), lower limit of available water (LL15, m® m), saturated water content (SAT, m3 m

%), and upper limit of available water (DUL, m3 m™3),

2.1.4 TROPOMI SIF $¥iE&
AWK H Sentinel-5P & #4401 TROPOMI %K 25 SIF 4 7= ih
(ftp://fluo.gps.caltech.edu/data/tropomi/) Kl APSIM-SIF AL H] TOC SIF 1EIX
BRE FREfME. % TPET 2017 410 H &4, LAKZ) 7km B3R 3 #8380 1 RE
A S ERVE I A PR AL IZE S SIF WA (Kohler et al., 2018). Kohler Z5(2018)H &
TR T A R E AR IR 75, A TROPOMI 4E5F 6 &R 2 740 nm )
SIF. AHFFHE T 2018 4 5 A% 2019 4E 12 A%EE, EB=EmET 015 MEEE. 1#
F TROPOMI SIF %4 7= i 2 4 (1948 IE K 7-(Kohler et al., 2018)4 ) SIF 44 H
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-5 SIF. B DROULIN 7 17 5 A SIF WL JT F /K —3, Rwir TH5H A TROPOMI SIF
FE T LA SR ST CTFIIFE 743 nm~758.5 nm 2 [8)) FUKH R A S0 %8 I8 2 H(Zhang
et al., 2019). N 1 H/IMERLIN 7 17] 5 K BH A B AN [5] 7 K Fr 78 75 2= 15 %0 (Strahler et al.,
1999), f#H MODIS Nadir BRDF-Adjusted Reflectance (NBAR) 77 (MCD43A4.006)
THE NDVI, %7 EA 500 m K E 3 95% . i Google Earth Engine (GEE,
https://earthengine.google.com) ¥ &¥ MODIS NDVI j*= jif; 5 87 K4 £ TROPOMI SIF (7
km x 7 km) 73 [E] 73 %

BT, Guanter 25£(2021) R AR T —/N ¥ TROPOMI SIF %#%7= i (TROPOMI-L2B,
http://ftp.sron.nl/open-access-data-2/TROPOMI/tropomi/sif/v2.1/12b/), $24it T A~ SIF &
R 439052 743-758 nm 1 735-758nm, FE7E 665-785 nm i FI G 7 B (665,
680+ 712, 741, 755, 773 A1 781 nm) W5 FHHRERM B EARLE . 743-758 nm 1] SIF
K2R & A 5 2 1 SIF H08 R AT 5236 3 743nm 1) SIF AT LLEL. B T7E Coles
Brooks ¥l &1 b AL T 2017 S SIF W, KR 7 36 A0E 243k i) APSIM-SIF
P LE AR SR 43T 52 Wl N IR RLRE 71, AHIF 783 % 2018-2021 4F3% /& TROPOMI-L2B
(1) SIF #5953 17 CGdk ) APSIM-SIF # B vPAf . AHIE FT1%E £ 665 nm #1781 nm {F4 Reep
A Rvig KAt 5 fapar 1 NDVILe ABFFHREC T LLI NG m 0 0.05°75 B N I A SIF
M, EREZERT 0.2 B, HHRECFE, DLSRBUESHKE [ P58 SIF W%
P -

2.1.5 TR4EH

TR I8 H0E I AE T 2R B AXFE PR (Anderson et al., 2011; Zargar et al., 2011).
A AF A EETFE NP (USDM, https://droughtmonitor.unl.edu/) R A 78 £
F5ARGL. USDM 8 F & M bm AR SR B K S B AN R 2L sl 43 Ak 38K 43
IR, LASEBEAN A I [) ROBE AT X ACIR B € B (-5 ) AENE il
PFAE) {7 B (Svoboda etal., 2002). AHFFLAE 2018 472 2021 4EH Mk 1 (Brooks Field
AT Coles Field) FrfEE: (3 [H % far BN PUE RN 26 [F 2 far Mo M BB AR i+ 55
FEEAIZE i 4580 (DSCD . DSCI 5402 Fl T4 USDM H i+ 3 Z e iy — A s X Y
B —{E {9256 772 (Jones and van Vliet, 2018). DSCI ZE 4L TG HIM 0 5 500, 0 Forizih
KA LT FFRE, 500 Rz X AR AL T 57 T+ oA

2.1.6 {E¥I=E%HE

AW 7T AN 3 B AL FR B R AL S8 it R (USDA NASS ) HHRE 4t i H 4fs
(https://quickstats.nass.usda.gov/) A3 | 3 [E H PG 3 = AN ARV A T AR R B (2 faf 4
I ENES 2NN . AN D 7E 2018-2021 FEAEMIHI B4R B KREW P27 &, Brc s
FOFRFE AN o B35 B AR AEY B K72 5 M bu/acre HAL 5 kg/ha A7 TR 62.77 %440
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2.2 APSIM #&#I

APSIM (Agricultural Production Systems sIMulator, https://www.apsim.info/) s&—#f
THBCIEACRS AR E YRR, Befg X AN RIVEY . 3] 7 2XORM A B 35 e A T
WFIARAL, PASE 74k 1k 5203 R (Holzworth et al., 2014). APSIM 7 DUBI/EY A4 K
AFMASERE, AR LHKD . R SeE e ZAIESE, IR
AR B AR R AT Dod Y T AN R BRSO AR AN PR3 9%, W DART T 0 A
Al A T IR = B B B SR  K A FISR 7 B L AU AR A 1 se i 45 o H T
APSIM .4 N4 BRYE Fl A T2 A8 I E M A KA R 22—

APSIM 6 R = B LR J LA BB 2 A -

1) "B HTEDNRREER A, OEmER. &R, BFK. RIS

Yar
2

2) bR TR SOK AR NSRS RE, AR IS KE . R
I TR B IB AR .
3) RWyiEEifEse: M TAUAS RS B o R AR AT R R, R A
B AR EBEA AR AE
4) ARy E AR I TESUEMR A KB, OfuatEm. AK
. AR AR
APSIM AR IR AL T H AT FeVE AT R s, RO IE I 7n . MR BOE i ok
AR AR BB SEBMIAEE 2 F o XM ERAL H) 224 (75 APSIM RS A] DR
5 FLA AR | R AR SR AT AR A AT 8 L A AR 5 (0 T RS A AN LR AR
Ik, APSIM BRI - R DURE B S /5 2 A, (G A AT i Bk s 7T H
(Fro BbAh, HIT APSIM R BA TR £ AR AL O Bt a% 2N, DRI AT DA (S 1 e
HEGHANPA T RAER, B4 GIS. RERAMGETHEE, MM SIS 4. wEasA1sE i
RIAOL R SFSCHF R Gt 2T EIRIL A RATE S APSIM BEALEAT SIF BBl 5 .

2.3 APSIM-SIF ##8IKE . ik 51=H1

23.1 BREIRE

N T RMATERRHE, KRR S (% 2-3) @A/ ML S (US-Ne2 Fl Ne
3) WIS B AV EA LA K377 R 12 (RMSE) RifEm . HTHZ KT
H AR LA (I, PRI S R 28kl 5 B N BRIME (3R 2-4). DCaPST #
WA ZANEESE (rvemaxzss maxzss Yemr 22 2-5) WIEIT A XA S SR H
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GPP W [A] 44T Ak [RIIY, FET-5EH GPP HEIu Rk Fs H HHARRE %5 B 55 24
FERR AR 122 40 XAy B AR A8 P it A B A PR 2 2 (Kukal and Trmak, 2020). X462
Kbl e T AL XN RFEANE (3R 2-6). 4% 18 Reichstein %(2005) 8 H 1757, MAE
BRI CO HAESRA LW (NEE) A1) 2 574 73 5515 2/ i) GPP {H.
11T REddyProc I.H (https://www.bgc-jena.mpg.de/bgi/index.php/Services/REddyProcW
eb) BEATH BB IE AN SR A0 H, 12 TR B E AR R ST ST Max Planck
WA T HEHE(Wutzler et al., 2018). HiLTHE 6:00 F| 18:00 1 GPP #5433 H 4 GPP
i, PAULHEC APSIM-DCaPST K% H GPP 4 (Wu et al., 2019).

R 2-3 APSIM-SIF #8011 B K AP =4

Table 2-3 Maize cultivar parameters used in APSIM-SIF simulation

P iR B
tt_emerg_to_endjuv R T B TR A KA R BN TR] (°C-d) 275
tt_flower_to_maturity T2 A ) BB I (] (°C - d) 1100
photoperiod_critl S HIEIE 1 12.5
photoperiod_crit2 S HIBIAE 2 20
photoperiod_slope /NS FE ARG 0 B 7 BRI () AR 4R (T h) 0
tt_flower_to_start_grain MIFAEZITFAR HES I P EEIST [B] (°C-d) 170
potKernelWt RN DAHE SR B B 4R 2 I [R] 24 300
y_height o JE R (mm) 3000
tt_flag_to_flower MBI A [ F I (3] (°C-d) 1
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%R 2-4 APSIM-SIF ALl A5 i A9 K A A 2 4
Table 2-4 Soybean cultivar parameters used in APSIM-SIF simulation

¥ iR LR
y_hi_max_pot KWK /1 0.5
y_hi_incr WORFBHSE g% (1/d) 0.011
x_pp_hi_incr JEREEA (h) 1 24
tt_emergence M RIE FRAEK AL R AER R (°C-d) 60
est_days_emerg_to_init M BILEZF /- B FTHR B (d) 20
x_pp_end_of juvenile Y& HA (h) 12 18
y_tt_end_of_juvenile  MEFAEKIALRAEF LA ERR (°C-d) 350 850
x_pp_ floral_initiation Y& (h) 1 24
y_tt_floral_initiation ~ MAEZF /L BIFFAEAE R (°C-d) 24
x_pp_flowering S (h) 1 24
y_tt_flowering MIFERITFIRE R IR ER R (°C-d) 300
X_pp_start_grain_fill FeFE A (h) 1 24
y_tt_start_grain_fill FHGHER FIHRE R (°C-d) 460.0
tt_end_grain_fill SRR ER R (°C-d) 40
tt_maturity MBCEASIBERIA R E IR R (°C-d) 5
X_stem_wt Z2H (g/plant) 0 10
y_height M= (mm) 0 1200

# 2-5 DCaPST #ith LKA K E L& S

Table 2-5 Photosynthesis parameters for maize and soybean in the DCaPST module

S ik AT o K
RRKBRWER (25°CF) 5
P RE B2 R PE G R
Y Vemax25 R mmol CO, molt N st 1 0.4
N TR IR (25°C
) SRS EZEL
Y Jmax25 Mok RER mmol CO, molt N s 0.85 3.12
SR (25°CTF) St
Ygm BEBEZEMEEXZFZE  mol COzstbar!mmol!N  0.0053 0.005
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#*2-6 TKMKGARHEHSA

Table 2-6 Field management parameters for corn and soybean

ZH L) PN EEP/S
THaE H 1 yyyy/mm/dd 2017/01/01 2017/01/01
SR H yyyy/mm/dd 2019/12/31 2019/12/31
e H mm/dd 05/26 05/08
oot % g R m? 35 8.5
FEFh IR FE mm 32 64
78R mm 762 762
T e Ff N ot P kg ha't 150 173
TR AL cm 229.6 229.6
VIR N EE S K E % 50 50
YIRS T HIENOs T & kg ha! 94.2 94.2
YIRS T HIENH, 5 & kg ha! 5.9 5.9
VER H 2k H ZhE

2.3.2 B S AT

T 8 BB SO TR S S B R OCEE B, UM 7 A ] DUIE i E A
R N S HO SRS 25 SR 52 e Sk S BRI e OB S . AR TR AT A R R
30T, LA DCaPST Yo A S H0t SIF o B4 HISEIN . AT 748 F T 38T 7 2 0 #r
1] Sobol J77%, FFAIH R B“sensitivity” K iH FHURMETEE . BURMEIB ST & 1 b 45
T EZENMANSETT 2Tk e . — B Busiefe i & 7 B AN A S R,
0 RN BB MR PR B B 1 A A\ S HOR B DL 5 HoAth A N\ Z 5000 P A B AR R 5200
BUBRMEp AT 75 34T N x (k+2) AL, Hort N RFEAR RN, ABFFIE N 1000, k
NS HIN R . ATFRATH T 12 DNZH0#1T APSIM-SIF B8 U, Bk

BT 14000 XL . SEHARAYE B 03 2-7 Fis.
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%R 2-7 DCaPST Yt A LR BUENE i S 851 3R
Table 2-7 Sensitivity analysis parameter list for DCaPST photosynthesis module

ZH filiik AT BME  wME KA

25T MIRAEOLEHEE (Vmax)
umol CO2 mmol*t

HVemax2s HHREGE (N 2R N s 0.47 0.23 0.70
25T N HCKH FALIBER
e . umol CO, mmol*
Yomax25 Umax) 5FAFESE (N) 2 N & 2.70 1.35 4.05
X . s
[E] ) 2R 1 O R AR
R RS A e A iia
YSLN I - ; 0.65 0.33 0.98
SRR
LW 5 cm 0.150 0.075 0.225
T SLN 5#A4N 6 )21 SLN
SLNtop i - 1.30 0.65 1.95
4
Miny BINEEGE - 14 7 21
ALA yb 2 P8 A Degree 60 30 90
K'g 12 S FEUE e ST PAR JHYE R - 0.78 0.62 0.94
K'a niR 12 SRR e ST NIR JH 6 2% - 0.80 0.64 0.96
Ped 12 I PAR 58 2 4T 2250 - 0.0360 0.0288  0.0432
Ped_NIR 12 NIR 176 2 [ 5 R 2 - 0.389 0.311 0.467
- PAR 1M F [ 8 2% - 0.15 0.12 0.18

233 MILES

WU BT (B8 2.3.2 5D, AHFFT AT DAIRTS 00 58 S BLAUL 1 S Bl A AR A
KB, AW FidE A APSIM-SIF R DA S HUE, &b APSIM-SIF #4)
AT TROPOMI 75 B 76 )2 e 5 6 2 [al ) AR iR % (RMSED, #a36: SIF X /EM) =
BRI REE S AT S — Hbr, AWTRCRA 7R TR E S (PSO) #H72
R4k (Poli et al., 2007). AHFFLIEFE PSO FikE RN E RE#E 7R 5K S0 (BN & &
WREMSEE . ZEPm A — Bk 7R, SR P RESEEE A —1
EAEfR T R SR G, XUk e M3, 25 M aiir B A IE 585 O BTk 7
RN RN BT T BP0 HR 7 EAEE, BHIWSE RS EE.
234 [FEEN

DN FEAN A R e R i AR RN G 2 S R SIF 5 GPP 2R R RIS, AR
ARG T — RPN 5t X E RS 4 PR GR&AARN 2 P A= B0 BAT A
2 FE Z AR, JEE 16 MESBIRE, 15K 2-8 Fin. AR FMHEAE R A
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B R AR AR, 23l R U B R B KA e AR AR AL I T R H L R RSP RIR EE BE n 2°C . R PR
KB 10% DL RREE T 515 5t GREZEFH S RIS B Kk ) o FE 40 A B B AT 92 1 28
WA BHE R T (SF) M E-F i (ALAD 38, & 1 H U A E
HE: ALA M 60 FESEINE] 80 &, SF M 0.6 ¥ % 0.3, ALA 1 SF [FIFf 248, DL ALA
A SF fRFFAE

% 2-8 APSIM-SIF #4475
Table 2-8 APSIM-SIF simulation scenarios

Wit AN ES T A AN S5 AL IR 3R
1 B SO ALA M\ 60 FZ3 N3 80 FE
2 B SO SF M 0.6 P&%2 0.3
3 B SO ALA Fll SF [FlR g 35
4 BB ALA Fll SF A3
5 H Bk 8> 10% ALA M\ 60 3N 80 FE
6 & H K> 10% SF M 0.6 %% 0.3
7 & H K> 10% ALA Fl SF [A] i g 48
8 H /Kb 10% ALA i1 SF A28
9 B HIRE T+ 2°C ALA M\ 60 FZHhn%) 80 /&
10 H R T 2°C SF M 0.6 P#%2 0.3
11 B HIRE T 2°C ALA F1 SF [A] i g 48
12 B HIRE Ty 2°C ALA Fll SF A28
13 FE ALA M\ 60 £33 80 f£
14 T SF ] 0.6 [£2%£ 0.3
15 T8 ALA FlI SF [Ali g 28
16 T& ALA Fll SF 438

24 MAEEIINEESKIT

24.1 HMREFERE-E-AEHEDNE R

23 29 -6 A - HOEBUR 5 & % 45 1 JUNIOR-PAM %% Y64 (JUNIOR-PAM,
Heinz Walz GmbH, Germany). LI-6800 5t ill & {X (LI-COR Biosciences, Nebraska, USA).
QEPro 75 & & %1% 4% (Ocean Optics, Dunedin, FL, USA)# HR2000+ i 1% (Ocean
Optics, Dunedin, FL, USA)LL K& LED 4 )6J#(S5000-LED)ZH 2% iy 2 A Rl Can P& 2-3 iy
)« JUNIOR-PAM fii FUEAE >y 465 nm 15 (5 LED &6 —AREE N GIR, KO E
HeHIFRUETREE Ay 0.1 umol-m? s, He A HFN NG (A ik ) 38 B2 AT 3% 10000 pmol-m™
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281, e iR ETE A 25~ 1500 pmol-m? s, LI-6800 Y& E A AN A LI &< 4k
THSHL, @A UG =AM OB HE. VPD. CO2) o AT IHERGITIR
XFIEE S R REm, il AR AR %58 98 %R )M E BT A RS
EW, ANIHIHEFEERE, DUERS SN SR A G ERHES . QEPro i@ ]
Gy SOGCEF X FATFI N AT GR35 6 ik AT &, HR2000+ AR d ik e TR 23 X
CFXF I S YCRIE B i 3R AT I & . QEPro YA & i BtV N 649-799 nm,
St 7y R AR BN 1.713 nm A1 0.143 nm; HR2000+61E4C M & 296-1203 nm 3
Bl N ETE(S E, HGIE o MR AURAE ARG N 5.332 nm A 0.443 nm. A EIEE AREE
ANB AT, FEGTE G AN 625 nm KT IGEIEE F, AT R 5 M 5O
WELE A OCIE IR B, DUE AT L& 649-799 nm I BLYE FE A H 48 2 58 it . B
BSHNE 2-9.

LED%: ¥ MmN A
PAM % Y6 AX LI-6800)% &1
HATRA TATRN

K 2-3 2R OG- e B -RFERUF D N &R B %
Figure 2-3 Synchronized measurement equipment for chlorophyll fluorescence-photosynthesis-NPQ
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R 2-9 MEFOC-IE A -HAERUR D MR & N E S HIE

Table 2-9 Measurement parameter list for chlorophyll fluorescence-photosynthesis-NPQ

synchronized measurement equipment

28 /S iR THEA AL
Fo, Fl H%ﬁﬁ@’]ﬁ%‘\ﬁiﬁ%%%%%‘n Qaf K&, PSIIFFHL,
I 28 BT L AP S5 1F T 45 B S AP 20k
B FIENRSBOCHIEIRE, Qui KIEJE, PSII K H],
VAP SN R SO v e e
R, P i SRS BOGHOCIRE, AT 8 T PSII ik
VY ATk SRR T 1(QaIR R g TT)
B0 Fq TAEHPRE T, A0
B opgy PSII %1&???&%#%: PSII W) G RE Tk | — Fy/F..
25 JR Qa1 B R B
K dp PSI SLhrtfb &1 & 1—Fg/F,
NPQ  MFy BIF IR 27 K  PSI FGFE U R AR = Fr/Fin-1
ETR  PSH HFAEEEHE R PARXbp>0.84>0.5
dp AR K R (Fin — Fo)/(Fly — F)
qn AT K R (Fm — Fl)/(Fm — FO)
qaL PSI i b A« qp X Fo/F
$r RE TR
L EHEE umol m™2 s™1
E A E R molm=2s1
o Ssw SILGE molm—2s~1
Yot Adark % I ) T 26 umol m~2 571
1k bco, BT COz AR BT & umol umol?
et Teaf I i T
B PAR NI GRS R umol m=2 s~1
(o Jfa ] — A A Bk 2 umol mol~?
r- TEARRAME umol mol~?!
VPD MAK U 2 kPa
ChIF, .,  LATZIHIE mW m~2 nm~! sr?
TR chify, o FATHEIEIEHE mWm~2 nm~!sr?
;ﬁfg Ref), AT mWm 2 nm™?!sr?!
2 Tra, FEHELE mWm 2 nm™?!sr?!
Irrady, — ASPOLHE mWm~2nm~1srt

2.4.2 SCIGIEIT

ARG T 2020 4F 6 H 2 2020 4 9 HAEK LARFFOTFU T B 4 S 3R i b R
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PV [ X H R = BN S EIMTE . ASEEA R K A EFE 958, 2020 4 6 H
WP AAE TR AR A 30 cm. /& 40 cm), HH MR EETIETE, JL 40
#, TEEREN1.35gem™, HAFI/KE 033m’m?, FEH0.07m’m?. Ff1TRH
JERFREEAE 1~2 BRI, MR, EE R, EYERE S 55K
EAERFAE H AR E 1 80% /i A

7 KR 9 WA B K A B R AR BT R K 4], W E EHOK B N W
[ K 80% (CK). 70%-. 60%- 50%-. 40%, HEANAE 6 NEE, i 5K
Rk (HOBO S-SMC-M005) @47 HEE/KE MM 78 TRt 22 B i S ieil &, &
S48 MC100 (MC-100; Apogee Instruments, UT, US)ill & M- Fr B4 IR, i #14
EK(ASD Integrating Sphere; ASD Inc, VA, USA)FI{# # X 5% 1% 1% (PSR+3500; Spectral
Evolution, MA, USA, 350-2500 nm)XJ i (8] S5 22 A% S 2R HEAT DN & SRS TN
B2 gk AT 30 70 BRI AL B, DL &y S RO e T R, R AT O it 2 &
JEEmAEE A 04 304 50, 80+ 100, 150, 200. 400. 600, 800 1100 1400. 1700 2000
2300+ 2600 pmol photons m2 s!; HIKHEAT CO, HIZEMI R, COL BEE N 04 30, 50+ 80
100, 150, 200, 250. 300. 350. 400. 500. 600. 800. 1000. 1200. 1500 pmol-mol
Y BRI AR R, IREREEECN 15. 184 20, 23. 25. 28. 30. 33. 35. 38.
40 °C. ERF/NIAEEIA 2 th Sl & 1T 4R 75 226 i 7E PAR 24 2000 umol photons m™? s,
CO2 W JE N 400 pmol-mol™, &N 25 °C, ZSAMXITHEE N 50%5% M4 FHATEN, R
JE AT, DAORFRM B IR R M

2.5 REHMEmRAUEN

2.5.1 MHRWHAER (FLUSPECT) &3

2.5.1.1 BB ER

YRR A FLUSPECT BEAUl 2 18] i) R Gitw 2, ARWFFHHEAT T
PR EE R . FHE van der Tol %#(2019)) FLUSPECT AL 47 2 Y6 IR B 1) =
Ji, ARBEARAEAF G5 T RS0 EAT R ATH SR R ek, B A H
FLUSPECT #5878 H % Y6 BRI 98 Y6 MR SR o« R G A 43 A UL =4
BB fESE—W B, FIFM R I 2 AE S 2 404, i FLUSPECT #8473 2t &
MNEASEL, BIMEEER (Cab)y JEEHE M &R (Ceca). T (Cm). £ & (Cant) F
HoKEE (Cw). HRFEEZESH (Cs) MHREREZSE (N, sk, s/l
25U B B S S 28 HE I F A B AR B B, R AR S B SO I T
FLUSPECT H /] PROSPECT (M7 S i B85 80 ) REHRBIIERE, A2 B DU 1E 1Y
AR

R B W — W BORS AL E A\ 2 FLUSPECT #40, M BT 5T
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1T 9T 5 RGPS DO S BOR R ZH . T AR AL & p 4 2 580
Jeitk L E] 799nm B, RIULAS AR BB HE AR B UR B . AR TSRO 80 AN B
(640 £ 800 nm &EFE Inm) K ESEATIRUNE, SR 5 IS 2 MEAd(E LA 2] — A
I DGO S 2R, E s 2R AR SR 7E 850 nm AL AT R AMER UK IE . £
FERN DR BRAEN, o 81 N RETRERHE, AWK MATLAB (2018a) [
‘Isqnonlin® PRELZ AT .

RS =B B, HHTHORBR S M RS A . 7858 W BEARHE A AT LURTS AN
SN IO NS, BRI AT DA R — A 4EAERE F, HHATRREEAR, FIRR RSB .
AW o] DS & B0 (SVD) iEK F o =R F=USVT, KUl v
5& F E A R B AA 25 A0 R, S 2 — N rE, Hay R EmlseHis). SR m L
F BT 2 75 7 ) B A A A e 1) S P 2 1 2 ok E A R Fe

F=Yu-s v/ (2-1)
i=1

A w e NEF AR (nx D, W5 TREMEARRRE, v & — DMA R EQLXD,
£ 640-850 nm HOGIEIXIRA, si0E ERI> (PC) HIEFAE . ASHEFEHDGEAE (v
PEARERIOCH G TEIL I PCo sirvi INFT A 50K, BRIRI 9GO TG IR K 5T
RRER K o X84 PC, AR T 7 HARETT 2, BIREAD si B 5T s (HZ A EEE
FEARRCE (up) 251 TREMEARRT PC RIHIXT M. — Mok, (8 PC HEiM%,
PR T R B SR i M A o SR, A TR I RT = AN 3 o i vT LARR R I 90%
WeEE 77 2. BRIk, ASBF SR ICAT = 3 i EAT DOGIHUR T I B A -

¢(2)=u,-PCLl+u,-PC2+u,-PC3 (2-2)

AP, XEERE iy wo A1 ous 43 )38 PCL. PC2 A1 PC3 AN AL E K/, o] LS EA
HBHETAR KRR, WK T DT8R ARER AR L.

2.5.1.2 RIEBEBELBE

H FLUSPECT B8 e 5 45 2 (1) 2O GIUR 0% (Op) B35 1 PSIL A PST 34y, 1M
M PAM 1525 E Bk H PSIT ety Kk, ®p ATLARIRA PSIT (OF psi) Al
PSI (®f pst) TTRRH] SN
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(DF = kPAMCDF_PSII_PAM + CDF_PSl (2 3)
N — )
D pgyy

X, O R RF SRR T =&, 7] LLUE L FLUSPECT B8 J 75 45 45 2] - O psi_pam
& PAM I & () PSIL 2K G E T & (OF psi) FIAHXE, IR Z— ML IER T keam
KL N FLSEW] OF psi {H, keam P @F A1 O psi pam HIZRE BN 7 FE R RPR A
Or psi e FEI PSI I8 T & . 181 O L O psus FIEAHE 5T 0T LIRS OF psi
fE.

2,52 BRKFE—HERREFEEIRE (SCOPE) &)

AT EE TS R RBANE R, AT T PekME s ek % GEE 8107
m) b % HH SR 12 IR A HES:, FFiEId SCOPE AL AT AN [F] 5 6 I Bt
5 BB s BB . ARSI AR

HH T SIF M 25k 2 40 S AR i A2 A 52 21 CEIRIO AT ROV 52 ma 0Kk, Hi4fE
BAMEEE R e, @ JEXT SIF BRI Al R A:

SIF can (4) = (1= p)SIF,, (,1){1— exp[— kc?s '('é)A' H (2-4)

KA, SIFupscan (MW m? nm™ seh) 244 56 Z UL SIF, p 72 SIF F5e 2 R0 REL, k=2
SIF &2 2%, G- KR, LAIM?m?)2H AR, QR BEERH
AN Z P B B 5 25 18] 43 A s B BEATL 20 AT AR FE, HE DR 0-1, it v b TR L
YA, AE 1, T RS BEAL AT, AR, TR A SR R AL TR A
WA, QBN 1. 5 J2 3R PR 5 0 IR e v] DL st J2 IR S 2 ST et = e 58 1
M LCAEHEAT VH B, fese T LA

SIF s can (4) k-LAI
St el o |

B k-LAI (2-5)
=(- p)exp[— cos(@)} *P

AW SR — 4585 S AL 4B SCOPE Al APSIM BT VEM A K2 et J2 ¢
JEIRIR BRI K, SCOPE # A ] AR IGRST ey, REETH0. Je & fFH, BALM
5T EANRRE K 2 STF,  [RI It w] DARSADLAS RN 5 1] STF o AR A2 R K3k 1
FRAU) APSIM 551, A ST 3RS TR A A I e RO B B AL 8 (Vemax) 1 LA 1E
fi2ett. A APSIM AHFE SR EHE GRIEZAKFARS ) BAA Vema A1 LATAE 95
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kIKZ) SCOPE #5A!, [AIIN L& | SR 3K FEXT S EU O M, FHER R IREEA 10
ug cm 2 80 ug em? TR 5 pg em™? AT 15 RAERL. 2T SCOPE 8 i Hi (1) 7 J2 2
BRE G 5 ek E H FTA  R BE R OB L, TR T BRSO IR R s T T e R
TS B 77 e M 58 O S 7 J2= o BT I R TBUR RG L], THE T O I MRS I IR
B JEiEE Matlab (R2018) [“lsqeurvefit” s AL AR, WIS A TR (2-5) 1F
IR 5 6 IR ME 2 AT SCOPE A7 ELAS B BRGNS, AT IR1F 9t S 5 Fvd 4k
FAHURE AT S R BRI S 8 3K
AW FAE A SCOPE 5% Y VF il B T e 3 A A8 38 A B (9 %€ s ok i M %

(R NDVfapar) T7I5X0 77 )RR OGHER M 2R 5 6E /7. @ik SCOPE BT | —
AU LRI R E 450 38, B MR R IR IR M2, BEAL R
TR KB -AR IR TUAAT 4381 s DA S ol @ itk 24k, (4s LAL. MHif 40 A
BRA KFHRTIA . MR THEREA SR EE (R 2-10),

7 2-10 SCOPE #4ll #1513
Table 2-10 Parameter list for SCOPE simulation

S iy 1B
i S5 LAI T AR $ £ 05, 1, 3, 5

LIDF WA £ 53 A R £ BRI, FHFE, ETH
NGRS AR SZA yNEFNE 20, 30, 40, 50, 60

VZA LI R T A 0, 10, 20, 30, 40, 50, 60
+ iy BSMBrightness 3% FE ) BSM A 254 0, 0.25, 0.5, 0.75
i JE Cab 2R IR L 40, 60, 80

253 EEIKFEZHRABEGFHEHRIZE (DART) =L
NTHEFAR B ZBAT” Pl 4544 75 SO AR B ek B e IR MR R R, ARHIT A S i
WEAFREY S, {1 DART BAFATHL . DART #8402 —Fh — 458 SE R Y,
HEA S R, FHaets LLE By iR YL, GFEr i A Fl 2
() JU{AT 7 25 (Gastellu-Etchegorry et al., 1996). #xift, FLUSPECT #7! £ % & 3| DART 1%
Aiep, o] BT AN B 25 J2 194 K (Gastellu-Etchegorry et al., 2017), S#%13& W%
2-11. b4, DART & A AAAN A 2R 8 Son R ik fe 4 T, GdE i . Ao
AtF-1) 3-D. 2-D F1 1-D F@ S, PAKHH T 37m 145 37 5 70 31 10 B T S 5 ot
o FERE AL B AN R B, XSS PR AT o A BN RSORUR S R R
DA R FH T ARA00 A A 25 1 4 T P4 B R R B P o (R, DART wl -5 H e R
AR 2R DL R 2 (106 HE % A4 AR I 14E N 1) PAR 1 fAPAR . it 2 SIF 38 IRHE2E (fose)
E SRS E WA B AR S WL 2] (1) BS TF 568 /2 () SIF (SIF ) FNEEAN TR JZ K ST (1) s SIF
(SIFw) Z I . i, SIFp A& TOC SIF K58, F£418 T DART TOC SIF 485+
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UG R 7y, A 9% DART R AGHRAUE FE 7T 225 (Liu et al., 2019a). SIF. 52 7E 3-D 18
Wk E R BT T T 1A B R IRTE SIF AT . DART = 4E5a5 s

R THES SIFn, HAP S 3-D HA4GEZ R T 7 7 BRI ST

%% 2-11 DART BB S H051 R

Table 2-11 Parameter list for DART model simulation

ZH ik (] AL
Cab MR G R 40 ug cm
Ccar K bREE 10 ug cm2
Cdm TR 0.012 g cm?2
Cant WH RS 0 pg cm?
Cw - 85 RAOK 2 0.009 cm
N L NAERT e 2 14
Fqel(PSI) RGN RS & 0.002
Fage2(PSII) KRG N R reE 0.01
SZA yNEPNEE 25, 30, 35 Degree
VZA LR T A 0, 5, 10 Degree
SAA KFHTTAL A 225 Degree
VAA BRI R A 180 Degree

AW FRIE S mxS m IR HIEZE 5, AREAR BT R 1) FOKRFIR 3% 5ol
B(E2-4). BARMKEREZEESHN2m M 0.7m. HTEKRMKEEYEEAN
[F) ¥ 7 = 2 AL RN PR, 0 T FORAE Yok Ui de oy B L R AR R B, TR
TEVIMRATER, DUASHE Uil i T oK T 2 5o SO AR IR ER 0T 2 5t 108 36 AR 256 1) 52 1

MK e 2 S S FAE AT BE XS S OG IR AR S . Foh SORATEE BN 0.5

m, —FERIEEE A9 0.5 m (LAT=1.5m* m?). 0.3 m (LAI=2.6m?m?) 1 0.15m
(LAI=37m*m>); KEA/EWHRAEEXREN03m, {TESHMEEN0.5m Fl 1 m.

IBH R T AR B B A 30°+5°, ABH AL A B oA e E 2259 MR ITA & E N
5°+5°, WL 5 A7 A B N E E(E 180°,
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S RSN

Kl 2-4 ZHEREREESFARRKRT, XK av by ¢ %R 0.5m. 0.3 m. 0.15m #REE, K
Z: dAle 4% R 1 m A1 0.5 m AT
Figure 2-4 Three-dimensional agricultural field scene including corn and soybeans. Corn: a, b, and ¢
correspond to plant spacing of 0.5 m, 0.3 m, and 0.15 m, respectively. Soybeans: d and e correspond to

row spacing of 1 m and 0.5 m, respectively.
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BZE ARGERABKIEEWRRIEHRENTE

I 98 YA A FLUSPECT 7% YU B I S UR B S ke e T B
SRR RO R T RN, AT TN A R AL RGUK T RGO (e 22 DL &
MRS 1 ADERS 1 ROGHUR /05, g FLUSPECT A2 (1) 1 540 5e
BT Z PR A R T H B B AT Ak Bl e 1 AN [ 25 N = P A i SR R
(PAM) ¥¥%, A5 5Lt FLUSPECT B2 [ I 771, T 3R436 R 4K F 1)
PR A R GBI R . SR G R & A 5 il (SVD) J7iEFIZR M [R]
VAT VERAT 2O GBIV I B AL LK O RGERICBUR R 8 o e { H FE A 1) 580
WORBE B ¥ FLUSPECT R Fh BRI R MUK 1S, F AN R BREE T I 1 5% e e itk (A5
PRI A PPl 2 Y6 R 1% B A4 7 A A o AR TR R HE A B T MPLEE ek
BE P SRR AN [RI RS T 0] - i B 9 01 ' i A4 1 R Aff 1

3.1 FLUSPECT RGEZERSEINSELLE

AT T AR GRS B I EAT AR AT 9O IE SR, @i FLUSPECT
PRTR I S 45 B 0 G IOR W N8 S TR R (Fae) o S5 R BoR, SO A58 6 Uk % 5 B
WOk IS 2 A1 22 S/ (B 3-1a) . SERAEURIEA L, SOIE M 2O GO ) h B B
TR By, LM AL (& 3-1a). ARG ELTS, Foe & — AT
ARPE, AR —ANE 2 E (E 3-1b). ERKAIFE%MF T (PAR <500 pumol m™2s™),
Fae iR (B 3-1b). 21, 4 PAR B =, Fqe 5 PAR EfAHE (& 3-1b), X
FER W T EOUT NPQ KIS IER I T, B PAR ¥, NPQ H4mif b+
FHAL. S5 HREHIET FLUSPECT J i /572 ] DA D3R5 2 G UK 1 Al Fge 244

AHEFCRIN, 5 FH BRI 2 GO T ASALL (1) 5 S R S5 o il 8 P P 2 2R 2 D't e 1 Al i
G E N RGHEER, THEAEDOEEL (K 3-2a, o). SRHERIER
i, B MERE T ISR B e (B 3-2b, d)o MLIIRNIN R 5O it 2 18] i) R4 IT
FCR B, RHE S 2 EUR 1S 3E H T oK b A B e e i il (] 3-2b, D
FEAFRDCIRZA T, BSIER A7 R0 (K 3-2b) MR ATZ6E (B 3-2d)
(1) R* 3575 1.00, RMSE /NT 0.05. 3xX Ut BRI i 2 Lo i B R 4y 1 4l 5 il &=
- 5% Y61 2 1] () DT RC R S
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T T 0.014 T T
(a) N Range area of inversion (b) —&— Inversion value
0.02 Inversion value (mean) | | = | A b= Default value
e | B 0 L Default value LE- 0.013 -
5 =
g g
80015} 180012}
c =
Ke] )
2 (=
é 20.011 /
2 0.01[ g % ;
S ©
@ o _l __________________________________________________
g § 0.01 lé
S 0.005 3 g
= § 0.009 .
0 : : = 0.008 . 5 g g
650 700 750 800 850 0 500 1000 1500 2000 2500
Wavelength (nm) PAR
K 3-1 LR FDG S ~ FLUSPECT IEMIZOGHKIE () MIOGE T8 (b) 55X
CNNIER

Figure 3-1 The calibrated fluorescence emission spectrum (a) and fluorescence quantum efficiency (b) in

comparison with the default counterparts used in the FLUSPECT under different light conditions.

. (@) (b)
E RP=0.9810.01 T R?=1.0020.00
- | RMSE=0.13+0.10 | RMSE=0.03+0.02
o ;
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= 2200
E
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©
H
? 1800
o
w
5 1600
1400
P 1200%
‘e 357 R?=0.98:0.00 T R?=1.000.00
£ 3| RMSE=0.130.10 | RMSE=0.03+0.02 1000
7
800
N asl
£
= | 600
£ 2
215+ 400
z
lﬁh 1 200
L
O o5

0 et el
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Bl 3-2 AEDGREEAE NS Ha RO (ChiF A ED 58INS% (a. o) BUxH
Jrik (by ) MERUKIMLRERFOLENE (RESELD WEHE. (a. b) BT3RO (ev & F
TP . B BB RO H REESS (PAR, pmol m?s™) K/h,
Figure 3-2 Comparison between measured ChlF spectra (color circles) and simulated ChlF spectra
(black solid lines) with default parameters (a, c) or with inversion approach (b, d) under different light
conditions. (a, b) The backward fluorescence spectra; (¢, d) The forward fluorescence spectra. The color

ramp indicates incident photosynthetically active radiation (PAR, pmol m?s1).
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32 WHHELENDBER

AW T8 IR ST TEARTEA [ 6264 N A BT84k, RIL AT 8 SVD
I RETT I RIRRE SRR AR T EA R R . R ERE AR E W TR
B THEGDGERRM I EE, TR 94.4%177 % (B 3-3). FB—ANFEH
(PC1) (E] 3-3a). B _AFES (PC2) (K] 3-3¢) FIEE =ANFE s (PC3) (K] 3-3e)
GrIERE T 87% S A%F1 1% 77 25 IeAh, ARWFFRIL PC1 A EF PC2 FEAM
B EFAEREERR (R2=0.9) (K 3-3b), PC2 BEAREMAFERL (NPQ) 2 [AIFF
FEHBARL LR (R?=0.76) (& 3-3d), LK PC3 FEARERM A COr FfLHER
(A) ZIEFAEREZELMELR (R =0.78) (K] 3-3D.

IR R SRS REAT Z N, AT LA IR H AN [ 3 A3 o 1 ) S S SR 1 1S T
MO EEE (B 3-4). B4, PClRIE 7 OGO S 1) F 2OE &I A Hik, PC2
VT WORREM NI 2R, HEER BT NPQ MG . K5, PC3 &l T
PRI (R A8, AR A AR T4 E COr AR . Kk, 7EAN
55 N BEAT DO IR 1 EE AR IR B 2 R T = A T s A NPQ A A [ 5k, i 3-3
AfFIREAAE 5 NPQ Al A IR AR

u, =0.012u, +0.038 (3-1)
u, = 0.02INPQ? —0.114NPQ +0.111 (3-2)
u, = 0.003A+0.039 (3-3)
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Kl 3-3 BOelRIE PCl(a)s PC2(c)Fl 3PC(e) I EIEAR Ak o 25 A4 e 7 Z e T &2

Ne PCn FEMALE (Sample weights) 525NN,  PLRZREEA AT 3 ot i AR Ak

MR AR EEmT, ot (b) FERALE (w5 (D) FEB2E K (NPQ) 5 (D) Jté CO, [RILHE

(A, pmol CO;m? s 7E (b) F (D b, MM RN FEMEE, £ (D PHEHT
REZAE . PC RRFS -

Figure 3-3 Spectral variance of the fluorescence emission spectrum with PCs 1 (a), 2 (¢), and 3 (e)
respectively. Each PC's total explained variance is shown in the subplot text. PC, sample weights are
shown against empirical variables to indicate the relative effect each sample has on the direction and

amplitude of the PC, spectral shape, and: (b) Sample weights (u2); (d) Non-photochemical quenching
(NPQ); (f) Photosynthetic CO> rate (A, pmol CO> m?s™). In (b) and (f), linear least squares are fit to

the data, and a second-order polynomial fit in (d). PC = principal component.
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PC1+PC2 reconstruction
[ PC1+PC3 reconstruction | |
— PC1 reconstruction

o
~
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e
~
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o
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0.15

Changes in fluorescence emission spectrum
o
24

o
o
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o

650 700 750 800 850
Wavelength (nm)

K 3-4 5 PCL. PC2 Ml PC3 MR ZOCHAEA I B4 . PCLAKRIE A SHCIE IR (5
24, PC2 HEARLA AR (NPQ, Zrth) KPR, PC3RFOLE CO R (A, B 1
g, PC= T
Figure 3-4 Summary of changes in the fluorescence emission spectrum associated with PC1, PC2,
and PC3. PC1 represents the mean emission spectral shape (the solid line), PC2 represents the spectral

changes in non-photochemical quenching (NPQ, green), and PC3 represents the spectral changes in

photosynthetic CO; rate (A, blue). PC = principal component.
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Figure 3-5 Comparison between the measured backward ChlF (ChlFpackwards  black circles) and
simulated backward ChlF with the reconstruction method (red lines) versus the counterparts (blue lines)
used in the FLUSPECT model under different PAR conditions (low: a-c, middle: d-f, high: g-1). Some
key parameters are labeled in the subplots, i.e. non-photochemical quenching (NPQ), photosynthetic

COs rate (A), fluorescence quantum yield (®r) and photochemical quantum yield (®p).
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Figure 3-6 Comparison between the measured forward ChlF (ChlFfoward>» black circles) and

simulated forward ChlF with the reconstruction method (red lines) versus the counterparts (blue lines)

used in the FLUSPECT model under different PAR conditions (low: a-c, middle: d-f, high: g-1). Some

key parameters are labeled in the subplots, i.e. non-photochemical quenching (NPQ), photosynthetic

CO; rate (A), fluorescence yield (Or) and photochemical yield (®p).
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Table 3-1 Comparison between the measured ChlF values at red peak, mid-valley and far-red peak

and the counterparts simulated by the default and the reconstruction method under mixed environment
conditions (leaf temperature: 15°C, 25°C, 35 °C; COa: 300ppm, 400ppm, S500ppm). The simulation

accuracy in terms of R?, RMSE (mW m~ sr'! nm™') and RRMSE (%) are reported.

NN AR
PAR FTT 1A p VA Rt mwvse RRMSE R pusg  RRMSE

(%) (%)

AN e 0.94  0.06 12.26 0.97  0.05 9.46

A7 GRS 0.97  0.08 18.41 0.98  0.04 9.98

i AN 2 0.99  0.20 18.77 1.00  0.04 4.10
AN 52 091  0.10 38.15 0.83  0.05 20.04

TAT RS 0.99 0.13 47.12 0.98  0.04 15.06

AN 5 098  0.16 16.60 0.99  0.04 4.53

AN e 0.83  0.17 15.90 0.96  0.05 4.36

A7 BREAS 0.83  0.21 20.98 0.98  0.07 7.29

" IEAN 2 0.30  0.58 22.35 0.86 0.13 4.84
AN 083  0.23 3591 094  0.09 13.82
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AN E5 0.81 0.20 16.73 0.95  0.06 4.71
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Figure 3-7 (a) Comparison between the total fluorescence quantum efficiency (®r) and fluorescence

quantum efficiency of PSII measured by PAM (®r psi_pam); (b) Separation of the fluorescence quantum

efficiency of PSII (red circles, @r psir) and PSI (blue squares, ®r ps1) in response to light.

3.5 g

N T #5 FLUSPECT AU - Fy i RO il IEAILRE 77, 7T LA GIHUR
AR AT S HORHE . WG SERIF 50 3 B 4 22 ' 6 B XUBAE A KNV A W] g
PSI Al PSIT % B R R R B2 AH 5% . Zou and Zhang (2020)i# i1 2 I FLUSPECT )
Fgel 1 Fqe2 Z 4 RIAE AT DUR I B B SR 564 T FOKAR & 7y 1 A BUR 6O .
1M van der Tol Z5(2019)# ] SCOPE fJ*“RTM itk (FLUSPECT) FAJH EE AR UE D¢ i
RuE, ST K e R AN R AL BT B AT A B IS RS B AL . AT
e Ik R B AT 98 IR BN GO B (R, R ORI e B TR AT R B i AR AU
AR 7RG AR RR,, RP 36T 1, IR BB SVD XA EDGIRSE B R 98 e BUR 1S TR
HHAT ERR R, IEBDEE AT R (U0 NPQ A1 A) 4 2 5 OG IR 1k 28 K/

49



PHABARMRH R A 22 iR 3

HEETLM, AT 28 FLUSPECT B X -4 25 0 e i AR RE 1, AHF st it
3 NPQ AT A SEA S ROGHUK I, w7 NS FLUSPECT AU rh AT 40L, 6
L S Y S, EAFD SR TR COx MBS, BIIEAN, 1 BN AT RO
WA B B R R AR A, NIRRT 22 6O 1S A ik i m SEvE . AHEL T4 4t
I 7€ 9 G IOR 1 T R U RO BRI T7:, BT B I ZO ORISR AN R PR BT R
W A B o S ABADL B R LB 4 DA SE PR« &5 van der Tol £5(2019)%: T K&
BRI DGO EAR L, A Fe i R oK 7 SO 49 2 ) OGO SIS B iR . AT
Fihe th OGO IS A 7%, A BT 3 s A o AR Y 5 i 4 I BOBTAU A v 1
1B 30 75tk — 3B A FUAN R Ah R PA858 25 70 T i 9 D1 e il miey 2o 52 A K et H iR
TR R FECTURAEEL,  DLIGHIE R OGIUR i 244 T VR e M A i

3.6 NG

BRI EIE T4 B RERT PAM 5OG[R I EXdE, FIH FLUSPECT
BB 3732 AT T 6 RG0S R 8 DL 2 PSR PSIT 2 G IUR ROR K153
T A R EEAA 1R 5 IR T e e L A7) L R 4 1 1 2 2252 31 NPQ AT A 45l
FEA[A PAR BEEELUSGRIER COx BT, KRHEMKZOGEUKIER FLUSPECT
B B HER LI AT 5 BAT I SR 38 D8 e e i Ik e AN 5 (1 K /N DL R B a3 . 6T
FLUSPECT % e i Al PAM PSII 2 EHHE, R/ 25 1 PSI A PSIT 2GR A
R, (ERHDERERE AT, PSI PGB RCR AN, 1 PSIT 2GR RORAE
5906 Tk Bl , 2 JEREE RN T PR . 7ESEIE T PSI BB RN M7k
FEPOR R TTHR LIRS 1/3. AHFFEdE L 2% i % vk S A A PST AT PSIT 6K
RS B RGO B P 10 A

50



FNE  RETFRE N S ERIO SRR AR

FNE RESTEMETHRMERXRAEASAEEMEXR

HFETFEHE T, &2 SIF A1 GPP MR T, X ULHITEMHE &1
NEEAM SIF FZERR AT GPP MGSAE I 2K, SBOL TR AR L5
DRV ANI Fr A B IR R, AN FORs A P RUBE e B 5 38 R I 2 3 OB A £ i AL
BERR . AEW T HBSA A B, TR RT S HRARE R 2R RO S H Uk
SRS HINRN, R Rl 9O E T EADC AR T AR T IR T REE 0 B A AS
Al Foik, IRRMRAE S B E R LR X 9O A T R Mha T a b5 R 7%,
XA IR LB R SC . Nk, AWM st & -3
FEHLF DM B, X Rp8e T R AL B TR BEAT 1O & 5Ot A A RS [F] 2D
e, CU@EHTTF e R 2Ot 506G iR B N AL o

4.1 FEWENSEZREY I RASHIIFN

HEARFRTEE T, SEZHRSE. PAM 3OUS BN SR 3OO S EI S K
A (B 4-1). S ISR IBIEAEYI SRR 2 [T Y A e 5
Hro XS BAFR AR AL BEER E. ME EABIRIE G SALFE g 2o
PAM %S HUE AR HIH 45 K92 AL (PAM)SRAZ I — RAIBH, 7T DU WA F
JeA IR A G RE BRI AR RN SO HRO RS T X S S TR RS K (NPQD
RAHFEE TR (Fv/Fm). B PAAEIEE (ETR). PSI N HODIFRFEE (g
& MERRVOOCIES R BRI GE G — RIS &S, KRS
BFE SRR R CLL IR BOR S 06 (ChlFese) %2R 58 G 20 R B 0% (ChlF740) -
THBR PAR 52 IR MG 3 (Fyield) PLRRIGHE (ChlFess/ChlF7a0) 5. U1K 4-
la-d RS S EINAR L, WA TEREERE, B R A SRR E
N gow 22 TR, SECEDINT CO» FZK 73 B BORIRE HOH 22 PR . [RINF, 787 5T 5
R G2, PAM RESEANL (K 4-1e-h): BEE T REEH N, NPQ &#i I
Ft, 16 E T2 REHAE R NPQ BB, A, ¢ F1 ETR thex T F%, REEYM AR
GRS T . M ETREE TN, MY Fv/Fm 2 TR, RELH R
O PERRAR - 2 2R 98 Ol S 2 AR L (] 4-13-D: 7E T2 WA T, ChlFgse A1 ChlF740
B W R B, SR BEE G A B Y ChlFgse A1 ChlF740 B 280, X8 PAR J&
2R R R OGH) FEAREN K o Fyieldro FE T FAEE I T8, Ko o b iU 0%
TE6 A i R A 255 5 s & AR R 87 o [H] B, ChlFgge AT ChlF740 ¢ 6 ELA5I ( ChlF g6/ ChlF740)
EET RN EA, REEYH R ROLE GBRS 72206, RS E NFE

51



PHABARMRH R A 22 iR 3

Z, AETEPHaT, EARUELHRSE. PAM 53OS MM SR 5O S8
DRAEAN, XS HN A S TR T S A3 AR R BE T

1073
0 g 10 500 035
b
(a) p ) (c) 03 d)
% 400 _
Z> N E M, 025
w I‘l) e
o o g 300 1 -
£ I3 = E '
52 Es <] 5
z g g 200 E 015
= =5 = Fy
< 10 = o o8 0.1
3 100
0.05
0 0 0 0
35 350 12 08
f
s 0 - )| o (h)
25 250
08 07
o 2 v 200 £
a ~ & 06 £ 065
Z 15 W 150 T =
H PAR =175
1 100 0 08 !__u ¥~ PAR =425
‘ _t#A PAR=925
05 50 02 0.55 | F PAR = 1425
| A PAR = 1925
0 0 - . . . 0 g7 . . . 05 . . - .
38 s - 25 065
Z i) | <
5 3 ) 5 ) 06
- = 2
25
E E 1 - I A 055 -
2 2 o NS 2 - HEN N
£ £ 2 1sf A ~ 051 NN ;
g s 2 I ° s NN b
£ S o | g 3
% 4 - 05 - :
= 8 1
w g |
= 05 = 04
o gLy, | O o
0 0 05 035
005 01 015 02 025 03 005 01 015 02 0256 03 005 01 015 02 025 03 005 01 015 02 025 03
Soil moisture (m3 m'3) Soil moisture (m3 m'3) Soil moisture (m3 m’3) Soil moisture (m3 m'3)

4-1 AFTREE T ot E LR 55O S AR
Figure 4-1 Changes in leaf photosynthetic physiology and fluorescence parameters under different

drought stresses

FEF WA T AT IS P SRR B B T 2R R S R PR A g
IKE AR R AE e (B 4-2) 0 25 R IR : 2 31 B B PRI, i 4L AMEAT B (Posrar.
red) DRAEHERER, MNEMSRRKRE TR 741nm 2K SRR3R EE R 735nm (1]
4-2b); TLLUENRLE (Posrea) 1WA KAEMEA, 1E 687.5nm 55 684.5nm Z[A¥F3))

(Bl 4-2a). S5RIERIR Posrarred W T3S /K E MG AN E BIWRL, (E 11385 /K SRR
(ST 0.1-0.15), PoSFarred AT HIE K (FEIE 6nm), A ETFE0 N (LIES
IKELT 0.1 ), Posrarred 22 AL LG BUMF (K] 4-2d). Posred Bl 1155 7K
B[ BT B P [ 5 7% (] 4-2¢) 0 ANEDGIR K /M2 N ER A B, K2 EE I
SEAEILT, A ERIAL B A 208 . b n] WL, WRERERIREE. IS K E . JLifR
FEER 2 it SR 2 I AE AL B A P, Hh it S 2 5 8 X Posrarred FISE M K o

52



Sepe =7 H & = > Ah N/APAN J =
FE fEm TR N R SR T SO R LR R
688 742 1
(a) o olb)
L ] L) °
6875 - ° L 3000 741 - S . ‘E.o. ‘3 3000
L L L] L _J LLLS L ] o [ N L XS .
e [ L] ..z : :D (ig::(.‘l
: . ¢ e SR
687 - e OF WS- 2500 740 o o o ‘o e 2500
” PRI —~ % o 0o  Sime octs —~
= e © oo Ppp— % E ® o 000 (meeO® ™
g 686.5 - 00 oon: Nw < 739 L 23 : ::.: gio?: Nw
= Bl 2000 - - 2000 .
~ e o (1} o0 e & _E_ § 3 : : : 2: "3’.‘3 E
] ° ece o oo e 00 00m g Q X 3 o “:.' H ...E g
'g' 686 - .. " NG Gawn - = -?3 738 ° S o e : oe’e =
& D) oo s00 00 1500 o £ s 22 ° -+ 1500 o
LX) L) [ 0000 ® E w g CJ § L4 L4 é
. oce oo wemocee e L4 L)
685.5 - 737 - e
- o' aees @ 1000 H 1000
) e o esece . ®
| . ° oo o
685 . 4 00 736 e 500
. °
684.5 L L ' 4 735 - ‘
200 250 300 350 400 450 200 250 300 350 400 450
Chlorophyll content (umol m‘2) Chlorophyll content (umol m‘2)
688 r 742
° @ ° o (C) ® o ° (d)
e o _ o °
6875 - ° ° ' ° 3000 741+ 8 L XA o e ° " H 3000
e o L] L] L] L] o 3 L ] L ; :.a : ° :. ° .“ :
® eone D o9 o L ] o000 o n.l ; g..: : = :. : g.:é :
L] L] L] L] o0 LLL e 6D ce e oo .0,‘.5 %
i 0 mrg (28 8%t §. # SuEm: W
S W - ~ 2 |3 188 3.8 $, a3 =
s e e o poee o o oo o0 o T, . - N,
E 6865 ¢ o> > ° oo oo o Nm 5739 o 3-§33 £ :3: o o :5 35:3.: s Nm
6865 2000 2000
= > » vee ® oo secee o E § q’ ¢ 83% °* ¢ H ::::‘ H E
8 ® @ ®@ e o o () weoee o g o .3 " s .E :::é e g
o |® e ®ocee o o [ escoce o = 5 | > ° ° 23 2 3
T 686 1500 = 2738 ° e o ° seee o 1500 =
& e o ® ecee o o 0 eeces o x < ° 352 o Lol § o 14
e o @oe o [} eee o § w L o ° L é
) emem o000 o o u oo ° L ses L L)
685.5 & n & ® oo o 1000 77 . 1000
e = ° ° o ° ° o o o .
685 | o . e ® 736
. ° 500 ° 500
[ ] L ]
684.5 5 : s - 735 e +
0.05 0.1 0.15 0.2 0.25 0.3 0.05 0.1 0.15 0.2 0.25 0.3

Soil moisture (m® m™)

Soil moisture (m® m)

4-2 ANFFDGHR T iRy SRR PO W I B Ay B BB 2 3 IR FE AN L35 K R AR AL
Figure 4-2 Changes in peak position of leaf chlorophyll fluorescence spectra under different light
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intensities as affected by chlorophyll concentration and soil moisture
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Figure 4-3 Changes in the proportion of energy allocation in photosystem II under different light

intensities as affected by soil moisture
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Figure 4-4 Changes in fluorescence quantum yield (®r) and photochemical quantum yield (®p) as affected

by soil moisture
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Figure 4-5 Correlation matrix of photosynthetic, fluorescence, and environmental variables. A represents
the net photosynthetic rate (umol m? s!), ChIF represents the leaf chlorophyll fluorescence (740 nm)
(mW m? nm!' sr'!), ETR represents the electron transport rate, Gs indicates the stomatal conductance

(mol m s1), NPQ represents the non-photochemical quenching coefficient, PhiF represents the
fluorescence quantum yield, PhiP represents the photochemical quantum yield, qL indicates the openness
of the PSII reaction centers, SM represents the soil moisture (m?* m3), Tleaf represents the leaf
temperature ('C), VPD indicates the vapour-pressure deficit (kPa), PAR indicates photosynthetically

active radiation (umol m2 s).
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Figure 4-6 Comparison of the relationship between photosynthetic rate (A) and chlorophyll fluorescence
(ChIF) under water stress without constraints (a, b) and with constraints of NPQ(c, d) and ¢, (e, f). Panels
a, ¢, e show the relationship between far-red ChlF (ChlF740) and A, while panels b, d, f show the
relationship between red ChlF (ChlFess) and A.
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Figure 5-1 Changes in fluorescence escape probability in the red (red) and near-infrared (blue) bands for
different observation directions (hemisphere and Nadir) during crop growth stages.
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Be 25 IO T IRIRMER AL S it T B S E AR
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Figure 5-2 Comparison of sensitivity of directional and hemispherical fluorescence escape
probability parameters at different fluorescence wavelengths

K] 5-3 25 BT IR fesc_Hemis A1 fesc_pirec FH Z1 6 BT 21 41N BE 35 5 BLIZHT T iy [ Ea 34
SR UL BN K ANAR o fese_nemis TELLIGIE BOEANEK, 4 686nm 1% B8 463 Bl 2 0.29-
0.53 (] 5-3a) ; fEITLLAMEBLEhE/N, 40 760nm i BRI H A 0.49-0.57 (] 5-
3a) o fesc_pirec fELLGFIIT LLAME BB BNAK, Hof 22 K /N2 40,13 (] 5-3b)
XU AT fesc_Hemis TEUTLLAMNIE BV, FEAZH) LAI FI52m, [RUkaT Lhdnk LAI
HEAT fesc_remis R B o T fesc_pirec 7£ 254 V64218 B 52 B 56k /2 HHBUA 2 0K, H2 et J2 I
A0 A7 LE S o B FH PR B HEVE RN &, DR R FH 46 A 2 B8 B AT fesc_pirec 17 555 N
X
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Figure 5-3 Changes in hemispherical and directional fluorescence escape probabilities at different
fluorescence wavelengths, where the black line represents the mean value and the gray shaded area
represents the standard deviation.

5.1.3 FHEMEFAFERMER IR RGE

5.1.3.1 JBRMEMR IR BHISIE

AW IEIE A RS R () FIHARE (O, BIA (2-3) HEAT T fesc_Hemis
[RTH5, JET SCOPE BTN IS R 2R IR BE N ARV AE K I fesc_remis, @I AL
LA DRI A R 2R IR EE K N ) p Fl ke Bl 5-4 SR AEMF SR RIR LA 80 pg

cm? i SCOPE #5248l 5 545 BB T, fesc_Hemis 115 /7155 SCOPE FAYRHAEY)LE

KHAL NI LA fesc_memis 7E2E B I N AR AR /N—3, R?>0.96 I+ H RMSE <
0.0085. XUt BH fesc_Hemis 1 5 77 ¥2: FIAT R
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Figure 5-4 Comparison of fluorescence escape probability estimation methods and SCOPE model
simulation of hemispherical fluorescent escape probability of red and near-infrared during crop growth
period (Cab = 80 pg cm™)

BE B AEARFE M SR RIRE N, HARISIESE B 5-5 AvR: J&T p Al k 1T LUR LT
FRIABEARLIT 21 AN RN L 605 B fesc_memis» R2 37T 0.9 (B 5-5¢) , RMSE ik 0.009
(K 5-5d) o ANFEMLERIKE TN p Ak BEE B KBEBCAE, p ELOEIH B
ik, [EZ50.28, MAETLAMEEBR G, 28053 (& 5-5a) ; 1Mk 5B IR
U FRI45 R4, BIFE 700nm 1 780nm A4 5848 1 F (B 5-50) o MLLT p, k XFFERRIK
FEE AR A B B ARG, AR Z0 A0k BOE A R BTG D 0.65-0.9, TELLGIE BUE ELA
0.5-0.7 (& 5-5b) . IGIELEREFIIET p 1 k 7] LA AL FAEW E 2 AR H DL B

fesc_Hemis °
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Figure 5-5 Changes in the estimated scattering coefficient (p, a) and absorption coefficient (k, b) of
the hemispherical fluorescence escape probability under different chlorophyll concentrations as a function
of fluorescence band, as well as validation results of R? (c) and RMSE (d)

5.1.3.2 AR IR EER L E

fesc_pirec IJ LLIEIE &5 G HE #4071 AT % 5 NDVI FRFR (NIRV) RDGAA 25%E 4
AR LA (Fapar) HEATIE AU . AW 5044 SCOPE MEAUL 1 J7 ) 14 2 ' b it ik 26
YONRCHSIE”, WIFGREIR: 15 Z MBS AT, 5 Cab. LIDF,
LAl 35855 R DU O FHAIAR AR LTS S 1B L, 5T NIRV/fapar 7 15 SR L0417 1]
PSRRI 8, BABRER R? (0.89) PLAKHMLK RMSE (0.04) (& 5-
6a) . ML, BAUMELS RS AR E T 1, Bk ERCE RS UK T Sl (B
5-6a) » SZAHLL, FET NIR/fapar B 1240 THAY fesc pirec IEH AfIE, R? N 0.41,
RMSE 4 0.09 (& 5-6b) , RUREIRTTT NIRV/apar 1777, 1XFEEZEH T NIR/fapar
T A 2 R LI SR, BT B S BURAL fesc_pirec 1. UL, I
FE LIS SR, NIRV/fapar T BATE) V2 LI 2528 B 3EAT 1 fesc_pirec PTEEAS T, 1M
TC T 3045 9 T 7 2 AU AN R0 A B LA M 2
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Figure 5-6 Comparison of the performance of the NIRv method (a) and NIR method (b) in estimating
directional fluorescence escape probability based on SCOPE simulation

5.2 ET =% DART ZEUZHU K HE B RSk

AW = 4E O DART BT T AR H3Z OB, 33508 7 8= 5
I, S5 FUEE 5-7 Fon: REEAT 398 s S 658 B X 9 G I8 IR MR 6 R i LK
UBREESY 0.5m CREMREFERAR I, T3tk it A B3E pm (E
5-7) o BHERREEAIPRAE CRIPRSEBERIBENND 338 SO S0 9 e b 30 AE 25 52 1 1 2850 7
BEAG (Bl 5-7a) 5 I U5 AR AVR 286 P o 28 ' B TR AR 3 A - 498 s i %6 2 TR ) K R ke 3] 17 1
TYEH . bREEDY 0.15 B, ARG T F9OL R EZRAE YN 0.36, WH B MEE
S, X ULBAAE R R A G O, g RO X O R S s i i Al (] 5-Ta) o AT
PR 9 S IR ) S i ] 5-7b o, TEATEECN 1 om AT 0.5 m E LT Rtk iR 2R
G152 0.38 F1 0.46, HWEZER, 1THIBHESHEOLRMRMN BB, XUl
HAAT FE G 28 1 IR ME = (1 e A e K o 7E AR 25 FE AR RIAT B, 3 S 30 % ok i
AR TR E R (B 5-7b) , XK LAI B, 398 S S SR i ¢ e ik i
MER M EER R L8 EATR, AR H I 5B T 7t 45 SR B AT IR 2 5% ) 28 b K i it 2 11
FERER. F, SRR EE X5k e 2] 7 R EEM.
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Figure 5-7 The effect of plant spacing (a) and row spacing (b) on fluorescence escape probability

under different soil reflectance
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HI G52 2] LAL (520 BT [R5 1R % G 83 56 2 K0 Bz R U E FEAN R, A
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FEIR M HIFE T p M1k T35 TT DAMERRRLAE M) A K BRI SO  E (R7>0.9), T
ML iy BER U, 5 1] 8 5% ' 1R T8 Mg 4 B 3 B I Il 20 AN I S O R U7 VR 3RS,
NIRV/fapar (R =0.89) . A HIF FE R WML 5 17 (145 't T ARE 48 9 AR 35 171 9% » 4l Hao
SE(2021b) 2 H PRSI FH Y. B BT SE KRR B A 10 S % STF UL F) 7 T 17 2K
JS7: — e TR T LA BAL 0 S S, 5y — Pl TR KA A 1) 2 ff L STF
o JEILERR SIF WL 7 [P RON A TTER AT Nadir, #4517 B 2RO [ i STF,
AT EHER A SR SR GPP.

Il A AR A REAT B0 2 S 25 BN 9O 1B IR M i WD AR FAT BROG HLE iAok R
EAH R L RO —, (HRARATRER T B 2 A5E 2 R 5 s g,
XA AT LEARAR B T AR PR R i KA o — A A A AR R i e S22 4 2
AT, PR 538 F IR “ 2B AT 7 SRR AR 37 5 A7 Sk o Zhao 55(2010)iH1 7
TN SN ELEAR SN NS AR SN I TR, AL AT IR R 2 SO AT, RS AR Y]
ATHE TR 2 (0 SO A AL 5 2 U 2 B AR, X RE F — YRR SR d i R R A
i AT R RSB EOEA R . RIEREAT “ 28477 MO 25 AR B /2 16
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T ZR A B 7 2 AR Y AR AT B

IS SO BT R R T VR AT GRS S . Liu £5(2020)H
DART B 3EAT | SIF HeiG A BUE AL SLES, F Bk P-4l NIRV/fapar £l 11775 A 2L
P, SRERERZEEN T, H—ZEREHEREE (NDVD 1] DL bR 50
ZXT SIF WERME AL v A2, (H W R S e A a8 o, WGV EHER At
T A] WL L4 S S AR R A AN I A K DTk, Zhang 55(2019) i85 T EDULIN B S 2
A AT 4T AN SO SR AR, AT SRS A R LD AN SO R, DA S R R A
PG ARG I 3 I A HE R e 2 R 6 S GPP IZRPER R 9. Yang 55(2020)
EFOLEA T RIS — S RIUE MR WG B (400-700nm) %2 7%
(FCVD), A TAZIEZEL A SIF (1) PAR WRSCRIBUR R0, (H [IAE 252 B RIS =1
SO LA M 78 25 T AG Tl TE A UER . AT 4S R Bon, RS E TS, SaEr
38 G R 2 T A BN T R IR N E  DR] AR SR T I () UT 4T A S S R AT Rk iR
W20 AR I R H 0 201 R 3] - 438 e S 8 %) LR

5.4 INg

ATEHFF FEiET SCOPE #&AYF1 DART FEAYFEAT A& H 76 J2 5 Y kIR ME R A4,
SIRTAS IR B WL 7 1m) AR B 37 55 DA R 398 S i 0 9 G ISR MR R ) i, JREAT T
PRI MIAG . W FUAE AR AR ARSI, ToiR R G BOd 2 My
], ISR A AR AR AR, TEAEY A BT IR S A, 2tk i i 2R A b i
FELLIE K, fosc_vemis RN BT fose Nadirs ZLIGIRBLIN) fose BT LLAMEEL, JUH 2
fesc_Hemiss FBUBAE 73 HT 45 IR R B fesc_remis T Z2 52 F LAl F1 LIDF S50, (A RO
BB S BUBFEE AN, M fose Diree 7252 % LIDF tto LA LAl SR ; fesc_Hemis
A DU 45 LA DLEASFE B p 1k HERRRL (R > 0.95) , 1M fose piree N AT
NIRV/fapar 7 iEHEATAEE (R2 = 0.89) 5 (EFE 25 BE LLRUARIT, 338 I S Fa it 5 ik itk
REZR S LUK, T 7E PR 2 P T, R 338 I S 3 50 98 e R IR M 2 TG Y 3 s P ARLAT
SEELAF] B R ARL R PE 6T 2 e B IR R R MR B K. ASHIE 7 AT AR FH Tt S R SR M AL i 5
PROLIE Bk .
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BRE FIRAEK APSIM IZBEHEYE ZETNM B ESHFE

——
I

VEVIRE RS RT AR P 7= B il 58 A [ (1 A R B SR e L R DAy S R A0 X A
Vi . R N BN 20 APSIM CRMEAE = RGRL ) (EYIRER, EA 8 R
N—MEZA LB &, AT DA AE 7 KRG &N T7 1, IE v 2
1% 530047 R % ()% B (Holzworth et al., 2014) . 1EXA4: KRR ARG — >SS 4 IR 5)
&2 w2 AER . (ELMPRA APSIM fEMIE AL, 45 H I E &R (EY)
BERR) i THENEENEN A AHRCR (RUE) (Sinclair and Muchow, 1999) 75 47
5 . RUE YRR E 1, A E BIPER BE C RIAEAE 22 5 o 2 RE « 38K Y
COy Y JE AR E 77 15 2 8 A8 — R B E R T R BOR A E 1Y, X L e (R 7
BB ARIB R AR . BARIET RUE 5 kT 2 a1 i fa eam] 1, {2
FHAN fie B B A X S PR R R R AR A E R I BR DTk . B, Wu 55(2019)7E APSIM
(APSIMv. 7.8) W 7 — M RUZ DS E AL, BB Z0E1EH- L3
P, 525K RUE %ML, DCaPST AR AE i F Al el 2 R F 58 L EE M A )
TEVE 2B C AR, TR T VRS v G006 & A 38 2 B ARt it J2 B [ A DL AR )
FEE MR T O AR, R AR S SRR SO TR . fEA
R TEMFIR T SIF B & S AL E] APSIM-DCaPST HEZE 1 i1y i 72,
HIFRULE 12 B OO R R TR A IR A2 5, ARG SIF
B[] APSIM-DCaPST #8! faii #k>Ay APSIM-SIF Hi%

6.1 SIF S{EMIREFEE 7374

6.1.1 DCaPST &R

Wu Z£(2019)7F APSIM {EWIAERIME S (v. 7.8) FH &K T — A Hi e & 1E F At
(DCaPST). DCaPST Hijd/Zr HARTEEL. L& & =EFMEYH KL H K E. KFH
RSN B AR S H SR BRI S, JHEEUE H A KK AR (BIOswhoot days 8
BV E m? dayt), BERAAEYE R E] APSIM EIRE T, M BT EAE K R B iR
fl. DCaPST X H FHFH e Z R A 3E 47 6 & 440, R Farquhar. von Caemmerer £l
Berry(Farquhar et al., 1980)42 t 1AM G158 (FvCB) #EATVEY) I JZ Hh FH Ot Je
oA 2 A HE, R E IR R H G COy [AAHEZ (4, pmol CO; m?
day™")e A T BIOshoot aay:

449/ mol B
shoot_day = X X
- 1,000,000 1+ root :shoot
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X, B & COx W AW FNYERF PR () AR A AL R B, X T KRR &4 il W
N 0.41 F10.34 (g 4= (gCO2) ') (Sinclair and Horie, 1989); root:shoot & AR & Al ith
EESAEEMILE, EEVERK S E, XA AN, FEEAE S IR (Wu
etal.,, 2019). DCaPST #EHILE AR EM A& E (SLN, gNm™?) KREREDH F A
WA, BRRE T 5 EEHAMSH BT S50, W Rubisco i KRR AR K H T
f&i83H % . APSIM-DCaPST #8488 i WL H 32047 1 30 UF, FFREBSARAE C3 /N2 R
C4 B EYIF= 8L 90% HIA2 1k (Wu et al., 2019).

6.1.2 SIF 334 APSIM {E#1&A 352 (APSIM-SIF)
M 35 B SIF AT LB AR 2 7 2 Wi (4 & 28 5 (APAR, mWm?2) 5
7o )2 9T R 3 A (Guanter et al., 2014):

SIF, =PAR x f

tot _ full

arar X P = APAR x O, (6-2)

K, ST i M R AP B SRR 2 (640-850 nm); PAR i 2 THE &
ARCES, H N PAR &K FHARS SLBEE T 50% ; farar RO EH BERS BN R
B, Qe PR TR (BRI — 0T ARG T80 . 72 DCaPST b, ] De
Pury and Farquhar (1997)FT I 55 1HE APAR (BRI AT 1155 fapar) o

¥R 1 SIF A2 4h, APAR A HAR P S5 RERA Hig1e: JeatEH (REEREDE
R FEAE ALK (NPQ) BRIFERL. 2R T @, BT E & AR R
N @p Fl Onpgo BEAL, e BIEIEMN LM T (On) FIBEERN LT (Op) HIFFERZ
Mo I, RIEEERFIEA:

O+ D, + D + P, =1 (6-3)

2
=
.
4_H
N
ar

A DUEEATHE R R (o #EATRR
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— kP
" 3K
_ K (6-4)
3K
— kD
3K
XK=k +k, +ky +k;

Op 1] L5 li(Lee et al., 2015):

kF

:—1—@ -
: kF+kN+kD( ) (6-5)

AH, Van der Tol 55(2014)Z 1Y kr=0.05, kp=max (0.03Tair + 0.0773, 0.87), Tair N
IR IE (°C); kv 7] LR IS NG S B AR O T TR FEE 1 BR 8 (Van der Tol et al., 2014):

1 X,
ky = % <k (6-6)

X, Ky a M B RIWESH. FETHETLMEFM T AEKKMLTR PAM W&, X5z
37 2.58. 2.83 A1 0.114(Van der Tol et al., 2014). x FITEREM 0 OB B 584
FHO 21 O MAHLTEARED, x AT LLE XN (Van der Tol et al., 2014):

K=l-E=1-"t 50, =2, (6-7)

X, Opo ARALEREIE N SR T MBI SO BT & S &S br BBl 2
(pmol m? )5 Jo /ETE 25°CHT FH APAR T L% R 5 BT 5 1) oK L AR s R
(pmol m? s Jo AJ LLidE PL N A At 1 (Lee et al., 2015):
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AC‘ +21, c3
J, = C-TI. (6-8)
A C4

A, G (umolmol™) R ilE] CO» #Z; T (umolmol™) & CO» #M A . WL LA A
i 6-2. 6-5. 6-6. 6-7 F1 6-8, T LATHE] C3 F1 C4 YEMII SIFior firs 41T FIT7IN:

k
T A)x L Peg
kF +WXk:\)‘+kD 0

S”:tot_full = xAPAR C3 (6-9)

SIFg_un = 1 kF,,, (1—CDPO><JAJ><APAR C4
kF+( +/B)X Xk:\)‘-i-kD 0
p+x”

(6-10)

Ao, Tl U M G E R R ) COo i 3 1 22 () FvCB 158! (Farquhar et al., 1980)i
TAltl: Civ Jos A A1 APAR A LA APSIM-DCaPST i 4D 45 5,

6.1.3 1% SIF. s ¥ 1279 SIF0c(V)

TEER 6.1.2 I EAT BN SIF w0 s M R B IR A3 Be SIF . 1 28 iR Bl h 3%
A LI B () STF 42522 3% K A nm HI7E /2T SIF (STFi0e(h), mW m?2 nm™! sr
Do BT AEELLREE N R G IRISGE R, o Z T E R STF (W)X 15
SIF o firr /N7 o AR FCIEIE AN D IR AR HEAT SIFuor sinr B SIFoc(W) I EH: (1) H5
SIF i fun 459 SIF () (mW m?nm™), BIJEKA Anm BB R LS 2O, Al

(2) ¥4 SIF o WEE BN STF (L), BRIy A nm I 5 2 TROWIN 7 16 1R 9% o B i 7
T 275 18 SIF B Bt A AE M B f e J2= o B/ CRD IR R R 52 o
6.1.3.1 ¥ SIFur fur ¥5HN SIF ()
Y5, AWFFEH FLUSPECT B (Vilfan et al., 2016) Bl i Fr ik -2 646 [
(EF-ER5E) #4 STF o jun 49N SIFi0i(M) o EF-AEFE (351x211) 0 KRR Y61 (400-750
nm) YA 1 nm 5 HRBF KOG (640-850 nm) . FLUSPECT &
PROSPECT(Jacquemoud and Baret, 1990) F ot 2# R4 e, e G v a2 ¢
6 AR S 4E, . FLUSPECT 44 PSI (Fqel) 11 PSII (Fqe2) HIRIGE T/ &,
- Fr G5 AR A AL S EUE YA EF-AERE, A48 PST A1 PSIL B AT % Ak 46 R A
N AT SO HE B
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7E FLUSPECT ", SIFudA)&IXVUA EF 55 15 KA (EF sum) F1%8 18 E(400-750 nm)
M. T APSIM BB BAUOK FHER S OGP TCVk B EF HFEAIK FH 4
W AR SIF(V) . B, ABFIE L—> SIF BB T (e, nm )k
SIF ot it #5459 SIF 10(\)

750

> EF,(i,4)
g(A) = =40 A €[640nm..850nm] (6-11)

850 750

> D EFR(i4)

=640 i=400

JIHE 6-11 W, e b B 4 € BACAL ) SIF Fa 5 2R LA OGS B SIF
IR e(21D)HEIR T 1 RO ERS 56 oA . Wi fiH e, FTLLK
SIFtot - full % Tﬁ%y\j SIFtot(}b)i

SIF,(4) = SIFtot_ wn X €(4) (6-12)

6.1.3.2 ¥ SIF.,(0)E¥ AN SIF,()

BT e e fEAE R 2 o R ZE IR (D WRISGERE, A #8490 SIF (M) BENE 16 i% 3
Wi 2 07 AR AR I B, %355 96N STFwe(V)o 9 IEHIRMER (fose) F T E 1T F
K56 4 R 7 6 R b itk HH R B T )2 4 R0 21 AR B 26 (L et al., 2020), ALt AT B
BT fose AT JZ T SIF A5 :

SIF () ==

feie (1) xSIF, (1) (6-13)
T

Sese FHORBH -6 2 A& KA LA I S SRp  A ed J2 5 TR » et () 95 (Yang and
van der Tol, 2018)F& B, ITZLAk SIF FUEUR/ CFE) WIS A2 P AR 4 M FH 30 21 4 S S 3%
Kk, FRF, FETOLIEAAEH 1P (Knyazikhin et al., 2011), Zeng 2501955 £, ik
CLAMP) fose T LU BN
_ Ryr xNDVI

esc

f (6-14)

fAPAR

X, R AR LLAMI)SE ] S 28, NDVI & I — 22 AR FEARTF T, farar
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K HF DCaPST bk,

APSIM-SIF BRI @A s BB 6-1 Fose OGREH A A 345 B i
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6-1 APSIM-SIF 58 (R s AR AR B . PIANAL (o E 2R AE TR 27~ APSIM-SIF B g g A
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Figure 6-1 Flowchart of the construction and calibration process of the APSIM-SIF model. The two
red dashed rectangles represent the two major components of the APSIM-SIF model: the APSIM-
DCaPST model and the SIF module.

6.1.4 APSIM-SIF =23
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37 6114 AT KM s A 5955 N K TGS . ABFF A APSIM-SIF 34T 1T =411
L, BFE— <TG (2017 ) FIPHIE (2018 4EF1 2019 4F) HIRAIT B . [X Ifs
LR 75 B BT A S N AR B 5 38 APSIM s &2, FRERAER] 7x7 km B2 [8] 9HE%R .

6.2 APSIM-SIF #R B85 SR ER 4% #2 R F X U 3 i

6.2.1 SIF SR EAR A F (e)

¢ 1 FLUSPECT F BT A 5, I 2L NS4 Cab, Cear, Cdm, Cant,
Cs, Cw, N, Fqel fl Fqe2. HH', Fqel i@ # A N £(Pfiindel, 1998), FHAth/\ 4
WMAZHINTEE (W 6-1), SETuRERTE R FK K SCHR(Liu et al., 2019a; Mousivand
et al., 2014; Verrelst et al., 2015)#4THiE . 28J5, R#E Sobol N FI A BasdtiT T
KFE. BABEE N mx (p+2), Hi m REEFRIBEFEAK AN (FEAFFTH m =
20000, pAAESNTNSEEE (p = 8). HFIXH & H LB E SIF 55 (640-850
nm, Z3HFEN 1nm) #47 T 20000 OB RARA, . FLUSPECT AR ) HiR B ROt 5
TWBR N2 S e 2 18 BA3RM LMER? = 1.00) (F 6-2), FILFHFE 3-11 #4795
e B . 8 6-3 SR T 640-850 nm K TEE N e (— ARl FEXA R,
740 nm ALK e Z1%5F 0.012, XK 740 nm AL SIF K EFERK G 5 4 SIF
PR S BB R A X I 1.2%.

% 6-1 FLUSPECT A H5 A S B LR SHUNERIME . S/ MEM R KH .
Table 6-1 Inputs for the Fluspect model and their minimum and maximum values used in the global

sensitivity analysis.

ZH E X AL BRINME e /ME ISONEN
Cab MR e E ng cm? 40 0 100
Ccar  KiHE MROE ng cm? 10 0 30
Cdm Y& &E g cm? 0.012 0 0.050
Cant WERGE pg cm? 0 0 10
Cs ) - 0 0 0.6
Cw I 8 0K 2 cm 0.009 0 0.040
N M 5K 24 - 1.4 1 4
Fgel  PSI %A ET & - 0.002 NA NA
Fge2  PSH Rt E 7% - 0.01 0 0.02
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Kl 6-2 fEAAMZRE & (Cab, pgem?) ', FLUSPECT BEEYEHIN SIF w5 F 1 (e,
nm™) R RN REBROG S 2 B G A (Fleafy, /Fleaftot) LU, A IR 640 F 850
nm {3 A 586 R ST .

Figure 6-2 Comparison of SIF band conversion factor ( &, nm™) and ratio of single-band fluorescence
to total fluorescence (FleafA /Fleaftot) at leaf scale simulated by FLUSPECT model at different
chlorophyll contents (Cab, ug cm). A represents the fluorescence emission wavelength in the range of
640 to 850 nm.

0.014 : o ; :

—_
[

0.012 |-

(e nm

0.01

0.008 -

0.006 -

0.004 -

SIF band conversion factor

0.002 |-

A =740 nm

- -
640 690 740 790 840
wavelength (nm)

4 6-3 t FLUSPECT #RUARAUAF 2] SIF BN T (o) nm') H7sfil. KEARILERIR
740 nm P, KEFEEN 1 nm. FASEIEENF: Cab =80 pgem?, Ccar=20 pg cm?, Cdm=
0.012 gcm?, Cant=0pgcm?, Cs=0, Cw=0.009cm, N=14, Fgel =0.002 f1 Fqe2 =0.01, X
edi N AR 8 AR IE SOt
Figure 6-3 An example of the SIF band conversion factor (e, nm™") simulated by the Fluspect model. The
marker indicates the 740 nm wavelength and the gray line has a width of 1 nm. The input parameters were
set as follows: Cap = 80 pg cm?, Cear=20 pg cm™?, Cam=0.012 g cm?, Cane = 0 ug cm?, Cs=0, Cy=0.009
cm, N= 1.4, Fqel =0.002 and Fqe2 = 0.01. The definitions of these inputs are provided in the main text.
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6.2.2 SRR
Kl 6-4 7R 1 1E 640-850 nm % Bt WA B 1) e 8403 BBl A1 Sobol Uk 45 £k 45

Fo e BEEB KL, HAHEML SIF RFHIEERIR: AT G (685 nm)
AL AMELE (740 nm) ALF-FIIE 5 514 0.0090 nm! F1 0.0124 nm™ (& 6-4a). FE5l
Hi, 7% T2 SIF #F5HHLE 760 nm ) SIF, ¢4 0.0068 nm™ (& 6-4a), XFHITE
MR 1, 760 nm Abf¥) STF 485X &5 56717 SIF REEAT] 1% . e TEPAS SIF K IE{E b
(A SR LR 7 685 nm A1 740 nm A& AR 46 3E Bl 43319 0.0042 nm'-0.0139 nm' 1
0.0099 nm™-0.0149 nm™ (P& 6-4a). SRS, £ 640-850 nm 175 M AUk Bt ik v [Hl
P, Cab fll Fqe2 /& e M L EIKBN A 2R WA EILFEME 7T 90% 1 ¢ &7
(K 6-4b), U1, Cab Fl Fqe2 7 Alf#EFE T 760 nm 4k e 22 5P 1) 81% F1 15% . 7 680-
770 nm JEREVE I A, Cab B e B MR 60% L E, Hi KoTwkA 90.2%, AT 743
nm &b (B 6-4b). AT, £ 770-790 nm 2 [H], Cab HIEZMIREFEML, FFHAE 790 nm LA
AMIPIRIFAFZ) 15% (JK 6-4b) . #E/NT 680 nm B AT 790 nm (IR KTEEIAN, « FHE%
Fqe2 Hifzl] (B 6-4b). HALSAMANL TR e 2R/ (K 6-4b)

0.015

a

o
o

0.005

SIF band conversion (nm'1

T T T T T T T T
661 681 701 721 741 761 781 801 821 841

Wavelength (nm)

=}
@
)

| I Cab [N Cdm [Jcw [T cs I Cca [ cant [ IN NN Foe2

Sensitivity Index

641 661 681 701 721 741 761 781 801 821 841
Wavelength (nm)

6-4 APZBL (640-850 nm) [f] SIF JBULHLA T (o) MIRRBUBIED AR () e M2
Fitk, SEERRRARR A B PEAG (20,0000 TS e (A SELRJE FEIBIR X IR R 1 FAME
+1.5 FpEZE, (b) BN EH] e BUBPEIRE. X84 N A E 1 AR IR it
Figure 6-4 Global sensitivity analysis results for the SIF band conversion factor (¢) over the
broadband SIF (640—-850 nm): (a) the variability of e, the solid black line represents the mean ¢ out of all
of the model evaluations (20,000); the shaded areas around the solid line show + 1.5 standard deviations
from the mean, (b) the sensitivity indices of the input variables for . The definitions of these input

variables are provided in the main text.
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6.3 APSIM-SIF #&#J5GiF 5 [X i 4= 12

6.3.1 DCaPST &G

TE R AKAED A A KI, DCaPST HEHUSEALI GPP 5 US-Ne2 3fi il US-Ne3 i i
ML GPP A8 LG — 2k, P38 RAE 5008 0.91 (RMSE =2.72 ¢ C m™ day')
0.92 (RMSE=3.05gCm?2day!) (& 6-5a 1 b). REFIAIH A YE 501 A R
SERIAHOCPE (R 0.99), {H DCaPST BLHrE K5 AR A=A Frmfl, wEKRLN
1500 kg ha, FHXTIRZE/DNT 7.4% (K 6-5¢ 1 d)o FEIXPE/ Nl &, DCaPST HEHLIA fif e
THEIL 90%M LAI 257 (1 6-5¢ Al £), {HFEm LAI K50l N A Bkl
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P 6-5 2011 435 [F A1 3 US-Ne2 Fl US-Ne3 3fi s £ K K6 H P 841 4E 7= 1 (GPP, gC
m?2day’, a. b). Hi EAEYE (kgha') (cv &) FAHHEARTEE (LA, m?>m?2, e. O FIMIIME
(D 5 APSIM BHE (4) #EATHEL.
Figure 6-5 Observations (circles) of daily mean gross primary productivity (GPP, g C m? day', a, b),
above-ground biomass (kg ha!) (¢, d), and leaf area index (LAI, m? m?, e, ) for maize at US-Ne2 (left
column) and US-Ne3 (right column) in 2011 compared with values simulated by APSIM-SIF (lines).
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A FAE Boly Brl Al Rol ufi mi it — A PFAl DCaPST BT T K AR B 1) GPP 4
WEEST (HF 6-6). FEIX=ANuk 8, BRI GPP S5 GPP HIAHSCPEIR I, HARfREE T
GPP 5] 65%LL I: 7F Bol. Brl Al Rol 433l A 66% (RMSE =5.35 g C m™ day™).
85% (RMSE =3.46 g C m™? day!) #183% (RMSE =3.59 g C m?day!) (& 6-6a. b.
¢). DCaPST IR G Hifili 2 2 K AR A K GPP 19224k, 43 Alf#kE Bol. Brl
Rol =i Bt H GPP AR 1) 64% (RMSE =3.04 g C m? day). 80% (RMSE =2.65
g Cm?day!) 1 71% (RMSE=343 gCm?day!) (K 6-6d. e. ),
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Figure 6-6 Comparison of observed and simulated daily mean gross primary productivity (GPP) for

Simulated GPP (gC m™ day™)

20

maize at Bol (a), Brl (b), and Rol (c). Simulations were performed with APSIM-SIF. The comparisons
for soybean at these three sites (d: Bol, e: Brl, f: Rol) are also provided. The dashed line is the 1:1 line,
while the solid line represents the linear relationship between observed and simulated daily mean GPP.
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6.3.2 SIF =2 ERIGIF
FE R, APSIM-SIF B RYRIF Al 42 1 FoKA K8 TOC SIF (& 6-7a) #il GPP

(] 6-7¢) HIZ=F 24k, H RZAE 4518 0.84 (RMSE=0.22 mW m?sr' nm™!, RRMSE
=24.68%) F10.81 (RMSE=2.67gCm?2day’', RRMSE=19.33%). AN ¥ TOC
SIF Z [Alff] R* B3 LAL W3NS FFE&a% (Kl 6-7b). MK LAIfH (LAI<2) T,
SIFi0c m f#EFE T SIFi0c 0 223 H) 51% (RMSE=0.16 mW m? sr' nm™', RRMSE =32.59%),
RG29S SOl U  AUm RON EEEBCR . M, fE iR LAL KT,
SIF e m R T SIFi0c o 28 7 1¥) 84% (RMSE =0.22 mW m2 s nm™', RRMSE =23.49%).
KW FE KL, £ LALMEEARES, BEADS A LSl GPP: LAI<2 I RRMSE KT 60%
(K 6-7¢ 1 d).
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Figure 6-7 Comparisons of daily SIF (a, b) and GPP (c, d) between ground measurements and
simulations from APSIM-SIF at the Daman site in 2018. The performance of APSIM-SIF with the
coefficient of determination (R?), root mean square error (RMSE, mW m2 sr'! nm™! for SIF and g C m™
day! for GPP), relative root mean square error (RRMSE, %) under different LAI levels is shown in the
subplots on the right.
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6.3.3 Xigi&El
6.3.3.1 SIF e M foc FIZS 14

AH 58 A TROPOMI SIF MLl i+t 6 H 22 9 43 F 135 58 /7 Tl STF AE (SIF soc o5
mW m? st nm™) (& 6-8a-d). AWITILFEN M APSIM-SIF BLHL A1 SRAFALI 1) 5k 2 Tl
SIF (SIFwe m> B 6-8e-h)o SR T, T REMEK, SlFuem 5 SIFuc o K/MHN:
57 (7 AM8 H, B 6-8f M g) SIFiwe m 5 SIFic o Z A KIIZE /N T 0.1 mW m? st
"'nm™? (11%), UESE T SIFu M fose BIMLTHAH S RIF o SRT0, 9 H A3 SIFioc m A1 SIFioc 0 Z
[B) ) 2= S 10 (B 6-8h): X T K ARG, SIFipe o $AKAL 1 0.16 A1 0.13 (4350 29%
A1 25% ). N T HE— BRI TOC SIF 2 18] (i 8] 55 25 18] _E AR K R
AT AEKZET (6 HE 9 ) B XIRAN H T3 SIFwe m 1 SIFic o 34T T &5 1E
ZREL (EOF) 43#T(Sunetal., 2017), H:ELHEE T SIFwe m A1 SIFsc o IEAZ 35 (A (]
2 (8] P [ 14 AT A4 EOF (EOF1 Ml EOF2) 43 @ RE T SIFwoc m A SIF i o 2 FVEM 94%

(K 6-9a Fle) F198% (& 6-9b Do KT HE—NFFBA, SIFic m M SIFic o 7N
HARL R 2 A RS2, Al fE oK (B 6-9a A1 b) 1, B2 8] 1] Pearson Ak 521
(r) fEEK (0.73, K 6-9d) FIKE (0.63, K 6-9d) Z [AIfRFFE E I —8E. f£58
A, SIFi0e w5 SIFe o FIAHRET F (r=0.78, K 6-9e F1 ), F KA KGR
PE2r 3108 0.59 F10.85CHE] 6-9h) o 2 —FNEE — 143 B 8] 7 Z1 2 7~ Y STF e m A STF e o
Z I = AR ALE (B 6-9¢ Ml g)o KT 2 EOF 43 M1 B SIF e m A1 SIF e o HIHT 2545
i E—5, K APSIM-SIF BB {ERIH X I8 F K FI K [#) TOC SIF J7 R I R 4f
fH foo HBBEHFNAEME (K 6-8i-1Do B E KRS REIE AT 2 P fose
IR PR, IR foe < 0.05 Fl fore > 0.5 fENBIME, £9F 2%HI 5 # &7
TR KT N B A AHXFREM foe, AT 0.12-0.18 (R 6-2). F KA EM
WAEAEY R E BRI B KT, REBEAE LAL B36n, waea &4 m B A AGE
J2 )5 AR DLBE S B2 B (Dechant et al., 2020). BT B AT 23041 5 K fose EEF
T A A 5341 7 /N (Zeng et al., 2019), Rl HHETA 70 A B X AP 2 A3 A3 S HRVH T
LAI S 0TS 80 fose WG, MITFELEK foso AHRTFRE (R 6-2)0 MR, KW for 7E
M B N, AR E IR A N KT fuo /£ 6 HIERREKME 032
(K 6-8i, ¥ 6-2), £ 7 ARBZE 021 (K 6-8j, F 6-2), IHEREHANAGREEILFA
A, 299 0.13 (B 6-8k Al 1, 3R 6-2). KEMIMAGA 7 Al (LA E K ZE 1T AR
BALPE, X ATREMRRE T M 2 G ER BN foso FREEA (R 6-2). UBAF, 7E6 A
TH, KOH fesc BT KR : £6 H, KU foe JLTRETK fos FIFRE (R 6-2)0 1E
W B, BEE LAL PR, RE R, KR 1-D BRI T3 H 8 foo 7TRE
2> S HUHE 2 (1 R H 5E 7 (Wang et al., 2020; Zhang et al., 2019).
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Figure 6-8 Monthly mean top-of-canopy SIF emission provided by TROPOMI observations (SIFc o,

mW m2 sr'! nm™!), top-of-canopy SIF emission simulated by the APSIM-SIF model (SIF/c m, mW m? sr’!

nm"), and fluorescence escape ratio (f.s) in June (a, €, 1), July (b, f, j), August (c, g, k), and September (d,

h, 1), 2018. SIF ¢ o, fese, and SIFsc  are for 740 nm.

APSIM-SIF TROPOMI-SIF Time Series c ion €
0.72 18 1

@

EOF1

~—E— APSIM-SIF
©— TROPOMI-SIF

Maize Soybean

(h)

Al
1
Al Maize Soybean
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Figure 6-9 Spatial patterns of empirical orthogonal function (EOF) decomposition of the TOC SIF
(SIF1c m, mW m2 sr'! nm") simulated by APSIM-SIF (a, €) and observed TOC SIF (SIF. ,) from
TROPOMI (b, f) for the first two leading modes. (c, g) Corresponding time series for the two modes. (d,

h) Quantification of the spatial resemblance of SIF . » with SIFs. , and the crop types (maize and
soybean). All the correlation coefficients are statistically significant with p-value < 0.01. The percentage

values at the top right of panels (a, €) and (b, f) represent the explained variations of the relevant EOF.
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# 6-2 APSIM-SIF BRI Rk (M) FIRE (S) 7E2018 426 . 7 H. 8 AHI 9 At
H P19 e bR R (fore) FAEWEZ T SIF (SIFse n» mW m?2 sr! nm) . KFHFESS (Rn, MJ
m? day ) WRISEDEA A SR B (fapar) FIHFHEIFFEE (LAL m? m?) (KI5 RIbRiE 2
(FEFE5 Mo SIFwe o {83 TROPOMI 2t 1145 H 35 2T SIFe SIFioe mv SIFioc o A fose 1
740nm.

Table 6-2 Daily mean and standard deviations (in parentheses) of fluorescence escape ratio (fesc) and
top-of-canopy SIF emission (SIFsc m, mW m? sr'! nm™), solar radiation (Rn, MJ m day™), fraction of
absorbed photosynthetically active radiation (fapar), and leaf area index (LAL m? m2) of maize (M) and
soybean (S) simulated by the APSIM-SIF model for U.S. Midwest in June, July, August, and September

2018. SIFs. o represents daily mean top-of-canopy SIF emission provided by TROPOMI. SIF ¢ m,
SIF 0 0, and fos are for 740 nm.

6 H 7H 8 H 9H
M S M S M S M S
SF. 0.75 0.80 1.08 1.01 0.80 0.87 0.55 0.51
: 0.19) (025  (024)  (022)  (0.16)  (0.19)  (0.13)  (0.12)
0.18 0.32 0.15 0.21 0.14 0.13 0.12 0.13
Jex 0.04)  (0.09)  (0.03)  (0.05)  (0.03)  (0.03)  (0.03)  (0.05)
- 0.78 0.95 1.01 1.00 0.78 0.77 0.39 0.38
: 024)  (029)  (027)  (024)  (021)  (021)  (0.13)  (0.14)
. 1998 2007 2171 21.84 18.43 18.33 1581 15.87
(1.82)  (258)  (0.89)  (0.83)  (1.10)  (1.15)  (1.66)  (1.71)
0.63 0.34 0.92 0.66 0.92 0.94 0.81 0.78
Samaw 0.06)  (0.03)  (0.02)  (0.03)  (0.03)  (0.03)  (0.05)  (0.18)
1.97 0.68 4.67 2.04 411 4.99 227 2.84
LAI

(042)  (0.07)  (0.28)  (0.19)  (0.45)  (0.82)  (0.42)  (1.67)

6.3.3.2 RHE/EYILLBINT APSIM-SIF #5814 58 55

VEPEEA A KB 3B H ST e m M SIFr0e o Z[AIFTHE REL (R?) 2E[A1 /3 A TR (
6-10), APSIM-SIF fE540L TOC SIF W} BPERETT fe 2> 724 ARV LA /N (R iAo AR
7o BN, FEACH 4 4 DX M CRn AR R B M R 2 4 50 D 5 STF o m A1 STFr0c o
Z AN R* LA HE BRI /N o B R A B s S P RN 5% 25 R D =43 2 (] 6-10a).
2 AR EL T A 30%38 031 80%H (B 6-10b), SIFwe m A1 SIFse o Z I R2 M 40%
#aINE 85%LA L (B 6-10a). Hril2, RE/EYLLBIRET 70% % 1) R IEF T 0.75
PA b, X Eehig o 7SRO Z 28%. AHELZ R, R EAEYI LRGN T 30% B Y
KEZH R EH/NT 0.5 (F 6-10a b,
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6-10 2018 £ESEE PG ET 7x7 2 BLAHE A LA TOC SIF (mW m? st nm!) 2
[T HRE SR8 (R?) (a) BLAARHEEH] (b) HI%E ] 70 A o
Figure 6-10 The spatial distribution of the coefficient of determination (R?) between the daily
simulated and observed TOC SIF (mW m sr'! nm™") (a) and the crop fraction (b) within 7 x 7 km grid
squares across the U.S. Midwest in 2018.

6.4 -1

6.4.1 \FEIERE] TOC SIF

FESEHT ARSI e rh, A — MR IE R T () BEAT I Fy K 2156 J2 7K 5%
S, B R AN BER T LAL B Vemax IS I RREL, M40 B SIF 45
SN SIF (55 . SR, IEQAHRT SR FRFT RN, XRhE8s mA~ E25
B, HysEatAsh R R IEE AR BAAEH BRSSP ESCER, AR
53 LARF 52 B0 TOC STF [HOCHAR R, I nT REPR 5T SO AL IR NBF 7T AW
TR XL ML Al RN R R s SIF BRI 1 (o) RIZREIBIRIER (fos)o HH
Tz B A RKE, HIHATMRE— DL R e M fue G THTVEER T US55
i APSIM-SIF FIREAUMERE . BEAk, AP FRIITLLA ¢ T BEZ SR ZIREE (Cab) (1932
i, ST AEPPIRAS R AE K BOW e B (B 6-3). R BITE A K g 2Ry
H Cab IR LAINT /S, DRI T DA A AR 5l 2 0T 20 AN B I e Al

fese REAR B JZ L5 F5%T STIF {5 SR AR . #ig Fe—ANafE K- 2
AL RS TUR RN 6 )2 25 A 20 (el TR BOR I i o A D IR AR g, DR,
N SR R WA e 2 25 1 15 5 P S S 2 A KA 1A 20 SR, A8 P 75 B 19 2256 PR ()
W k) WRETCIERES IS T foseo ST FT(Liu et al., 2016; Lu et al., 2020; Yang and van
der Tol, 2018; Zeng et al., 2019)7 B, NIR & [7] [ S A R UF 17 71 K 3K 7R NIR SIF i
AR R U (B RGE R . BeAgiE Y, IR RERT fooe BORLIR B NIR
] S R AR A A L R B S PR 1. T MR R 5 TOC SIF FIRHIE, 1K<
RNAE NIR [X 38,52 #I| B #1)(Zhang et al., 2019), [RH3ET NIR [ 8t 1 775 B AT S b M
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FAAR 34 o A 780 R IMAEE ZEY AR (7 HE 8 A), TAMKEANTERALHF,
Sose IRFFFAXTIEE « IIL, ZEVEA: K25 m g 148 [ 2 MH fose 2 FTAT Y, X EIFESTRI4L
APSIM-SIF #RILE A HH et J2 F BN

6.4.2 1RBY R

B, FEARKRMTAEY, ¢ MR A SOl E . ARFTH FLUSPECT B
FH B2 Y60 3% 3 591 2 I 2K (PSDD (Croce et al., 1996)F1K 2 (PSID) (Franck et al., 2002)
(R 2R IR BN B 1Y), e AT AR AR (R0 R 1t AN 2 o A, AR FUik ik = B
FRAT DX e IR T A A ] RN i SERJEREST . = VPD SERER R Ty, [RIh AR
A7 5 22 Iy A B SIS SR — 25 VPN D8 G IUR B B AN [ PR B 25 A R & R RE ).
s fose 3T HIEA A IS (Knyazikhin et al., 201 1) BT HHES:, %S & 13X TOC
5E 6] S S R TRk T DL 2SR CEP<BE 4, SR, T KA K B AT R E ok it
AR E AR TE A% 200, AEYIRRAT Z 1R R i - 438 2% 717 v DAXT TOC S df 36 77 AE
LR (Zhao et al., 2010). B4 KZFIFIHEME I LATEEARN, T L35S S AN
B, fose V] HE WSS AFAEAR R I ANHH E 1% o

6.5 IhNgh

KU FEAE APSIM-DCaPST HIHEZE N TT K | APSIM-SIF #&8., EeRIEAEY R
BT T K SIF SR . 5 U AR, A TR I B 5 i 42
BB SIF B # N B TOC SIF (AR AP RE, B e F foseo & ATRAZERE T R
FEXG Ak Bt SIF %4344 SIF, Fnl DU it i A=A AR BRAS s o 55— 7T
Sese AT LA LTt S22 25 AL 6 STF 4 S AL B FE RS2 . 7E NIR X35, TOC J5 7] S S KRR
H fose (GTHBIE TT0 RIFTIERIN, foso EAEVERK TN R SR FR R E, XEHT#
f5 APSIM-SIF A 4% . B 45 SRR B, APSIM-SIF W] DAAERf S A K
Z= GPP Al SIF MBI« AW T 4 FHAEDILL % APSIM-SIF 78 X 3 AR AbL B 14
BE S0 [ B B . 0 O B T BRI T PRI X R B BRI A R IS
[ IS A 7 B — B W S0 K 28 K STF W 5 APSIM-SIF BRI AR S5 &, DASSGHVE YA
RS XA E W= 2 AR, o RSB AL TAED s A AE AN SIF RSt 2 18] (R ATLER I
R, EIRHETH SIF KA BRI RGBS E R AT T &
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HBE 25 APSIM-SIF R F 2 BB T iEHlRE

AR, HGH SIS ER %0 (SIF) fEHE sl s 1 HUS s, (R 7E kG
iy A P LSS R A P BT v T R R B ek JE R R Y, I3 R B s e JROUE
W SIF FIELAUARAL. SIF #HATHUR AL S, T AR NEOCE B, b2
AT . AW FREC LK) APSIM-SIF At B, 454 % =% PSI Al PSII %%
TR AR B AR BB E TR E & T 5IN o ZEO 260G HLE R 12
T+ AR 56 T B (02 6 R IR MR Ak 5 775, X APSIM-SIF (06 A- 2 e & i FE kAT it
FEXP KPR RN RE I AT SRR . ARE R A A Hbr. B NHRZEER
GRS CEME RE, BaMBIEETHLEY R (MLR) FRERZRIE-6E
WETTE (L I715) VRGO ERETTE (O J715) FEARPIBA b i 4T 56 HR
PRI %k o 285 A HER XS EE J. 7%k S O HIELE/EYIAR AL 3E4T STF AR40L 5 2 50
IS R Ko AR [R] i 3 3R 585 R R SIF-GPP W N 56 B o 55 = AN H bR 2405 J. J7IELE
IR EE R AR L D FIRAEMEYIRE I HEAT SIF #hA 03 o B AGdk 3 2 M R
B )R B RS R AT ROCERR, IR IR0 E - S AE 2 M e S B 26 1F T
PRI RE . D T VH B et J2 S A AN 7 Tl R S, ASBIE S ASEADL IR B A2 I 7K F- )
B, LR DASE A A 0 A- OGRS AR B R . D T IRIS I KRR RO,
AT FEIE T TS AN AR B0 T vk B 1) 98 e i k2 1 i W (TROPOMD) )7
JETTT 1A PR 265 i KIS 2 IE 56T MLR J7 P B APSIM-SIF B AU A5
PLRT I 7K S (R 98 e 2 SR AT B, AT IE B Gk ) APSIM-SIF A Y 7E 2 ia T~
BRI 2 . AP FRIRIE— DI R G RERATOCE-FOCEELR, AT ReE
BRGMHME SIF A HLHEM:

7.1 APSIM-SIF 3753k

7.1.1 PSII SR 5 %

FERX TR, ABFFESE T MR 73R AT M R G KOG AR, A
TVEY R e E COx FIfLIEZR &, T 115 PSIT %% % 't i 5 % B (SIF0r_psit_pPrDs
umol photons m? s) . EB—FP T IERIR NEET O 7k, BRI R I E A R 5T

(APAR, pmol photons m? s™) FIZE /& (Op) KAliTh SIFiw psi prrp, ©F 5t
g reE (Dp) PLI NPQ R REL (kv) % (VanderTol 25\, 2014). 55 —ff
TIERRRAIET J 7%, PR IEEE (J, pmol e- m?s™') 5 PSII KM H
OIFTEFERE Cqr) KiHH SIFw psuperp (Gu 58N, 201900 T IX W Rl 7 5115
SIF 0 psi prep I—HEFRFE W 7-1 AR
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Legend
y B » The ®p-based method ;
. Derived State
it Parameter || Variable Ol
GPP -=- R - - - - - -
) |
T - - - o
|
2
qr i STIF,»; psi_pprp

Bl 7-1 J6RG/KY- SIF BRI . SCERFN KR 2 7 M KRBT J, T AN LT @p 7RI o

GPP: SWIZA"7] (umol COr m2sD); Jo: HFALIEEZE (umole-m?s1); g PSIL R BEHC
TR ; @p: JALFRTFE; Op: KIEETTE; kv I RKEEF G APAR: )

W& A RgES (umol photons m2 s1); SIF. psi prep: PSIT e E TIHEZE (umol
photons m? s71),

Figure 7-1 Flowchart of the SIF modeling approaches at the photosystem level. The solid and dashed line
represent the flow process for the J.-based and the ®r-based methods, respectively. GPP: gross primary
productivity (umol CO, m s!); J.: electron transport rate (umol e m? s); g.: the fraction of the PSIT
reaction centers; ®p: photochemical quantum yield; ®f: fluorescence quantum yield; ky: rate coefficient

for non-photochemical quenching yield; APAR: absorbed photosynthetically active radiation (pumol
photons m s); SIF ps pprp: the total SIF emission at the photosystem level with the unit of photons

(umol photons m2 s™).

FEICEAF IR P sBr i A% (U 5 GPP B YIHIE, R B R LSO
IR R B I A2 1 80 ) 2 1 R IR 508 (Guan et al., 2016). BT C3 fEAFI Co Y2 A1)
SNSRI REEY & N TRV ATIEYS U PSE

EFF., xGPP C, plants

J, = : .
° EFFC3><GPP><% C, plants

(7-1)

A, EFFcs ( =5) Ml EFFc; ( = 4.8) & Ca Ml G {EWIHIE R TR K. T2
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COy #ME AT (Pa), Cii A — ARk E (Pa),

BT op kR OGBS, OO AR BV 2 B AR ) R AR A
(Parazoo et al., 2020). £ APSIM-SIF s #IiRAFEHIET o ik T i REE RS
MERGEB, ARG EREFEINEEDERS | MRS U MEEE S EL LG,
I STFsor psi_pprp P LAZR 7NN

kF

(1+ﬁ)xa [1_ Je CDPSIImax] (7_2)
Ke + Box x Ky, +Kp °
+

SIFtot_PSII _PPFD — APAR x f3, x

AH, APAR RRWILHIEE A 8EESS (umol photons m?2 s, fy ( =0.5) 4%
PSII i) APAR W73 80 ke A1 kp 73 50l J& 4% R DO A AFERUE R H %, Van der Tol
25(2014) 2 kr = 0.05, kp = max(0.03Tair+0.0073, 0.87), Tair NZTHE; MESH
kno (2.58)+ o (2.83) A1 B (0.114) H Van der Tol 25(2014)$24it; J, (umol e- m? sH)
RN BRI FAL IR TE R, Opsimax & PSII FI I R FE TP E; x = 1-Op/Dpsiimax
OGS RR ABREE, 0 (LRI B 1 ek A5 HED 224k (Van
der Tol et al., 2014).

BT J I T G S RO RS MUY . I\ PSIT 3 PSI 5L by i 1-4% 34
MR (Jo) 1ENEENE COy FMLEFEF N RFEM Sk 2R WA o ¥ SIFwr psi prrp 5
J KA BT R0 F Bz (Gu et al., 2019):

‘]e ><(:I'_CDPSIImax)
0L X Dpgyimax X (1+ kDF)

(7-3)

SIFtot_PSII_PPFD =

X, kor = kolkes kor C =9) HEZERAIITE 2 (Liu et al., 2022b). gz o~ PSIT KN H
OFFTBREREE . HAET, PAR X g —Fr 2840 n] i 207 #2125 47 1F . (Han et al., 2022), qr
A LRIN A

A, =a, exp(-h, xPAR) (7-4)

KA, ag M by RAKRIG BB FEIXE, AHFFEM Han 2520220 1EM KA 45
R aw=0.77, by =4.9x10"1EN C;HEMIMREL ag=0.89, by =5.0x10*1EN CsfE
LI
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7.1.2 PSII B R GeKF RS i

FIAETF ARG T (PSD MRS I (PSID HIXE R G5 6 AR XS ok e,
¥4 SIFwor psu prep Tt RVE R GUK P B IE AT (SIFwor pss mW m™2). K58 P B
ARG KT B LUl PST AN PSIT 1) 5% Y ik i 7«

SIFtot_PS (l) :SIFtot_PSI_rad X, (ﬂ')+S|Ftot_Psu_rad XQ, (/1) (7-5)

A, A (am) AP, SIFir pst rae (mW m™?) H1 STF i psi rae (mW m™) 4372 A
R e R AL PST AN PSIT AR . or f o 73 737 PSI AN PSIT Y SOGHUR
HA g 2R H(Croce et al., 1996), @i 3K H (Franck et al., 2002).

SIFw: ps LAFESTBER BLAL (mW m™?) A LN E I E % (PPFD, pmol
photons m?s'), LA 1 nm 73#FRFHTEWEL (640-850 nm) ¢t PPFD A it

&0 A x10°
SIFtot_PSII_PPFD = SIFtot_PSII_rad /1:2640 Dy (ﬁ“) X hxcxN, x10° x10°
50 2 x10° 7=
SIFg: psi_preo = SIFot psirag /1_26::0[@ (l) X hxcxN, <10° Xlogj

KA, SIFwor psit prrp F1 SIFuor psi prep 3552 H PSIT A PSI {58t il 5 %
(640-850nm), FAA7 A pmol photons m?s™; 4 NEEATEH AL (6.63x10%4T1-5), ¢ A
B (3x108ms™), Ny ABTRMEZD HH (6.02x10% mol). 10°. 10° F1 106 F T4 A7
M mW Sy W A nm F#59 m A mol #5357y pmol.
TETE%%%%F%E@%XEHH&W$1ﬁ7‘jﬁ¥ﬁﬁﬁﬁ/‘]ﬁ%%¥iﬁ%,SIonz_PSH_PPFD%H
SIF:o: psi pprp I ELAE N :

SIFg psi_ppro _ APAR x 3, x D o,
SIFtot_PSII_PPFD APAR x f3, XD o,

(7-7)

K, B (=05 A1 By C =05 73HlFEARSES PSI A PSIT UL PAR [ILELH .

@ _psi M1 @k psu 7379l %7 PSI A PSIL 28177 & . H(Pfindel, 1998) LA K55 I & Aff
FEERBYHEFL DGR ZNT, O sl Z1EHEAER), 2% (Liuetal., 20192)1
FUUEM AL R O pst N 0.005. O psi 52 B E R FI RN, HEE G4

e

El‘n;»o
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>[%‘/A\it 7-6 /El\j'll:iu/!—\\ﬁ 7-7 EF‘ ’ ﬂ ugj‘(?%l‘ SIFtotiPSlirad 5 SIFtotiPSHirad E/‘] Hﬁfﬁ?"j

850
SII:tot_PSI_rad ﬂl X(DF_PS| Xlz (¢II (ﬂ’)xﬂ“)

SIF, ) [ o
L_PSll_rad B X Dy g X Z ((Pl (;t)Xﬂ)

=640

e niN7-5, AR T-6 AT 7-8, {HZE SIFwor pst raas TG RBEIK - SIF s ps AT LAFR

850

B X(DF_PSI X, (l)x Z ((0,, (ﬁ,)xﬂ,)
ou (2)+ SR
By Xq)F_PSII x z (¢’| (l)Xﬂ) (7-9)
SIFg ps (Z)ZSIFmt_Psu_PPFD 2o

850 ﬁ,x106
z (DII (A)X 3 9
1=640 hxcx N, x10°x10

7.1.3 FRRGKFERERI FK R4 i

SIF Dt MOt 2R 45 I v 3% THI HA) 5 SR A% a1 A B e T ey oA 380 €8 3R A B2 D R ¢
gt 24y, 7T L@ FLUSEPCT B FATRLAN,,  HETvHE M i 50 R Gk 2RO
WL (&) LB TICIBL eV B R GEKF RO B K2 (STF0rs
mW m?Znm™), Kt SIF. 1] LLFRIRA:

SIF,, (1) =SIFy s (2)x£(4) (7-10)

X, & RIS RGUKT BN KPR LR 1, e B8 1 9 6AE M B rb (R HUR A1 0
SRR . N T e, ABFFRER T FLUSPECT FERY(Vilfan et al., 2016)F4EL1H-
RGO AERE (EF FEFE) . IX L8 EF 46/ (351x211) K RBHBCAOLIE (400-750nm)
OGO IE (640-850nm), 73 #HEEN Inm. BRI, e RN RIS
PS5 R G A AR S 2 L

E(4)|M Aor i )+ Moo (A A )+ My o (A A )+ My oy (Aer 44
£(4)= (26)(Mupa (2124 )+ Mags () + M (s )+ M (s 2 ) (7-11)
E(ﬂ“e)(MPSI(ﬂ“e’ﬂ“f)—i_MPSIl(ﬂ“e’/If))
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A, A A Ao BAOR e (400-750 nm) AIWEGI K (640-850 nm). E (1x351)
FERBANIT R (400-750nm, mW m2nmsrD. b Al 43 HIFE R A FRE N AT
PG LA S R R I N AT R e My, pst ~ M, psi~sMgpsi ~Mypsi 7=V~ BF 55 [E(351x211),
7392 7R PST_EATHORAERE . PSIT_EATHUR IR PST MTHECORAERE . PSIT MMTHUKE
Bio Mpst A1 Mpsi 53 )& PSI AT PSII G RGHIUGIE EF HFE. o BITEAREGR T 1 v 45
MR SZH, BFEHGER SR (Cab, pg em?). KA MR E& & (Cear, pg cm™).
TYH & (Cdm, gem?), (£ H RS E (Cant, pgem™?). FEWFR L (Cs) A
EHEROKESE (Cw, cm) LM F S5 (N,

714 BERIEERBRLE

M T E X SIF BRSO HUR RN, A PRI B )56 = T30 SIF AN o et 2 9 BT i
R G —5 53 o SIF 00 1 LAIE I WL 21 (1) 56 2 T SIF (SIF e, mW m?nm™! sr!)
AIIERRER (foso) FATH A (Lu et al., 2020), 2UTH:

SIF,, =% (7-12)

esc

FETIHEAR W, FEUT LN BE ] fose T DLBIE AT 20T 3 (Ry)~ H— 02
SRR (NDVD A Z RIS 6 A SR ST LU (fapar) AT A 5 (Zeng et al., 2019):

Ry x NDVI
esc ¢ (7-13)
fAPAR
NDVI 7] F Ruir FNELIGIBUN % (Rrep) THEAZH]:
NDVI = Rur = Reep (7-14)
RNlR + RRED

Fapar BT UL 58 5h 756 FE A M 45 B (WDRVI)(Gitelson et al., 2014)ftiit, WDRVI
(Wide Dynamic Range Vegetation Index) J&—fH T VP E 7 o5 B2, &2
PE22 L) NDVI THE VAR A4 B EINN T2 4, N K 7 EdE o A3
AT, $EE 7R RN AT H A E R 2l NDVI, WDRVI AMY AT
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DATE SR 32 B Y0 Bl N R A, T L AT A B e J Bt A [ 8 43 288 28 PR A A 5
bR, EHh, R, RS FEAEYEEE SRR RS OL T, {EH WDRVI f5 4L
A DU HERf GG B FPAR, M0 5B 04T vHEAf b S A 4 A KR S AN s AR L 1
. WDRVI A S

O'lRNIR — RRED

WDRVI = 7-15
0.1R s + Reep (7-15)
fapar 5 WDRVI 2 £ 5¢ 2 (Liu et al., 2021):
fipar = 0.516 x WDRVI1+0.726 (7-16)

RIS SEAT 21 fose VT DAIE I 6 J2 TOOULIN 21 1) B S SR BEATTH 55, e 1 e J2 S R A 5%

(8

HCho

7.2 APSIM-SIF &8I g3 F(H

7.2.1 GPP #&4L1E4H

T A AR 72 SRR AT e AR AL A, ASHIT FUI I 0 . GPP 24 %) APSIM-
SIF P 6 A R (GPP) BHATVEAL . B 7-2 7R APSIM-SIF #7443 51 % T K Ak
A K ZE GPP B 1@ I 45 ST EE, 45 3R B R APSIM-SIF A8 i) DUR 47 i 4 12 2]
TEMIAEKZE GPP T4 (R>0.87). FIFIMEYIEKZE GPP LI BRI 2R, £
KAE DOY = 190 KA K IE BRI 1K SAE DOY = 220 I AbFRERAKIH, Bk K
KA KK T KRG/ A K (B 7-2). APSIM-SIF FAY GE U8R, T K kS
TEPII A A A DL e A K s GPP R/ BARAE, BEARY Ao B0 48 A i3 B LI 5 140, GPP
ST T KEY) (R*=0.94, RMSE =4.29 pmol m? s, RRMSE =20.43%) (/& 7-2a) %
RITF RKEGMEY (R*=0.88, RMSE=3.95 umolm?s”, RRMSE=22.52%) (|4 7-2b),
EREZHIAEK G B APSIM-SIF #4011 GPP s (B 7-2b). S HIKiU, APSIM-SIF 1
R RERS AT B A FE 5 M5 0 GPP A2 K.
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7-2 APSIM-SIF X} £2K (a) FIKE (b) 256 2K E& H a7 (GPP, pmolm?s™)
FRVASLALL AU B o
Figure 7-2 The comparison between ground measurements and simulations from APSIM-SIF for

daily Gross Primary Productivity (GPP, umol m s!) at the canopy level for maize (a) and soybean (b).

7.2.2 SIF, iR AE

EERM K Gk S, AR APSIM-SIF A RIX STF .o BT,  [FI HLi
R e BT VR (BT J AT OF FI55) BRSURFIARE (B 7-3). 25K,
APSIM-SIF # BB FORFR ZAEY A Z= U STF o AH O IR T U5 X T FoK
D, BT Jo JEA O 714N SIF e SULMMEAREE, R* 235308 0.92 (K] 7-3a).
0.94 (B 7-3¢). ST KGAEY), WAL SIF o 5 I SIFo 5 B A e T
Je JTIER RN 0.90 (B 7-3b), J:T @p VAN R2EN 0.92 (B 7-3d). 25K,
APSIM-SIF A5 w5 FH FR R b o S i & 7 V8 AT LA SR BE A K Z8 ST, ZET4R 4L
R, R AT F AT LAZE APSIM-SIF #5780 ch i AT AR 42 K 28 STF o 14U
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Figure 7-3 The comparisons of the total SIF emission from all leaves (SIFtot, mW m? nm™') between
ground measurements and simulations from the APSIM-SIF model using the J.-based method (a, b) and

the ®r-based method (c, d), respectively, for maize (a, ¢) and soybean (b, d) at the canopy level.
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[RIEZIR, XA VIANSEE SIF . A2 FYEN 86.4%. EAEMIAEA KB, S50 BURRE
FEARE . BAKY, EEYAKAT (DOY =180 Z i), ALA X} SIF. ISR K,
TR 50%, X2 M T7E LAL LR ALA 728404 APAR s2mi K. Bl
TEMAER, W R AEESE oy T yme) FIBUSFERE B2, T ALA 1 kp'S5 e /2 45
TS EAR AT LUARE 20% A L1 SIF w0 A5 o fEVEYIAEK IR, AR B S A UK
P2 FE R I Tt /2 25 A0 S H N U, X B A AR B S B O RAEAE A K e I S
i) 55 K

W FEET Je TR BURNE M 45 SR BRI SIF e 2 M EE SR M A H &

Exsin M e (B 7-4b), XN SHEREE L 60%IK) SIFo 38 5, 1 HoAt A B R i
[ F A FE B HUT Y vemar 1 SLNwp W 5 7 831 20.6%. 53T O HEEAR, w2
SEIZ L ALA F kp' TEARRE SIF 0 A8 5 07 R TIR/NEIVER, AEAEDAK =TT H iR
BT ARE] 10%01 SIF0 225 (B 7-4b). X UHEE T J. 7V AERIL SIF,,, B 58 22 M
TR AR S, MEAREESEWSE, EERMTET J 7B RR SIF 5664
PRI AR A0 AR S 2 A O, RS B SIF o 6 2 Z B GA AR BRI . 1E
BN RN SIF o 521 1) 3 KTt /2 25 18 B /2 ALA, #£ DOY =237 INIA 2] T 25.3%

(E 7-4b). B2, HETWEZEMWSET SIF FISmAES 55, EEYAE KSR IUR
B 1 SIFuw0 25710 3.2%. 28 LRTIR, 1ERET J. HIETR, I 70%[1) SIFe 28 50l LLH A
T EEA SRS . X TET o W77, IS SIF. 42 50T L
EF) 50%0L E, HE W EEE AR EATRE 20%0L BT . X RIIET J, 7
() SIF o fEAED A KIS HA B R Z I T A AR S E (ran); 1I3ET O L
() STF o0 724 K BT AR L 2 S5 M S50 CALA) Wi S BURK T A K o 5 30 6] i 2 A 2 5
e 2L S Croon) F2000 P RRURR
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Figure 7-4 Sobol’ total sensitivity index (STi) for APSIM-SIF SIFtot (760 nm) given all the DCaPST
module variables and the SIF modeling approaches the ®g-based method (a), and the J.-based method (b).

7.3.2 AEINEET GPP # SIF,, & X 2Tk

ffi H1 APSIM-SIF 1 BUBUAN A 17 5t AR AE K Z= T GPP AT SIF o 4R 15 R )32
th, HEMHEIHPE RZE (RD WK 7-5 fi. S58RH, T J M7 ERILE) SIF .o
5 GPP 1 R = T3 @p 515, JUHJETE LAL LhEm (LAL > 2) WIF T (E 7-
5¢). EAEKENPRIRZRIALEM T, SIFe M GPP MSethdrw g, HhdkT J 07
A RSN 0.90-0.93, Ti2E T @ LR R2 6y 0.81-0.83. #R1M0, 7+ R WAk
R, BT Op FIEAAL SIF o A1 GPP 4t R R %, R FEK N 0.67-0.75, Ttk
T Je T IERERUH SIF 0 F1 GPP 18R R IR I S 14 AH O, R AEVE A 0.86-0.87. 24 LAI
BAK (LAT < 2) B (E 7-5b), PFh SIF AR 7 V4001 SIF o BEWEMHRE GPP AZ 52 (1)
90%LL L, BRT TRE&M T CK AHMET O HIERILEZE (R?=0.59). X4 LAI>
2 (K 7-5¢) B, ET J JTEBA) SIFw 5 GPP Z IR MER R LT O J7 L 5
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(AR*JEHH 0.08 2 0.31). JRTM, £ T R4 T, BT J JTEAEE T @p J7IERH SIF o
L GPP IR REBS MG, FHAp T Op HIEHHIMEME R REFHB/ L (R2<0.62). £
IR RKI, ETFEMAT, BT O TIEEIN SIFw 5 GPP &K RIE ALA H/5L
SF WA Frde . thsh, SIEEELAHLE, IR e 15 M > t2 38 SIF ., Fl
GPP Z Mt R R TIE. DL EGRERIIET or 77k, fEm LAL BLT 554
N, wniRE R A AR BRI B R AR, {EY)EZ B GPP A SIFe ZEMER R
ARG, i 2 U R B e A AR IR I R L RS N, GPP 5 SIF.
ZRPE G BRI, X BB THET Op 772X APAR Wi MUK, 7ETFME T GPP
S BREG, WREESEEAE KA, TR R 2% T 2 ia A
AL IR I APAR BUEA K, 1 O A8 S 7E W ia N ARAGIRFE LU/, DR A4S 5S40 Y
SIF o (£ T2 Wi FISRELEL 5, SIF 5 GPP REHUARLEME SR &R, dn FEAe AR A i -
WA AR (LA I 73 APAR PRI, <f#i13 SIF. 5 GPP ZMEX Rifag, 1M
FoT Jo TTIEAEAUI SIF o XA FEL A5 S 220 B 5 N U, BRItk GPP I R R 7
TG, W FE SIFe NP, MEA SR A IS &0 T AT 1S SIF o
5 GPP fE T 5l N B XR R g LR, AR ER T LS S EERIT
SIFi0 5 GPP &1 56 RAET FMHE T HBRIIAE, FT O J7iET 2% 825 JZ -
£ LA SO G 138 TR R 738 A T 5 540U STF o 5 GPP ZRMEC R, TEE T Je TN
MAAE AR FEST T SIF, 5 GPP HEER R, Lkl Z MM 2 T4 1k,
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Figure 7-5 The coefficients of determination (R?) between GPP and SIF, as simulated by the
APSIM-SIF model with two different modeling approaches, for various scenario simulations under
different LAI values: LAI> 0 (a), LAI <2 (b) and LAI > 2 (c¢). The "Normal" scenario indicates no
changes in air temperature or rainfall, "Rain-" indicates a decrease in rainfall, "TEM+" indicates an
increase in air temperature, and "Drought” indicates both a decrease in rainfall and an increase in air
temperature. Additionally, four modes of antagonistic regulation for the crop under varied environmental
conditions are considered: ALA, ALL, CK, and SF. ALA represents only an increase in average leaf angle,
SF represents only a decrease in specific leaf nitrogen-dependent stress factor, ALL represents an increase
in average leaf angle and a decrease in specific leaf nitrogen-dependent stress factor, and CK represents

no changes in either ALA or SF.
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Figure 7-6 Model simulated by the ®r-based method (blue line) and the J.-based method (red line)
and TROPOMI-derived (black circles) daily SIF,,; (mW m? nm!, at 743 nm) at the Brooks Field
(41.97°N, 93.69°W) site for each year from 2018 to 2021 (a - d). The Drought Severity and Coverage
Index (DSCI, green line) represents the drought levels for an area from the U.S. Drought Monitor map.
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7.3.4 TEIRAEE X APSIM-SIF ZE2RHIEEER

FEXEIK SIF ZJ T, FIH APSIM-SIF A8 4T X3k T oK = 25 40L, 5 NASS )
BREF ARG = BB F BN AFE g ATt (B 7-7). SR SR T S0 A
NI A, FET Je TR T O T RSN ED P 2 5 BRGSO it o
Bio FET J T RBGEE Y 0.21 B 0.78, TRINEZEAE 748-2061 kg ha! 2 [A] (]
7-7); TIEET O BIVERIM R REEEREIN-0.19 3 0.61, FIRZETE 1239-2068 kg ha'!
ZIA)(B] 7-7)0 RHZET Jo FAAEDENFIAFAR (B 7-70)BA00 (1) F oK = g v T 2
W e R, MR AT O FIEERZ BUNEN T8 SRS Ew =&, T J. 77
VAR O JEBL A EY) P2 B AE 2019 I EN S 2NN R I A 22 (B 7-7)), Bl & 50
M7= BAH R RBUET 0.25 R AFE, ZF 0N NASS i Y7~ & B AR T HoAt
Ay, BEEH 2019 SEENEE M T BRI 52 1 Bl AR AT, AT 32 APSIM-SIF 40l HE
JIRE, X F R TR G R SR B A . RA UL EE IR, fE SIF X
APSIM-SIF #HEY = B R T 2T J. R AR 2T o 7715
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Figure 7-7 Comparison of simulated maize yields from APSIM-SIF using the Je-based method (red) and ®r-based method (black) with county-level maize yields
reported by NASS for different years and states.
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7.4 +Hg

AHFFAE LT J. A O [P FT158 APSIM A7 5 SIF BEER7E Y R 40 N kAT
i, IWNSEBURNE. SIF0~-GPP X £ A 5B i B 55 77 T vEAs 1 o i) APSIM-
SIF #5571, A 5¢ B I T 058 A& 1) SIF @7 1L LA RAE DI AL & 72, T 7
T BE L T iR S EY T B e

7.4.1 SIF BRI RIS 7 RELER

ARWFFCR T WA SIF @7k, BT J. f ©F 777, FEEEAIR T APSIM
B R XA VAL RS, (HEIES B T R F AR EE R . OF
R Je T TS N kv F1 qre kn BLFE GG R N HR AT AR A 53, IR S35
RIEIA KB 2 R e EHUR N E (Demmig-Adams et al., 2014). 1M g, &A4b PSIT Jz B H
O E IR T 45 3R bof AR FARAS, o0 a5 R Oh-&4E H i
I 32 P2 % 5% # % (Johnson and Berry, 2021). fEiL £ HIHF TR A, K2 H SIF A AL E
55 SCOPE AR 72K HE4T ky A5 (Van der Tol et al., 2014). ky (RS EAE T 5 A0
BT R T R R B E], DR R T FEAE AR i S5 A T R
H IR De Canniére 55(2021)$& H 15T 7K 73 il 3t IR 7 BN 35 ko BRI 5735, AR P 2
SIGPERE, Bz B rIENR L. Ol R TR TR A BRI S E AL g H
bt NPQ S il i 7 58 s HL B 52 AT #2458, 140, Moustakas 55(2022) &8, fEAEIN T
BEHESHES A, q tbHAR PAM 230 (§140 Fv/Fm) 5 N#UK. Chang Z5(2021)F1
Han %5(2022)F 5L R WA AT LUK g /E8 PAR IR EpR %L, REBSIR KRR bWt g, BEG5R
AR . SRS, g 2rta R EER AT AEIMER S5, FF 22— P8R
Foqu RS K AN IR S e AT R, kAT S AR R A

AHIE T AT FH R P i 5 A T VR AE AU /KF SIF (1) 3 B 0K ) R 3R 7 TRIAFAE 22
S AJRBUBES TR, BT o A EERE BRSO RING) . Fik, X
P EREAT SIF BT APAR M s THUR, %4518 5 Parazoo Z5(2020)WF i AH A . 4H
R FET Je TR BT S bR i) AR s AR AT SIF B d i B R B R AL
A RuBP P A P~ 1 52 B HL A% i i 22 B 1) BB 55 PSTT 1) SIF, 24t 1 e |2 4544
AT Z (A IE R, BRI T J JE Bl SIF X 7E T2 N RHG A 284 e 3 5
DNt DA KA A= B AU TH 350 U R B

7.4.2 FEIAFINNAY SIF,,-GPP % ZRIELER

FHEG STFiwes SIFwo A1 GPP Z [AIZEPE R RE W, Ff BAEA FREH A gk
B(Zhang et al., 2021). fEM 7K b, FET J Fl @ I SIF0-GPP X R I T E
HR AR L ME A (Gu et al., 2019; Van der Tol et al., 2014). #R1fi, 7E&E/KF L, SIF..-GPP
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AL NN, . R T, SIFwe Al GPP Z [HEF LR E R R R A W] BE R B BA A
G AR EAD SR TE I 2 S SIS, M~ AR E R SIF./GPP L
o SR, AR KB, ARZR MR IR DA AT BE A2 BT P 32 21078 o't 5 R NI 55 PR 3R
SOMR, RGP R S NPQ AR AL ARG MR SETT 7 A . A AR ], REAETF
AT SIF0-GPP K RATIRE LA R, (HLPERERE LEAR A 251 88, IR TR
U AR - Xu 520210 FC 58 15 e R e J2 A A2 A X STF A2 54 (1
RN, FLELRERWIBEE LK A B B IS T RS, R kA i, e R U 1Y
I, PR AR, I APAR [/ A SIF HRID B . AHE T 45 R LW
FEAEEET O JEN, WEREA KA R4 AL, T FIEIEAN SIFo-GPP
LEMER R MR PG, 1025 RS2 M A (A2 4E, - STFi0-GPP 2 PEREJE 25 i o

7.4.3 =AM

GREADL A BRI . X RS SIF I K E 25T o 77, (HEXME 7
R SIF KK /N%F APAR Wi 3 43 U8 (Parazoo et al., 2020). £ 460 7T R 3T OF
(177 2R A AN Vemax 2 RE ) LLEHIE, 140 Verma %5(2017)F1 Koffi 25(2015)
i1 F SCOPE #AYHEAT Z A DA e /I B 7T K I Vemax XTI SIF Wi R FEARUR. Ky
ff OX AN ) R, AHFFEHRAL T — P Tl AR AR 1 5, DR bE % SIF 5
JEATMIE APAR MIAEFRER R, MIMA B T IF M2 R L& AR B S 4L

AR, ¥ SIF LRt B BB AR & FH T B G Be A S H e 1z B
(Bacour et al., 2019; Norton et al., 2018). #RT, MM J& R ANA & EAIRGFE. N
THEE SIF B RERR T, PR ENINSOC R e S S @ e 7 &
Pt ik — MR o R AR A I RN B AE S RS, I SIF M
e REY R ZTE(L et al., 2022). 73 —Fh 7k &l FH % & PAR A E Xt
NPQ 40, MG NPQ 1S5k (Bacour et al., 2019). AHFHNH T —METHR
GuKF BRI R R BB . % AR TR T R MNE T SIF X
JeA AR FR R BURFE S . SR S, AT J A ST O TR LR
e, AEILFHEMNBRASE, mEERET J AT R E N, Rk
BT REFRIES R,

N TAEFESHC 02 e 1 Rl E3RBOS RGERE . v RIEAGE 2 RUE )2
#, APSIM-SIF BAUTT DISKRER DL R B3 a) S5Ed: B RGERE. A REME
2 R I A B2 S 8Ly APSIM-SIF R oh fT 35 (K 28, DLZE ST 5 A8 (1 Tk
O ZHEURNE S Sk : BT R RE . i REAGE 2 RERMZ4, @it APSIM-
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W77, APSIM-SIF BEAUN G R RE . M REEAGE 2 RS S T ik, DLk
15 B S 5 S B R v & BE AN TR FE o 2% bRk, RECBL PR nT DA%
JES R (RS R TR R IR R RE . A REAGEZ REMSE, H MR
f51 APSIM-SIF 7Y 1 T 5 3 A0S FH 14 o

7.5 ING

KR EE AL S = % APSIM-SIF BRI I, 228 TR, FHENE/NEH
(IR FE 25 L, X 2T OF J7750 APSIM-SIF #4717 ofedk . it R BAE W 7T : B2
SEAERI R E b, K R KRR R R PSIT /K, M5 06 & 1E i R A 3p T {ffE—
s ARG SRS ERA TR, DLSEhRETARIEER (J) NN EENEH R,
BTN EE DA S PO A SR B T o 53T J. J77 APSIM-SIF
BEADN S5 SRR W BT U TTVEREAU ) SIF o ZEVE AR KN I 2 A AR PRI B S 4 (ysn)
i, 1MEET O FIEBILE SIFe fEX 7 E S H (ALAD Al ysin S 5000 RS LR
BUR, T T RSN E R S TP SIF., 5 GPP Ziih 56 RIEGH (R2>0.7), ik
T Op 7R T 2 TR SIF. 5 GPP £i 155 R W] B K (R?<0.62), i /ZM
19 £ B3 A B B 1 ) B8 B T4 15 SIFw 5 GPP £tk R . 36T J, J7ikBiilm)
STF o %o} - 521 B BE A RUES, 5 TROPOMI WLINAE K /N J AR A i 34—, T T @ ik
TET 2 i8R SIF o SRR S BTl  AEAEY P AT TH, 25T Je J77%: APSIM-
SIF #4UEY P B 5 B4 i = Bt R, BEiaH 0.78, Mk T o ikl
e S B gt = EAE LG BARAY, S AR R BN 0.61. ARFFiHEft 7 —
MNET R GAKTFHAT RO G BB HESE, B RA K SIF, AT s Es
BUAE i AT ARV = E U RR .

105



PHABARMRH R A 22 iR 3

FI\E FitE5RE
8.1 EELEip

AT BE T e SR RWOUAE SR AR ENZ T T
APSIM-SIF # i dt 5 oeid . 1 5, B2 T CAM S R 2O 5 E M KR, /£ APSIM-
DCaPST Ml & 5t B s F T HERMEY e Z T H OGS R R 5O0, Mg
APSIM-SIF #i%8. JRJ5, BEXEARAEAE )+ R a8 T B S 4N F LS RO
TR 25 A 5 2 5 M B2 2% 00 R AR SR B Il i, A SR FH T 5 AR B SLES oy Af A A
SRR B AR 7 VAT AR, AR A T 45 0T APSIM-SIF A B HEAT 1 deid o B i
FE X3 BT APSIM-SIF A0S T N A, FH DAUERA ot T v A ke . AHiE 9t 32 24518
R

(1) HRGRNBOR G R B LA PSIT AL PST 98 IR RUR 5 25

i FLUSEPCT #E8Y S i ] LA BRSO T DL RGEROGEUR N, 6
T, BRGVOCHKIE FEZE NPQ (I M taER (BA) WIS, PSIL %
TR RN G e S BURE, e R RO T IA Bl sl , 5 BEE DGR 3G b
NFE, PSI 98GR RO AE I [ADGRASAL T O E, fESJEH R PSIL A PST %6
R MCRAIERRaE, R PE LG 2:1. BT ERRE RGO EUR ST RS
FLUSPECT #ABIAED G, iR COx BAEE NXT M v B R AT RO T F AL .

(2) T-EWHE FHEERK N (ChIF) S5)6A as R N 53w 7 ik

T2 T ChiF 56 R 25 R W 1) F 2 H R R AE, ChlF 32
2T PAR, MDGHE FEZETAATE, BT FhE NS5 T E R BUR R E 1
ChIF 506G #GHRERE . 4B FTHT FH B K Froxf 338K o m B RURR, L 3887K 40 1 R B
SEOCE R FEE, HAK TR KR AT A& KIATA1T . M ChIF H% A kA4
AL FE APAR ISR IR & A G ChIF A BB TR, BT ChiF 5066418 R
BFBE (R <02). EEGIN qr Z8007 LU R AE = W ia 5640 NG 2R 2% 32 98Ok
(ChlFxgqr) A WMEERE S (R2>0.9), XULHH PSIT FOE b RO IR S T
EYSANANR hl e SER NS

(3D ZECHIM Ty [A) AR HIRRAT B DA S 38 I S R ek 2 STF 1A 1 52 )

BT AN =28 HORR S A AR R AR U0 ] S BRSO B R R 2L LA AT
F 5T AT BRECE <, T DL SR REE AL R EOHAT U BCEERME PO IR R MR (R >
0.95), M J7 5 G RE R AR 32 32 B HHBUA 70 AT R LI AR B2 LA S LAL HISER 0K,
Al LA 7 APEIR 2040 T %6 . NDVI DU Z ) PAR ELGIEEAT A5 (R? = 0.89).

106



FNE Gk 5RYE

AR 37 55 S A S S ADL 45 S U0 BH i PR 25 RS, 33 S O 0t 5 e ik IR MR 2R B2 e A1
MARFRE 2 BT, IR G 3G BB R s R AT BB LU bR b B X 5 s 1 3 M 26 52
e 55 R o AR FH 2B AT b 25 A6 0k it J 2 2 Dl 16 R MR 3 1) 5 Wi AN W 220

(4) BTyt ARt by RS B 4%k B SIF #4552 T (TOC) Hijpk Bt SIF

AP B SIF 30 sk B TOC SIF i AR 5 i A B SR 2 45/ AE ¢, itk
R TG IEFR AT, B e T foeo & 50 A AR RS AR O 1 B2 3 M-S 3K
A PSIL G TPZ RN, T fose SR T 762 Z5 0T RS SIF Fai A& i 7%
VR I APSIM-SIF 74 3 [ o 78 S A 400U B AR 0 A2 K 221 B S 0 A e AN RRE
XA B T4 A AR X I LR . ol i AU SRR, APSIM-SIF A DL #ERf h ER
EEAEY A K Zx GPP Ml SIF [sh#&70 1k, K@t & 1 fooo B B THEEAED AL SIF 15
P

(5) APSIM-SIF #78 p it 55 v H

T e AR REE_EXT APSIM-SIF HEAT S50k, H4mH FrK- T [ REE 2D R 4 11K
e, I G SR A E R R E R FE— 8. SAElId 5N ¢ Z40E T MLR ikl
WG TTE,  DLSEER T 18 26 A iy T 4 37 BE N R e 5o e LB
KR BRGNS IR EREAT T IRAEKAE, 45 BRI NG APSIM-SIF #E71% K38
TR EY) R 2 B STF (AR IOURS B LA RSt T 5 P (i . 77 o i ist 45 A 18 J&X STF
IR BADCESHAT A, SRRIIET MLR J7EA LR T APSIM-SIF XI5
VEV = B RE

8.2 BN BIF =

(1) AW FUAE Y28 310 - - FAARIUR] 20 I B S it 4% DAL Fr o Se AR AL s
AT RGO I, WU BE R G0 GO A T UG ot R G0k T el
BRI AERA 1 o

(AW TR T T 5 T 2R 708 5 e S MR R A, IF 58 241 ChiFxqy
JTE AT AT 8 v T 8 2 R 2R R e e & A e T

(3) HIXAEAEPIER CAPSIMD 58 UG R GUK- TG G- 9Ot & 1T RE DR HE T
ARG 22 YL EARHELE, SRR @ik, ([T SIF BRI R
iILH .

(4) AWETCHIER APSIM-SIF Ay IR H aifh 3 i 2k 3R 5O S AL AR
FEEE TRRE, AR SRS A BRI N T 7

107



PHABARMRH R A 22 iR 3

83 TEESRE

K FMNICRG . wZ XA T R AT R 7O SEMBR RS R
GEMEREFT, SR AR B SEIG AIAR S AT A AL 78 5 Bl T 20 506 & i AR FEAL
DA S Ot S A S R sg e [ &R 44, TR g If ot APSIM-SIF A8 . RAEHUS T
— LR SRR, (R IRAEAE — e, 75 AR A IS A T AT it

(1) AW 5t FLUSEPCT 8 S s SRR G UK 35 A1 5 T SVD J7 ik B Ak
WOk, AVEr R BT T BGOSR 2 MR R 2 T RIE . 75 i
T B AE Tk J2 8 AR A A v () 34T e S T O T AR IE,  JCH R B = A L
FEASALR) = 4EO 4R L A 40 DART. FluorFLIES 4%

(2) AWHIT qr BT H AT REEXHEDIZE AN g1 5 PAR AT K R HARLZ Fi
MR g H5HADAEER FUiEE . COx HIE S /KRR RIS B AN HANAE
SIS AT IR, IR T 2N 1) g DUERERAR, A TTEE— D3R & 2 FhiE 4 T
ChlFxq. fli 5L & [ fE

(3) AT 50 I I 5 A BRI IE A 7K 77 5 SRS N S KAT NI KRB e T 5 )
B TR E A MR R AR . BT REAT CEYRIAE AL B I8 SEI 5T, APSIM-
SIF 5 81 iilt F EEEEXT Co FTKAEYD, B a0 THEMAT C:AEWI/N . K55 iha
SEE,  DABTRAAS [F AR A QU R AR AL U BE 580 5066 0C R AR BATL I (1 R

(4) AHFFAdH APSIM-SIF #7847 X 3 A FUET ) TROPOMI SIF %045, R4
LI 24y WA T H A 28 1 Hfh STF T EE , (HZ) Tkm 1978 8] 43 #8258 3 2 APSIM-
SIF A BUATI SR TeiFxd A% 37y R BEAE YD = B AT 40 o i 2 0 11 e AL 2 A% Sk DA S ¢
SR B (40 FLEX) HIK &, APSIM-SIF #ERUAG SHEE A 3 R EE_ESHAT YL & 47
JIREAUS B

(5) 23k APSIM-SIF 5 AI7E B JK STF LR T, R ST XA E = Al 5 B
Wgivh e LR Bm A S, AR AEAS [R) A 4 Al SUATSAS BE HUAR — SRR i A5
AR . X FERH T AREATXIRE B S8 S M SHORHE, IR R 7T TP ik 757
BT ESH, 4w APSIM-SIF A58 [X /47 B AL it

108



Z25 3k

B2 SRR

WRigE, e, E%%E M IRz, 2019. 2T HOGIHE PR D05 R 361 10/ 2 S5 R R HIE 5T
A E N, 34(03): 511-520.

FEEE M XRZ, 20100 3T 2R DOERGHETE RDCRER ARG, A0k TREA 4R (S2): 74-80.

IS, JEAKSE A TEHiHb, 2017. MODIS LAI 7= i B SEVERT 3G 5w Z2 0 BT, 3@ I3, 21(02): 206-217.

ARG, TIESR, TKICEE, AR R Gk3EFE, 2013, AR X AS ) 3 R YN FE S RO A v RE G 2 .
N A A 244, 24(07): 1895-1899.

B, X Rz A XETAS, 2015, FluorMOD  FEADLH 2 35 5% 0l R IR AN B I 28 S B S5k AN ko . 38
AR, 19(4): 594-608.

KRz, KHRBE, S5, A5 M IR, 2012, C3, C4 {EWIRIGAR B 2 5 (MG SR 7. 18 K
223, 16(4): 783-795.

KT H, EONR, kA0, KB, EAE, AHEE, BRI, ERE, whA, MEZE, B,
A IOCAE, 2017, HOGEE S 3R 56l 5 B SR A 38 R G AR 7 I IRE ). 1R 5 M
FH, 32(02): 363-373.

LesE, REH A TS, 2020. SPEL FIE YR EAE B ML INPU Fg b X T 2 225 M. AU R, 51(12):
184-192.

EHFL, LHR M EEMK, 2007 PEARLTRKEMEDF B, HIRKE R, 16(5): 37-43.

BRI G, ROE, TR, B M R, 2004, NaCl BHa i AN A G R s MG A K 3 06 RrE AN
AR AR, P EREZ(1): 1754-1759.

2, WA, Bk fogkakok, 2019, FEF SCOPE MR /K FEAS A A & 1 H 6 il S 4 R 98 6 &
GPP BT . EIREIAR LR, 34(3): 488-499.

Mk, MU, kAR, BPEDT, ESRE, EER M ARE T, 2010, BT PROSAIL BER K T™M 5 52 ot
() MODISLAI A5 E 3. £k LFE#4R, 26(04): 192-197+385.

MR, K2, GESEB AN L, 2004, KO I AN R HT F2R I AN A R 3R O S B RS L
PHALE 2441 (05): 812-816.

FKAFA, 1999, MR VOLEN S HN R LRk, P21 (04): 444-448.

EEIE, FAATE, BRHE, Rk A1 KiKOt, 2019. FDGIE S-Sk 3R 5 R Ik S BB IE RN i e

R, TEER, BOCIL, EEE N BAEZE, 2019, FOUHIMEER TGS RN 36 H0E W I/ 22 2655
PR R0 AT, il R O 2 A, 39(9): 2739.

A&, A., Malenovsky, Z., Olejnickova, J., Gallé, A., Rascher, U. and Mohammed, G., 2015. Meta-analysis
assessing potential of steady-state chlorophyll fluorescence for remote sensing detection of plant water,
temperature and nitrogen stress. Remote sensing of environment, 168: 420-436.

Agati, G., 1998. Response of the in vivo chlorophyll fluorescence spectrum to environmental factors and laser
excitation wavelength. Pure and Applied Optics: Journal of the European Optical Society Part A, 7(4): 797.

Anderson, M.C., Hain, C., Wardlow, B., Pimstein, A., Mecikalski, J.R. and Kustas, W.P., 2011. Evaluation of
drought indices based on thermal remote sensing of evapotranspiration over the continental United States.
Journal of Climate, 24(8): 2025-2044.

Bacour, C., Maignan, F., MacBean, N., Porcar - Castell, A., Flexas, J., Frankenberg, C., Peylin, P., Chevallier, F.,
Vuichard, N. and Bastrikov, V., 2019. Improving estimates of gross primary productivity by assimilating

solar - induced fluorescence satellite retrievals in a terrestrial biosphere model using a process - based SIF

109



PHABARMRH R A 22 iR 3

model. Journal of Geophysical Research: Biogeosciences, 124(11): 3281-3306.

Bacour, C., Maignan, F., Porcar-Castell, A., MacBean, N., Goulas, Y., Flexas, J., Guanter, L., Joiner, J. and Peylin,
P., 2016. Potentials of satellite derived SIF products to constrain GPP simulated by the new ORCHIDEE-
FIuOR terrestrial model at the global scale, AGU Fall Meeting Abstracts, pp. BS4A-03.

Baker, A., Tipping, E., Thacker, S. and Gondar, D., 2008. Relating dissolved organic matter fluorescence and
functional properties. Chemosphere, 73(11): 1765-1772.

Baker, J. and Griffis, T., 2005. Examining strategies to improve the carbon balance of corn/soybean agriculture
using eddy covariance and mass balance techniques. Agricultural and Forest Meteorology, 128(3-4): 163-
177.

Bernacchi, C.J., Hollinger, S.E. and Meyers, T., 2005. The conversion of the corn/soybean ecosystem to no - till
agriculture may result in a carbon sink. Global Change Biology, 11(11): 1867-1872.

Buschmann, C., 2007. Variability and application of the chlorophyll fluorescence emission ratio red/far-red of
leaves. Photosynthesis Research, 92: 261-271.

Chang, C.Y., Wen, J., Han, J., Kira, O., LeVonne, J., Melkonian, J., Riha, S.J., Skovira, J., Ng, S. and Gu, L.,
2021. Unpacking the drivers of diurnal dynamics of sun-induced chlorophyll fluorescence (SIF): Canopy
structure, plant physiology, instrument configuration and retrieval methods. Remote Sensing of
Environment, 265: 112672.

Chen, J., Liu, J., Cihlar, J. and Goulden, M., 1999. Daily canopy photosynthesis model through temporal and
spatial scaling for remote sensing applications. Ecological modelling, 124(2-3): 99-119.

Chen, S., Huang, Y. and Wang, G., 2021. Detecting drought-induced GPP spatiotemporal variabilities with sun-
induced chlorophyll fluorescence during the 2009/2010 droughts in China. Ecological Indicators, 121:
107092.

Chen, X., Mo, X., Zhang, Y., Sun, Z., Liu, Y., Hu, S. and Liu, S., 2019. Drought detection and assessment with
solar-induced chlorophyll fluorescence in summer maize growth period over North China Plain. Ecological
Indicators, 104: 347-356.

Cook, E.R., Seager, R., Cane, M.A. and Stahle, D.W., 2007. North American drought: Reconstructions, causes,
and consequences. Earth-Science Reviews, 81(1-2): 93-134.

Croce, R., Zucchelli, G., Garlaschi, F.M., Bassi, R. and Jennings, R.C., 1996. Excited state equilibration in the
photosystem I— light-harvesting I complex: P700 is almost isoenergetic with its antenna. Biochemistry,
35(26): 8572-8579.

Cui, T., Sun, R., Xiao, Z., Liang, Z. and Wang, J., 2020. Simulating spatially distributed solar-induced chlorophyll
fluorescence using a BEPS-SCOPE coupling framework. Agricultural and Forest Meteorology, 295: 108169.

Dau, H., 1994. Molecular mechanisms and quantitative models of variable photosystem II fluorescence.
Photochemistry and photobiology, 60(1): 1-23.

De Cannicére, S., Herbst, M., Vereecken, H., Defourny, P. and Jonard, F., 2021. Constraining water limitation of
photosynthesis in a crop growth model with sun-induced chlorophyll fluorescence. Remote Sensing of
Environment, 267: 112722.

De Pury, D. and Farquhar, G., 1997. Simple scaling of photosynthesis from leaves to canopies without the errors
of big - leaf models. Plant, Cell & Environment, 20(5): 537-557.

Dechant, B., Ryu, Y., Badgley, G., Zeng, Y., Berry, J.A., Zhang, Y., Goulas, Y., Li, Z., Zhang, Q. and Kang, M.,
2020. Canopy structure explains the relationship between photosynthesis and sun-induced chlorophyll
fluorescence in crops. Remote Sensing of Environment, 241: 111733.

Demmig-Adams, B., Garab, G., Adams III, W. and Govindjee, U., 2014. Non-photochemical quenching and
energy dissipation in plants, algae and cyanobacteria, 40. Springer.

110



Z25 3k

Disney, M., Lewis, P. and Saich, P., 2006. 3D modelling of forest canopy structure for remote sensing simulations
in the optical and microwave domains. Remote Sensing of Environment, 100(1): 114-132.

Dold, C., Biiyiikcangaz, H., Rondinelli, W., Prueger, J., Sauer, T. and Hatfield, J., 2017. Long-term carbon uptake
of agro-ecosystems in the Midwest. Agricultural and Forest Meteorology, 232: 128-140.

Farquhar, G.D., von Caemmerer, S.v. and Berry, J.A., 1980. A biochemical model of photosynthetic CO 2
assimilation in leaves of C 3 species. planta, 149: 78-90.

Feng, P., Wang, B., Li Liu, D., Waters, C. and Yu, Q., 2019. Incorporating machine learning with biophysical
model can improve the evaluation of climate extremes impacts on wheat yield in south-eastern Australia.
Agricultural and Forest Meteorology, 275: 100-113.

Feret, J.-B., Frangois, C., Asner, G.P., Gitelson, A.A., Martin, R.E., Bidel, L.P., Ustin, S.L., Le Maire, G. and
Jacquemoud, S., 2008. PROSPECT-4 and 5: Advances in the leaf optical properties model separating
photosynthetic pigments. Remote sensing of environment, 112(6): 3030-3043.

Franck, F., Juneau, P. and Popovic, R., 2002. Resolution of the photosystem I and photosystem II contributions
to chlorophyll fluorescence of intact leaves at room temperature. Biochimica et Biophysica Acta (BBA)-
Bioenergetics, 1556(2-3): 239-246.

Frankenberg, C., Fisher, J.B., Worden, J., Badgley, G., Saatchi, S.S., Lee, J.E., Toon, G.C., Butz, A., Jung, M.
and Kuze, A., 2011. New global observations of the terrestrial carbon cycle from GOSAT: Patterns of plant
fluorescence with gross primary productivity. Geophysical Research Letters, 38(17).

Gastellu-Etchegorry, J.-P., Demarez, V., Pinel, V. and Zagolski, F., 1996. Modeling radiative transfer in
heterogeneous 3-D vegetation canopies. Remote sensing of environment, 58(2): 131-156.

Gastellu-Etchegorry, J.-P., Lauret, N., Yin, T., Landier, L., Kallel, A., Malenovsky, Z., Al Bitar, A., Aval, J.,
Benhmida, S. and Qi, J., 2017. DART: recent advances in remote sensing data modeling with atmosphere,
polarization, and chlorophyll fluorescence. IEEE Journal of Selected Topics in Applied Earth Observations
and Remote Sensing, 10(6): 2640-2649.

Gastellu-Etchegorry, J.-P., Malenovsky, Z., Gomez, N.D., Meynier, J., Lauret, N., Yin, T., Qi, J., Guilleux, J.,
Chavanon, E. and Cook, B., 2018. Simulation of chlorophyll fluorescence for sun-and shade-adapted leaves
of 3d canopies with the dart model, IGARSS 2018-2018 IEEE International Geoscience and Remote Sensing
Symposium. IEEE, pp. 5995-5998.

Gitelson, A.A., Peng, Y. and Huemmrich, K.F., 2014. Relationship between fraction of radiation absorbed by
photosynthesizing maize and soybean canopies and NDVI from remotely sensed data taken at close range
and from MODIS 250 m resolution data. Remote Sensing of Environment, 147: 108-120.

Griffis, T., Sargent, S., Baker, J., Lee, X., Tanner, B., Greene, J., Swiatek, E. and Billmark, K., 2008. Direct
measurement of biosphere - atmosphere isotopic CO2 exchange using the eddy covariance technique.
Journal of Geophysical Research: Atmospheres, 113(D8).

Grossmann, K., Frankenberg, C., Magney, T.S., Hurlock, S.C., Seibt, U. and Stutz, J., 2018. PhotoSpec: A new
instrument to measure spatially distributed red and far-red Solar-Induced Chlorophyll Fluorescence. Remote
Sensing of Environment, 216: 311-327.

Gu, L., Han, J., Wood, J.D., Chang, C.Y.Y. and Sun, Y., 2019. Sun - induced Chl fluorescence and its importance
for biophysical modeling of photosynthesis based on light reactions. New Phytologist, 223(3): 1179-1191.

Guan, K., Berry, J.A., Zhang, Y., Joiner, J., Guanter, L., Badgley, G. and Lobell, D.B., 2016. Improving the
monitoring of crop productivity using spaceborne solar - induced fluorescence. Global change biology,
22(2): 716-726.

Guanter, L., Bacour, C., Schneider, A., Aben, 1., van Kempen, T.A., Maignan, F., Retscher, C., Kohler, P.,
Frankenberg, C. and Joiner, J., 2021. The TROPOSIF global sun-induced fluorescence dataset from the

111



PHABARMRH R A 22 iR 3

Sentinel-5P TROPOMI mission. Earth System Science Data, 13(11): 5423-5440.

Guanter, L., Zhang, Y., Jung, M., Joiner, J., Voigt, M., Berry, J.A., Frankenberg, C., Huete, A.R., Zarco-Tejada,
P. and Lee, J.-E., 2014. Global and time-resolved monitoring of crop photosynthesis with chlorophyll
fluorescence. Proceedings of the National Academy of Sciences, 111(14): E1327-E1333.

Guisse, B., Srivastava, A. and Strasser, R., 1995. The polyphasic rise of the chlorophyll a fluorescence (OKJIP)
in heat-stressed leaves. Archives des sciences, 48(2): 147-160.

Han, J., Chang, C., Gu, L., Zhang, Y., Walker, A., Wen, J., Kira, O., McNaull, S. and Sun, Y., 2021. How to
Estimate Photosynthesis from Solar-induced Chlorophyll Fluorescence (SIF)? Building the Physiological
Foundation Utilizing Extensive Leaf-level Measurements across Diverse Plant Biomes and Environments,
AGU Fall Meeting Abstracts, pp. B22C-02.

Han, J., Chang, C.Y.Y., Gu, L., Zhang, Y., Meeker, E.W., Magney, T.S., Walker, A.P., Wen, J., Kira, O. and
McNaull, S., 2022. The physiological basis for estimating photosynthesis from Chl a fluorescence. New
Phytologist, 234(4): 1206-1219.

Hao, D., Asrar, G.R., Zeng, Y., Yang, X., Li, X., Xiao, J., Guan, K., Wen, J., Xiao, Q. and Berry, J.A., 2021a.
Potential of hotspot solar - induced chlorophyll fluorescence for better tracking terrestrial photosynthesis.
Global change biology, 27(10): 2144-2158.

Hao, D., Zeng, Y., Qiu, H., Biriukova, K., Celesti, M., Migliavacca, M., Rossini, M., Asrar, G.R. and Chen, M.,
2021b. Practical approaches for normalizing directional solar-induced fluorescence to a standard viewing
geometry. Remote Sensing of Environment, 255: 112171.

Hao, D., Zeng, Y., Zhang, Z., Zhang, Y., Qiu, H., Biriukova, K., Celesti, M., Rossini, M., Zhu, P. and Asrar, G.R.,
2022. Adjusting solar-induced fluorescence to nadir-viewing provides a better proxy for GPP. ISPRS Journal
of Photogrammetry and Remote Sensing, 186: 157-169.

Hartley, A., MacBean, N., Georgievski, G. and Bontemps, S., 2017. Uncertainty in plant functional type
distributions and its impact on land surface models. Remote Sensing of Environment, 203: 71-89.

He, L., Magney, T., Dutta, D., Yin, Y., Kohler, P., Grossmann, K., Stutz, J., Dold, C., Hatfield, J. and Guan, K.,
2020. From the ground to space: Using solar - induced chlorophyll fluorescence to estimate crop
productivity. Geophysical Research Letters, 47(7): ¢€2020GL087474.

Helm, L.T., Shi, H., Lerdau, M.T. and Yang, X., 2020. Solar - induced chlorophyll fluorescence and short - term
photosynthetic response to drought. Ecological Applications, 30(5): €02101.

Hernandez-Clemente, R., North, P.R., Hornero, A. and Zarco-Tejada, P.J., 2017. Assessing the effects of forest
health on sun-induced chlorophyll fluorescence using the FluorFLIGHT 3-D radiative transfer model to
account for forest structure. Remote Sensing of Environment, 193: 165-179.

Hernandez-Ramirez, G., Hatfield, J.L., Parkin, T.B., Sauer, T.J. and Prueger, J.H., 2011. Carbon dioxide fluxes
in corn—soybean rotation in the midwestern US: Inter-and intra-annual variations, and biophysical controls.
Agricultural and Forest Meteorology, 151(12): 1831-1842.

Hoerling, M., Eischeid, J., Kumar, A., Leung, R., Mariotti, A., Mo, K., Schubert, S. and Seager, R., 2014. Causes
and predictability of the 2012 Great Plains drought. Bulletin of the American Meteorological Society, 95(2):
269-282.

Holzworth, D.P., Huth, N.I., deVoil, P.G., Zurcher, E.J., Herrmann, N.I., McLean, G., Chenu, K., van Oosterom,
E.J., Snow, V. and Murphy, C., 2014. APSIM—evolution towards a new generation of agricultural systems
simulation. Environmental Modelling & Software, 62: 327-350.

Huang, J., Gémez-Dans, J.L., Huang, H., Ma, H., Wu, Q., Lewis, P.E., Liang, S., Chen, Z., Xue, J.-H. and Wu,
Y., 2019. Assimilation of remote sensing into crop growth models: Current status and perspectives.
Agricultural and forest meteorology, 276: 107609.

112



Z25 3k

Huang, J., Sedano, F., Huang, Y., Ma, H., Li, X., Liang, S., Tian, L., Zhang, X., Fan, J. and Wu, W., 2016.
Assimilating a synthetic Kalman filter leaf area index series into the WOFOST model to improve regional
winter wheat yield estimation. Agricultural and Forest Meteorology, 216: 188-202.

Jacquemoud, S. and Baret, F., 1990. PROSPECT: A model of leaf optical properties spectra. Remote sensing of
environment, 34(2): 75-91.

Johnson, J. and Berry, J., 2021. The role of cytochrome bo6f in the control of steady-state photosynthesis: a
conceptual and quantitative model. Photosynthesis Research, 148(3): 101-136.

Jones, E. and van Vliet, M.T., 2018. Drought impacts on river salinity in the southern US: Implications for water
scarcity. Science of the total environment, 644: 844-853.

Kallel, A., 2020. FluLCVRT: Reflectance and fluorescence of leaf and canopy modeling based on Monte Carlo
vector radiative transfer simulation. Journal of Quantitative Spectroscopy and Radiative Transfer, 253:
107183.

Kimm, H., Guan, K., Burroughs, C.H., Peng, B., Ainsworth, E.A., Bernacchi, C.J., Moore, C.E., Kumagai, E.,
Yang, X. and Berry, J.A., 2021. Quantifying high - temperature stress on soybean canopy photosynthesis:
The unique role of sun - induced chlorophyll fluorescence. Global change biology, 27(11): 2403-2415.

Knorr, W., 2000. Annual and interannual CO2 exchanges of the terrestrial biosphere: Process - based simulations
and uncertainties. Global ecology and biogeography, 9(3): 225-252.

Knyazikhin, Y., Schull, M.A., Xu, L., Myneni, R.B. and Samanta, A., 2011. Canopy spectral invariants. Part 1:
A new concept in remote sensing of vegetation. Journal of Quantitative Spectroscopy and Radiative Transfer,
112(4): 727-735.

Koffi, E., Rayner, P., Norton, A., Frankenberg, C. and Scholze, M., 2015. Investigating the usefulness of satellite-
derived fluorescence data in inferring gross primary productivity within the carbon cycle data assimilation
system. Biogeosciences, 12(13): 4067-4084.

Kohler, P., Frankenberg, C., Magney, T.S., Guanter, L., Joiner, J. and Landgraf, J., 2018. Global retrievals of
solar - induced chlorophyll fluorescence with TROPOMI: First results and intersensor comparison to
OCO - 2. Geophysical Research Letters, 45(19): 10,456-10,463.

Kozyrev, N., 1956. Luminescence of the lunar surface and intensity of corpuscular radiation of the Sun.
Proceedings of the Crimean Astron. Observatory, 16: 148-158.

Krause, a.G. and Weis, E., 1991. Chlorophyll fluorescence and photosynthesis: the basics. Annual review of plant
biology, 42(1): 313-349.

Kukal, M. and Irmak, S., 2020. Light interactions, use and efficiency in row crop canopies under optimal growth
conditions. Agricultural and Forest Meteorology, 284: 107887.

Lawrence, D.M., Oleson, K.W., Flanner, M.G., Thornton, P.E., Swenson, S.C., Lawrence, P.J., Zeng, X., Yang,
Z.L., Levis, S. and Sakaguchi, K., 2011. Parameterization improvements and functional and structural
advances in version 4 of the Community Land Model. Journal of Advances in Modeling Earth Systems, 3(1).

Lee, J.-E., Frankenberg, C., van der Tol, C., Berry, J.A., Guanter, L., Boyce, C.K., Fisher, J.B., Morrow, E.,
Worden, J.R. and Asefi, S., 2013. Forest productivity and water stress in Amazonia: Observations from
GOSAT chlorophyll fluorescence. Proceedings of the Royal Society B: Biological Sciences, 280(1761):
20130171.

Lee, J.E., Berry, J.A., van der Tol, C., Yang, X., Guanter, L., Damm, A., Baker, I. and Frankenberg, C., 2015.
Simulations of chlorophyll fluorescence incorporated into the C ommunity L and M odel version 4. Global
change biology, 21(9): 3469-3477.

Li, R., Lombardozzi, D., Shi, M., Frankenberg, C., Parazoo, N.C., Kdhler, P., Yi, K., Guan, K. and Yang, X.,

2022. Representation of Leaf - to - Canopy Radiative Transfer Processes Improves Simulation of Far - Red

113



PHABARMRH R A 22 iR 3

Solar - Induced Chlorophyll Fluorescence in the Community Land Model Version 5. Journal of Advances
in Modeling Earth Systems, 14(3): €2021MS002747.

Li, X., Xiao, J., He, B., Altaf Arain, M., Beringer, J., Desai, A.R., Emmel, C., Hollinger, D.Y., Krasnova, A. and
Mammarella, 1., 2018. Solar - induced chlorophyll fluorescence is strongly correlated with terrestrial
photosynthesis for a wide variety of biomes: First global analysis based on OCO - 2 and flux tower
observations. Global change biology, 24(9): 3990-4008.

Liu, L., Liu, X. and Guan, L., 2016. Uncertainties in linking solar-induced chlorophyll fluorescence to plant
photosynthetic activities, 2016 IEEE International Geoscience and Remote Sensing Symposium (IGARSS).
IEEE, pp. 4414-4417.

Liu, W., Atherton, J., Méttus, M., Gastellu-Etchegorry, J.-P., Malenovsky, Z., Raumonen, P., Akerblom, M.,
Makipaa, R. and Porcar-Castell, A., 2019a. Simulating solar-induced chlorophyll fluorescence in a boreal
forest stand reconstructed from terrestrial laser scanning measurements. Remote Sensing of Environment,
232:111274.

Liu, W., Luo, S., Lu, X., Atherton, J. and Gastellu-Etchegorry, J.-P., 2020. Simulation-based evaluation of the
estimation methods of far-red solar-induced chlorophyll fluorescence escape probability in discontinuous
Forest canopies. Remote Sensing, 12(23): 3962.

Liu, X., Liu, Z., Liu, L., Lu, X., Chen, J., Du, S. and Zou, C., 2021. Modelling the influence of incident radiation
on the SIF-based GPP estimation for maize. Agricultural and Forest Meteorology, 307: 108522.

Liu, Y., Chen, J.M., He, L., Zhang, Z., Wang, R., Rogers, C., Fan, W., de Oliveira, G. and Xie, X., 2022a. Non-
linearity between gross primary productivity and far-red solar-induced chlorophyll fluorescence emitted
from canopies of major biomes. Remote Sensing of Environment, 271: 112896.

Liu, Z., Lu, X., An, S., Heskel, M., Yang, H. and Tang, J., 2019b. Advantage of multi-band solar-induced
chlorophyll fluorescence to derive canopy photosynthesis in a temperate forest. Agricultural and Forest
Meteorology, 279: 107691.

Liu, Z., Zhao, F., Liu, X., Yu, Q., Wang, Y., Peng, X., Cai, H. and Lu, X., 2022b. Direct estimation of
photosynthetic CO2 assimilation from solar-induced chlorophyll fluorescence (SIF). Remote Sensing of
Environment, 271: 112893.

Lu, X., Liu, Z., Zhao, F. and Tang, J., 2020. Comparison of total emitted solar-induced chlorophyll fluorescence
(SIF) and top-of-canopy (TOC) SIF in estimating photosynthesis. Remote Sensing of Environment, 251:
112083.

Lu, X., Liu, Z., Zhou, Y., Liu, Y., An, S. and Tang, J., 2018. Comparison of phenology estimated from reflectance-
based indices and solar-induced chlorophyll fluorescence (SIF) observations in a temperate forest using
GPP-based phenology as the standard. Remote Sensing, 10(6): 932.

Magney, T.S., Barnes, M.L. and Yang, X., 2020. On the covariation of chlorophyll fluorescence and
photosynthesis across scales. Geophysical Research Letters, 47(23): €2020GL091098.

Magney, T.S., Frankenberg, C., Fisher, J.B., Sun, Y., North, G.B., Davis, T.S., Kornfeld, A. and Siebke, K., 2017.
Connecting active to passive fluorescence with photosynthesis: a method for evaluating remote sensing
measurements of Chl fluorescence. New phytologist, 215(4): 1594-1608.

Magney, T.S., Frankenberg, C., Kohler, P., North, G., Davis, T.S., Dold, C., Dutta, D., Fisher, J.B., Grossmann,
K. and Harrington, A., 2019. Disentangling changes in the spectral shape of chlorophyll fluorescence:
Implications for remote sensing of photosynthesis. Journal of Geophysical Research: Biogeosciences,
124(6): 1491-1507.

Marrs, J., Reblin, J., Logan, B., Allen, D., Reinmann, A., Bombard, D., Tabachnik, D. and Hutyra, L., 2020.
Solar - induced fluorescence does not track photosynthetic carbon assimilation following induced stomatal

114



Z25 3k

closure. Geophysical Research Letters, 47(15): €2020GL087956.

Martini, D., Sakowska, K., Wohlfahrt, G., Pacheco - Labrador, J., van der Tol, C., Porcar - Castell, A., Magney,
T.S., Carrara, A., Colombo, R. and El - Madany, T.S., 2022. Heatwave breaks down the linearity between
sun - induced fluorescence and gross primary production. New phytologist, 233(6): 2415-2428.

Mohammed, G.H., Colombo, R., Middleton, E.M., Rascher, U., van der Tol, C., Nedbal, L., Goulas, Y., Pérez-
Priego, O., Damm, A. and Meroni, M., 2019. Remote sensing of solar-induced chlorophyll fluorescence
(SIF) in vegetation: 50 years of progress. Remote sensing of environment, 231: 111177.

Mousivand, A., Menenti, M., Gorte, B. and Verhoef, W., 2014. Global sensitivity analysis of the spectral radiance
of a soil-vegetation system. Remote Sensing of Environment, 145: 131-144.

Moustakas, M., Sperdouli, I. and Moustaka, J., 2022. Early Drought Stress Warning in Plants: Color Pictures of
Photosystem II Photochemistry. Climate, 10(11): 179.

Norton, A.J., Rayner, PJ., Koffi, E.N. and Scholze, M., 2018. Assimilating solar-induced chlorophyll
fluorescence into the terrestrial biosphere model BETHY-SCOPE v1. 0: model description and information
content. Geoscientific Model Development, 11(4): 1517-1536.

Palombi, L., Cecchi, G., Lognoli, D., Raimondi, V., Toci, G. and Agati, G., 2011. A retrieval algorithm to evaluate
the Photosystem I and Photosystem II spectral contributions to leaf chlorophyll fluorescence at physiological
temperatures. Photosynthesis research, 108: 225-239.

Parazoo, N.C., Magney, T., Norton, A., Raczka, B., Bacour, C., Maignan, F., Baker, 1., Zhang, Y., Qiu, B. and Shi,
M., 2020. Wide discrepancies in the magnitude and direction of modeled solar-induced chlorophyll
fluorescence in response to light conditions. Biogeosciences, 17(13): 3733-3755.

Pedros, R., Goulas, Y., Jacquemoud, S., Louis, J. and Moya, 1., 2010. FluorMODIeaf: A new leaf fluorescence
emission model based on the PROSPECT model. Remote Sensing of Environment, 114(1): 155-167.

Pei, H., Min, L., Qi, Y., Liu, X,, Jia, Y., Shen, Y. and Liu, C., 2017. Impacts of varied irrigation on field water
budegts and crop yields in the North China Plain: Rainfed vs. irrigated double cropping system. Agricultural
water management, 190: 42-54.

Peng, B., Guan, K., Chen, M., Lawrence, D.M., Pokhrel, Y., Suyker, A., Arkebauer, T. and Lu, Y., 2018.
Improving maize growth processes in the community land model: Implementation and evaluation.
Agricultural and forest meteorology, 250: 64-89.

Pfiindel, E., 1998. Estimating the contribution of photosystem I to total leaf chlorophyll fluorescence.
Photosynthesis research, 56: 185-195.

Poli, R., Kennedy, J. and Blackwell, T., 2007. Quantification & assessment of the chemical form of residual
gadolinium in the brain. Swarm Intell, 1(1): 33-57.

Porcar-Castell, A., Tyystjérvi, E., Atherton, J., Van der Tol, C., Flexas, J., Pfiindel, E.E., Moreno, J., Frankenberg,
C. and Berry, J.A., 2014. Linking chlorophyll a fluorescence to photosynthesis for remote sensing
applications: mechanisms and challenges. Journal of experimental botany, 65(15): 4065-4095.

Qiu, B., Chen, J.M., Ju, W., Zhang, Q. and Zhang, Y., 2019. Simulating emission and scattering of solar-induced
chlorophyll fluorescence at far-red band in global vegetation with different canopy structures. Remote
Sensing of Environment, 233: 111373.

Reichstein, M., Falge, E., Baldocchi, D., Papale, D., Aubinet, M., Berbigier, P., Bernhofer, C., Buchmann, N.,
Gilmanov, T. and Granier, A., 2005. On the separation of net ecosystem exchange into assimilation and
ecosystem respiration: review and improved algorithm. Global change biology, 11(9): 1424-1439.

Romero, J.M., Cordon, G.B. and Lagorio, M.G., 2018. Modeling re-absorption of fluorescence from the leaf to
the canopy level. Remote Sensing of Environment, 204: 138-146.

Romero, J.M., Cordon, G.B. and Lagorio, M.G., 2020. Re-absorption and scattering of chlorophyll fluorescence

115



PHABARMRH R A 22 iR 3

in canopies: A revised approach. Remote Sensing of Environment, 246: 111860.

Sakai, Y., Kobayashi, H. and Kato, T., 2020. FLiES-SIF version 1.0: three-dimensional radiative transfer model
for estimating solar induced fluorescence. Geoscientific Model Development, 13(9): 4041-4066.

Saxton, K., Rawls, W.J., Romberger, J.S. and Papendick, R., 1986. Estimating generalized soil - water
characteristics from texture. Soil science society of America Journal, 50(4): 1031-1036.

Schreiber, U., Schliwa, U. and Bilger, W., 1986. Continuous recording of photochemical and non-photochemical
chlorophyll fluorescence quenching with a new type of modulation fluorometer. Photosynthesis research,
10: 51-62.

Shangguan, W., Dai, Y., Duan, Q., Liu, B. and Yuan, H., 2014. A global soil data set for earth system modeling.
Journal of Advances in Modeling Earth Systems, 6(1): 249-263.

Sinclair, T.R. and Horie, T., 1989. Leaf nitrogen, photosynthesis, and crop radiation use efficiency: a review. Crop
science, 29(1): 90-98.

Sinclair, T.R. and Muchow, R.C., 1999. Radiation use efficiency. Advances in agronomy, 65: 215-265.

Smith, A.B. and Matthews, J.L., 2015. Quantifying uncertainty and variable sensitivity within the US billion-
dollar weather and climate disaster cost estimates. Natural Hazards, 77: 1829-1851.

Song, L., Guanter, L., Guan, K., You, L., Huete, A., Ju, W. and Zhang, Y., 2018. Satellite sun - induced
chlorophyll fluorescence detects early response of winter wheat to heat stress in the Indian Indo - Gangetic
Plains. Global change biology, 24(9): 4023-4037.

Sternberg, T., 2011. Regional drought has a global impact. Nature, 472(7342): 169-169.

Stocker, T.F., Qin, D., Plattner, G., Tignor, M., Allen, S., Boschung, J., Nauels, A., Xia, Y., Bex, V. and Midgley,
P., 2013. Contribution of working group I to the fifth assessment report of the intergovernmental panel on
climate change. Climate change, 5: 1-1552.

Strahler, A.H., Muller, J., Lucht, W., Schaaf, C., Tsang, T., Gao, F., Li, X., Lewis, P. and Barnsley, M.J., 1999.
MODIS BRDF/albedo product: algorithm theoretical basis document version 5.0. MODIS documentation,
23(4): 42-47.

Sun, Y., Frankenberg, C., Jung, M., Joiner, J., Guanter, L., Kohler, P. and Magney, T., 2018. Overview of Solar-
Induced chlorophyll Fluorescence (SIF) from the Orbiting Carbon Observatory-2: Retrieval, cross-mission
comparison, and global monitoring for GPP. Remote Sensing of Environment, 209: 808-823.

Sun, Y., Frankenberg, C., Wood, J.D., Schimel, D., Jung, M., Guanter, L., Drewry, D., Verma, M., Porcar-Castell,
A. and Griffis, T.J., 2017. OCO-2 advances photosynthesis observation from space via solar-induced
chlorophyll fluorescence. Science, 358(6360): eaam5747.

Suyker, A.E. and Verma, S.B., 2012. Gross primary production and ecosystem respiration of irrigated and rainfed
maize—soybean cropping systems over 8 years. Agricultural and Forest Meteorology, 165: 12-24.

Suyker, A.E., Verma, S.B., Burba, G.G. and Arkebauer, T.J., 2005. Gross primary production and ecosystem
respiration of irrigated maize and irrigated soybean during a growing season. Agricultural and Forest
Meteorology, 131(3-4): 180-190.

Svoboda, M., LeComte, D., Hayes, M., Heim, R., Gleason, K., Angel, J., Rippey, B., Tinker, R., Palecki, M. and
Stooksbury, D., 2002. The drought monitor. Bulletin of the American Meteorological Society, 83(8): 1181-
1190.

Thornton, P., Thornton, M. and Vose, R., 2017. Daymet: annual tile summary cross-validation statistics for North
America, Version 3. ORNL DAAC.

Ummenhofer, C.C., England, M.H., Mclntosh, P.C., Meyers, G.A., Pook, M.J., Risbey, J.S., Gupta, A.S. and
Taschetto, A.S., 2009. What causes southeast Australia's worst droughts? Geophysical Research Letters,
36(4).

116



Z25 3k

Van der Tol, C., Berry, J., Campbell, P. and Rascher, U., 2014. Models of fluorescence and photosynthesis for
interpreting measurements of solar - induced chlorophyll fluorescence. Journal of Geophysical Research:
Biogeosciences, 119(12): 2312-2327.

Van der Tol, C., Verhoef, W., Timmermans, J., Verhoef, A. and Su, Z., 2009. An integrated model of soil-canopy
spectral radiances, photosynthesis, fluorescence, temperature and energy balance. Biogeosciences, 6(12):
3109-3129.

van der Tol, C., Vilfan, N., Dauwe, D., Cendrero-Mateo, M.P. and Yang, P.,2019. The scattering and re-absorption
of red and near-infrared chlorophyll fluorescence in the models Fluspect and SCOPE. Remote sensing of
environment, 232: 111292.

Verma, M., Schimel, D., Evans, B., Frankenberg, C., Beringer, J., Drewry, D.T., Magney, T., Marang, 1., Hutley,
L. and Moore, C., 2017. Effect of environmental conditions on the relationship between solar - induced
fluorescence and gross primary productivity at an OzFlux grassland site. Journal of Geophysical Research:
Biogeosciences, 122(3): 716-733.

Verrelst, J., Rivera, J.P., van der Tol, C., Magnani, F., Mohammed, G. and Moreno, J., 2015. Global sensitivity
analysis of the SCOPE model: What drives simulated canopy-leaving sun-induced fluorescence? Remote
Sensing of Environment, 166: 8-21.

Verrelst, J., van der Tol, C., Magnani, F., Sabater, N., Rivera, J.P., Mohammed, G. and Moreno, J., 2016.
Evaluating the predictive power of sun-induced chlorophyll fluorescence to estimate net photosynthesis of
vegetation canopies: A SCOPE modeling study. Remote Sensing of Environment, 176: 139-151.

Vilfan, N., Van der Tol, C., Muller, O., Rascher, U. and Verhoef, W., 2016. Fluspect-B: A model for leaf
fluorescence, reflectance and transmittance spectra. Remote Sensing of Environment, 186: 596-615.

Von Caemmerer, S., 2000. Biochemical models of leaf photosynthesis. Csiro publishing.

Walker, D., Epstein, H., Raynolds, M., Kuss, P., Kopecky, M., Frost, G., Daniéls, F., Leibman, M., Moskalenko,
N. and Matyshak, G., 2012. Environment, vegetation and greenness (NDVI) along the North America and
Eurasia Arctic transects. Environmental Research Letters, 7(1): 015504.

Wang, C., Guan, K., Peng, B., Chen, M., Jiang, C., Zeng, Y., Wu, G., Wang, S., Wu, J. and Yang, X., 2020.
Satellite footprint data from OCO-2 and TROPOMI reveal significant spatio-temporal and inter-vegetation
type variabilities of solar-induced fluorescence yield in the US Midwest. Remote Sensing of Environment,
241:111728.

Wang, E., Brown, H.E., Rebetzke, G.J., Zhao, Z., Zheng, B. and Chapman, S.C., 2019. Improving process-based
crop models to better capture genotypex environmentx management interactions. Journal of experimental
botany, 70(9): 2389-2401.

Wang, J., Yang, Y., Huang, J. and Chen, K., 2015. Information provision, policy support, and farmers’ adaptive
responses against drought: An empirical study in the North China Plain. Ecological modelling, 318: 275-
282.

Williams, A.P., Seager, R., Abatzoglou, J.T., Cook, B.I., Smerdon, J.E. and Cook, E.R., 2015. Contribution of
anthropogenic warming to California drought during 2012-2014. Geophysical Research Letters, 42(16):
6819-6828.

Wohlfahrt, G., Gerdel, K., Migliavacca, M., Rotenberg, E., Tatarinov, F., Miiller, J., Hammerle, A., Julitta, T.,
Spielmann, F. and Yakir, D., 2018. Sun-induced fluorescence and gross primary productivity during a heat
wave. Scientific reports, 8(1): 1-9.

Wu, A., Hammer, G.L., Doherty, A., von Caemmerer, S. and Farquhar, G.D., 2019. Quantifying impacts of
enhancing photosynthesis on crop yield. Nature plants, 5(4): 380-388.

Wautzler, T., Lucas-Moffat, A., Migliavacca, M., Knauer, J., Sickel, K., gigut, L., Menzer, O. and Reichstein, M.,

117



PHABARMRH R A 22 iR 3

2018. Basic and extensible post-processing of eddy covariance flux data with REddyProc. Biogeosciences,
15(16): 5015-5030.

Xu, S., Atherton, J., Riikonen, A., Zhang, C., Oivukkaméki, J., MacArthur, A., Honkavaara, E., Hakala, T,
Koivumiki, N. and Liu, Z., 2021. Structural and photosynthetic dynamics mediate the response of SIF to
water stress in a potato crop. Remote Sensing of Environment, 263: 112555.

Xue, J. and Su, B., 2017. Significant remote sensing vegetation indices: A review of developments and
applications. Journal of sensors, 2017.

Yang, P., Prikaziuk, E., Verhoef, W. and van Der Tol, C., 2021. SCOPE 2.0: A model to simulate vegetated land
surface fluxes and satellite signals. Geoscientific Model Development, 14(7): 4697-4712.

Yang, P. and van der Tol, C., 2018. Linking canopy scattering of far-red sun-induced chlorophyll fluorescence
with reflectance. Remote Sensing of Environment, 209: 456-467.

Yang, P., van der Tol, C., Campbell, P.K. and Middleton, E.M., 2020. Fluorescence Correction Vegetation Index
(FCVI): A physically based reflectance index to separate physiological and non-physiological information
in far-red sun-induced chlorophyll fluorescence. Remote sensing of environment, 240: 111676.

Yang, P., Verhoef, W. and van der Tol, C., 2017. The mSCOPE model: A simple adaptation to the SCOPE model
to describe reflectance, fluorescence and photosynthesis of vertically heterogeneous canopies. Remote
sensing of environment, 201: 1-11.

Yang, X., Tang, J., Mustard, J.F., Lee, J.E., Rossini, M., Joiner, J., Munger, J.W., Kornfeld, A. and Richardson,
A.D., 2015. Solar - induced chlorophyll fluorescence that correlates with canopy photosynthesis on diurnal
and seasonal scales in a temperate deciduous forest. Geophysical Research Letters, 42(8): 2977-2987.

Yu, C., 2011. China's water crisis needs more than words. Nature, 470(7334): 307-307.

Zarco-Tejada, P.J., Pushnik, J., Dobrowski, S. and Ustin, S., 2003. Steady-state chlorophyll a fluorescence
detection from canopy derivative reflectance and double-peak red-edge effects. Remote Sensing of
Environment, 84(2): 283-294.

Zargar, A., Sadiq, R., Naser, B. and Khan, F.I., 2011. A review of drought indices. Environmental Reviews,
19(NA): 333-349.

Zeng, Y., Badgley, G., Dechant, B., Ryu, Y., Chen, M. and Berry, J.A., 2019. A practical approach for estimating
the escape ratio of near-infrared solar-induced chlorophyll fluorescence. Remote Sensing of Environment,
232: 111209.

Zhang, Y., Guanter, L., Berry, J.A., Joiner, J., van der Tol, C., Huete, A., Gitelson, A., Voigt, M. and Koéhler, P.,
2014. Estimation of vegetation photosynthetic capacity from space - based measurements of chlorophyll
fluorescence for terrestrial biosphere models. Global change biology, 20(12): 3727-3742.

Zhang, Y., Xiao, X., Zhang, Y., Wolf, S., Zhou, S., Joiner, J., Guanter, L., Verma, M., Sun, Y. and Yang, X., 2018.
On the relationship between sub-daily instantaneous and daily total gross primary production: Implications
for interpreting satellite-based SIF retrievals. Remote Sensing of Environment, 205: 276-289.

Zhang, Z., Chen, J.M., Guanter, L., He, L. and Zhang, Y., 2019. From canopy - leaving to total canopy far - red
fluorescence emission for remote sensing of photosynthesis: First results from TROPOMI. Geophysical
Research Letters, 46(21): 12030-12040.

Zhang, Z., Zhang, X., Porcar-Castell, A., Chen, J.M., Ju, W., Wu, L., Wu, Y. and Zhang, Y., 2022. Sun-induced
chlorophyll fluorescence is more strongly related to photosynthesis with hemispherical than nadir
measurements: Evidence from field observations and model simulations. Remote Sensing of Environment,
279: 113118.

Zhang, Z., Zhang, Y., Chen, J.M., Ju, W., Migliavacca, M. and El-Madany, T.S., 2021. Sensitivity of estimated
total canopy SIF emission to remotely sensed LAI and BRDF products. Journal of Remote Sensing, 2021.

118



Z25 3k

Zhao, F., Dai, X., Verhoef, W., Guo, Y., van der Tol, C., Li, Y. and Huang, Y., 2016. FluorWPS: A Monte Carlo
ray-tracing model to compute sun-induced chlorophyll fluorescence of three-dimensional canopy. Remote
Sensing of Environment, 187: 385-399.

Zhao, F., Gu, X., Verhoef, W., Wang, Q., Yu, T., Liu, Q., Huang, H., Qin, W., Chen, L. and Zhao, H., 2010. A
spectral directional reflectance model of row crops. Remote Sensing of Environment, 114(2): 265-285.
Zhao, F., Li, Y., Dai, X., Verhoef, W., Guo, Y., Shang, H., Gu, X., Huang, Y., Yu, T. and Huang, J., 2015. Simulated
impact of sensor field of view and distance on field measurements of bidirectional reflectance factors for

row crops. Remote Sensing of Environment, 156: 129-142.

Zhao, F. and Ni, Q., 2018. a Model to Simulate the Radiative Transfer of Fluorescence in a Leaf. ISPRS-
International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, 42: 2347-
2351.

Zhao, F., Yuan, J., Huang, Y., Magney, T.S. and Porcar-Castell, A., 2020. Preliminary Study of Wavelength
Positions of Leaf Fluorescence Peaks with Experimental Data, IGARSS 2020-2020 IEEE International
Geoscience and Remote Sensing Symposium. IEEE, pp. 4838-4841.

Zou, T. and Zhang, J., 2020. A New Fluorescence Quantum Yield Efficiency Retrieval Method to Simulate
Chlorophyll Fluorescence under Natural Conditions. Remote Sensing, 12(24): 4053.

119



PHABARMRH R A 22 iR 3

gt

WOCEETR, 2 AR, WFEREEARES Bl EA W 7. EIRRAT LRI04
PR Z WIEEN 55 A& FEE, FOABLERE AR, JRbB, STRFRIAMNT, TR IR R
e

HRRE R RN E E REM. AR AR K, ot s
T FRR 2 SRR S T 3 BT SR ST RGER AN A ALl 35— EAZ 3R
SEAREERIBEAE o Az AN 236 BB TR R B R, 12 i Oz HY i IR i, v
FIRAE T BRI BIANSCHF o [, ABARF R G 18 T I T om i, KT
ZIMAERME T —DIHART &, AT G ERARRE MR, B E A
L2, WU E AT SR ZE BT At R A ZORAN i S BB HTE K T R ST
FONERAMRIE R AARRTR. W ERMTZIMAERR, MMl B2 T #HE
SR AWRE K BB HRE R 5 o RO PR A X HER 2 T AE B 5 A2 3 SR A
i R0 e sty L PN Eill UNEER Ty sy LIV e i g N > & 20 1IN =t Y N LB S By [N
HKIESLZ I S5 MEVKEITAE LR TAR R 45 AT H A E SR W 5@ Bl £ A
LT KU 22 AT e S8 2 T A S A A A R AN R D R R A ) B SR (I 3 Bl Jil
KR XFAZIN, RN & &2 ifE SIF 2 A g kiR iR gt Bh .

Hk, BB B LB B AR KM, BT BT RS2 > B
Bl BB FORMEAIRAEZIZIGRN T — Fla SH s, BOiE e, i, =
MY EWRME . MIESC. FMORR S2HERS . M i AN SRR SR, Tl () Je ) 2
PRAEZERGRE L DA BesR. 095, WG BN 5. WEARWT LA
Bl M ELS ST DL R AR VS TRl 4 RADVCR » R AR ASRLAUL T B PRI S | kot R A
HEL X0 BRI SN . F = T8 4 LR IR 31 ] AW B ZE AR AS A
HIEHENE o RN FRE AR A, SEARAN 5 3% L bR e 1t 1 FRAEAIT 7877 1 A
WAL

PR, BERUF A B AR SCHR ], U453 3 A2 IR L 2 o A3
ANPER IR, FRIBEZ ] T HRAR 0 22 AR GUIA ™ 52 X BERE IR 7 RIXFE—A
RN, EEELH T A S AR A3 1S T TEOEIE A TR K AR 55
FISCRE, AEPAENS ST A58 B AL AT .

e, BERW B K NN AT, JCHFE B LI A5 FE A A A A (R
PR B, AT — B DR SCRFAN G AEFR A1 b, ABA1 4 JITHE 1A 1
I sCHRE Aot L Bl o AT AN ERL, (S MEF N, M. i
IERAT T ARATTISCRE, A BEE 7L 52 2 h RS2 B K IR B AN B AG . R T i

120



gt

Tk,

B AT i, BR8N BB . R REZEHEL, (TR
(02 SRR R AR R AAT, AWHIAT, BRI, i8R
BRIPT R . 05— ROBIEA I AR L A

20235 A9 H
TKAR P

121



PHABARMRH R A 22 iR 3

A}

DN AEIT
NPy
FWH, FH, W, 1993 &£ 5 AHAEERICAFEE, FIER. R THAN
VEYIRE T 538 I

1. 2019.09-2023.06, Uik PHALARMRRI SR BEPRIA B 252 e - Hh B -5 4 1]
FREEAREN, B A,

2. 2016.09-2019.06, ik EARL 2B R E8E 5K 7 LV A AT FU AT A B
R e RVYa 7=l AR G4 T e VA

3. 2012.09-2016.06, ik T AR HE T RZEM B S A e e A TR,

B gt =Y VA

TR 3 W) e RS

(1) Wang, Y., Liu, Z., Yu, Q., Liu, L., Liu, X., Li, L., Jia, Q., Guo, C. and Lu,
X., 2022. Simulations of solar-induced chlorophyll fluorescence over crop
canopies using the integrated APSIM model. Computers and Electronics in
Agriculture, 203: 107494.

(2) Gao, S., Huete, A., Kobayashi, H., Doody, T.M., Liu, W., Wang, Y., Zhang,
Y. and Lu, X., 2022. Simulation of solar-induced chlorophyll fluorescence in a
heterogeneous forest using 3-D radiative transfer modelling and airborne LiDAR.
ISPRS Journal of Photogrammetry and Remote Sensing, 191: 1-17.

(3) Li, L., Wang, B., Feng, P., Wang, H., He, Q., Wang, Y., Li Liu, D., Li, Y.,
He, J. and Feng, H., 2021. Crop yield forecasting and associated optimum lead
time analysis based on multi-source environmental data across China. Agricultural
and Forest Meteorology, 308: 108558.

(4) Li, L., Wang, B., Feng, P., Li Liu, D., He, Q., Zhang, Y., Wang, Y., Li, S.,
Lu, X. and Yue, C., 2022. Developing machine learning models with multi-source
environmental data to predict wheat yield in China. Computers and Electronics in
Agriculture, 194: 106790.

(5) HFA, BHR, EEH M T, 2023, HEFESHER T T LY
FEISCER T &0 . TR, 44(02): 106-122.

=~ A AR AR

(1) 2019 4F 10 A 21-22 H, SHINERINTE K222 AT FBE A5 RH) 2019

122



NIy

FEA H OG5 3 R G (SIF) R 2
(2) 2020 4£ 8 H 12-13 H, Z EZInrp AR5 51 -5 P52 e R st
SRR SEG = 25 TR0 2020 25 Jm ARk RGBS RO R BB
(3) 2021 4 7 A 19-25 H, 2 EShndbntiifie K2E B Rl 22 230 Bkl 22 5
TRERF AR 28 A 2021 35 -F— Ja b 3R T2 B I E 1R 5 5 vk 2
(4) 2022 12 A 17-18 H, £k EZInEg 5Ly K% 3 70 2022 251 Jm 4x
H PR AE BRI LA R, IR AR SO FT R AE € BRI =
PEfRS -

123



	摘要
	ABSTRACT
	目录
	符号和缩写说明
	第一章  绪论
	1.1 研究背景和意义
	1.2 国内外研究进展
	1.2.1 叶绿素荧光概况
	1.2.2 叶绿素荧光建模过程研究进展
	1.2.2.1 光系统尺度荧光研究
	1.2.2.2 叶片尺度荧光研究
	1.2.2.3 冠层尺度荧光研究
	1.2.2.4 区域尺度荧光研究

	1.2.3 叶绿素荧光与光合关系研究
	1.2.4 作物模型（APSIM）光合模拟与约束
	1.2.5 荧光与光合耦合方法研究进展

	1.3 研究中存在的问题
	1.4 研究目标
	1.5 研究内容
	1.6 技术路线

	第二章  材料与方法
	2.1 研究区域及数据来源
	2.1.1 研究区域
	2.1.2 站点EC通量和SIF数据
	2.1.3 区域作物分布、土壤与气象数据
	2.1.4 TROPOMI SIF数据集
	2.1.5 干旱指数
	2.1.6 作物产量数据

	2.2 APSIM模型
	2.3 APSIM-SIF模型校准、优化与模拟
	2.3.1 模型校准
	2.3.2 敏感性分析
	2.3.3 优化算法
	2.3.4 情景模拟

	2.4 叶片生理实验设备与实验设计
	2.4.1 叶绿素荧光-光合-热耗散同步测量设备
	2.4.2 实验设计

	2.5 辐射传输模型模拟
	2.5.1 叶片荧光模型（FLUSPECT）模拟
	2.5.1.1 荧光激发谱重构
	2.5.1.2 荧光激发效率分离

	2.5.2 冠层水平一维荧光辐射传输模型（SCOPE）模拟
	2.5.3 冠层水平三维荧光辐射传输模型（DART）模拟


	第三章  光系统荧光激发谱重构及荧光激发效率的分离
	3.1 FLUSPECT反演结果与默认参数比较
	3.2 荧光激发谱的分解结果
	3.3 荧光激发谱重构方法验证
	3.4 光系统I和光系统II荧光激发效率变化
	3.5 讨论
	3.6 小结

	第四章  提高干旱胁迫下叶片叶绿素荧光与光合线性关系
	4.1 干旱胁迫对气体交换参数及荧光参数的影响
	4.2 干旱胁迫下光系统能量分配的变化
	4.3 干旱胁迫下生理参数约束对荧光-光合关系的改进
	4.4 讨论
	4.5 小结

	第五章  农田冠层SIF逃逸概率模拟与影响因素分析
	5.1 基于SCOPE模型模拟荧光逃逸概率
	5.1.1 方向性和半球性荧光逃逸概率比较
	5.1.2 方向性和半球性荧光逃逸概率全局敏感性分析
	5.1.3 方向性和半球性荧光逃逸概率估算
	5.1.3.1 半球性逃逸概率模拟验证
	5.1.3.2 方向性荧光逃逸概率估算


	5.2 基于三维DART模型模拟农田冠层荧光逃逸概率
	5.3 讨论
	5.4 小结

	第六章  利用集成APSIM模型模拟作物冠层顶日光诱导叶绿素荧光
	6.1 SIF与作物模型耦合方法
	6.1.1 DCaPST模块
	6.1.2 SIF耦合APSIM作物模型过程（APSIM-SIF）
	6.1.3 将SIFtot_full转换为SIFtoc(λ)
	6.1.3.1 将SIFtot_full转换为SIFtot(λ)
	6.1.3.2 将SIFtot(λ)转换为SIFtoc(λ)

	6.1.4 APSIM-SIF模拟

	6.2 APSIM-SIF模型荧光波段转换因子及敏感性分析
	6.2.1 SIF波段转换因子（ɛ）
	6.2.2 敏感性分析

	6.3 APSIM-SIF模型验证与区域模拟
	6.3.1 DCaPST模块验证
	6.3.2 SIF模块验证
	6.3.3 区域模拟
	6.3.3.1 SIFtoc和fesc的变异性
	6.3.3.2 农田作物比例对APSIM-SIF模型性能的影响


	6.4 讨论
	6.4.1 从光合作用到TOC SIF
	6.4.2 模型限制

	6.5 小结

	第七章  提高APSIM-SIF模型干旱胁迫下模拟能力
	7.1 APSIM-SIF改进方法
	7.1.1 PSII荧光建模方法
	7.1.2 PSII到光系统水平总荧光转换
	7.1.3 光系统水平荧光到叶片水平荧光转换
	7.1.4 冠层荧光逃逸概率估算

	7.2 APSIM-SIF模型的评估
	7.2.1 GPP模拟评估
	7.2.2 SIFtot模拟评估

	7.3 基于两种荧光建模方法的APSIM-SIF模型模拟比较
	7.3.1 SIFtot模拟的敏感性分析结果
	7.3.2 不同情境下GPP和SIFtot线性关系变化
	7.3.3 不同干旱程度APSIM-SIF模拟的SIFtot比较
	7.3.4 不同荧光建模方法APSIM-SIF产量模拟比较

	7.4 讨论
	7.4.1 SIF建模的不同参数化方案比较
	7.4.2 模拟和观测的SIFtot-GPP关系的比较
	7.4.3 模型应用

	7.5 小结

	第八章 结论与展望
	8.1 主要结论
	8.2 论文创新点
	8.3 不足与展望

	参考文献
	致谢
	个人简介



