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Abstract: Gross primary productivity ( GPP) of vegetation, which is the total organic matter produced by green plants
through absorbing atmospheric CO, for photosynthesis, is a key parameter for carbon cycle studies in terrestrial ecosystems.
Accurate quantification of GPP is a research hotspot in the field of earth system science, and GPP has been extensively
explored in China using a big leaf remote sensing light use efficiency model. In this paper, we calculated the month by
month GPP in China from 2001to 2018 using a diffuse-fraction-based two-leaf light use efficiency model (DTEC) driven by
remote sensing data and meteorological data, and analyzed the spatio-temporal characteristics of GPP during 2001—2018 by
combining the GOSIF GPP dataset derived from a new global OCO-2-based solar-induced chlorophyll fluorescence dataset
(GOSIF) . The results show that (1) the multi-year average GPP in China, simulated by GOSIF and DTEC, was 7.23 Pg C

and 6.93 Pg C respectively, which featured higher values in the southeast regions and lower values in the northwest regions.
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(2) From 2001 to 2018, it showed a significant overall increase in GPP ( P<0.01) estimated by GOSIF and DTEC model
with annual increase trend of 0.094 PgC/a and 0.073 PgC/a, respectively. Among them, the growth rate of GPP in the
southeast and southwest regions is the largest, followed by the large and small Xing'an Mountains in the northeast, and the
annual GPP in the northwest and the Qinghai Tibet Plateau shows a slight upward trend, and some areas showed a
downward trend. Whereas the annual GPP growth rate in China has been estimated from previous studies to be 0.02—0.057
PgC/a, which may underestimate the growth trend of China’s GPP. (3) The evaluation of GPP at six flux stations of the
China flux network showed that the two models had high accuracy and good performance, as well as could simulate the
seasonal variations in the observed GPP. The two models perform best in the forest site. (4) The accuracy of GOSIF GPP
was higher than that of DTEC GPP model, which may be due to the direct mechanistic link between the SIF information and
GPP adopted by GOSIF GPP model. The GOSIF GPP algorithm can objectively reflect the vegetation productivity status,
while the DTEC model is more suitable for the simulation of vegetation productivity under natural conditions. Using various
types of GPP models to carry out large-scale GPP research can reduce the uncertainty of terrestrial ecosystems carbon cycle

research.

Key Words: GPP; SIF; DTEC model; spatial-temporal variation; flux observation
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Table 2 Statistics of estimated monthly GOSIF GPP, DTEC GPP versus observed GPP at six Chinaflux sites
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Fig.6 Trend of annual GPP in China during 2001 to 2018
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Table 3 Estimation of GPP in China in different terrestrial models

mAx B gt U 0w e
Model classification Model name Period resolution (PeC/a) (PeC/a)
JGHE R LAY MODIS 2001—2010 10 km 547024
LUE models MODIS 2001—2015 5 km 5.97L20] 0.021
EC-LUE 2001—2010 10 km 6.04124)
EC-LUE 2000—2009 0.5%0.6° 5.38142]
TL-LUE 2007—2011 0.0727° 7.17L6)
TEC 2001—2015 0.5° 7.03120] 0.057
BUN -y b Geographical assessment schemes 2001—2010 10 km 7.781%3)
Process-based models DLM 1980—2013 0.5° 5.561%
BESS 2000—2015 0.5° 6.421%) 0.037
Multi-model ensemble mean ( TBMs) 1981—2010 0.5° 7.4%1.81%)
GiAs R PlLassr Tk 1982—2015 0.1° 6.6214] 0.02
Statistical models ES Ml E 2001—2010 1 km 7.5114]
Support vetor regresstion( SVR) 2000—2015 0.25° 7.81041)
Model tree ensembel approach( MTE) 1982—2011 0.5° 7023 0.036
MTE 1982—2010 0.5° 6.35[4]
MTE 2001—2011 0.5° 6.061%)
MTE 2007—2011 0.5° 7.4716)
FLUXCOM GPP 1980—2013 0.5° 6.531%

3.2 GOSIF &3k 5 DTEC FAIX [,

GOSIF .15 5 DTEC SEAUEPIZOAR R AR AEA R 5 A T, WAL B&, B 6E S g E 9500
SIF fu & KM AR 8, REERf U WA Y A 1R, S A B A m R A0 et e e )2 B bR RS
ARG HEAFRE L85 GPP A ™™ GOSIF J& H fif i [A] F1 25 [8] 4398 R f i 1Y SIF 2 ER 7= i, GOSIF
GPP HRAEHIY 4 R IEAT A I RS SIF 58 58 B AT GPP, B 240 & & R AR B s ALk R & 5%
M 22747 B TN UL SIS AE A A B A RS S T 2 s 140 A L4y . {2 GOSIF GPP 747~
FIREARH DX B0 A RS B 2 SRR R 2R B (9 520 . DTEC GPP MR IR B2 Rk 20 e F A » e &
RUR SRR AT GPP Al % 18 T HUR S VR SR G 5 07K 4 i 240, X 40 T €3 C4 i 2
Bt 7w 2B 24 AR T 52T A M XA R R B8 e R LUE BB Skt . H iy TR
i ASHE L I A 25 TR HERE AP B0 X 5 L @l Es f 52, il BB &0 AR 2E, flhn DTEC GPP %
S 3 N B Bl K A A R AR T K AR X 53 DTEC GPP 76 A 2078 2 i v 1Y M X, 40yl g A
TG A BT 1L B 3T A g U R — e R 24 A0 25 8 48 L A Mk 25 IR Ak GPP, 17 GOSIF GPP 7% T H SR F%
TR TR 0 B2 ], BB 2 O 1 B ety SRR A S T AR 2B =, TR, i X 2 PP AL BYy
T SR Ry DR 28 XA A 7 1 R AS [ S

4 #ig

DTEC F1 GOSIF BRI 7% H 2001 2 2018 4F i [ ffi Hu AT 4% GPP 2 g 35 38 it 3, 73 54 43 51 14 Jin
0.073Pg CH1 0.094Pg C, 7EFE B FH % 19 7 b [X. GPP 34 i & T HE Bl 5 A P Jb 1 IX . " [ DTEC FI1 GOSIF
GPP ZAEH(H 514 6.93 Pg C 1 7.23 Pg C, GPP 25 [A]4% Jy 52 80 1 I d 5 ook, RS B0k N AR 2P GPP

http ; //www.ecologica.cn



6360 JAE = 41 4

EPEG W/, AE 6 AN E A5 I DTEC Al GOSIF A2 A3 B 4, BoA Al ik,

FLEZINT S, GOSIF GPP 53k RE % Wit Sz AR 45 A 77 7R DL, A 458 N Ay 52 i) 77 5 94 T TRE A T R 9 3t X

1M DTEC AR T 5 [ AR A AF T AR 7 J1 BB, BF500 i K S5 TR T X AR ™ TR, Rk
Ay ekt GPP A TR RN T vk R 2 F GPP BRI T i | $R AR LA AN A PR3 AR A 7™ T ) 52 )
AR AR AR A B S5

2% 3L Hf ( References)

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

Piao S L, Sitch S, Ciais P, Friedlingstein P, Peylin P, Wang X H, Ahlstrom A, Anav A, Canadell ] G, Cong N, Huntingford C, Jung M, Levis
S, Levy PE, LiJ S, Lin X, Lomas MR, Lu M, Luo Y Q, Ma Y C, Myneni R B, Poulter B, Sun Z Z, Wang T, Viovy N, Zaehle S, Zeng N.
Evaluation of terrestrial carbon cycle models for their response to climate variability and to CO, trends. Global Change Biology, 2013, 19(7):
2117-2132.

Ito A, Inatomi M, Huntzinger D N, Schwalm C, Michalak A M, Cook R, King A W, Mao ] F, Wei Y X, Post WM, Wang W L., Arain M A,
Huang S, Hayes D J, Ricciuto D M, Shi X Y, Huang M Y, Lei HM, Tian H Q, Lu C Q, Yang J, Tao B, Jain A, Poulter B, Peng S S, Ciais P,
Fisher ] B, Parazoo N, Schaefer K, Peng C H, Zeng N, Zhao F. Decadal trends in the seasonal-cycle amplitude of terrestrial CO, exchange
resulting from the ensemble of terrestrial biosphere models. Tellus B: Chemical and Physical Meteorology, 2016, 68(1) : 28968.

Chen M, Rafique R, Asrar G R, Bond-Lamberty B, Ciais P, Zhao F, Reyer C P O, Ostberg S, Chang J F, Tto A, Yang J, Zeng N, Kalnay E,
West T, Leng G Y, Francois L, Munhoven G, Henrot A, Tian H Q, Pan S F, Nishina K, Viovy N, Morfopoulos C, Betts R, Schaphoff S,
Steinkamp J, Hickler T. Regional contribution to variability and trends of global gross primary productivity. Environmental Research Letters, 2017,
12(10) ; 105005.

Baldocchi D D. Assessing the eddy covariance technique for evaluating carbon dioxide exchange rates of ecosystems: past, present and future.
Global Change Biology, 2003, 9(4) : 479-492.

Wang X F, Ma M G, Li X, Song Y, Tan J L., Huang G H, Zhang Z H, Zhao T B, Feng J, Ma Z G, Wei W W, Bai Y F. Validation of MODIS-
GPP product at 10 flux sites in northern China. International Journal of Remote Sensing, 2013, 34(2) . 587-599.

Zan M, Zhou Y L, Ju W M, Zhang Y G, Zhang L M, Liu Y B. Performance of a two-leaf light use efficiency model for mapping gross primary
productivity against remotely sensed sun-induced chlorophyll fluorescence data. Science of the Total Environment, 2018, 613-614; 977-989.
Beer C, Reichstein M, Tomelleri E, Ciais P, Jung M, Carvalhais N, Rodenbeck C, Arain M A, Baldocchi D, Bonan G B, Bondeau A, Cescatti
A, Lasslop G, Lindroth A, Lomas M, Luyssaert S, Margolis H, Oleson K W, Roupsard O, Veenendaal E, Viovy N, Williams C, Woodward F I,
Papale D. Terrestrial gross carbon dioxide uptake: global distribution and covariation with climate. Science, 2010, 329(5993) . 834-838.

Coops N C, Ferster C J, Waring R H, Nightingale J. Comparison of three models for predicting gross primary production across and within forested
ecoregions in the contiguous United States. Remote Sensing of Environment, 2009, 113(3) : 680-690.

Running S W, Nemani R R, Heinsch F A, Zhao M S, Reeves M, Hashimoto H. A continuous satellite-derived measure of global terrestrial primary
production. Bioscience, 2004, 54(6) : 547-560.

Xiao X M, Zhang Q Y, Braswell B, Urbanski S, Boles S, Wofsy S, Moore III B, Ojima D. Modeling gross primary production of temperate
deciduous broadleaf forest using satellite images and climate data. Remote Sensing of Environment, 2004, 91(2) : 256-270.

Yuan W P, Liu S G, Zhou G S, Zhou G Y, Tieszen L L, Baldocchi D, Bernhofer C, Gholz H, Goldstein A H, Goulden M L, Hollinger D Y, Hu
Y M, Law B E, Stoy P C, Vesala T, Wofsy S C. Deriving a light use efficiency model from eddy covariance flux data for predicting daily gross
primary production across biomes. Agricultural and Forest Meteorology, 2007, 143(3/4) . 189-207.

Zhang Y, Xiao X M, Jin C, Dong J] W, Zhou S, Wagle P, Joiner J, Guanter L, Zhang Y G, Zhang G, Qin Y W, Wang J, Moore III B.
Consistency between sun-induced chlorophyll fluorescence and gross primary production of vegetation in North America. Remote Sensing of
Environment, 2016, 183, 154-169.

Yan H, Wang S Q, Billesbach D, Oechel W, Bohrer G, Meyers T, Martin T A, Matamala R, Phillips R P, Rahman F, Yu Q, Shugart H H.
Improved global simulations of gross primary product based on a new definition of water stress factor and a separate treatment of C3 and C4 plants.
Ecological Modelling, 2015, 297 42-59.

He M Z, Ju WM, Zhou Y L, Chen J M, He HL, Wang S Q, Wang HM, Guan D X, Yan J H, Li Y N, Hao Y B, Zhao F H. Development of a
two-leaf light use efficiency model for improving the calculation of terrestrial gross primary productivity. Agricultural and Forest Meteorology, 2013,
173, 28-39.

Yan H, Wang S Q, Yu K L, Wang B, Yu Q, Bohrer G, Billesbach D, Bracho R, Rahman F, Shugart H H. A novel diffuse fraction-based two-

http ; //www.ecologica.cn



16 #5 FROAT 55 .2001—2018 4F H [ELE I A 72 1 a3 AR Ak A 8 SR 9T 6361

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]
[33]

[34]
[35]

[36]

leaf light use efficiency model; an application quantifying photosynthetic seasonality across 20 AmeriFlux flux tower sites. Journal of Advances in
Modeling Earth Systems, 2017, 9(6) ; 2317-2332.

Rossini M, Nedbal L, Guanter L., A¢ A, Alonso L, Burkart A, Cogliati S, Colombo R, Damm A, Drusch M, Hanus J, Janoutova R, Julitta T,
Kokkalis P, Moreno J, Novotny J, Panigada C, Pinto F, Schickling A, Schiittemeyer D, Zemek F, Rascher U. Red and far red Sun-induced
chlorophyll fluorescence as a measure of plant photosynthesis. Geophysical Research Letters, 2015, 42(6) : 1632-1639.

Li X, Xiao ] F, He B B. Chlorophyll fluorescence observed by OCO-2 is strongly related to gross primary productivity estimated from flux towers in
temperate forests. Remote Sensing of Environment, 2018, 204 659-671.

Wagle P, Zhang Y G, Jin C, Xiao X M. Comparison of solar-induced chlorophyll fluorescence , light-use efficiency, and process-based GPP models
in maize. Ecological Applications, 2016, 26(4) : 1211-1222.

Lu X C, Cheng X, Li X L, Chen J Q, Sun M M, Ji M, He H, Wang S Y, Li S, Tang ] W. Seasonal patterns of canopy photosynthesis captured by
remotely sensed sun-induced fluorescence and vegetation indexes in mid-to-high latitude forests: a cross-platform comparison. Science of the Total
Environment, 2018, 644 . 439-451.

Ryu Y, Berry J A, Baldocchi D D. What is global photosynthesis? History, uncertainties and opportunities. Remote Sensing of Environment, 2019,
223 95-114.

Li X, Xiao J F. A global, 0.05-degree product of solar-induced chlorophyll fluorescence derived from OCO-2, MODIS, and reanalysis data. Remote
Sensing, 2019, 11(5) . 517.

FEICHE, PN, REVE, RIGSE. 1980—2013 4F A [ il s 2 25 22 48 S0 9 A 77 0 %+ SRR e i R iF. A= 352 2% 5, 2020, 39(1)
23-35.

Jia B H, Luo X, Cai X M, Jain A, Huntzinger D N, Xie Z H, Zeng N, Mao J F, Shi X Y, Ito A, Wei Y X, Tian H Q, Poulter B, Hayes D,
Schaefer K. Impacts of land use change and elevated CO, on the interannual variations and seasonal cycles of gross primary productivity in China.
Farth System Dynamics, 2020, 11(1) ; 235-249.

Li XL, Liang SL, Yu G R, Yuan W P, Cheng X, Xia J Z, Zhao T B, Feng JM, MaZ G, Ma M G, Liu S M, Chen J Q, Shao CL, Li S G,
Zhang X D, Zhang Z (), Chen S P, Ohta T, Varlagin A, Miyata A, Takagi K, Saiqusa N, Kato T. Estimation of gross primary production over the
terrestrial ecosystems in China. Ecological Modelling, 2013, 261-262; 80-92.

Wang Q F, Zheng H, Zhu X J, Yu G R. Primary estimation of Chinese terrestrial carbon sequestration during 2001—2010. Science Bulletin,
2015, 60(6) : 577-590.

Yan H, Wang S Q, Wang J B, Cao Y, Xu L L, Wu M X, Cheng L, Mao L X, Zhao F H, Zhang X Z, Liu Y F, Wang Y F, Chen SP, Li Y N,
Han S J, Zhou G Y, Zhang Y P, Shugart H H. Multi-model analysis of climate impacts on plant photosynthesis in China during 2000—2015.
International Journal of Climatology, 2019, 39(15) ; 5539-5555.

Li X, Xiao J F. Mapping photosynthesis solely from solar-induced chlorophyll fluorescence: a global, fine-resolution dataset of gross primary
production derived from OCO-2. Remote Sensing, 2019, 11(21) ; 2563.

Porcar-Castell A, Tyystjarvi E, Atherton J, van der Tol C, Flexas J, Pfiindel E E, Moreno J, Frankenberg C, Berry J A. Linking chlorophyll a
fluorescence to photosynthesis for remote sensing applications; mechanisms and challenges. Journal of Experimental Botany, 2014, 65(15) .
4065-4095.

Yan H, Wang S Q, Billesbach D, Oechel W, Zhang J] H, Meyers T, Martin T A, Matamala R, Baldocchi D, Bohrer G, Dragoni D, Scott R.
Global estimation of evapotranspiration using a leaf area index-based surface energy and water balance model. Remote Sensing of Environment,
2014, 124, 581-595.

Allen R G, Pereira L. S, Raes D, Smith M. Crop Evapotranspiration; Guidelines for Computing Crop Water Requirements. Rome: Food and
Agriculture Organization of the United Nations, 1998.

ISR, Toth, WL, WEW, ek, RER. o E@ 00 25 ( ChinaFLUX) BE &P SR BLIEAY . EREE D 4. ke
2%, 2004, (S2): 46-56.

FrilE, EERY, PR RIER GPP BT b I X 2ol U R 5 LUAR. A SR, 2017, 41(3) « 337-347.

Jia WX, LiuM, Wang DD, He HL, Shi P L, Li Y N, Wang Y F. Uncertainty in simulating regional gross primary productivity from satellite-
based models over northern China grassland. Ecological Indicators, 2018, 88. 134-143.

FRFFHE, (FER, WA, FRoE. 2000-2016 4F ALK AR (0 B SR A S5, T X PR, 2019, 42(1) : 162-171.

XIW, PheE, H SR, B 2001—2014 4F rf [E A 6 i W0 902k 72 i 25 A RO S SRR M SE R, EEER, 2017, 37(15)
4936-4945.

Lu C Q, Tian H Q, Liu M L, Ren W, Xu X F, Chen G S, Zhang C. Effect of nitrogen deposition on China’s terrestrial carbon uptake in the

context of multifactor environmental changes. Ecological Applications, 2012, 22(1) . 53-75.

http ; //www.ecologica.cn



6362 JAE = 41 4

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Ouyang Z Y, Zheng H, Xiao Y, Polasky S, LiuJ G, Xu W H, Wang Q, Zhang L, Xiao Y, Rao E, Jiang L, Lu F, Wang X K, Yang G B, Gong
SH, WuBF, Zeng Y, Yang W, Daily G C. Improvements in ecosystem services from investments in natural capital. Science, 2016, 352(6292) .
1455-1459.

Yuan W P, Li X L, Liang S L., Cui X F, Dong W J, Liu S G, Xia J Z, Chen Y, Liu D, Zhu W Q. Characterization of locations and extents of
afforestation from the Grain for Green Project in China. Remote Sensing Letters, 2014, 5(3): 221-229.

WIEAE, Bhoohh, Tk, AoR%, X4, SR T IBIS B 1960—2006 4F [ i i AR 25 RGBS R oT. A 3524H, 2016,
36(13): 3911-3922.

RO, DRERE, AN, SEE, SRR, E¥ FRE, £8, KT PETRSEORAAEAAR AT R S R, TR,
2020, 78(3) : 500-521.

Ichii K, Ueyama M, Kondo M, Saigusa N, Kim J, Alberto M C, Ards J, Euskirchen E S, Kang M, Hirano T, Joiner J, Kobayashi H, Marchesini
L B, Merbold L, Miyata A, Saitoh T M, Takagi K, Varlagin A, Bret-Harte M S, Kitamura K, Kosugi Y, Kotani A, Kumar K, Li S G,
Machimura T, Matsuura Y, Mizoguchi Y, Ohta T, Mukherjee S, Yanagi Y, Yasuda Y, Zhang Y P, Zhao F H. New data-driven estimation of
terrestrial CO, fluxes in Asia using a standardized database of eddy covariance measurements, remote sensing data, and support vector regression.
Journal of Geophysical Research: Biogeosciences, 2017, 122(4) . 767-795.

Yuan W P, Liu S G, Yu G R, Bonnefond J M, Chen J Q, Davis K, Desai A R, Goldstein A H, Gianelle D, Rossi F, Suyker A E, Verma S B.
Global estimates of evapotranspiration and gross primary production based on MODIS and global meteorology data. Remote Sensing of Environment,
2010, 114(7): 1416-1431.

Yao Y T, Wang X H, Li Y, Wang T, Shen MG, DuMY, HeHL, LiYN, Luo W], MaM G, MaY M, Tang Y H, Wang H M, Zhang X Z,
Zhang Y P, Zhao L., Zhou G S, Piao S L. Spatiotemporal pattern of gross primary productivity and its covariation with climate in China over the last
thirty years. Global Change Biology, 2018, 24(1) . 184-196.

Zhu X J, Yu GR, He HL, Wang Q F, Chen Z, Gao Y N, Zhang Y P, Zhang J H, Yan J H, Wang H M, Zhou G S, Jia B R, Xiang W H, Li
Y N, Zhao L, Wang Y F, Shi P L, Chen SP, Xin X P, Zhao FH, Wang Y Y, Tong C L, Fu Y L, Wen X F, Liu Y C, Zhang L M, Zhang L,
Su W, Li S G, Sun X M. Geographical statistical assessments of carbon fluxes in terrestrial ecosystems of China: results from upscaling network
observations. Global and Planetary Change, 2014, 118 52-61.

Jung M, Reichstein M, Margolis H A, Cescatti A, Richardson A D, Arain M A, Arneth A, Bernhofer C, Bonal D, Chen J Q, Gianelle D,
Gobron N, Kiely G, Kutsch W, Lasslop G, Law B E, Lindroth A, Merbold L, Montagnani L, Moors E J, Papale D, Sottocornola M, Vaccari F,
Williams C. Global patterns of land-atmosphere fluxes of carbon dioxide, latent heat, and sensible heat derived from eddy covariance, satellite, and
meteorological observations. Journal of Geophysical Research: Biogeosciences, 2011, 116(G3) : G00JO7.

Zhu Z C, Piao S L, Myneni R B, Huang M T, Zeng Z Z, Canadell ] G, Ciais P, Sitch S, Friedlingstein P, Ameth A, Cao C X, Cheng L, Kato
E, Koven C, Li Y, Lian X, Liu Y W, Liu R G, Mao J F, Pan Y Z, Peng S S, Pefiuelas J, Poulter B, Pugh T A M, Stocker B D, Viovy N,
Wang X H, Wang Y P, Xiao Z Q, Yang H, Zaehle S, Zeng N. Greening of the Earth and its drivers. Nature Climate Change, 2016, 6(8):
791-795.

Wood J D, Griffis T J, Baker J] M, Frankenberg C, Verma M, Yuen K. Multiscale analyses of solar-induced florescence and gross primary
production. Geophysical Research Letters, 2017, 44(1) . 533-541.

http ; //www.ecologica.cn





