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Abstract To investigate global and regional gross primary productivity (GPP) and its sources of uncertainties,
widely used model structures of light use efficiency models are integrated to build a meta-model. Meteorological
reanalysis data and remote sensing data are combined to estimate GPP, and a systematical and quantitative
uncertainty analysis is conducted based on the ANOVA approach. Results show that: 1) the meta-model results
correspond well with the upscaling of eddy-covariance measurements (FLUXCOM) GPP with a Pearson correlation
coefficient of 0.97 and root mean square error of 24.36 gC/(m? month) and outperforms any single combination of
model structure. 2) Photosynthetically active radiation (PAR), water-related data and water regulation scalar (Ws)
are the three main sources of uncertainties for global GPP estimates, contributing 41.73%, 26.79% and 23.82%
respectively to total variance. 3) Sources of uncertainties of regional GPP depend on environmental conditions. For
arid areas, Ws is the dominant contributor (over 80%). In cold areas, temperature regulation scalar (Ts) introduces
over 40% of uncertainty. The findings not only highlight the necessity to reduce uncertainty of PAR and water-
related data to reduce uncertainty in global and regional GPP estimates, but also point out the importance of
improving performances of Ws and Ts algorithms under extreme environmental conditions.
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Table 1 Data source and information
Kl p 3/ IHISMHER SEGHERE BURFER

MERRA-2 H 0.5°x0.625°  1980—2020
PAR

ERAS A 0.1° 1981—2020
 MERRA2 6 /NI 0.5°%0.625° 19802020
! ERAS 6 /P 0.1° 1981—2020
NDVI  AVHPRRNDVg KA 1120 19812015
EVI MODI13C2 H 0.05° 2001—2020
FPAR GLASS 8 K 0.05° 2002—2015
ET USGS FEWSNET H 1° 2003—2020
PET USGS FEWS NET K 1° 2001—2020
LSWI MCD43C3 PN 0.05° 2001—2020
LH,SH MERRA-2 H 0.5°%0.625°  1980—2020
Tdew ERAS H 0.1° 1981—2020
Pgy ERAS A 0.1° 1981—2020
SM NOAA CPC H 0.5° 1948—2020
FC,WP IGBP-DIS - 0.5° -
Land Cover MCD12C1 G 0.05° 2001—2018
GPP FLUXCOM H 0.5° 1980—2013

il R (Ws) o LB BRI PR (Ts) Fl e A3, Al 54
4% GPP, FPAR, TsHl WsiX 3 /™ 3= B4R AU 45 g )
CRBHZFITE %, AR5, X FPAR, Ws
I Ts A% O BERLEE ), sl AZRE AR,
A2 BN GPPREAY . YEAT GPP AR, 3 )7 3
Flt FPAR | 5l Ws Fll 4 Fb Ts A9 #5545 44 240 4 (3L 60
Fl, 138 ZFPBIRIZE T 1 GPP B LS R, LM ZL
BR8] 2)

@®  https:/disc.gsfc.nasa.gov/datasets/ M2TUNXLND_5.12.4/summary?keywords=2d,diurnal, Time-Averaged,Single-Level,Assimilation,Land%20
Surface%20Diagnostics; @ https://www.ecmwf.int/en/eraS-land; @ https://daac.ornl.gov/SOILS/guides/igbp.html
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Table 2 Algorithms for three main model structures (FPAR,

Ws, Ts)
HRIGERY (X7 SCHk
FPARNpyi=1.24xNDVI—0.168 [31]
FPAR  FPARgy;=(EVI-0.1)x1.25 [32]
s FPARGLAS ZI oA . (271
Wscasa=0.5xET/PET+0.5 [33]
Wsc.rix =0.5%F+0.5xF,
0.5(FC-SM) [34]
F =1-05xe FCWP [ —(]xe®
Ws
Wspswi =(1+LSWI)/(1+LSW1;05) [5]
Wsypp =(VPD = VPDyyin)/( VPDiyax = VPDiin) [35]
Wsgr =LH/(LH+SH) [31]
Tscasa =Tscated1* Tscaled2 » J_l\_l‘"l Tcatear = 0.8+0.02x Topl -
0.3%(~ Ty ~10+T)
2 1+ opt (33]
0.005%Topt’s T, g =1.1919x 02x(Topg10+7)
+e
(T-T, yx(T-T,.)
T _ min max
Ts SteEm (T*Z.\|n)X(T7Tnmx)7(T7Topn)z [36]
Tsyoms = T — 7:nmm )/ (Tm.nm - Tmmm,,,) [35]
i, ASKT-AH,,
Tsey, = RoT (-¢ Rl ) [34]
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TN, BUEE R0, 10, % FHRAG SRR & 1
MR A 4T, 7E CASABEI P Tyaeqr S I
T2 ik BB S A 4 P9 A ) A AR AE R RSB 1R FE A BRI
Tcatedn S W A3 T P85 DA 5 305 38k B 1) v ek AU T A2 £k
ik AR 4 O RE A FH SR 1 A8 B B FE TEM (terrestrial
ecosystem model) 1, [F] B 5L T AH B A= K 09 B = R
(40°C) . IR AIK T (0°C) F f5 3 ik B (2 1°C) PEA FR 5% Ui
JE AR Y 4 B M 61, MODIS it ] 5 A1 3R e ke 38 8 4%
A o A A A B AR Y S, HE S S A SIS AR L
A% 3); C-Fix BRI, 3 it — R A S BT —
b7 2k AT EE XA e AR AR s, Hod g,
AH,p, AHyp, Ry M AS 53501709 21.77, 52.75k)/mol, 221
kJ/mol F1704.98 J/(K-mol)*¥ (& 2).

132 EESHERESHIE

ARICKERI R FPAR, Ws Fll Ts AR/ gk F 12
Bk BT AN . 8 S8, L2010 41
FLUXCOM %48 2 e eI 2k 4R, it Fl d5e /N 3 %,
B X AN [] A 4 2 B A 43 3 AHF (DA 80°N 2 60°S, 4
200K 43 A —ANER BT ) LA B B — R 0 45 40 4] 4 %o
Emax BT SHORIE -

GPP . =a+Y", x. *e, (1)

xi,c = WS[,C x Tsi,c X APARi,c B (2)

R 3 Wsypp # Tsmomis RS2
Table 3 Parameters for Wsypp and Tsyopis

MBIM  VPDyu/mm  VPDyy/mm T rPC o T, °C
B EREF AR 4600 650 -8.00 8.31
el 3100 800 —8.00 9.09
LA AT RN 2300 650 —8.00 10.44
PNt itk 1650 650 —6.00 9.94
IRAHK 2400 650 -7.00 9.50
ARPHHEAK 4700 650 -8.00 8.61
TR BHEANK 4800 650 -8.00 8.80
AARE 3200 650 -8.00 11.39
i - J 3100 650 -8.00 11.39
Hih 5300 650 -8.00 12.02
b /N3 4300 650 -8.00 12.02
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FFEHR, 454 MERRA-2 I ERAS %03 42 4% Wi H:
PIE 5652, %HF ET, PET Rl 3810 B S5 AU fEA
S B0 B R A ISR B R B 4 R AR R — B L
i, R SClkes SR (R 4).

GPP 45 5 54 A0 X A 1 22 1 (relative uncertainty,
RU)RE XA BRE2E 5 B A B 43 L+

RU=— 7 ¥100%. 3)

R AN 52 PEASL L 285 31, il O 22 50 W O ik,
NS OR e o N i pi=g o Ny N 3
B EWSNEHFIR . &P EER TR
R BRIl iR 22 BUk, HAF 5 Mo A=

Sr=84+Sp+SaxptSe o 4)
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Table 4 Relative uncertainties of model drivers

FRIGER IR SR RU/% ik

ET 25 [23]
Wscasa

PET 20 [37]
Wsgr LH, SH 15 [38]

NIR % 1 [39]
WsLsmr

SW I 3% 2 [39]
WScrix SM 20 [40]

Tdew 20 [41]
Wsvep

Psur 0.2 [42]

TESI BT, SIARXT STERME S, A4 IR A9 AR X 5 fik
RINZ K - STRR A4 77 2 o 80T 2219 U (S4/S7) o

2 ER5it1ie
2.1 HBVEERIGHE

{1 A USRS 481 2010—2013 4E 225k GPP, 4%
5 FLUXCOM [ —3PEH % . FPARgyi, Wsypp il
Tsrem B 254 2 Bl A, »* 35 % 0.95, RMSE Wy
26.18 gC/(m’*- H)o FPARNpvi, WSc.pix F TScpix A5
ZEFRBAXTRI 22, {27154 0.89, RMSE Jy 38.25
gC/m’*- H ). LB 5 FLUXCOM K H %
Z %035 0.97, RMSE 5 24.36 gC/(m* H), H5F—
BRI A5 25 A L, GPP 341E -5 S 48
) — B AR T o, R 22N, Z AL AR R
GPP 5 FLUXCOM Z5 S 43 A T 1:1 £k, — 2k
B (K 3(a)). ZHAISF-1) 423k GPP 5 FLUXCOM
()47 P9 A5 b Fa A e I — B, UHE A 2= A s Al /)y
(K 3(b)) . H 4  MZA ST, L8882 4E GPP
5 FLUXCOM 7E 4 JE (& 3(c)) FZS B (18] 3(d)) W45
JE R o JUHAEAE = 0 d s BT LXK, B AR 3
AL S, 5 FLUXCOM & W4 (K 3(c)). Bfkok
&, ABEGETIF K 1) GPP 42 AR R 7 A5 UL 285 S o 1
FET 23 43 A — BT A L F5 R I, 7E 4Bk GPP
B KA s P9 rh AT ARk
22 23k GPP 5EEARHWE YN

i 1 % 2013 4F 4Bk GPP #4551 K HOR Al
EVERZS 4346, &I GPP (8 X 4 vh TR 18 f i
PO ARG P R X, i b AR . e, R
Y e UG RN ED R JE VY, 4 4E B GPP i ik 2500
gC/m?, I & 3T 3000 gC/m*(J& 4(a)), HHXT AT E
PEBUIN, AT 10%7KF (8 4(b)); ARMARHER . SEEAK
WL RPN . R . AR A E AR AR A
FEHAKEIRZ, 44FE GPP ik 1500~2000 gC/m?, HiAH
X A E VAL T 10%~20%7KF; AL . FE{E
VLA K BRI 4 4F GPP i 500~1000 gC/m?, A XF A
FETE LR 20%; HoAth XIS A4 9 2 7= T ik F Ak
e, AR AR ST 500 gC/m?, HH KA Hp
RV EOREE IR . P, pgaE . SEE PR A
A € T PG 2 GPP B 4D 45 S 19 X AS A o 1k A
1E 30%L L
2.3 B EE ¥ FN IR Bh &L HE X A 8 7E 1 AY STk

A BRAF GPP 1A% 118.11 (£7.37) PgC, RU N
6.24%, PAR. JKJ3HH G W's i 4 Bk GPP A4
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Fig. 3 Validation of model results against FLUXCOM in 2010-2013

AN 7 M) EZERTR, 43 TTRR 41.73%, 26.79%F1
23.82%, A iT#E 92% (K 5). RECCAP 4% [X 8 1,
B E4FE M GPP i, 1529.97 (£1.97)PgC, M AR4a %}
AN E Ve AR, B H RU A T 8K K F, XK
6.58%. H:H1, PAR. JK43HHSCEHE DL K Ws S AT
FEE B DT E, S0l TRk 37.86%, 31.35% il
22.77%. B4 B GPP K T RE 3, ik 24.46(£2.19)
PeC, H:RU HRIEH, i58.96%. Hrf, PAR ik
SHBEEESHER, 5 5THK 40.60%F1 35.03%, Ws
WA —E LB (18.25%) ) BTk . Jb3E4E B GPP b
FERE KT, SORF ERBA X, 1K 12.65(%1.07)
PgC, RU K 8.47%. HH, Ws, PAR. /K541
T YA T BTRR, 4390 R 23.39%, 22.21%,
21.75%H1 17.31%. 75 W.4F & GPP ik 10.92 (+0.62)
PgC, RUTEFTA X H i fik, {h5.68%. HHr, PAR
RN EFHE, 5THk 63.00%, K435 FT FPAR
73 I BTk 19.93%H11 8.00% . 1% % Wi 4F & GPP ik 8.14
(£0.59)PgC, RU Jy 7.22%, PAR . /K43 $#fi . Ts #
Ws & HOR B 52 Mk 0 3£ B2V, 43 1 5Tk 33.20%,
17.60%, 15.56%F110.89%. Z<V. . RRPH ARG P X 6k
) GPP AT 54K, 4374 6.84 (£0.45), 4.42(+0.29)
H13.92(x0.35)PgC, H:RU K 6.52%, 6.47%F19.12%,
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PAR. KA B0HEH Ws 2 A ofE £ FHE, Hi
PAR fi B2, 7045 X I BTk B d 30%., K
FE X 5 AF 8 GPP AL N 3.61(£0.55) PgC, AH X A
SETEHIRE 15.2%, B4 Xz gy, Hrp Ws 5k
64.43%, &S 8% X I GPP L 8A iff E PR A Y
FEFEH . el TR XK &R %, T
B, AE Wsg5 Rz 5K, 335 Ws H X sk
11, GPP BLADL A A B a2 P e 2224440
2.4 AEIREEHET GPP BIHAHE

GPP FE 480 1) A By 5 1 I B 458 2% 2 1 S [ i A
1k, R EAVE A A S e O . TR AN
KAy RN A G, ARBFEE— 53
ANTR] S K 4y . U EE R PAR S5 GPP LAY 15
BT MR TR, 45 A 6 IR

FEAR Y5 00 B B AR T R 45 1F (<220 mm) T,
RU fit 55, 15 30%, A[A] Ws 45501 22 a0k, XA
T MR STk 3 70%, FPAR LA AH 24 L 51 (10%)
() DTk o 3 A R T IR R IX I RU B e HLER
Ws EF:MEI4 . bEE LR M, GPPYE N, RU
o, [ 28 F A K (29 6%), W's I FPAR F4 BTk Ui 20,
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