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Table S1. Data for calibration. Each SO (% per mmol m-2) value is derived as the slope of regression 36 
between the corresponding O3 metric (𝜙!") and relative bio-indicator (R) in Equation (5). 37 
 38 
PFT Reference Species Regio

ns 
𝝓𝑶𝟑 D SO Sub-

references 
EBF 

(median SO : 
-0.19) 

Clrtap 
(2017) 

Figure III.12 

Quercus ilex L. Spain PODy=1 Above-
ground 
biomass 

-0.09 Alonso et al. 
(2014) 

Assis et al. 
(2015) 

Psidium 
guajava L. 
‘Paluma’ 

Brazil PODy=1 Leaf 
injury 
index 

-0.19  
-0.05 
-0.2 
-0.58 

NF 
(median SO : 

-0.23) 

Clrtap 
(2017) 

Figure III.12 

Picea abies France, 
Sweden, 
Switzerl

and 

PODy=1 Total 
biomass 

-0.22 Buker et al. 
(2015) 

 Feng et al. 
(2018) 

Picea abies, 
Pinus 

halepensis, 
Pinus sylvestris 

 

Europe PODy=1 Total 
biomass 

-0.24 Elvira et al. 
(2007); 

Karlsson et al. 
(2004); 

Ottosson et al. 
(2003); Alonso 
et al. (2003); 
Medlyn et al. 
(1999); Braun 
and Fluckiger 

(1995) 
DBF 

(median SO : 
-0.70) 

Clrtap 
(2017) 

Figure III.12 

Fagus sylvatica, 
Betula pendula 

Finland, 
Sweden, 
Switzerl

and 

PODy=1 Total 
biomass 

-0.93 Buker et al. 
(2015) 

 Clrtap 
(2017) 

Figure III.12 

Quercus 
faginea; Q. 

pyrenaica，Q. 
robur 

Italy, 
Spain 

PODy=1 Total 
biomass 

-0.32 Calatayud et 
al. (2011); 

Marzuoli et al. 
(2016) 

 Buker et al. 
(2015) 

Supplement
ary data 

Betula pendula 
Quercus 
roburor 

 

Europe PODy=1 Total 
biomass 

-0.61 Uddling et al. 
(2004); 

Ottosson et al. 
(2003); Dixon 
et al. (1998); 

Karlsson et al. 
(2003) 

 Hoshika et 
al. (2018) 

Quercus 
pubescens, 
Q. robur 

Italy PODy=1 Total 
biomass 

-0.73, 
-1.4 

 

 Marzuoli et 
al. (2018) 

Quercus 
pyrenaica, 

Q. faginea， 
Q. robur 

Spain,Ita
ly 

PODy=1 
PODy=1 

Total 
biomass 

Total 
biomass 

-0.32, 
-0.52 

 

 Hu et al. 
(2015) 

Poplar (5 
clones) 

China PODy=1 Total 
biomass 

-0.75  

GRA_C4 
(median SO : 

-0.85) 

Clrtap 
(2017) 

Figure III.14 

Mediterranean 
pasture 

Spain PODy=1 Above-
ground 
biomass 

-0.85 Gimeno et al. 
(2004a); 

Gimeno et al. 
(2004b); Sanz 
et al. (2005); 
Sanz et al. 

(2007); Sanz 
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et al. (2014); 
Sanz et al. 

(2016) 
GRA_C3 

(median SO : 
-0.62) 

Clrtap 
(2017) 

Figure III.13 

Temperate 
grassland 

UK PODy=1 Total 
biomass 

-0.62 Hayes et al. 
(2011); Hayes 
et al. (2012) 
Wyness et al. 
(2011); Wagg 
et al. (2012); 
Hewitt et al. 

(2014) 
CRO 

(median SO : 
-3.35)  

Peng et al. 
(2020) 

Maize 
(2 varieties) 

China PODy=6 

PODy=6 
Total 

biomass 
Total 

biomass 

-5.26 
-3.32 

 

 Peng et al. 
(2019) 

Maize China PODy=6 Total 
biomass 

-4.26  

 Hayes et al. 
(2020) 

Bean, Cowpea 
(13 varieties) 

Africa PODy=6 
PODy=6 

Yield 
Thousa
nd grain 
weight 

-2.58 
-1.2 

 

 Hayes et al. 
(2020) 

Wheat Africa PODy=6 
PODy=6 

Yield 
Thousa
nd grain 
weight 

-3.5 
-2.9 

 

 Clrtap 
(2017) 

Figure III.10 

Wheat Synthesi
s 

PODy=6 Grain 
yield 

-3.85  

 Clrtap 
(2017) 

Figure III.10 

Wheat Synthesi
s 

PODy=6 1000 
grain 
yield 

-3.35  

 Clrtap 
(2017) 

Figure III.10 

Wheat Synthesi
s 

PODy=6 Protein 
producti

on 

-2.54  

 Clrtap 
(2017) 

Figure III.11 

Tomato Synthesi
s 

PODy=6 Yield -2.53  

 Clrtap 
(2017) 

Table III.10 

Tomato Synthesi
s 

PODy=6 Fruit 
yield 

-2.66  

 Zhang et al. 
(2017) 

Soybean China PODy=6 
 

Seed 
yield 

 

-3.3 
 

 

 Harmens et 
al. (2018) 

Wheat 
(2 varieties) 

Europe PODy=6 

PODy=6 
PODy=6 
PODy=6 

 

Yield 
Yield 
1000 
grain 

weight 
1000 
grain 

weight 

-3.9 
-6.5 
-3.4 
-4.8 

 

 39 
  40 
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Table S2. PFT-specific LMA for the YIBs-LMA_PFT a experiment.  41 
 42 

 43 
a The YIBs-LMA_PFT experiment uses x=0.019 nmol g-1 s-1 and PFT-specific LMA from M2018, 44 
which is different from YIBs-LMA in the way of LMA assignment. Details are summarized in 45 
Table 1. 46 
b The average LMA for certain PFT is calculated from M2018 dataset. 47 
c For each PFT in the YIBs model, the vegetation types from original paper of M2018 are listed, 48 
including EBF, ENF, DNF (Deciduous needleleaf forest), DBF, SHL (shrubland), and GRL 49 
(grassland). 50 
  51 

PFT EBF NF DBF C_SHR A_SHR C4_GRA C3_GRA CRO 
LMA b 
(g m-2) 83.9 158.1 53.9 68.8 68.8 47.7 47.7 47.7 

Source types 
c EBF ENF, DNF DBF SHL SHL GRL GRL GRL 
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Table S3. Calibrations of the YIBs-LMA a experiment with varied a.  52 
 53 

PFT SO SS SS/SO b 

   a=2.5 a=3.0 a=3.5 a=4.0 a=4.5 a=2.5 a=3.0 a=3.5 a=4.0 a=4.5 

EBF -0.19 -0.13 -0.16 -0.18 -0.21 -0.23 0.70 0.83 0.96 1.08 1.20 

NF -0.23 -0.26 -0.31 -0.36 -0.40 -0.45 1.14 * 1.35 * 1.56 * 1.75 * 1.95 * 

DBF -0.70 -0.51 -0.60 -0.69 -0.78 -0.87 0.72 0.86 0.99 1.12 1.24 

C_SHR / -0.75 -0.90 -1.04 -1.18 -1.31 / / / / / 

A_SHR / -0.38 -0.45 -0.53 -0.60 -0.66 / / / / / 

C4_GRA -0.85 -0.71 -0.84 -0.97 -1.10 -1.22 0.83 0.99 1.14 1.29 1.44 

C3_GRA -0.62 -0.47 -0.55 -0.64 -0.73 -0.81 0.75 0.89 1.03 1.17 1.30 

CRO -3.35 -1.97 -2.57 -3.28 -4.11 -5.10 0.59 0.77 0.98 1.23 1.52 

Fitting c / 0.61 0.79 0.99 1.23 1.50 / / / / / 

Median / / / / / / 0.74 
(0.72) 

0.88 
(0.86) 

1.01 
(0.99) 

1.20 
(1.17) 

1.37 
(1.30) 

Std / / / / / / 0.19 
(0.09) 

0.21 
(0.08) 

0.23 
(0.07) 

0.25 
(0.08) 

0.28 
(0.13) 

 54 
a All runs from the YIBs-LMA experiment use x=0.019 nmol g-1 s-1 and LMA map from M2018.  55 
Details are summarized in Table 1. 56 
b Slopes of simulated DRRs (SS) are divided by observations (SO, Table S1) to derive the model-to-57 
observation ratios (“SS/SO”). O3 dose metric is PODy=1 for natural PFTs and PODy=6 for crops. The 58 
Median and standard deviation (Std) of SS/SO ratios of all PFTs are calculated for each set of specific 59 
parameter a. The values in parentheses exclude the effect of those numbers marked with * that are 60 
out of 1 standard deviation. 61 
c The slopes (Fitting) of linear regressions between SO and SS are listed for each a. The optimal a 62 
with 1:1 fitting between SS and SO is bolded. 63 
  64 
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Table S4. Calibrations of the YIBs-LMA_PFT a experiment with varied a.  65 
  66 

PFT SO SS SS/SO b 

    a=2.0 a=2.5 a=3.0 a=3.5 a=4.0 a=2.0 a=2.5 a=3.0 a=3.5 a=4.0 

EBF -0.19 -0.14 -0.18 -0.21 -0.25 -0.28 0.76 0.95 1.13 1.30 1.48 

NF -0.23 -0.07 -0.09 -0.11 -0.12 -0.14 0.32 * 0.4 * 0.47 * 0.54 * 0.61 * 

DBF -0.70 -0.63 -0.78 -0.92 -1.07 -1.21 0.90 1.11 1.32 1.53 1.73 

C_SHR / -0.72 -0.90 -1.07 -1.24 -1.41 / / / / / 

A_SHR / -0.39 -0.48 -0.58 -0.67 -0.76 / / / / / 

C4_GRA -0.85 -0.92 -1.15 -1.37 -1.59 -1.81 1.09 1.35 1.61 1.87 2.13 

C3_GRA -0.62 -0.68 -0.84 -1.00 -1.17 -1.33 1.09 1.36 1.62 1.88 2.14 

CRO -3.35 -3.34 -5.05 -7.51 -11.21 -17.08 1.00 1.51 2.24 3.35 5.10 

Fitting c / 1.00 1.47 2.14 3.13 4.69 / / / / / 

Median / / / / / / 0.95 
(1.00) 

1.23 
(1.35) 

1.47 
(1.61) 

1.70 
(1.87) 

1.93 
(2.13) 

Std / / / / / / 0.29 
(0.14) 

0.4 
(0.22) 

0.59 
(0.42) 

0.93 
(0.80) 

1.53 
(1.47) 

 67 
a All tests of the YIBs-LMA_PFT experiment use x=0.019 nmol g-1 s-1 and PFT-specific LMA 68 
information from M2018 (Table S2), which is different from YIBs-LMA in the way of LMA 69 
assignment.   70 
b Slopes of simulated PFT-specific DRRs (SS) are divided by observations (SO, Table S1) to derive 71 
the model-to-observation ratios (SS/SO). O3 dose metric is PODy=1 for natural PFTs and PODy=6 for 72 
crops. The Median and standard deviation (Std) of SS/SO ratios of all PFTs are calculated for each 73 
set of specific parameter a. The values in parentheses exclude the effect of those numbers marked 74 
with * that are out of 1 standard deviation. 75 
c The slopes (Fitting) of linear regressions between SO and SS are listed for each a. The optimal a 76 
with 1:1 fitting between SS and SO is bolded.  77 
  78 
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Table S5. Calibrations of the YIBs-LMA_T a experiment with varied a.  79 
 80 

PFT SO SS SS/SO b 

    a=2.0 a=2.5 a=3.0 a=3.5 a=4.0 a=2.0 a=2.5 a=3.0 a=3.5 a=4.0 

EBF -0.19 -0.21 -0.26 -0.31 -0.36 -0.41 1.08 1.35 1.62 1.89 2.16 

NF -0.23 -0.33 -0.41 -0.49 -0.57 -0.65 1.43 1.78 2.14 2.49 2.84 

DBF -0.70 -0.50 -0.63 -0.75 -0.87 -0.99 0.72 0.90 1.07 1.25 1.42 

C_SHR / -1.10 -1.38 -1.66 -1.94 -2.23 / / / / / 

A_SHR / -0.44 -0.55 -0.67 -0.78 -0.89 / / / / / 

C4_GRA -0.85 -0.87 -1.09 -1.31 -1.53 -1.76 1.02 1.28 1.54 1.80 2.07 

C3_GRA -0.62 -0.49 -0.61 -0.73 -0.85 -0.98 0.79 0.98 1.18 1.38 1.57 

CRO -3.35 -1.72 -2.38 -3.19 -4.19 -5.43 0.51 0.71 0.95 1.25 1.62 

Fitting c / 0.56 0.76 1.00 1.29 1.64 / / / / / 

Median / / / / / / 0.91 1.13 1.36 1.59 1.84 

Std / / / / / / 0.32 0.39 0.44 0.49 0.53 
 81 
a All tests from the YIBs-LMA_T experiment use the threshold x=0.006 nmol g-1 s-1 and the gridded 82 
LMA from of M2018 map.  Details are summarized in Table 1. 83 
b Slopes of simulated PFT-specific DRR (SS) are divided by observations (SO, Table S1) to derive 84 
the model-to-observation ratios (SS/SO). O3 dose metric is PODy=1 for natural PFTs and PODy=6 for 85 
crops. The Median and standard deviation (Std) of SS/SO ratios of all PFTs are calculated for each 86 
set of specific parameter a.  87 
c The slopes (Fitting) of linear regressions between SO and SS are listed for each a. The optimal a 88 
with 1:1 fitting between SS and SO is bolded. 89 
  90 
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Table S6. Calibrations of the YIBs-LMA_B2017 a experiment with varied a.  91 
 92 

PFT SO SS SS/SO b 

    a=2.0 a=2.5 a=2.8 a=3.0 a=3.5 a=2.0 a=2.5 a=2.8 a=3.0 a=3.5 

EBF -0.19 -0.16 -0.19 -0.22 -0.23 -0.27 0.82 1.02 1.14 1.21 1.40 

NF -0.23 -0.24 -0.29 -0.33 -0.35 -0.40 1.04 1.28 1.43 1.51 1.73 

DBF -0.70 -0.51 -0.63 -0.70 -0.74 -0.86 0.73 0.90 1.00 1.06 1.23 

C_SHR / -1.22 -1.51 -1.69 -1.79 -2.07 / / / / / 

A_SHR / -0.36 -0.45 -0.50 -0.53 -0.61 / / / / / 

C4_GRA -0.85 -0.79 -0.97 -1.09 -1.16 -1.34 0.92 1.15 1.29 1.36 1.58 
C3_GR

A -0.62 -0.58 -0.72 -0.80 -0.85 -0.99 0.93 1.15 1.30 1.37 1.59 

CRO -3.35 -1.97 -2.67 -3.17 -3.46 -4.35 0.59 0.80 0.94 1.03 1.30 

Fitting c / 0.62 0.83 0.98 1.07 1.32 / / / / / 

Median / / / / / / 0.87 1.08 1.22 1.29 1.49 

Std / / / / / / 0.16 0.18 0.19 0.19 0.19 
 93 
a All tests of the YIBs-LMA_map experiment use the same threshold x=0.019 nmol g-1 s-1 as YIBs-94 
LMA, but gridded LMA information from another LMA map of B2017.  Details are summarized in 95 
Table 1. 96 
b Slopes of simulated PFT-specific DRR (SS) are divided by observations (SO, Table S1) to derive 97 
the model-to-observation ratios (SS/SO). O3 dose metric is PODy=1 for natural PFTs and PODy=6 for 98 
crops. The Median and standard deviation (Std) of SS/SO ratios of all PFTs are calculated for each 99 
setting of specific parameter a.  100 
c The slopes (Fitting) of linear regressions between SO and SS are listed for each a. The optimal a 101 
with 1:1 fitting between SS and SO is bolded. 102 
  103 
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Table S7. PFT-specific aPFT and y for YIBs-S2007_adj a experiment.  104 
 105 

PFT EBF NF DBF C_SHR c A_SHR d C4_GRA C3_GRA CRO 
aPFT (nmol-1 m2 s) 0.023  0.017  0.042  0.015  0.030  0.041  0.041  0.039 
y (nmol m-2 s-1) b 1 1 1 1 1 1 1 1 

 106 
a YIBs-S2007_adj adopts area-based flux expression in S2007. The sensitivity parameter aPFT are 107 
recalibrated according to SO in Table S1. Details are summarized in Table 1. 108 
b The thresholds y are set to 1 nmol m-2 s-1 for all PFTs according to Oliver et al. (2018). 109 
c SO for calibrating C_SHR is assumed as the mean of EBF and DBF in Table S1.  110 
d SO for calibrating A_SHR is assumed as the mean of EBF and DBF in Table S1. 111 
  112 
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Table S8. Key parameters for the vegetation model. Maximum carboxylation capacity (μmol m-2 113 
s-1) at 25 degrees Celsius, leaf nitrogen content (g m-2).  114 

 115 
  116 

PFT EBF NF DBF C_SHB A_SHB C4_GRA C3_GRA CRO 
Vcmax25 
(μmol m-2 

s-1) 
29.0 50.8 59.6 57.9 57.9 24.0 78.2 100.7 

Nleaf 
(g m-2) 2.17 2.46 1.80 1.86 1.86 1.32 1.75 1.62 
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Table S9. Summary of O3 vegetation damages. GPP of each PFT (GPPPFT, Pg C year-1), absolute 117 
GPP changes of each PFT (∆GPPPFT, Pg C year-1), relative GPP changes of each PFT 118 
(∆GPPPFT/GPPPFT, %), ratio of PFT-level GPP changes to global GPP (∆GPPPFT/GPP, %).  119 

 Simulationsa   EBF ENF DBF C_SHR A_SHR CRA_C4 GRA_C3 CRO Total 

No O3 GPPPFT 29.72 19.04 8.96 4.02 21.57 20.84 25.92 17.60 147.65 

YIBs-LMA GPPPFT 29.40 18.61 8.48 3.95 20.63 20.05 24.03 15.39 140.54 
 △GPPPFT -0.31 -0.43 -0.47 -0.07 -0.93 -0.79 -1.89 -2.21 -7.11 
 △GPPPFT/GPPPFT -1.05 -2.25 -5.27 -1.86 -4.33 -3.79 -7.28 -12.56 \ 
 △GPPPFT/GPP -0.21 -0.29 -0.32 -0.05 -0.63 -0.53 -1.28 -1.50 -4.81 

YIBs-
LMA_PFT GPPPFT 29.48 18.97 8.45 3.96 20.89 19.96 23.85 15.23 140.79 

 △GPPPFT -0.24 -0.07 -0.50 -0.06 -0.68 -0.89 -2.07 -2.37 -6.86 
 △GPPPFT/GPPPFT -0.80 -0.36 -5.61 -1.45 -3.13 -4.25 -7.98 -13.45 \ 
 △GPPPFT/GPP -0.16 -0.05 -0.34 -0.04 -0.46 -0.60 -1.40 -1.60 -4.65 

YIBs-LMA_T GPPPFT 28.95 18.32 8.33 3.86 20.26 19.62 23.62 15.13 138.08 
 △GPPPFT -0.76 -0.72 -0.63 -0.16 -1.31 -1.22 -2.29 -2.47 -9.56 
 △GPPPFT/GPPPFT -2.57 -3.80 -7.00 -3.88 -6.08 -5.85 -8.85 -14.03 \ 
 △GPPPFT/GPP -0.52 -0.49 -0.42 -0.11 -0.89 -0.83 -1.55 -1.67 -6.48 

YIBs-
LMA_B2017 GPPPFT 29.28 18.60 8.46 3.88 20.62 19.97 23.76 15.27 139.85 

 △GPPPFT -0.44 -0.44 -0.49 -0.14 -0.94 -0.87 -2.15 -2.32 -7.80 
 △GPPPFT/GPPPFT -1.47 -2.30 -5.52 -3.45 -4.38 -4.18 -8.31 -13.19 \ 
 △GPPPFT/GPP -0.30 -0.30 -0.33 -0.09 -0.64 -0.59 -1.46 -1.57 -5.28 

YIBs-
S2007_adj GPPPFT 29.32 18.75 8.39 3.98 20.76 20.02 23.95 15.41 140.58 

 △GPPPFT -0.39 -0.29 -0.56 -0.04 -0.81 -0.82 -1.97 -2.19 -7.07 
 △GPPPFT/GPPPFT -1.32 -1.53 -6.28 -1.02 -3.75 -3.92 -7.60 -12.44 \ 

  △GPPPFT/GPP -0.27 -0.20 -0.38 -0.03 -0.55 -0.55 -1.33 -1.48 -4.79 

 120 
a All results utilize optimal parameters shown in Table 1.  121 
  122 
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 123 

Figure S1. Global leaf mass per area (LMA) and surface ozone (O3) concentrations. The (a) LMA 124 
is adopted from Moreno-Martinez et al. (2018) (M2018) and (b) annual mean O3 is derived from 125 
TF-HTAP(Turnock et al., 2018).  126 
  127 
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 128 
Figure S2. Dominant plant functional types (PFTs) in YIBs model. The PFTs include evergreen 129 
broadleaf forest (EBF), needleleaf forest (NF), deciduous broadleaf forest (DBF), arid/cold 130 
shrubland (A_SHR/C_SHR), C3/C4 grassland (C3_GRA/C4_GRA), and cropland (CRO). 131 
  132 
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  133 

Figure S3. Derived O3 damage percentages of global GPP (Damage, %) with varied parameter a 134 
for the YIBs-LMA experiment. The YIBs-LMA experiment is described in Section 2.3 and Table 1.  135 
  136 
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 137 

Figure S4. Global distribution of (a) GPP and (b-f) its damage percentages by O3 with different 138 
parameter a for the YIBs-LMA experiment. The global total GPP is shown in (a) and the average 139 
damage percentages are shown in (b-f). The YIBs-LMA experiment is described in Table 1. 140 
  141 
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   142 

Figure S5. Distribution of LMA from B2017.  143 
  144 
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 145 
Figure S6. Differences between global O3 vegetation damage map from the YIBs-LMA_B2017 146 
experiment with optimal a=2.8 nmol-1 s g and YIBs-S2007_adj. Blue (red) patches indicate the 147 
regions where damage in YIBs-LMA_B2017 with optimal a are weaker (stronger) than YIBs-148 
S2007_adj. Experiments are described in Table 1. 149 

150 
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