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Supplementary Table 1 Descriptions of different effects of increasing atmospheric 16 

CO2. Calculations of ALL, RAD, PHYall, PHYdir and PHYint effects from increasing 17 

atmospheric CO2 using 1pctCO2, esmFdbk1 and esmFixClim1 simulations. 1pctCO2 18 

scenario indicates that both atmosphere and land surface experience 1% per year 19 

cumulative increase in CO2, while esmFedbk1 scenario indicates that only effects of 20 

increasing CO2 concentration on atmosphere, and esmFixClim1 scenario indicated that 21 

only land surface is affected by increasing CO2 concentration.     22 

Name Calculations per year Calculations at 4 × CO2 

ALL 
Each year in 1pctCO2 minus 

average of year 1-20 in 1pctCO2 

Average of year 121-140 in 

1pctCO2 minus average of year 1-

20 in 1pctCO2 

RAD 
Each year in esmFdbk1 minus 

average of year 1-20 in esmFdbk1 

Average of year 121-140 in 

esmFdbk1 minus average of year 1-

20 in esmFdbk1 

PHYall 
Each year in 1pctCO2 minus each 

year in esmFdbk1 

Average of year 121-140 in 

1pctCO2 minus average of year 

121-140 in esmFdbk1 

PHYdir 

Each year in esmFixClim1 minus 

average of year 1-20 in 

esmFixClim1 

Average of year 121-140 in 

esmFixClim1 minus average of year 

1-20 in esmFixClim1 

PHYint PHYall minus PHYdir PHYall minus PHYdir 
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Supplementary Table 2 Area-weighted values for different variables at 4 × CO2 24 

across global vegetated land. PHYall is calculated as the difference between average 25 

of the last 20 years from 1pctCO2 and average of the last 20 years from esmFdbk1, and 26 

PHYdir is calculated as the difference between average of the last 20 years in 27 

esmFixClim1 and average of the first 20 years from the same scenario (esmFixClim1). 28 

 
PHYall PHYdir 

Leaf area index (LAI; m2 m-2) 0.69 0.56 

Cloud fraction (%) -1.02 -0.91 

Net Longwave radiation (W m-2) -1.25 -1.56 

Albedo -0.0032 -0.0041 

Aerodynamic resistance (ra; s m-1) 
 

-8.74 -6.87 

Evapotranspiration (ET; mm d-1) -0.09 -0.11 

Downwelling shortwave radiation (SW; W m-2) 2.14 1.80 

Air emissivity (ɛa) -0.0022 -0.0029 
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Supplementary Figure 1 Changes in global carbon storage induced by the total 30 

CO2 physiological (PHYall), radiative (RAD) and the coupled (ALL) forcings in 31 

response to increasing atmospheric CO2. The solid lines correspond to the multi-32 

model mean, while the shaded area indicates the standard error across five ESMs, 33 

including CanESM2, CESM1-BGC, HadGEM2-ES, IPSL-CM5A-LR and MPI-ESM-34 

LR, as bcc-csm1-1 does not have carbon storage outputs.   35 
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Supplementary Figure 2 The effects of land cover change on PHY-induced 37 

temperature and carbon storage change. a. Comparisons of temperature change 38 

induced by direct CO2 physiological forcing (PHYdir) for neighbouring pixels with and 39 

without land cover change across global vegetated land. Values shown for the 40 

HadGEM2-ES and MPI-ESM-LR, which both model land cover change. b. 41 

Comparisons of carbon storage change induced by PHYdir for neighbouring pixels with 42 

and without land cover change, again for the HadGEM2-ES and MPI-ESM-LR models 43 

and for vegetated land. For comparison, the one-to-one line is marked as a thin grey 44 

dashed line. 45 
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Supplementary Figure 3 Comparison of temperature change induced by 47 

vegetation physiological response to increased atmospheric CO2 for all six ESMs 48 

analysed, and the subset of four ESM ensemble with fixed land cover. The total 49 

(PHYall) and direct (PHYdir) effect of CO2 physiological forcing on temperature change 50 

are shown at quadrupled atmospheric CO2. The four ESMs with fixed land cover are 51 

bcc-csm1-1, CanESM2, CESM1-BGC and IPSL-CM5A-LR, while the six-member 52 

ESM ensemble additionally includes HadGEM2-ES and MPI-ESM-LR. Each point 53 

represents a different location. For comparison, the one-to-one line is marked as a thin 54 

grey dashed line. 55 
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Supplementary Figure 4 Global patterns of temperature change induced by CO2 57 

physiological forcing from four and six ESMs at 4 × CO2. Spatial distributions of 58 

temperature change through the total effect of CO2 physiological forcing (PHYall) from 59 

the predictions by a four (a) and six (b) ESM ensemble. The smaller ensemble (a subset 60 

of the six-member ensemble) all have fixed land cover. The temperature change is 61 

induced by the direct effect of CO2 physiological forcing (PHYdir) and responding to a 62 

4 × CO2 increase. The four ESMs include bcc-csm1-1, CanESM2, CESM1-BGC and 63 

IPSL-CM5A-LR, while six ESMs are bcc-csm1-1, CanESM2, CESM1-BGC, IPSL-64 

CM5A-LR, HadGEM2-ES and MPI-ESM-LR. 65 
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Supplementary Figure 5 Climate mitigation potential of terrestrial ecosystems. 67 

Global mean land air temperature change due to the total CO2 physiological forcing 68 

(PHYall), increased terrestrial carbon storage (BGC) and CO2 radiative forcing (RAD) 69 

at 500 ppm (a), 800 ppm (b) and 4 × CO2 (c). Shown are projections of three- and five-70 

member ESM ensemble. The three-member ESMs are CanESM2, CESM1-BGC and 71 

IPSL-CM5A-LR, while five ESMs are CanESM2, CESM1-BGC, IPSL-CM5A-LR, 72 

HadGEM2-ES and MPI-ESM-LR, the extra two models having land cover changes. 73 

The bcc-cms1-1 model used elsewhere does not provide carbon storage data and so it 74 

is excluded for analysis here. The error bars represent the standard error of the models. 75 
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Supplementary Figure 6 Climate forcing triggered by direct CO2 physiological 77 

forcing in response to increasing atmospheric CO2. a. Direct CO2 physiological 78 

forcing (PHYdir) with increasing atmospheric CO2 triggers climate forcing associated 79 

with changes in albedo (α), aerodynamic resistance (ra), evapotranspiration (ET), 80 

downwelling shortwave radiation (SW) and near surface air emissivity (ɛa). The 81 

changes in these variables are calculated using average data of every 20 years of the 82 

simulations. The resulting climate forcings values under 4 × CO2 are plotted on the 83 

right side. The shaded areas represent the standard error of the selected models. b. 84 

Comparisons of five forcings induced by PHYall and PHYdir for a quadrupled CO2 85 

concentration. Results of the final 20 years are used. The error bars represent the 86 

standard error of each forcing.  87 
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Supplementary Figure 7 Change in global mean annual land air temperature and 89 

individual climate forcing components induced by vegetation physiological 90 

response to increasing atmospheric CO2 for CMIP6 data. a. Global annual area-91 

weighted temperature change of vegetated land induced by total CO2 physiological 92 

forcing (PHYall) and the direct CO2 physiological forcing (PHYdir) in response to 93 

increasing atmospheric CO2 concentration. Shaded areas show the standard errors of 94 

the five Earth System Models (ESMs) used from CMIP6, including ACCESS-ESM1-95 

5, BCC-CSM2-MR, CanESM5, IPSL-CM6A-LR and MPI-ESM1-2-LR, and the thick 96 

curves are their multi-model means. b. PHYall-induced climate forcing associated with 97 

changes in albedo, aerodynamic resistance (ra), evapotranspiration (ET), downwelling 98 

shortwave radiation (SW) and near-surface air emissivity (ɛa). The changes in these 99 

variables are calculated using a moving average with a 20-year window. The resulting 100 

values under 4 × CO2 are plotted on the righthand side, with the “+” markers indicating 101 

multi-model means. 102 
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Supplementary Figure 8 Comparisons of leaf area index (LAI) and transpiration 104 

changes driven by CO2 physiological forcing and free-air CO2 enrichment (FACE) 105 

measurements. a. Comparison of LAI changes due to elevated CO2 at eight FACE 106 

sites (Obs) with those from the total CO2 physiological forcing from multi-model means 107 

of six Earth system models (Model). b. Comparison of transpiration changes due to 108 

elevated CO2 at eight FACE sites (Obs) and transpiration changes through the total CO2 109 

physiological forcing from multi-model means of six ESMs (Model). The ambient CO2 110 

is about 370 ppm and elevated CO2 is about 570 ppm for most FACE sites. The ESM 111 

results are extracted for the same CO2 ranges within each FACE site. The eight FACE 112 

sites include ASPEN (Uddling et al., 2009), BIOCON (Lee et al., 2001), DUKE 113 

(McCARTHY et al., 2007; Schäfer et al., 2002), EUC (Duursma et al., 2016), EURO 114 

(Liberloo et al., 2005), NEVADA (Newingham et al., 2013), OAK (Norby et al., 2003; 115 

Warren et al., 2011) and WEB (Bader et al., 2013). The error bars represent the standard 116 

deviations of six models.  117 
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Supplementary Figure 9 CO2 physiological forcing induced changes in vegetation 119 

property and energy fluxes with increasing atmospheric CO2. Changes in leaf area 120 

index (LAI) (a, b), cloud fraction (c, d) and net longwave radiation (e, f) through the 121 

total (PHYall) and direct (PHYdir) vegetation physiological response to rising 122 

atmospheric CO2, respectively. PHYall induced changes (a, c, d) are calculated as the 123 

difference between simulations of 1pctCO2 and esmFdbk1 for each model and multi-124 

model ensemble. PHYdir induced changes (b, d, f) are estimated as the difference 125 

between the simulations of each year and the average of the first 20 years in 126 

esmFixClim1. Both results are smoothed using a twenty-year running window, and 127 

area-weighted to obtain global average.  128 
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Supplementary Figure 10 Changes in vegetation biophysical factors induced by 130 

CO2 physiological forcing with increasing atmospheric CO2. CO2 physiological 131 

forcing (PHY), including its total (PHYall) and direct (PHYdir) terms, induced changes 132 

in albedo (a, b), aerodynamic resistance (ra) (c, d), evapotranspiration (ET) (e, f), 133 

downwelling shortwave radiation (SW) (g, h), near surface air emissivity (ɛa) (i, j), 134 

respectively. The changes of variables in each atmospheric CO2 for the total PHY 135 

(PHYall) are calculated as the difference between the simulations of 1pctCO2 and 136 

esmFdbk1 for each model and multi-model ensemble. Whereas, the changes of each 137 

variable for the direct PHY feedback (PHYdir) are calculated as the difference between 138 

the simulations of each atmospheric CO2 concentration and the average of the first 20 139 

years in esmFixClim1. The results are smoothed using a twenty-year running window 140 

and area-weighted globally. 141 
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Supplementary Figure 11 Regional contributions to temperature change by PHY and BGC 143 

under 500 ppm. a. Contribution of regional vegetation physiological responses (PHYall; green bars) 144 

and increased carbon storage (BGC; blue bars) to the overall global temperature change for each of 145 

the IPCC AR5 SREX regions for 500 ppm. Bars represent area-weighted multi-model means, and 146 

the error bars indicate the standard errors of the models for each region. b. Spatial distributions of 147 

the net effects of warming induced by PHYall and cooling through BGC for atmospheric CO2 level 148 

of 500 ppm. 149 
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Supplementary Figure 12 Spatial patterns of CO2 physiological forcing relative to 151 

radiative forcing on temperature change in response to 4 × CO2. a. Spatial patterns 152 

of the ratio of total CO2 physiological forcing (PHYall) induced temperature change 153 

relative to that of CO2 radiative forcing (RAD) from multi-model ensemble over global 154 

vegetated lands in response to a quadrupling of CO2. b. Variations of the ratio of direct 155 

CO2 physiological forcing (PHYdir) induced temperature change relative to that of RAD 156 

over global vegetated lands under 4 × CO2. The data from the final 20 years of PHYall, 157 

PHYdir and RAD induced temperature is used here.  158 
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Supplementary Figure 13 Global patterns of temperature change and climate 160 

forcing through vegetation physiological response to 4 × CO2. Spatial distributions 161 

of temperature change induced by a. total CO2 physiological forcing (PHYall) and b. 162 

interactive terms (PHYint) in response to 4 × CO2. The spatial patterns of climate 163 

forcings by PHYall and PHYint associated with changes in c-d. albedo (α), e-f. 164 

aerodynamic resistance (ra), g-h. evapotranspiration (ET), i-j. downwelling shortwave 165 

radiation (SW) and k-l. near surface air emissivity (ɛa) using estimations of the final 20 166 

years (~ 1032 ppm) are shown, respectively. 167 
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Supplementary Figure 14 Global patterns of model agreement for 4 × CO2. Spatial 169 

distributions of model agreement across six ESMs over global vegetated land for a. 170 

total (PHYall), b. direct (PHYdir) and c. interactive (PHYint) effects of vegetation 171 

physiological responses on local warming under 4 × CO2. The data of the final 20 years 172 

is used  173 
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Supplementary Figure 15 Spatial pattern of CO2 physiological forcing induced 175 

vegetation biophysical factor and cloud fraction changes. Leaf area index (LAI) 176 

changes (a, b), evapotranspiration (ET) changes (c, d) and cloud fraction changes (e, f) 177 

through total (PHYall) and direct (PHYdir) vegetation physiological response to 4 × CO2, 178 

respectively. The results from the multi-model ensemble over the final 20 years are 179 

shown.  180 
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Supplementary Figure 16 Global patterns of temperature change and climate 182 

forcing through vegetation physiological in response to CO2 concentration of 500 183 

ppm. a. Spatial distributions of temperature change induced by direct CO2 184 

physiological forcing (PHYdir) under 500 ppm. The spatial patterns of climate forcings 185 

by PHYdir associated with changes in b. albedo, c. aerodynamic resistance (ra), d. 186 

evapotranspiration (ET), e. downwelling shortwave radiation (SW) and f. near surface 187 

air emissivity (ɛa) under atmospheric CO2 concentration of 500 ppm are shown, 188 

respectively. 189 
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Supplementary Figure 17 Vegetation biophysical properties changes by CO2 191 

physiological forcing in response to 4 × CO2. a. variations of percentage of leaf area 192 

index (LAI) change induced by total (PHYall) and direct (PHYdir) CO2 physiological 193 

forcing with baseline LAI gradients in response to quadrupled CO2. b. changes in 194 

PHYall and PHYdir induced evapotranspiration (ET) with baseline LAI gradients under 195 

4 × CO2. PHYall- and PHYdir-induced LAI and ET changes are binned with every 0.1 196 

baseline LAI varying from 0 to 6, and the percentage of LAI changes relative to baseline 197 

LAI is estimated. The shaded areas indicate the standard error among different models. 198 

The binned LAI and ET changes along baseline LAI gradients are smoothed using a 199 

five-bin running window.  200 
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Supplementary Figure 18 Global patterns of temperature, leaf area index (LAI) 202 

and evapotranspiration (ET) changes from our results and the last 20 years of 203 

RCP8.5. Spatial distributions of temperature (a-c), LAI (d-f) and ET (g-i) changes 204 

induced by the coupled simulations (ALL) of cumulative 1% per year increase in 205 

atmospheric CO2 at 4 × CO2 in a, d, g, at 800 ppm in b, e, g, and ESM simulations of 206 

the last 20 years under the RCP8.5 scenario in c, f, i. 207 
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