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Supplementary Figure 1 | Schematic of the Emergent Constraint concept. The radiative and

physiological effects of increasing atmospheric CO; concentration, in the range 280 to 560 ppm,

2,3,12-14 18,19

are thought to increase GPP . This is indirectly observed as changes in LAI or the

amplitude of the seasonal cycle of atmospheric CO,'®'"?

. The sensitivity of changes in
observables to historical increase in CO; concentration (e.g., 280 to 400 ppm) can be thought of
as an Emergent Constraint on model-projected changes in carbon cycle quantities (e.g., AGPP for
CO; change from 280 to 560 ppm), if the inter-model variation of projections is linear, or nearly
so, with respect to modelled historical sensitivities”>. GPP enhancement due to the radiative effect
(red arrows) was not included in Wenzel et al.> because their focus was on obtaining a constrained
estimate for the physiological effect only. GPP enhancement from the positive feedback effect

(blue arrow) is thought to be small*' relative to the physiological and radiative effects, and included

in our study.
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Supplementary Figure 2 | Linear relationship between concurrent changes in LAl,. and
annual mean GPP. Comparison of changes in LAl.x and annual mean GPP for the historical
period (1860 to 2005) for the NHL (60° N - 90° N) in the CMIPS5 ensemble. The colored dots show
values for 30 year chunks of the total time series (error bars denote one standard deviation). The
colored lines represent the best linear fit for each model, while the black line indicates the best
linear fit for all models. The 68% confidence interval estimated by bootstrapping is shown by the

grey shading.
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Supplementary Figure 3 | Relationship between ALAI,,.x and AGPP with increasing CO;

forcing, starting from a pre-industrial concentration of 280 ppm (1xCO,) to 4xCQO;. Blue

colored dots represent the relation for concentration below 2xCO,. Green colored dots between

2xCO; and 3xCO;. Red colored dots between 3xCO, and 4xCO; (Supplementary Table 3). The

respective colored lines are the regressions through those dots and the shading represents the 95%

confidence interval.
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Supplementary Figure 4 | Radiative and fertilization effects on NHL photosynthesis. Changes
in annual mean GPP for doubling of pre-industrial CO, concentration from 1%CO, (CO,
concentration increased by 1% yr' from preindustrial level) fully coupled (radiative plus
fertilization) CMIP5 model runs (x-axis) plotted against idealized simulations (y-axis) with only
the radiative (CMIP5’s esmFdbk)® or the fertilization (CMIP5’s esmFixClim)® effect included
runs. The markers show the corresponding model values from these runs. The colored lines are
best fits to the respective markers (red for fertilization effect only, blue for radiative effect only).
The green line represents the best fit to the sum of quantities from the idealized runs and the fully
coupled run. Wenzel et al.> provided a constrained estimate for GPP projection considering the

fertilization effect only. Including the radiative effect would at least double their estimate.
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Supplementary Figure 5 | Atmospheric CO; inversions suggest strong increase of NHL land
carbon sink. Seasonal cycle of land-atmospheric CO, exchange estimated by two inversion
procedures, Jena CarboScope (red) and CAMS ECMWF (blue), for two time periods 1980-1985
(dashed) and 2010-2015 (solid). Shading indicates one standard deviation.
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Supplementary Figure 6 | Strong linear relationship between global and NHL GPP increase
in the CMIPS ensemble. Comparison of NHL (x-axis) and global (y-axis) estimates of changes
in annual mean GPP for doubling of pre-industrial CO, concentration. The markers show the
individual model including error bars for one standard deviation. The black vertical line shows the
observation-based Emergent Constraint estimate of NHL GPP increase with the gray shading
indicating uncertainty (Methods). The blue line represents the best linear fit across the entire
CMIPS ensemble (blue shading denotes the 68% confidence interval), whereas the red line shows
the best fit excluding the outlier MPI-ESM-LR (purple, the MPI-ESM-LR CMIPS version is overly
productive in the tropics due to almost absent water limitation). The dashed horizontal lines
indicate the respective constraints on global GPP increase. Based on this result, also on global
scale a substantial underestimation of photosynthetic carbon fixation is present — constrained

estimate is 44% higher than multi-model mean indicated by green cross (56% excluding outlier).



Supplementary Table 1 | Summary data for Principal Component Analysis, LAI,ax
sensitivity estimation and GPP increase.

Model Explained variance Offset to illzitial2 LAILyax 2sensi1tivify to w, b Correla.tion AGPP for 2xCO,
by ® LAl @ (m”/ m%) (m”/ m” unit ) coefficient (PgC/yr)
MIROC-ESM 0.89 2.7 +/-0.00075 0.049 +/- 0.0033 0.93 3.2+4/-0.29
CESM1-BGC 0.83 0.44 +/- 0.00031 0.014 +/- 0.0014 0.86 0.24 +/- 0.025
GFDL-ESM2M 0.64 2.9 +/- 0.00062 0.022 +/- 0.0032 0.76 1.8 +/-0.19
CanESM2 0.91 0.68 +/- 0.00023 0.013 +/- 0.001 0.91 0.72 +/- 0.12
HadGEM2-ES 0.94 1.5 +/- 0.00081 0.075 +/- 0.0035 0.97 6+/-0.53
MPI-ESM-LR 0.77 1.4 +/- 0.00038 0.028 +/- 0.0018 0.94 2.5 +/-0.36
NorESM1-ME 0.84 0.21 +/- 0.00018 0.0088 +/- 0.00083 0.88 0.28 +/- 0.022
Observations 0.9 1.8 +/- 0.0015 0.045 +/- 0.0064 0.78 -

Supplementary Table 2 | Overview of CMIPS models included in this study.

Models MPI-ESM-LR CanESM2 MIROC-ESM NorESM1-ME CESM1-BGC Ig;S]:JI);B;l HadGEM2-ES
No. of PFTs 12 9 13 16 16 5 5
Land model JSBACH CTEM SEIB-DGVM CLM4 CLM4 LM3 TRIFFID

Land resolution 1.9°x 1.9° 2.8°x2.8° 2.8°x2.8° 2.5°x1.9° 0.9°x 1.2° 2.5°%2.5° 1.9°x 1.2°
Dy“*‘"?‘“ Yes No Yes No No Yes Yes
vegetation
. Explicit No No No Yes Yes No No
nitrogen cycle
Raddatz et al. A I beetal. B . Lind I D I Collins et al
Reference (2007)5|. Reick rora et ? . Watanal egt al. entsen e;a . indsay estéa . unne essiig. ollins estga .
; (2011)* (2011) (2013)™ (2014) (2012)°"” (2011)

etal. (2013)™

Supplementary Table 3 | Correlation coefficients for the relations shown in Supplementary
Fig. 3.

Models MPI-ESM-LR CanESM2 MIROC-ESM NorESM1-ME CESM1-BGC ]g;S];I/?;N;l HadGEM2-ES
<2xCO2 0.94 0.95 0.97 0.94 0.93 0.89 0.99
>2xCO2 & <
3xCO2 0.78 0.83 0.89 0.77 0.82 0.067 0.96
>3xCO2 0.51 0.67 0.63 0.27 0.62 0.12 0.78
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