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Supplementary Table 1. Models included in the annual NEE comparison. See Hugelius et al., 2023, for further information.

Model type

Model name

Details and reference

Upscaling

An ensemble of 5 statistical and machine learning model predictions of NEE (Virkkala
et al. 2021)

Atmospheric inversions CAMS Produced by the Global Carbon Project; total land CO2 flux adjusted for fossil fuel
emissions, cement carbonation sink, and lateral fluxes (Friedlingstein et al. 2022)
Atmospheric inversions SEXTocNEET Produced by the Global Carbon Project; total land CO2 flux adjusted for fossil fuel
emissions, cement carbonation sink, and lateral fluxes (Friedlingstein et al. 2022)
Atmospheric inversions CTE Produced by the Global Carbon Project; total land CO2 flux adjusted for fossil fuel
emissions, cement carbonation sink, and lateral fluxes (Friedlingstein et al. 2022)
Atmospheric inversions NISMON Produced by the Global Carbon Project; total land CO2 flux adjusted for fossil fuel
emissions, cement carbonation sink, and lateral fluxes (Friedlingstein et al. 2022)
Atmospheric inversions CMS_Flux Produced by the Global Carbon Project; total land CO2 flux adjusted for fossil fuel
emissions, cement carbonation sink, and lateral fluxes (Friedlingstein et al. 2022)
Atmospheric inversions UoE Produced by the Global Carbon Project; total land CO2 flux adjusted for fossil fuel

emissions, cement carbonation sink, and lateral fluxes (Friedlingstein et al. 2022)

Process models: coupled CMIP6
models

ACCESS-ESM1-5

Based on historical model runs (Eyring et al. 2016)

models

Process models: coupled CMIP6 BCC-ESM1 Based on historical model runs (Eyring et al. 2016)

models

Process models: coupled CMIP6 CanESM5 Based on historical model runs (Eyring et al. 2016)

models

Process models: coupled CMIP6 CESM2 Based on historical model runs (Eyring et al. 2016); CESMZ2 includes permafrost

carbon in the model
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Process models: coupled CMIP6 CMCC-ESM2 Based on historical model runs (Eyring et al. 2016)
models

Process models: coupled CMIP6 CNRM-ESM2 Based on historical model runs (Eyring et al. 2016)
models

Process models: coupled CMIP6 GFDL-ESM4 Based on historical model runs (Eyring et al. 2016)
models

Process models: coupled CMIP6 IPSL-CM6A Based on historical model runs (Eyring et al. 2016)
models

Process models: coupled CMIP6 MIROC-ES2L Based on historical model runs (Eyring et al. 2016)
models

Process models: coupled CMIP6 MPI-ESM1-2-LR Based on historical model runs (Eyring et al. 2016)
models

Process models: coupled CMIP6 NorESM2-LM Based on historical model runs (Eyring et al. 2016); NorESM2-LM includes permafrost
models carbon in the model

Process models: coupled CMIP6 UKESM1-0-LL Based on historical model runs (Eyring et al. 2016)
models

Process models: land surface models | DLEM (Frieler et al. 2017)

included in ISIMIP 2b configuration

Process models: land surface models | JULES (Frieler et al. 2017)

included in ISIMIP 2b configuration

Process models: land surface models | LPJ-GUESS (Frieler et al. 2017)

included in ISIMIP 2b configuration

Process models: land surface models | LPJML (Frieler et al. 2017)

included in ISIMIP 2b configuration

Process models: land surface models
included in ISIMIP 2b configuration

ORCHIDEE-DGVM

(Frieler et al. 2017)
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Process models: land surface models ORCHIDEE-GFDL (Frieler et al. 2017)
included in ISIMIP 2b configuration

Process models: land surface models | VISIT (Frieler et al. 2017)
included in ISIMIP 2b configuration

Supplementary Text

Models used in the regional analysis

We summarized average annual terrestrial NEE (GPP-Reco) from 1) two process-based model intercomparisons, the Coupled Model Intercomparison Project Phase 6
(CMIP6) Earth system models (Eyring et al. 2016) and the Inter-Sectoral Impact Model Intercomparison Project (ISIMIP) terrestrial ecosystem models (Frieler et al. 2017); 2)
atmospheric inversions used in the Global Carbon Project (Friedlingstein et al. 2022); 3) upscaling (i.e., machine learning) (Virkkala et al. 2021); and 4) site-level (i.e., field
data synthesis) categories (Virkkala et al. 2021) (Supplementary Table 1). We included a subset of CMIP6 models (12 in total) that had soil thermal processes at several
depths to assure they had some information about the freeze-thaw patterns in the permafrost region. We included 7 models that were participating in the 2b (models
driven by similar climate data) configuration in ISIMIP for the terrestrial ecosystem models. Inversions were further masked by fire CO2 emission estimates from GFED4s
(van de Wees et al. 2022). The same model outputs were also used in a recent RECAPP-2 permafrost synthesis that provides carbon and nitrogen budgets for the entire
region (Hugelius et al., 2023). We focus on the period 2002-2014 during which all outputs exist; however the ISIMIP model outputs only cover the 2002-2005 period. The
models represent terrestrial NEE (GPP-Reco excluding fires) in a similar way across all the models except for inversions that also include vertical CO2 fluxes from water
bodies.

Determination of regional boundaries

The regions within the broader RECCAP2 regions (Hugelius et al., 2023) were split by a combination of geographical boundaries, including political and ecotonal boundaries
(Dinerstein et al., 2017) as shown in Figure 2. For North America, these areas included Alaska, Canadian Tundra, boreal western Canada, and eastern Canada. The split
between Eastern and Western Canada used the provincial border between Ontario and Manitoba. For Eurasia, these regions included Western Eurasia (northern Europe
and western Russia), Siberian tundra (excluding the mountain tundra in central Siberia). Eastern Siberia and western Siberia were split by the West and East Siberian
ecotones. The Russian Far East was grouped into two categories: Eastern Siberia and Siberian tundra using the tundra ecotonal boundary.


https://paperpile.com/c/pJ5NF7/zIGy
https://paperpile.com/c/pJ5NF7/zIGy
https://paperpile.com/c/pJ5NF7/Fhfd
https://paperpile.com/c/pJ5NF7/zIGy
https://paperpile.com/c/pJ5NF7/kMHf
https://paperpile.com/c/pJ5NF7/YYby
https://paperpile.com/c/pJ5NF7/JlRP

Supplementary References

Dinerstein E, Olson D, Joshi A, et al. (2017) An Ecoregion-Based Approach to Protecting Half the
Terrestrial Realm. Bioscience 67(6): 534-545.

Eyring, V., S. Bony, G. A. Meehl, C. A. Senior, B. Stevens, R. J. Stouffer and K. E. Taylor (2016).
"Overview of the Coupled Model Intercomparison Project Phase 6 (CMIP6) experimental design and
organization." Geosci. Model Dev. 9(5): 1937-1958.

Friedlingstein, P., Jones, M. W., O'Sullivan, M., Andrew, R. M., Bakker, D. C. E., Hauck, J., Le Quéré, C.,
Peters, G. P., Peters, W., Pongratz, J., Sitch, S., Canadell, J. G., Ciais, P., Jackson, R. B., Alin, S. R.,
Anthoni, P., Bates, N. R., Becker, M., Bellouin, N., Bopp, L., Chau, T. T. T., Chevallier, F., Chini, L. P.,
Cronin, M., Currie, K. I., Decharme, B., Djeutchouang, L. M., Dou, X., Evans, W., Feely, R. A,, Feng, L.,
Gasser, T., Giffillan, D., Gkritzalis, T., Grassi, G., Gregor, L., Gruber, N., Glrses, 0., Harris, 1., Houghton,
R. A, Hurtt, G. C., lida, Y., llyina, T., Luijkx, I. T., Jain, A., Jones, S. D., Kato, E., Kennedy, D., Klein
Goldewijk, K., Knauer, J., Korsbakken, J. I., Kértzinger, A., Landschutzer, P., Lauvset, S. K., Lefévre, N.,
Lienert, S., Liu, J., Marland, G., McGuire, P. C., Melton, J. R., Munro, D. R., Nabel, J. E. M. S., Nakaoka,
S.-I., Niwa, Y., Ono, T., Pierrot, D., Poulter, B., Rehder, G., Resplandy, L., Robertson, E., Rédenbeck, C.,
Rosan, T. M., Schwinger, J., Schwingshackl, C., Séférian, R., Sutton, A. J., Sweeney, C., Tanhua, T.,
Tans, P. P., Tian, H., Tilbrook, B., Tubiello, F., van der Werf, G. R., Vuichard, N., Wada, C., Wanninkhof,
R., Watson, A. J., Willis, D., Wiltshire, A. J., Yuan, W., Yue, C., Yue, X., Zaehle, S., and Zeng, J. (2022).
Global Carbon Budget 2021, Earth Syst. Sci. Data, 14, 1917-2005, https://doi.org/10.5194/essd-14-1917-
2022.

Frieler, K., S. Lange, F. Piontek, C. P. O. Reyer, J. Schewe, L. Warszawski, F. Zhao, L. Chini, S. Denvil, K.
Emanuel, T. Geiger, K. Halladay, G. Hurtt, M. Mengel, D. Murakami, S. Ostberg, A. Popp, R. Riva, M.
Stevanovic, T. Suzuki, J. Volkholz, E. Burke, P. Ciais, K. Ebi, T. D. Eddy, J. Elliott, E. Galbraith, S. N.
Gosling, F. Hattermann, T. Hickler, J. Hinkel, C. Hof, V. Huber, J. Jagermeyr, V. Krysanova, R. Marcé, H.
Muller Schmied, |. Mouratiadou, D. Pierson, D. P. Tittensor, R. Vautard, M. van Vliet, M. F. Biber, R. A.
Betts, B. L. Bodirsky, D. Deryng, S. Frolking, C. D. Jones, H. K. Lotze, H. Lotze-Campen, R. Sahajpal, K.
Thonicke, H. Tian and Y. Yamagata (2017). "Assessing the impacts of 1.5 °C global warming — simulation
protocol of the Inter-Sectoral Impact Model Intercomparison Project (ISIMIP2b)." Geosci. Model Dev.
10(12): 4321-4345.

Hugelius G, Ramage JL, Burke EJ, et al. (2023) Two decades of permafrost region CO2, CH4, and N20
budgets suggest a small net greenhouse gas source to the atmosphere. ESS Open Archive. DOI:
10.22541/essoar.169444320.01914726/v1.

van Wees, D., G. R. van der Werf, J. T. Randerson, B. M. Rogers, Y. Chen, S. Veraverbeke, L. Giglio and
D. C. Morton (2022). "Global biomass burning fuel consumption and emissions at 500&thinsp;m spatial
resolution based on the Global Fire Emissions Database (GFED)." Geosci. Model Dev. 15(22): 8411-
8437.

Virkkala, A. M., J. Aalto, B. M. Rogers, T. Tagesson, C. C. Treat, S. M. Natali, J. D. Watts, S. Potter, A.
Lehtonen, M. Mauritz, E. A. G. Schuur, J. Kochendorfer, D. Zona, W. Oechel, H. Kobayashi, E.
Humphreys, M. Goeckede, H. lwata, P. M. Lafleur, E. S. Euskirchen, S. Bokhorst, M. Marushchak, P. J.
Martikainen, B. Elberling, C. Voigt, C. Biasi, O. Sonnentag, F. J. W. Parmentier, M. Ueyama, G. Celis, V.
L. St Louis, C. A. Emmerton, M. Peichl, J. S. Chi, J. Jarveoja, M. B. Nilsson, S. F. Oberbauer, M. S. Torn,
S. J. Park, H. Dolman, I. Mammarella, N. Chae, R. Poyatos, E. Lopez-Blanco, T. R. Christensen, M. J.
Kwon, T. Sachs, D. Holl and M. Luoto (2021). "Statistical upscaling of ecosystem CO2 fluxes across the
terrestrial tundra and boreal domain: Regional patterns and uncertainties." Global Change Biology 27(17):
4040-4059.



	Supplementary Table 1. Models included in the annual NEE comparison. See Hugelius et al., 2023, for further information.

