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Abstract
Estimating the impacts of climate change on the global carbon cycle relies on projections from
Earth system models (ESMs). While ESMs currently project large warming in the high northern
latitudes, the magnitude and sign of the future carbon balance of Arctic-Boreal ecosystems are
highly uncertain. The new generation of increased complexity ESMs in the Intergovernmental
Panel on Climate Change Sixth Assessment Report (IPCC AR6) is intended to improve future
climate projections. Here, we benchmark the Coupled Model Intercomparison Project (CMIP) 5
and 6 (8 CMIP5 members and 12 CMIP6 members) with the International Land Model
Benchmarking (ILAMB) tool over the region of NASA’s Arctic-Boreal vulnerability experiment
(ABoVE) in North America. We show that the projected average net biome production (NBP) in
2100 from CMIP6 is higher than that from CMIP5 in the ABoVE domain, despite the model
spread being slightly narrower. Overall, CMIP6 shows better agreement with contemporary
observed carbon cycle variables (photosynthesis, respiration, biomass) than CMIP5, except for soil
carbon and turnover time. Although both CMIP ensemble members project the ABoVE domain
will remain a carbon sink by the end of the 21st century, the sink strength in CMIP6 increases with
CO2 emissions. CMIP5 and CMIP6 ensembles indicate a tipping point defined here as a negative
inflection point in the NBP curve by 2050–2080 independently of the shared socioeconomic
pathway (SSP) for CMIP6 or representative concentration pathway (RCP) for CMIP5. The model
ensembles therefore suggest that, if the carbon sink strength keeps declining throughout the 21st
century, the Arctic-Boreal ecosystems in North America may become a carbon source over the next
century.

1. Introduction

Global mean surface temperatures have increased
dramatically since the mid-20th century, but have
increased up to four times faster in the Arctic-Boreal
region (Masson-Delmotte et al 2021, Rantanen et al
2022). This phenomenon is referred to as ‘arctic amp-
lification’ (Scheffer et al 2012, Francis et al 2017).
Although the exact mechanisms for the arctic amp-
lification are debated, temperature and snow-sea

ice-albedo feedbacks are keys to understanding this
system, and changes in atmospheric and ocean energy
transport may play an important role (Previdi et al
2021). While Arctic-Boreal ecosystem productivity
may initially benefit from rising atmospheric CO2,
higher temperatures, longer growing seasons, and
faster nutrient cycling, these same systems may
increase carbon emissions through permafrost thaw,
plant (autotrophic) respiration and increased micro-
bial (heterotrophic) respiration (Mack et al 2004,
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Natali et al 2012, 2019, Crowther et al 2015, Schuur
et al 2015, Koven et al 2017, Huntzinger et al 2020,
Miner et al 2022).

Projecting the future trajectory of the Arctic-
Boreal system presents a large challenge to Earth
system models (ESMs) (Hinzman et al 2013) and
requires critical cryosphere-specific processes to
accurately model its physical, biogeochemical and
ecosystem dynamics (including carbon) (Hawkins
and Sutton 2009, Knutti and Sedláček 2013, Slater
and Lawrence 2013, Koven et al 2015, Lawrence et al
2015, Schimel et al 2015, Ciais et al 2019, Braghiere
et al 2021b, 2022). The Coupled Model Intercompar-
ison Project Phase 6 (CMIP6; Eyring et al 2016) is the
most recent ESM activity, and builds upon CMIP5
(Taylor et al 2012), interpreted in the IPCC Fifth
Assessment Report (Intergovernmental Panel on Cli-
mate Change 2014). CMIP6 includes the latest gen-
eration of comprehensive ESMs, driven by historical
greenhouse gas concentrations and climate forcing
followed by different future greenhouse gas concen-
trations pathways according to the shared socioeco-
nomic pathways (SSPs) scenarios (Meinshausen et al
2020, Tokarska et al 2020). The SSPs picture multiple
baseline worlds considering underlying factors, such
as population, technological, and economic growth,
and how those could lead to different future scenarios
and global change outcomes. That does not imply a
larger uncertainty in climate change, it rather con-
siders different economic and political choices.

While benchmarking and validation of ESMs has
become increasingly common in recent years (Fisher
JB et al 2018), it is still rare to comparatively eval-
uate the performance of a carbon cycle model once
it is updated (Fer et al 2021). However, compar-
ing models and observations is required for hypo-
thesis testing and predictive skill evaluation (Fisher
RA et al 2018). To this end, the International Land
Model Benchmarking (ILAMB) project (Hoffman
et al 2017, Collier et al 2018) provides the means
to track and compare performance through a com-
prehensive skill score method and to incorporate
multiple observational datasets of the same variable
of interest to account for observational uncertainty.
Moreover, greater agreement between historical runs
and observations may indicate that model compon-
ents can be updated to better capture inaccurate pro-
cesses. This would increase confidence in future pro-
jections, even though forthcoming changes, such as
photosynthesis acclimation or species composition
shifts, may become progressively more important.

WhetherArctic-Boreal ecosystemswill evolve into
significant carbon sinks (Keenan et al 2014, Zhu et al
2016, Berner et al 2020), net carbon sources (Hayes
et al 2011, Zhang et al 2022), or remain nearly car-
bon neutral (McGuire et al 2012) depends on the
trajectory of climate change (McGuire et al 2018,
de Vrese and Brovkin 2021, De Vrese et al 2021).

It is also imperative to understand if ESMs accur-
ately describe the major carbon cycle fluxes, stor-
age terms, and processes in the present. The critical
threshold at which a perturbation can qualitatively
alter the system’s state or development is referred to
as a tipping point (Lenton et al 2008). An Arctic-
Boreal carbon cycle tipping point would occur when
the rate of release of previously frozen soil carbon to
the atmosphere by ecosystem respiration and disturb-
ances (DISTs), including wildfires, surpasses photo-
synthetic CO2 uptake (Ahlström et al 2015). This per-
mafrost carbon feedback (Schuur et al 2015, Miner
et al 2022) has been identified as a critical Earth sys-
tem tipping point (Lenton et al 2008, McKay et al
2022). For example, the rapid warming of the Arctic-
Boreal zone has accelerated permafrost degradation
(Mekonnen et al 2021) and is remaking the vast,
conifer-dominated boreal forests, lowering species
diversity, increasing ecosystem vulnerability to dis-
ease, decreasing vegetation reproduction rates, mak-
ing fires more frequent and intense, and increasing
mortality rates (Lenton 2012, Seidl et al 2017). In
a stark example of this from the mid-1990s, sum-
mer warming in the absence of sustained increases in
precipitation breached the tipping point in western
central Eurasian boreal forests, sharply shifting eco-
systems into a warmer and drier regime (Buermann
et al 2014). Ensuring that ESMs reproduce emergent
Arctic-Boreal ecosystem tipping points requires con-
siderable certainty in both ecosystem stability and
carbon cycle drivers. Unfortunately, both of these
complex, interconnected systems are largely uncon-
strained within ESMs.

The goal to reduce carbon cycle uncertainty is
non-trivial (Hausfather et al 2022) and it can be
bounded by inherent model uncertainties encom-
passing parametric and structural uncertainty, as well
as forcing data uncertainty (Lovenduski and Bonan
2017). Yet, interpreting model spread as predictive
failure would not bring as much benefit to science as
much as a comprehensive discussion of model uncer-
tainty (Bonan et al 2019). To this end, we compare
projections of the carbon cycle variables fromCMIP5
and CMIP6 over Alaska and northwestern Canada,
the domain of NASA’s Arctic-Boreal vulnerability
experiment (ABoVE; figure S1). We benchmark the
historical runs with a suite of state-of-the-art Earth
observations to test if the most recent models con-
verge in their projections of the Arctic-Boreal carbon
cycle.

The rationale behind benchmarking models in
the historical period before evaluating their future
projections is related to the hypothesis that a model
(or group of models) that better represents the
present has greater predictive skills, and therefore,
should better represent the future. Although mech-
anistic processes represented in these models could
potentially change in the future (i.e. acclimate), the
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predictive skill of two model groups can only be eval-
uated with historical datasets. We compare model
performances and uncertainty, identify improve-
ments and deterioration from older ESMs to newer
ones, and analyze modeled carbon uptake growing
curves to determine if thesemodels project a potential
Arctic-Boreal carbon balance tipping point.

2. Material andmethods

2.1. Study domain andmodels
This study focuses on the ABoVE domain, includ-
ing the Arctic and Boreal regions of Alaska, and the
western provinces of Canada (Fisher JB et al 2018,
Stofferahn et al 2019, Huntzinger et al 2020). We
benchmark six ecosystem and carbon cycle variables:
above-ground biomass, gross primary productivity
(GPP), ecosystem respiration (RECO), leaf area index
(LAI), net ecosystem exchange (NEE), and topsoil
carbon. We incorporate 3 meteorological forcing
datasets (i.e. surface air temperature, precipitation,
and surface downward shortwave radiation), output
from a total of 20 CMIP models, with 8 models par-
ticipating in the CMIP5 and the remaining 12 latest
model versions participating in the CMIP6 (table 1).
These models were chosen based on the availability of
all the required variables included in the analysis. We
also evaluated monthly historical simulations (1850–
2005 for CMIP5 and 1850–2015 for CMIP6) driven
by observation-based forcing data, including green-
house gas concentrations, gridded land-use data, vol-
canic aerosols, and other meteorological variables
(Eyring et al 2016).

Previously, in preparation for CMIP5, the land-
use harmonization v1 (LUH1) project provided har-
monized land use data for the years 1500–2100 at
0.5 deg × 0.5 deg resolution (Hurtt et al 2011).
These data served as required land use forcing for
CMIP5 climate model experiments and have been
used in a number of related studies to assess the
effects of land use change on carbon cycle and cli-
mate. More recently, as part of CMIP6 (Eyring et al
2016), the international research community has
developed the next generation of advanced ESMs able
to estimate the combined effects of human activit-
ies (e.g. land use and fossil fuel emissions) on the
carbon–climate system. The strategy described in the
updated LUH2 builds on the approach for harmoniz-
ing land use patterns and transitions in CMIP5. The
new version is completely updated with new inputs
and includes higher spatial resolution (0.25 deg vs.
0.5 deg), increased detail (12 states vs. 5 and all asso-
ciated transitions), added management layers, new
future scenarios (8 vs. 4), and a longer time domain
(850–2100 vs. 1500–2100)—in all more than a 50-
fold increase in data from its predecessor (Hurtt
et al 2020). Despite these differences, carbon fluxes
associated with DISTs are several orders ofmagnitude

smaller than photosynthesis and respiratory terms
(see figure S2 in supporting information).

CMIPmodels providemultiple simulations based
on the different experimental configurations for
ensemblemember analyses to capture the climate sys-
tem’s natural variability. However, some of the parti-
cipant members have only released their first realiza-
tion, denominated as r1i1f1; therefore, we utilized the
first realization only, following previous recommend-
ations (Anav et al 2013, Park and Jeong 2021).

2.2. Model benchmarking
We used the ILAMB v2.6 package for model bench-
marking (Collier et al 2018) focusing on global
patterns of ecosystem and carbon cycle variables,
including datasets: (a) aboveground living biomass
based on inventory plots upscaled using remote
sensing imagery from GlobalCarbon (Saatchi et al
2011), USForest (Blackard et al 2008), and Thurner
(Thurner et al 2014); (b) GPP and RECO from
FLUXCOM (Jung et al 2019, 2020) and from
FLUXNET2015 (Pastorello et al 2020); (c) LAI
from the moderate resolution imaging spectrora-
diometer (MODIS) (De Kauwe et al 2011), AVHRR
and AVH15C1 (Claverie et al 2016); (d) NEE from
global bio-atmosphere flux (GBAF) (Jung et al
2010) and FLUXNET2015 (Pastorello et al 2020);
and (e) soil carbon stocks from the Harmonized
World Soil v1.2 Database (HWSD; Nachtergaele
et al 2012), the Northern Circumpolar Soil Carbon
Database version 2.2 (NCSCDv2.2) (Hugelius et al
2013a, 2013b), and soil carbon turnover time (Koven
et al 2017). Results from the global models were
masked out to focus benchmarking on the ABoVE
domain.

The relationships between these variables and
precipitation, temperature, and incident shortwave
radiation were analyzed using data products from the
Global Precipitation Climatology Project Monthly
Analysis version (Adler et al 2018), the Climatic
Research Unit monthly temperature version 4.02
(Harris et al 2014), and the Clouds and the Earth’s
Radiant Energy System surface irradiances edition 4.1
(Kato et al 2018, Loeb et al 2018).

We use the results for the ILAMB overall score for
the absolute values (Soverall) defined as:

Soverall =
Sbias + 2SRMSE + Sphase + Sdist

1+ 2+ 1+ 1
(1.1)

where Sbias is the spatially integrated bias score, SRMSE

is the root-mean-squared error (RMSE) score doubly
weighted to emphasize its importance, Sphase is the
phase shift score, and Sdist is the spatial distribu-
tion score. For the whole set of equations of each
term in equation (1) refer to Collier et al (2018). All
the ILAMB results and plots are available in https://
braghiere.github.com (accessed on: April 05th 2022).
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Table 1. General specifications of ESMs used in this study.

CMIP5

Modeling
group ESM Land model

Number
of live
carbon
pools

Number
of dead
carbon
pools

No of
plant

functional
types
(PFTs) Fire

Dynamic
vegetation
cover

Nitrogen
cycle

Phosphorus
cycle

No
soil
layers

Soil
depth
(m) References

CSIRO ACCESS1-3 CABLE1.8 3 6 13 No No Yes Yes 4 2.0 Kowalczyk et al
(2013)

CCCMA CanESM2 CLASS2.7-
CTEM

3 2 9 No No No No 3 2.2 Arora and Boer
(2005); Arora
et al (2011)

GFDL GFDL-
ESM2M

LM3 6 4 5 Yes Yes No No 20 8.8 Shevliakova
et al (2009);
Shao et al
(2013)

UK HadGEM2-
CC

JULES 3 4 5 No Yes Yes No 4 2.0 (Martin et al
2011, Best et al
2011, Clark
et al 2011)

IPSL IPSL-CM5A-
LR

ORCHIDEE 8 3 15 No No No No 7 3.9 (Dufresne et al
2013, Krinner
et al 2005)

JAMSTEC MIROC-ESM MATSIRO
(physics)
VISIT-e
(BGC)

3 6 13 No No Yes No 6 9.0 (Watanabe
et al 2011, Sato
et al 2007)

MPI MPI-ESM-LR JSBACH 3 18 13 Yes Yes Yes No 5 7.0 (Giorgetta et al
2013, Raddatz
et al 2007,
Knorr 2000)

NCC NorESM1-M CLM4 22 7 22 Yes No Yes No 15 35.2 (Iversen et al
2013, Bentsen
et al 2013)

CMIP6

Modeling
group ESM Land model

Number
of live
carbon
pools

Number
of dead
carbon
pools

Number
of plant
functional
types
(PFTs) Fire

Dynamic
vegetation
cover

Nitrogen
cycle

Phosphorus
cycle

No.
soil
layers

Soil
depth
(m) Reference

CSIRO ACCESS-
ESM1-5

CABLE2.4
with
CASA-CNP

3 6 13 No No Yes Yes 6 2.9 (Bi et al 2020)

BCC BCC-CSM2-
MR

BCC-
AVIM2

8 16 16 No No No No 10 2.9 (Wu et al 2019,
Li et al 2019)

CCCMA CanESM5 CLASS3.6-
CTEM

3 2 9 No No No No 3 4.1 (Swart et al
2019, Arora
et al 2020)

CESM CESM2 CLM5 22 7 22 Yes No Yes No 25 42.0 (Danabasoglu
et al 2020,
Lawrence et al
2019)

CNRM CNRM-
ESM2-1

ISBA-
CTRIP

6 7 16 Yes No No
(implicit,
derived
from Yin,
2002)

No 14 10.0 (Delire et al
2020)

GFDL GFDL-ESM4 LM4.1 6 4 5 Yes Yes No No 20 8.8 (Dunne et al
2020, Zhao
et al 2018)

NASA GISS-E2-1-G Ent TBM 5 2 17 Yes Yes Yes No 6 2.7 (Ito et al 2020)
IPSL IPSL-CM6A-

LR
ORCHIDEE,
branch 2.0

8 3 15 No No No No 18 65.6 (Boucher et al
2020)

JAMSTEC MIROC-
ESM1-2-LR

MATSIRO
(physics)
VISIT-e
(BGC)

3 6 13 No No Yes No 6 9.0 (Ito and
Oikawa 2002)

MPI MPI-ESM1-
2-LR

JSBACH3.2 3 18 13 Yes Yes Yes No 5 7.0 (Mauritsen
et al 2019)

NCC NorESM2-
LM

CLM5 22 7 22 Yes No Yes No 25 42.0 (Seland et al
2020)

UK UKESM1-0-
LL

JULES-ES-
1.0

3 4 13 No Yes Yes No 4 2.0 (Sellar et al
2019, Walters
et al 2019)
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3. Results

3.1. Benchmarking CMIPmodels
Modeling if an Arctic-Boreal carbon cycle tipping
point will occur is rather complex and dependent on
a number of feedback loop interactions, but results
indicate newer ESMs are generally better at capturing
the present-day carbon cycle picture over the Arctic-
Boreal ecosystems thanwere previousmodel versions.
The exception to the general improvement in more
recent ESMs is related to the representation of carbon
in soils.

Figure 1 shows the overall scores for ecosystem
and carbon cycle variables for the CMIP5 and CMIP6
ensemblemembers. Results for individualmodels can
be found in supporting information (figure S3). The
ensemble member is per definition fluxes and states
averaged across individual model members within a
modeling group. These usemultiple datasets included
in the ILAMBv2.6. Triangles corresponding to dif-
ferent ensemble members (CMIP5 and CMIP6) and
spatial domains (ABoVE and global) are represented
by a schematic in blue. Comparisons between CMIPs
globally versus the ABoVE domain is performed to
determine if the expected improvements in newer
model versions are comparable when only consider-
ing the Arctic-Boreal North America.

For aboveground biomass, the CMIP6 ensemble
member presents a higher overall score than the
CMIP5 ensemble member across all the evaluated
data products for the ABoVE domain and the globe.
However, the overall score for the ABoVE domain is
always smaller than the global overall score for both
ensemble members. This suggests that most process-
based models included in this study better capture
carbon allocation to living stock for other ecosys-
tems and regions of the globe on average than to
the Arctic-Boreal North America. The highest over-
all score between models and biomass datasets is
given for Thurner, followed by GlobalCarbon, and
USForest.

For GPP and RECO, the CMIP6 ensemble mem-
ber also presents a higher overall score than the
CMIP5 ensemble member across all the evaluated
data products for the ABoVE domain and the globe,
with the overall score for the ABoVE domain being
higher than the global overall score for both ensemble
members. The higher score is mainly due to lar-
ger bias and RMSE in more productive areas of the
globe, including the tropics and temperate forests.
For GPP, the overall score related to the FLUXCOM
data product is systematically larger than the those
associated with FLUXNET2015, while for RECO,
CMIP6 over ABoVE presents better agreement for
FLUXNET2015 than to FLUXCOM.

Spatiotemporal GPP biases between CMIP5 and
CMIP6 with FLUXCOM for the period from 1980
to 2014 are shown in supporting information (figure
S4). The positive bias in GPP presented in CMIP5 in

the northeastern and east of the ABoVE domain is not
observed in CMIP6, as well as a negative bias in GPP
in the pacific. A slight (∼1 g m−2d−1) positive bias in
CMIP6 GPP remains in central parts of the ABoVE
domain, as well as southern croplands in Canada.
For GPP annual cycle, CMIP6 also presents higher
agreement with FLUXCOM (bias = 0.56 g m−2 d−1,
RMSE = 0.84 g m−2 d−1) than CMIP5
(bias = 0.79 g m−2 d−1, RMSE = 1.23 g m−2 d−1),
approximately 30% reduction in bias andRMSE, with
especially accurate performance during spring.

To assess the representation of mechanistic pro-
cesses in the models, we also evaluate variable-
to-variable relationships of GPP with precipita-
tion, surface downward shortwave radiation, and
temperature. The response curves are then scored by
computing a relative error based on the RMSE of
reference datasets to the relationship diagnosed in
models. Across all the evaluated relationships of GPP
with meteorological variables, the scores of CMIP6
were higher than those of CMIP5 (refer to support-
ing information; figure S5).

For LAI, the CMIP6 ensemble members present a
larger overall score than the CMIP5 ensemble mem-
bers across both spatial domains and data products.
Still, the CMIP6 ensemble member over the ABoVE
domain presents a larger overall score than theCMIP6
ensemble member over the globe, which is not
observed in comparison with AVHRR and AVH15C1.

Spatiotemporal LAI biases between CMIP5 and
CMIP6 with MODIS for the period from 2000 to
2006 are shown in supporting information (figure
S6). A strong positive bias (>2 m2 m−2) in LAI
presented in CMIP5 in most of the ABoVE domain
including Alaska, the northeastern and eastern parts
of the domain, as well as the boreal cordillera (higher
elevation terrain of the Rocky Mountains and the
Coast Mountains) are corrected in CMIP6, as well
as a negative bias in LAI in the Pacific coast, boreal
plain and taiga plain. A positive bias in CMIP6 LAI
remains in high elevation areas, as well as south-
ern croplands in Canada. For LAI annual cycle,
CMIP6 also presents higher agreement with MODIS
(bias = 0.22 m2 m−2, RMSE = 0.53 m2 m−2) than
CMIP5 (bias= 0.67m2 m−2, RMSE= 0.91m2 m−2),
approximately 40% reduction in bias and 70% reduc-
tion in RMSE, with high performance in the first half
of the year and slight overestimation in the second
half of the year. Across all the evaluated relationships
of LAI with meteorological variables, the scores of
CMIP6 were higher than those of CMIP5 (refer to
supporting information; figure S7).

Finally, soil carbon overall scores highlight a
downgrade in model performance from CMIP5 to
CMIP6 for both spatial domains in comparison to
the HWSD data product and inferred turnover rates
fromKoven et al (2017) over the globe. In comparison
to NCSDV22 soil carbon data, CMIP6 presents a lar-
ger overall score than CMIP5 models for both spatial
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Figure 1. ILAMB2.6 overall scores for ecosystem and carbon cycle variables using multiple datasets. Triangles correspond to
different ensemble members (CMIP5 or CMIP6) for different spatial domains (ABoVE or global). Areas in white represent
missing data.

domains, but with significantly smaller overall scores
over the ABoVE domain (at least 10%). This may
suggest that despite the uncertainty associated with
empirical datasets, inconclusive discrepancies remain

in the consistency of soil carbon estimates with the
observations between the two evaluated ESM gener-
ations. Significant feedback loops between soil car-
bon and environmental factors associated with a lack
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of improvement in soil carbon representation within
updated ESMs may reduce our confidence in future
projections of climate change.

In general, CMIP6 overall scores are larger than
CMIP5 overall scores for the globe and the ABoVE
domain except for one intercompared soil carbon
product and turnover rate. It is rather difficult to
represent soils within ESMs because they depend on
multiple factors such as topography, parent mater-
ial, environmental factors, and microbial communit-
ies, as well as other living beings. Divergence in
ESMs arise from incomplete parametric and struc-
tural understanding of soil carbon decomposition, as
well as uncertainties in model inputs and boundar-
ies, such as climate and plant functional types. An
analogous figure to figure 1 showing the climatic
forcing metrics is shown in supporting information
(figure S8).

3.2. The carbon cycle in the ABoVE domain
Attempts to characterize the global carbon cycle
through analyzing the carbon budget lies in under-
standing fundamental differences between the largest
atmosphere-biosphere carbon fluxes, i.e. GPP, net
primary productivity (NPP), NEE, and net biome
production (NBP). Although highly uncertain (Anav
et al 2015, Braghiere et al 2019, Jian et al 2022),
the global carbon cycle has been previously estim-
ated with: (a) global GPP being about 120 PgC yr−1,
with almost half being lost to autotrophic respira-
tion, resulting in (b) NPP of about 60 PgC yr−1; (c)
NEE being the difference between the rate of produc-
tion of living organic matter (NPP) and the decom-
position rate of dead organic matter (heterotrophic
respiration), with a negative flux indicating net land
carbon uptake. Heterotrophic respiration includes all
losses by animals and microbial carbon decomposi-
tion bymicrobes. Global NEE is estimated to be about
10 PgC yr−1, with (d) NBP being the net produc-
tion of organic matter in a region containing a range
of ecosystems and including, in addition to hetero-
trophic respiration, other processes leading to loss of
living and dead organic matter (DISTs such as har-
vest, forest clearance, fires, insect outbreaks, among
others), with a positive flux indicating net land car-
bon uptake. Global NBP has been considered to be
close to zero throughoutmost of the historical period,
but it has been persistently increasing mainly due to
the CO2 fertilization effect and is assumed to be in the
order of 1% of NPP and about 10% of NEE (Steffen
et al 1998, IPCC 2007).

As previously estimated for the whole globe,
we use the CMIP5 and CMIP6 ensemble mem-
bers for the historical period (Hist., 1986–2005) and
future simulations (2081–2100) to estimate the large
atmosphere-biosphere carbon fluxes and budget over
the ABoVE domain (figure 2). We also add three
observation-derived fluxes (GPP, RECO, and NEE)
from the GBAF (Jung et al 2010) in the analysis

for reference in the historical period. GBAF ABoVE
domain estimated GPP is 2.68 PgC yr−1, which cor-
responds to 2.23% of reference value global GPP,
while GBAF ABoVE domain estimated RECO is
2.24 PgC yr−1, which corresponds to 2.04% of ref-
erence value global RECO. GBAF ABoVE domain
estimatedNEE is−0.03 PgC yr−1, which corresponds
to 0.3% of the reference value global NEE.

In a single model, the carbon fluxes are expected
to add up, but not in the ensemble member inter-
comparison. These numbers indicate the individual
means of each carbon flux independently calculated
across all models included in the ensemble mem-
bers. The standard deviation of the means is shown
in brackets next to their respective values.

The historical period CMIP5 ensemble mem-
ber gives a GPP of 4.18 PgC yr−1, which is revised
downwards by the CMIP6 ensemble member to

3.28 PgC yr−1 for the same period, a reduction of
21.5% in GPP. Likewise, the historical period CMIP5
ensemble member gives a RECO of 3.55 PgC yr−1,

which is revised downwards by the CMIP6 ensemble
member to 3.14 PgC yr−1 for the same period, a
reduction of 11.5% in RECO. As a result, histor-
ical period CMIP5 ensemble member gives a NEE
of −0.18 PgC yr−1, which is revised upwards by the

CMIP6 ensemble member to−0.12 PgC yr−1 for the
same period, an increase of 33.3% in NEE. The over-
all reduction in fluxes is mostly due to the inclusion

of the nitrogen cycle in CMIP6, lowering the absolute
strength of the feedback parameters over land (Arora
et al 2020). This suggests that if all next generations
ESMs were to include the nutrient limitation (nitro-
gen and phosphorus) of photosynthesis and respira-

tion, the spread across models will potentially be fur-
ther reduced.

The carbon flux associatedwithDISTswas revised
downwards for the historical period by the CMIP6
ensemble member (0.07 PgC yr−1) in relation to the

DIST carbon flux estimated by the CMIP5 ensemble
member (0.11 PgC yr−1), a total reduction of 57.1%.
Adding all these fluxes together gives a budget NBP
of 0.07 PgC yr−1 for both ensemble members, which

defines the ABoVE domain as a carbon sink over the
historical period.

For future scenarios, the CMIP5 ensemble
member projects an increase in GPP of 74.7%

(7.32 PgC yr−1), while the CMIP6 ensemble member
projects an increase in GPP of 98.4% (6.51 PgC yr−1)
with a much stronger CO2 fertilization effect. Like-
wise, the CMIP5 ensemble member projects an
increase in RECO of 72.1% (6.11 PgC yr−1), while
the CMIP6 ensemble member projects an increase
in RECO of 88.2% (5.91 PgC yr−1). Although the
carbon emissions by DISTs is also projected to have a
stronger increase according to the CMIP6 ensemble
member (157%) versus the CMIP5 ensemble mem-
ber (36.4%), the ABoVE domain is projected to be a
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Figure 2. Atmosphere-biosphere carbon fluxes over the ABoVE domain for the historical period (1986–2005) and future
(2081–2100) according to the CMIP5 and CMIP6 ensemble members. Three observation derived fluxes (GPP, RECO and NEE)
from the Global Bio-Atmosphere Flux (GBAF) (Jung et al 2010) in the analysis for reference in the historical period. Arrows point
to the direction (into or out of land) of the carbon flux. The standard deviation of the means is shown in brackets next to their
respective values.

carbon sink by the end of the 21st century with a total
carbon uptake of 0.20 PgC yr−1 in the CMIP6 and
0.15 PgC yr−1 in the CMIP5 simulations.

3.3. Persistent tipping point in NBP over the
ABoVE domain in new generation ESMs
Under high emissions scenarios, a relative strength-
ening of global land carbon–climate feedbacks leads
the terrestrial biosphere to shift from a carbon sink
to a carbon source at some point after 2100 in all
of the CMIP5 ESMs (IPCC 2007, Tokarska et al
2016). Likewise, Koven et al (2022) evaluated land
carbon fluxes globally from 5 CMIP6 members until

2300 and found that terrestrial ecosystems are pro-
jected to switch from being a net sink to either a
neutral state or a net source of carbon depending
on the model and the scenario used in the pro-
jections. Nevertheless, Koven et al (2022) highlight
that land models qualitatively disagree in the spa-
tial patterns, the timing, and the magnitudes of the
carbon responses to climate change. Therefore, the
diverse potential for global and regional carbon cycle
dynamics to change sign under different scenarios
highlights the continued need for improved compre-
hension of themajor drivers of terrestrial carbon cycle
dynamics.
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Figure 3. Net biome production (NBP) (mean and one standard deviation as shading) over the region of NASA’s Arctic-Boreal
vulnerability experiment (ABoVE) in North America from 1850 to 2100 for the RCP scenarios run by CMIP5 and the SSP
scenarios run by CMIP6. The number of models is given in brackets. The box plots (mean, one standard deviation, and minimum
to maximum range) are given for 2080–2099 for CMIP5 (dark colors) and CMIP6 (light colors). A smoothed line (red) is
adjusted to the historical data and forcing 8.5 W m−2. The 20 year window around the inflection point is shown in gray.

Although we have not directly evaluated climate
data after 2100, we found that a tipping point on the
NBP curve by 2050–2080 persists in North Amer-
ican Arctic-Boreal ecosystems too, despite minim-
ized uncertainty in CMIP6 models (figure 3 box
plot). However, the remaining large spread in ESM
projections and the lack of model representation of
fundamental mechanistic processes that may amp-
lify or mitigate soil carbon losses on longer time
scales (including microbial dynamics, permafrost,
peatlands, and nutrients) lead to low confidence in
the magnitude of global soil carbon losses with global
warming (IPCC, 2007, 2021).

Nevertheless, both CMIP ensemble members
across different carbon emission scenarios project
a tipping point between 2050 and 2080. The car-
bon sink strength over the ABoVE domain starts to
decrease during these years, indicating that some-
time in the next century the North American Arctic-
Boreal ecosystems will likely become a source of car-
bon to the atmosphere. This will amplify the local and
global impacts of climate change already attributed
to a local physical component, the permafrost (Natali
et al 2019).

The reason for this tipping point in NBP over the
ABoVE domain is that, although all the components
of NBP are projected to increase throughout the 21st
century (figure S2), the growth rate sum of both res-
piration terms (0.020 PgC yr−2 and 0.015 PgC yr−2

for autotrophic and heterotrophic respiration,
respectively) plus DISTs (9 × 10−4 PgC yr−2) is at
least 15% larger than the growth rate of photosyn-
thesis (0.020 PgC yr−2) over the same period accord-
ing to CMIP6. The rate of change related to RECO
(and DISTs) is outpacing increases in GPP, which
suggests that the thermal response on respiration
from warming is greater than photosynthetic gains

from CO2 fertilization and longer, warmer growing
seasons.

The tipping point in NBP identified in our ana-
lysis may be interpreted as simply due to the CO2

emissions flattening out (representative concentra-
tion pathway (RCP 8.5)) or decreasing (SSP585) in
future scenarios (Meinshausen et al 2020); however,
this is proven not to be the case when evaluating
individual carbon fluxes projections over the ABoVE
domain (figure S2). All carbon fluxes over the ABoVE
domain keep going up until at least 2100, i.e.after
the CO2 emissions flatten out (RCP 8.5) or decrease
(SSP585), which indicates that climatic factors and
not CO2 are driving the carbon fluxes up. The mean
NBP for theABoVE region over the 20th and 21st cen-
tury as simulated by the CMIP5 and CMIP6 mod-
els is shown in figure 3. The simulated 20th cen-
tury net carbon flux is steeper in the CMIP6 model
mean because the absolute values of land carbon-
concentration feedback are larger, as also shown in
Arora et al (2020). In addition, more CMIP6 mod-
els include a representation of the nitrogen cycle
(table 1), which worked to reduce model spread des-
pite the additional added complexity (Arora et al
2020). While the interannual variations are larger in
CMIP5 models, these models make use of RCPs to
determine the amount of warming that could occur
by the end of the 21st century, by setting pathways
for greenhouse gas concentrations, the SSPs set the
stage on which reductions in emissions will—or will
not—be reached. The model spread relative to the
model mean change for each scenario is smaller for
CMIP6 (figure 3 box plots), implying that thesemod-
els present higher convergence in their projections
than CMIP5. This suggests that despite more model
complexity, the spread across land models is reduced
in more recent versions.
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Figure 4.Multi-model mean NBP change (gCm−2 d−1) for a 20 year time period centered around 2090, relative to 1986–2005,
for CMIP5 (left) and CMIP6 (right). Stippling marks areas where the standard deviation of the model mean is 80% or less of the
standard deviation of the interannual variability.

Despite disagreements in total carbon sink
strength among CMIP5 and CMIP6 ensemble mem-
bers, both CMIP versions agree that some areas of the
ABoVE domain will indeed become stronger carbon
sinks in the future relative to historical values. This
indicates that the CO2 fertilization effect of photo-
synthesis is predicted to overcome climate change
impacts on respiration and other loss fluxes. Model
mean patterns of NBP change for a 20 year time
period centered around 2090, relative to 1986–2005,
are shown in figure 4.

Although some areas are similar in CMIP5 and
CMIP6, CMIP6 NBP is projected to increase in the
South and West of the Hudson Bay, and decrease
in northern Alaska, as well as the northern areas of
Yukon and the Northwest territories. This is associ-
ated with less resilient land cover types, such as grass-
lands and open shrublands.

Tundra ecosystems are less resilient than boreal
forests because of their low biodiversity (only 3%
of the world’s flora), low biomass (short and sparse
vegetation), and low NPP (long and cold winters). In
addition, permafrost makes it very difficult for roots
to penetrate the soil, as well as slowing the decay
of organic matter, which decreases the availability
of nutrients (Scheffer et al 2012, Dial et al 2022). A
robust increase in NBP is projected over southern
Alaska and British Columbia across both model gen-
erations. This increase indicates a positive feedback
in the productivity of evergreen needleleaf and mixed
forests. Stippling on the maps is used to show model
agreement locally, highlighting areas where the stand-
ard deviation of the model mean is 80% or less of
the standard deviation of the interannual variability.
For CMIP5NBP change in figure 4, model agreement
is not present in the South and West of the Hudson
Bay or areas associated with mixed grasslands in the

great plains. For CMIP6 NBP change in figure 4, stip-
pling marks areas are present across the entire eval-
uated domain, highlighting also a spatial model con-
vergence on top of an absolute one (figure 3).

4. Discussion

Modern model versions increase our confidence in
prediction as more computational power, obser-
vations, and process understanding are available.
CMIP6 predicts a stronger carbon sink in the ABoVE
domain than previously predicted by CMIP5, and
smaller spread across all scenarios (figure 3 box plots).
Smaller model spread in land carbon fluxes over the
ABoVE domain are primarily due to better represent-
ations of photosynthesis, respiration, and biomass,
although clear improvements in soil carbon are still
lacking (figure 1).

The Arctic-Boreal carbon cycle in CMIP6 repres-
ents more of the relevant processes with increased
detail. For example, while GPP generally presents
high ILAMB overall scores because the description of
processes like photosynthesis generally relies on very
well-established ecophysiology models (Farquhar
et al 1980, Collatz et al 1992), other processes con-
trolling the stocking of carbon in vegetation, like
respiration, litterfall, and allocation lack a unifying
or generally acceptable framework (Reichstein and
Carvalhais 2019). Moreover, the way in which ESMs
calculate permafrost—defined as ground where soil
temperature remains at or below 0 ◦C continuously
for at least 2 years (Black and Muller 1948, Guo and
Wang 2016)—is directly linked to the representation
of snow and soil physics of each individual model,
rather than a newly implemented modeling feature,
such permafrost thawing heterogeneous dynamics
and nutrient cycling, for example. Previous studies
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have evaluated permafrost from CMIP5 (Koven et al
2013, Slater et al 2017) and CMIP6 (Burke et al 2020)
and found that the spread of simulated present-day
permafrost areawithin the ensemblemembers is large
andmainly caused by structural divergences inmech-
anistic processes representation of soils and snow
within models.

Even though the model spread in CMIP5 and
CMIP6 projections are similar or only slightly smal-
ler in CMIP6, scientists have incorporated some of
the missing processes (such as components of the
nitrogen cycle, for example) into carbon cycle pro-
jections, so we are more confident that ESMs capture
more of the relevant land surface processes. Never-
theless, ILAMB scores should be used with caution
when demonstrating model improvement or rank-
ing models in their performance (Collier et al 2018).
Spatiotemporal GPP and LAI biases between CMIP5
and CMIP6 with FLUXCOM and MODIS indicate a
general improvement of CMIP6 models over CMIP5
models. Higher relationship scores of GPP and LAI
with precipitation, downward shortwave radiation,
and temperature indicate not only a general improve-
ment towards smaller biases with observations, but
also a more accurate mechanist process representa-
tion as function of environmental variables in newer
model versions.

Spatiotemporal GPP biases between CMIP5 and
CMIP6 with FLUXCOM for the period from 1980
to 2014 are improved by approximately 30% in
newer model versions, with especially accurate per-
formance during spring (figure S4). For LAI, the
spatiotemporal biases between CMIP5 and CMIP6
with MODIS for the period from 2000 to 2006 are
improved by approximately 40% in newer model
versions (figure S6). The climate sensitives of GPP
and LAI are also improved in CMIP6 models as
indicated by higher scores between reference data-
sets to their relationships to climatic variables dia-
gnosed in themodels (figures S5 and S7 in supporting
information).

A persistent tipping point in the NBP curve
by 2050–2080 is projected over the ABoVE domain
despite minimized uncertainty in CMIP6 models
(figure 3 box plot). The tipping point in the NBP
growing curve over the ABoVE domain is not simply
due to the CO2 emissions flattening out (RCP 8.5) or
decreasing (SSP585) in future scenarios, but rather a
combination of different carbon fluxes with oppos-
ite signs growing at different rates, namely respira-
tion terms plus DISTs being at least 15% larger than
the growth rate of photosynthesis (figure S2). This
indicates that climate change and not the CO2 fer-
tilization effect is causing this tipping point in the
carbon cycle over the ABoVE domain. The rate of
change related to RECO (andDISTs) outpaces carbon
gains from GPP, which suggests that the thermal and
moisture responses on respiration is larger than the

photosynthetic gains from theCO2 fertilization effect,
as well as longer and warmer growing seasons.

In general, CMIP6 has higher ILAMB overall
scores compared with CMIP5, although soil carbon is
an exception. Initial attempts to model the relation-
ships between soil carbon and climate factors were
not successful to predict the uncertain effects of cli-
mate and land use change (Post et al 1982). These first
models described soil carbon as being mainly con-
trolled by evapotranspiration and precipitation rates,
as well as plant functional types. However, it is now
understood that soil carbon depends on a number of
othermechanistic relationships with soil type, micro-
bial communities, as well as species composition.
Taken together, soil carbon uncertainties need to be
addressed in the next generation of ESMswith greater
emphasis of themodeling community by basingmore
off mechanistic science of the relationships driving
soil and rhizospheric processes (Pallandt et al 2022).

Soil carbon and soil carbon turnover time are an
exception to the general model improvement from
CMIP5 to CMIP6 and have a lower benchmark-
ing score for CMIP6 than for CMIP5 (figure 1).
Although it is usually the case to use ILAMB overall
scores to backup conclusions about model improve-
ment, a more detailed evaluation analysis of the com-
ponent metrics that determine the overall scores is
required (Collier et al 2018, Bonan et al 2019), espe-
cially because ILAMB analysis assigns relative weights
to each dataset to qualitatively account for uncer-
tainty in the datasets themselves and multiple stat-
istical metrics (see equation (1)). Moreover, previ-
ous studies have shown that ESMs cannot reproduce
soil carbon under current climate (Todd-Brown et al
2013, 2014, Luo et al 2015) or regionally, as well as
global carbon soil datasets present large discrepancies
(Tifafi et al 2018, Crowther et al 2019) making it very
challenging to appropriately conduct a model bench-
marking. Global overall scores for soil turnover time
also indicate a degradation in model performance in
CMIP6 over CMIP5 (figure S9).

Model discrepancies and lower overall scores
in ILAMB highlight soil carbon assumptions that
deserve further investigations, especially regarding
how ecosystems are likely responding to climate
change and shifts in resource availability (Giorgi
2006, Wieder et al 2019, Braghiere et al 2022). Future
model development endeavors should carefully con-
sider rhizospheric and soil processes, for example
the inclusion of nutrient dynamics into ESMs could
help constrain the CO2 fertilization effect (Norby
et al 2010, Reich and Hobbie 2013, Terrer et al 2018,
Braghiere et al 2022).

Although previous studies have hypothesized that
rising temperatures may increase soil carbon losses
through decreased soil turnover times mainly due
to increased heterotrophic respiration, especially in
high latitudes (Davidson and Janssens 2006, Koven
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et al 2011, Bond-Lamberty et al 2018), other effects
like aggregate formation and mineral–organic inter-
actions could actually stabilize soil carbon, limiting
the loss responses to increased temperature (Dungait
et al 2012, Han Weng et al 2017).

Decomposition model structures generally use
first-order decay kinetics and lack to represent micro-
bial traits, but they could be updated to include
microbial priming effects, as well as mineral–soil
organic carbon interactions (Todd-Brown et al 2013,
Wan and Crowther 2022). In addition, physical pro-
cesses like erosion, soil creep, as well as river trans-
port of carbon and sediments are typically not rep-
resented in ESMs, but they can be critical for carbon
cycling (Resplandy et al 2018), especially fromperma-
frost thawing.

Often experimental manipulations can indicate
unanticipated ecosystem responses from theoretical
expectations or previous observations (Melillo et al
2017, Reich et al 2018), but these experiments can
be expensive and demanding, which limit their spa-
tial and temporal coverage. In order to expand sci-
entific possibilities, modern ESMs should be enabled
to make direct use of new observations from space-
craft in orbit allowing an estimation of carbon cycle
variables, linking eddy covariance sites with much
higher spatial coverages (Schimel and Schneider 2019,
Braghiere et al 2021a).

The challenge remains on how to link above can-
opy measurable signatures to underground rhizo-
spheric mechanisms, which depends upon the
development of new theory to address previously
unobserved processes. Hyperspectral datasets seem
highly promising in deriving a wide range of unique
constraints on plant functional traits that can be
linked to the rhizosphere (Singh et al 2015, Butler
et al 2017, Sousa et al 2021). As a way forward, scient-
ists should be able to bridge different process-based
model scales and modeling parametric decisions (Shi
et al 2018, Braghiere et al 2020a, Wang et al 2021), as
well as applying machine learning tools to spatially
and temporally limited data to improve understand-
ing about complex processes in which current models
have little to nomechanistic ways to represent (Bloom
et al 2016, Braghiere et al 2020b).

5. Conclusion

The rapidwarming of theArctic-Boreal zone is expec-
ted to shift current states of the biosphere indefinitely,
moving the Earth system into new, and possibly irre-
versible states (Lenton 2012, Seidl et al 2017). Future
NBP projections indicate narrower model spread for
CMIP6, while both CMIPs indicate a tipping point in
theNBP growing curve by 2050–2080 suggesting that,
if the carbon sink strength keeps declining through-
out the 21st century, the Arctic-Boreal ecosystems in
North America will highly likely become a carbon
source in the next century.

In general, simulated carbon cycle variables from
CMIP6 better agree with observations than those
from CMIP5 for the globe and the ABoVE domain
with an exception for soil carbon and turnover rate
(figure 1). While processes like photosynthesis rely
on well-established ecophysiology models (Farquhar
et al 1980, Collatz et al 1992) and present improve-
ments in relationship to climatic variables, soil car-
bon lacks a generally acceptable description and
processes understanding (Reichstein and Carvalhais
2019), which can be alleviated with more experi-
mentalmanipulations, observations, andnewermod-
eling paradigms.
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