
1. Introduction
Forests cover approximately 31% of the global land surface (FAO, 2020; Luyssaert et al., 2014) and the terrestrial 
biosphere is currently responsible for the removal of 30% of total anthropogenic emissions from the atmosphere 
(Friedlingstein et al., 2022). Forestation is therefore often thought of as a viable strategy to remove CO2 from 
the atmosphere and mitigate global warming (Griscom et al., 2017; House et al., 2002; Smith et al., 2022). Most 
decarbonization pathways to limit global warming to below 1.5 or 2°C (consistent with the Paris Agreement) 
require not only a reduction of fossil fuel emissions, but also CO2 removal to offset industrial and agricultural 
emissions that are difficult to abate (Babiker et al., 2022). The most commonly used practice to remove CO2 
from the atmosphere in decarbonization pathways is forestation that includes a) reforestation: forest regrowth in 
abandoned agricultural and pasture lands, and direct tree planting, and b) afforestation: tree planting in areas not 
previously forested.

Forestation and deforestation affect the climate in two main ways (Ito & Hajima, 2020; Pongratz et al., 2010; 
Zhu et al., 2023). Firstly, by biogeochemical effects, that is, changes to the global carbon cycle and carbon stor-
age pools that affect atmospheric CO2 concentration and, therefore, the radiative absorption of the atmosphere. 
And secondly by biogeophysical effects, that is, changes in the physical properties of the land surface such as 
albedo, roughness and evapotranspiration efficiency, which in turn influence the surface energy balance (Bala 
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et al., 2007; Betts, 2000; Winckler et al., 2019). In general, forestation causes a global cooling biogeochemical 
effect as carbon is taken from the atmosphere and stored in vegetation and soils. However, the biogeophysical 
impacts of forestation are more varied, with the effects of albedo and roughness having opposing impacts that 
might dominate more or less at different latitudes.

Historically, there has been substantial deforestation in temperate forests of Eurasia and North America and in 
the last few decades, deforestation has been focused on the tropics (Klein Goldewijk, 2001). The net effect of 
deforestation is to cool the climate globally due to an increase in albedo (Davin & de Noblet-Ducoudré, 2010). 
While the albedo-induced cooling is a result of the changes in the global planetary energy balance, reinforced by 
the ocean, the biogeophysical effects at the site of the deforestation are generally a warming effect (Betts, 2001; 
Kumar et al., 2013; Lee et al., 2011; Li et al., 2016; Winckler, Lejeune, et al., 2019): Locally, the reduction in 
absorbed energy is compensated for by a reduction in turbulent heat fluxes (Winckler et al., 2019). As a result, the 
albedo changes have a minor influence on local temperatures. Instead, the reduction in roughness transforming 
forest to short, smooth grass or cropland vegetation leads to less efficient transfer of heat from the surface into the 
atmosphere, which induces warming both in the annual mean and daily and seasonal warm extremes (Winckler, 
Reick, Luyssaert, et al., 2019). The amount of CO2 removed from the atmosphere and the climate impacts can be 
simulated with earth system model projections. The land surface components of these models simulate vegetation 
dynamics to varying degrees and their interaction with the atmosphere can estimate a range of possible carbon 
cycle and climate impacts (for a recent overview on the current state of land surface modeling dynamics see 
Fisher et al. (2018) and Argles et al. (2022)).

Model results are confirmed by observation-based estimates (which by way of their setup capture only local 
effects; Alkama and Cescatti  (2016); Bright et  al.  (2017) and see Pongratz et  al.  (2021) for a review of the 
climatic effects of forest cover changes from local to global scale). In another modeling study of deforestation, 
Boysen  et al. (2020) show a cooling of −0.22 ± 0.2°C among nine climate models in idealized deforestation simu-
lations with constant atmospheric CO2 concentration; in the tropics, the warming effect of local surface property 
changes dominates over the global cooling signal in most models. Hong et al. (2022) also show that under a future 
deforestation scenario, this cooling effect might reduce the incidence of hot extremes by 0.9%–5.5%. However, 
the effect of future forestation may not necessarily be merely the inverse of the effect of future deforestation.

There have been several previous studies on the potential of forestation to remove CO2 from the atmosphere, each 
using different methods of quantification. For example, early studies like House et al. (2002) approximated the 
maximum hypothetical potential change in CO2 concentration (40–70 ppm by 2100) due to reversing all histor-
ical forest losses. Similarly, Lenton and Vaughan  (2009) used a simplified “back-of-the-envelope” analytical 
calculation approach to estimate the radiative forcing effect of forestation, finding that it has substantial potential 
relative to most other geoengineering methods. They estimate a removal of 73 Pg C by forestation can result in a 
decrease of 0.37 W m −2 radiative forcing by 2100. However, besides assuming hypothetical scenarios of foresta-
tion, such simplified estimates largely disregard impacts of future environmental changes on forests and assume 
that the land carbon storage is stable on long time scales, the decay of which under a future climate could only be 
estimated with an earth system model.

More sophisticated modeling studies better represent the complexity of the net effects of biogeophysical and 
biogeochemical impacts and their dynamics depending on future environmental changes. For example, Sonntag 
et al. (2016) quantified the CO2 removal potential using an Earth System Model, in which a high CO2 emissions 
scenario is simulated (taken from RCP8.5) in combination with the “forestation” land-use from a low emissions 
scenario (taken from RCP4.5). This study used the concentration-driven CMIP5 (Coupled Model Intercom-
pari son Project Phase 5) version of the MPI-ESM and the CMIP5 representative concentration pathways. They 
find that a decrease of about 85 ppm (215 Pg C) in atmospheric CO2 concentrations by 2100 from forestation 
results in a cooling of 0.27 K globally, with a dampening of heat extremes through biogeophysical effects in some 
densely populated regions (also reiterated in Sonntag et al. (2018)).

Some other experimental designs kept to idealized assumptions and represented a more extreme deployment 
of forestation, where a large and potentially unfeasible portion of non-forested lands are forested. De Hertog 
et al. (2022), for example, conducted an experiment where all non-forested lands, except bare ground, are forested 
in a checker-board pattern. While this is not meant as a real-world application, it allows for the diagnosis of local 
and non-local effects of forestation, demonstrating that in those models the local biogeophysical effects from 
forestation produce a cooling in the tropics, while the non-local effects result in a large-scale warming.
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To date, a multi-model intercomparison of the potential of forestation to store CO2 and mitigate climate change 
under a realistic scenario is lacking from the literature (while Ito et  al.  (2020) examined soil carbon, they 
did not examine the entire terrestrial biosphere or the climate impacts). This study aims to quantify the CO2 
removal potential of forestation in a high-emissions scenario (SSP5-8.5) using CMIP6 models in an interactive 
emissions-driven carbon cycle configuration. We will assess the viability of the carbon stores, and the net impacts 
of forestation on the climate. The CMIP6 ensemble of models provides a measure of uncertainty related to model 
structure and parameters. Furthermore, there is an ensemble of simulations available for a single model for the 
estimation of uncertainty arising from internal climate variability.

2. Methods
2.1. Experiments

The CMIP6 experimental design specifies a set of standard simulations called the Diagnostic, Evaluation and 
Characterization of Klima (DECK) (Eyring et al., 2016), which are typically used as the foundation to study more 
specific research questions. The DECK includes a pre-industrial control simulation (piControl) with constant 
greenhouse gas concentration forcing, and a historical (historical) simulation with transient historical green-
house gas concentration forcing. Furthermore, the DECK specifies corresponding simulations (esm-piControl 
and esm-hist) that are run in “Earth system model” mode (i.e., with a fully interactive dynamic carbon cycle) 
wherein historical fossil fuel and industrial greenhouse gas emissions are used to force the models. Projection 
period emissions-driven simulations that are analyzed in this study were initialized at 2015 from the end of the 
esm-hist experiments.

The reference simulation we use to compare to the forestation scenario is the esm-ssp585 from the Coupled 
Climate-Carbon Cycle Model Intercomparison Project (C4MIP) (Jones et al., 2016). This is the emissions-driven 
Earth system model simulation corresponding to the SSP5-8.5 high greenhouse gas scenario that assumes that 
development is driven by fossil fuels (O’Neill et al., 2016).

The forestation scenario analyzed here is the Land Use Model Intercomparison Project's esm-ssp585-ssp126Lu, 
spanning the years 2015–2100 (Lawrence et al., 2016). Compared to SSP5-8.5, this scenario has ∼4.8% increase 
in forest cover. This simulation features the surface fossil fuel-related CO2 emissions from the SSP5-8.5 scenario, 
but the land-use trajectory is taken from the SSP1-2.6 scenario (O’Neill et al., 2016). The SSP5-8.5 scenario 
represents a high emissions future pathway that results in a radiative forcing of 8.5 W m −2 in 2100. The SSP1-2.6 
scenario land-use change assumes a future of sustainable development (van Vuuren et al., 2017). This scenario 
assumes low population growth, low pressures on land-use, expansion of protected lands, environmentally 
friendly changes in diets and increased agricultural efficiency and yields, which altogether drive the abandon-
ment of agricultural lands. This abandoned agricultural land allows for the expansion of natural lands and forest 
cover. We use this scenario because it represents a plausible future forestation scenario that would provide a lower 
bound on the survivability of vegetation and CO2 removal potential of the land surface under a warmer climate.

In general, there is greater forest expansion occurring in esm-ssp585-ssp126Lu than esm-ssp585. By taking the 
difference between the forestation simulation and the esm-ssp585 simulation for any variable X (Equation 1), we 
can examine the impact of forestation on the climate and the carbon cycle. Therefore, we use the term “foresta-
tion” to include the avoidance of deforestation that also occurs in SSP5-8.5.

𝑋𝑋|𝑓𝑓𝑓𝑓𝑓𝑓 = 𝑋𝑋|𝑒𝑒𝑒𝑒𝑒𝑒−𝑒𝑒𝑒𝑒𝑠𝑠585−𝑒𝑒𝑒𝑒𝑠𝑠126𝐿𝐿𝐿𝐿 −𝑋𝑋|𝑒𝑒𝑒𝑒𝑒𝑒−𝑒𝑒𝑒𝑒𝑠𝑠585 (1)

The land-use change data used in all CMIP6 experiments are the Land-use Harmonization data set version 2 
(LUH2; Hurtt et al., 2020), which for future scenarios is derived from integrated assessment models (IAMs). 
LUH2 provides land-use states and transitions as relatively generic types such as primary and secondary forested 
and non-forested land. These data are translated by each modeling group to changes in the fractional coverage of 
either specific plant functional types (PFTs) or more general land-use and land-cover types if PFT competition 
dynamics are simulated (e.g., Di Vittorio et al., 2014). Figure 1 shows the temporal change in combined primary 
and secondary forest cover fractions from LUH2 data. The SSP1-2.6 land-use change is typically characterized by 
forestation, while the SSP5-8.5 has a mixture of deforestation and forestation. SSP5-8.5 land-use change has no 
net change in global forest cover for most of the century with a small amount of forestation occurring in the last 
few decades, however, there is considerable deforestation in the central African region (Figure 1b). The difference 
in forest area between the two scenarios (Figure S1 in Supporting Information S1) is about 3 million km 2 (which 
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is an area about the size of India and ∼4.8% increase in global total forest cover), about 50% of which is avoided 
deforestation in the SSP5-8.5 scenario. There are only a few small areas where there is deforestation in the SSP1-
2.6 experiment. These occur in deciduous broad leaf forests in eastern North America, China and western Russia 
(Figure 1a). Furthermore, we acknowledge that the LUH2 SSP1-2.6 scenario underestimates the tree cover that 
was originally dictated by IMAGE (the IAM that produces the SSP1-2.6 scenario). This is due to differences in 
the definition of tree cover in the integrated assessment models as well as the effects of harmonization of that data 
with observed historical land cover fractions. LUH2 provided additional forest cover data to match the forestation 

Figure 1. Temporal anomaly (2100 – 2015) in tree fraction from the Land-use Harmonization 2 for (a) the SSP1-2.6 scenario and (b) the SSP5-8.5 scenario between 
the year 2100 and 2015. (c) Boxes demark the areas used in the ACCESS-ESM1-5 regional analysis. The regions are 1 Amazonia, 2 Northeast North America, 3 Boreal 
North America, 4 Central Africa, 5 Boreal Eurasia, and 6 East Asia. The black crosses mark the locations of large forestation changes that are used for daily temperature 
distributions in Eastern North America (275°E, 37.5°N), East Asia (99.375°E, 32.5°N), and Amazonia (311.25°E, −12.5°N).
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estimated by IMAGE, only CESM2 utilized it of all the models in this study. Therefore, we consider esm-ssp585-
ssp126Lu as having low forestation and would be representative of the lower end of the future mitigation potential 
from forestation.

2.2. Participating Models

Seven Earth system models participated in both LUMIP and C4MIP with simulations available for esm-ssp585-
ssp126Lu and esm-ssp585. NorESM5 contributed a simulation to LUMIP for the esm-ssp585-ssp126Lu 
experiment, however, we have excluded it since it was run in concentration-driven mode. We also excluded 
BCC-CSM2-MR upon request of the developers due to a bug in the soil respiration. A brief overview of these 
models is presented in Table 1. Two models included wildfire schemes, three models included PFT dynamics 
(i.e., the geographical distribution of the vegetation types changes in response to environmental changes and 
competition modulated by physiological constraints), two models include plant demography (i.e., competition of 
vegetation age or height classes) and six models included nitrogen limitation. ACCESS-ESM1-5 is the only model 
to include phosphorus limitation. Furthermore, ACCESS-ESM1-5 is the only model to have multiple ensem-
ble members available for both simulations, of which there are 10 for each experiment. The ACCESS-ESM1-5 
ensemble members were generated by a branched initialization technique from the pre-industrial control simu-
lation which runs throughout the historical period. The esm-ssp585-ssp126Lu and esm-ssp585 simulations are 
initialized from the end of each of the historical ensemble members and the corresponding ensemble members 
are therefore necessarily paired together when the difference is taken.

CanESM5 has different ensemble initialization methods for esm-ssp585 and esm-ssp585-ssp126Lu. The former 
uses r1i1p1f1 and the latter uses r1i1p2f1, which features recent bug-fixes in the model. To account for the 
slightly different initial conditions, the CanESM5 model (green line in Figure 3) has been bias corrected by 
subtracting the difference in the carbon pools between the reference and forestation simulations at the start of the 
experiment (2015). This makes the CanESM5 comparable with other models for all variables.

The forest and tree definition can still differ between models depending on how the LUH2 forcing data are 
translated into model PFTs. For example, CanESM5 and GFDL-ESM4 do not have an explicit representation of 
shrubs but consider them as tree PFTs and therefore areas otherwise considered as shrubs in other models would 
be included in treeFrac. Also, none of the models here have a representation of rangelands and thus the LUH2 
rangelands can be variously interpreted by the models as forest, pasture, shrublands or savanna, which may or 
may not be considered as woody tree PFTs.

2.3. Data

The data used in this study are available from the Earth System Grid Federation. For each model, we use the 
following monthly mean variables: tree cover fraction (treeFrac), vegetation, litter, soil and total land carbon 

Model Fire N P
PFT 
dyn. Demography PFTs

Natural 
PFTs Resolution LSM reference ESM reference

ACCESS-ESM1-5 No Yes Yes No No 10 9 1.8758 × 1.258° Kowalczyk et al. (2006); Wang 
et al. (2010); Harman et al. (2019)

Ziehn et al. (2020)

CanESM5 No No No No Yes 9 7 2.8 × 2.8° Verseghy (2000); Arora and Boer (2005) Swart et al. (2019)

GFDL-ESM4 Yes No No Yes Yes 7 5 100 × 100 km Zhao et al. (2018) Dunne et al. (2020)

MIROC-ES2L No Yes No No No 14 13 2.8 × 2.8° Ito and Inatomi (2012) Hajima et al. (2020)

MPI-ESM1-2-LR Yes Yes No Yes No 12 8 1.8° × 1.8° Reick et al. (2013) Mauritsen 
et al. (2019)

CESM2 Yes Yes No No No 22 14 1.25° × 0.9° Lawrence et al. (2019) Danabasoglu 
et al. (2020)

UKESM1-0-LL No Yes No Yes Yes 12 9 1.25 × 1.875° Best et al. (2011); Burton et al. (2019) Sellar et al. (2019)

Note. The columns indicate whether the model's land surface component has representations of wildfire, Nitrogen (N) and Phosphorus (P) cycles, plant functional types 
dynamics (PFT dyn.), plant demography and the number of plant functional types. Natural plant functional types exclude agricultural crops and pasture.

Table 1 
Models Participating in Both Land-Use Model Intercomparison Project and Coupled Climate-Carbon Model Intercomparison Project With Available Simulations for 
esm-ssp585-ssp126Lu and esm-ssp585
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(cVeg, cLitter, cSoil, cLand respectively), atmospheric CO2 concentrations (co2), ocean CO2 flux (fgco2), 1.5 m 
surface air temperature (tas) and precipitation rate (pr). From ACCESS-ESM1.5 we also use daily maximum 
temperatures (tasmax). Some variables are not available for particular models, such as treeFrac data from MIROC 
and atmospheric CO2 concentration from GFDL-ESM4.

Changes in the treeFrac variable typically represent the changes in forests, but the definition of forest cover can 
vary. ESMs represent forest area as a fraction of a grid cell's land surface rather than crown cover, which is an 
important distinction since definitions of forests vary greatly with crown cover (Zomer et al., 2008).

2.4. Analysis and Statistical Methods

In this study, the analysis of results is done in two parts, a global mean analysis of CMIP6 models, and a regional 
analysis of the ACCESS-ESM1-5 10 member ensemble (since an ensemble allows for a more robust detection 
of noisy regional signals). For the global mean analysis across CMIP6 models, we analyze global forest cover 
fractions, terrestrial and oceanic carbon, surface air temperature and precipitation. We calculate trends in the 
difference of global mean temperatures and precipitation to examine the change in temperature as forests expand. 
For this, we use the Theil-Sen slope estimator and test its significance at the 5% level using the Mann-Kendall 
trend test.

For a more detailed analysis of regional carbon uptakes, the ACCESS-ESM1-5 regional analyses have been 
divided into 6 regions that feature notable changes in tree cover. These regions are shown in Figure 1c.

Much of the simulated tree cover changes between the two simulations occur in a handful of concentrated regions. 
Therefore, to examine the local scale impact of substantial forestation on temperature, histograms of the frequency 
distributions for specific grid points are calculated for the locations shown by the crosses in Figure 1. These large 
forestation regions are in Eastern North America (275°E, 37.5°N), East Asia (99.375°E, 32.5°N), and Amazo-
nia (311.25°E, −12.5°N). The difference in the temperature distribution in the two simulations in response to 
forestation is tested using the 2-sample Kolmogorov-Smirnov test for the equality of distributions at the 5% level.

Lastly, to examine the relationship between forestation and climate, correlations were done on ensemble mean 
surface air temperature and tree fraction using the Spearman's rank correlation and the significance was tested at 
the 5% level (Kokoska & Zwillinger, 2000).

3. Results and Discussion
3.1. Global Multi-Model Inter-Comparison

3.1.1. Carbon Cycle

Each model has a unique representation of forests which results in a variety of changes in simulated global tree 
cover. This is demonstrated in Figure 2, which shows the difference in tree cover fraction between the two scenar-
ios for each model at 2100 (Figure S2 in Supporting Information S1 also shows the temporal change for each 
experiment). The unique representations of forest cover arise from a variety of sources. Firstly, each model has 
various combinations of evergreen/deciduous broadleaf/needleleaf PFTs, sometimes in specific climates such as 
tropical, temperate and boreal regions. Modeling groups therefore must have diverse approaches to translating 
the natural lands from LUH2 into these model-specific PFTs differently. Secondly, each model has a different 
grid resolution, which causes large differences in forest areas when the cover fractions are remapped. Thirdly, 
each model may use a slightly different spatial distribution of potential vegetation, resulting in different forest 
areas when land-use changes are applied. Finally, UKESM1-0-LL, GFDL-ESM4 and MPI-ESM1-2-LR include 
PFT dynamics that respond to changes in climate, and these are the models that deviate from the LUH2 land-use 
forcing the most.

To interpret the difference in tree cover response of the models, it is helpful to be aware of some of the known 
climate and dynamic features of each model. Firstly, CanESM5 particularly stands out as having a net loss of tree 
area by 2100 (Figure 2a), however, this is due to CanESM5 lacking an explicit representation of shrubs and range-
lands, which have been allocated as forest. Several show large-scale forest loss in some regions. The mechanisms 
that drive such forest loss in CMIP6 models are typically model-dependent climate sensitivities for prolonged 
drying under which models with PFT dynamics would favor the expansion of savanna or grass biomes, as well 
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as disturbances from deforestation and fires (Cano et  al.,  2022; Parry et  al.,  2022). For example, CanESM5, 
MPI-ESM and UKESM1-0-LL also feature substantial Amazonian die-back in both scenarios (Figure S2 in 
Supporting Information S1), typically driven by localized drying. Secondly, MPI-ESM1-2-LR has large amounts 
of tree cover increase in semi-arid regions in Africa and Australia. Thirdly, the UKESM1-0-LL esm-ssp585-
ssp126Lu scenario is known to have enhanced CO2 fertilization compared to other models and warming in the 
mid-to high-latitudes resulting in increased tree cover fractions in Figure S2 in Supporting Information S1 and 

Figure 2. (a) Global sum tree cover area (or global mean area fraction for the right axis) over the period 2015 to 2100 in 
esm-ssp585-ssp126Lu (forestation) (solid) and sss-ssp585 (reference) (dashed) for each model. (b)-(g) 2100 maps of tree 
cover fraction difference between the simulations for each model. MIROC-ES2L data for tree fraction are not available.
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decreased tree cover fraction in tropical South America and southeast Asia, 
driven by a combination of land use change and regional drying trends. 
Lastly, the tree cover changes in each model may not fully capture actual 
dynamics that may limit forest expansion. For example, models that do not 
include PFT dynamics may not represent natural encroachment of forests 
onto natural grasslands. Also, no models have mechanisms for seed dispersal 
to limit forest expansion, and seedling planting on managed lands is implicit 
rather than explicit. Depending on the ESM implementation, forests may 
take some time to grow their relevant pools. For example, ACCESS-ESM1-5 
takes ∼100 years for wood pools to stabilize following complete forestation 
on all croplands (not shown).

ACCESS-ESM1-5 is an example that closely follows the spatial distribu-
tion of the LUH2 land-use forcing. By 2100, ACCESS-ESM1-5 has a forest 
expansion of 1.59 million km 2 and agricultural abandonment of 1.11 million 
km 2. By mid-century, crops reach a minimum of 2.74 million km 2 less than 
in 2015, before rising again in the latter half of the century (Figures S3 and 
S4 in Supporting Information  S1). Forestation is dominated by growth of 
evergreen broad leaf forests, followed by evergreen needle leaf forests, and 
deciduous broad leaf forests. Deciduous needle leaf forests only make up a 
small fraction of forests and do not show any expansion.

The inter-model spread in increased tree cover fraction corresponds to the 
spread of carbon uptake potentials into the terrestrial system. Figure 3 shows 
the change in the model's terrestrial carbon pools due to forestation. The 
increase in total land carbon tends to diminish toward the end of the century 
as new forest areas reach maturity. The models show a total CO2 removal by 
the land surface between 10 and 60 Pg C by 2100. The ACCESS-ESM1-5 
ensemble spread indicates that the internal climate variability can consti-
tute a considerable portion of this range (between 10 and 40 Pg C). Such a 
large multi-model spread likely arises from the use of a very high emissions 
scenario, which amplifies the range of temperature responses since each 
model has a unique climate sensitivity. Models with strong climate-carbon 
feedbacks on land would further increase the spread of land carbon uptake.

For vegetation carbon, the models either maintain a carbon removal 
potential of ∼20–50 Pg C by 2100 (ACCESS-ESM1-5, UKESM1-0-LL, 
MPI-ESM1-2-LR and CESM2), or the vegetation carbon gains by the 
middle of the century are lost to the atmosphere by 2100 (CanESM5 and 
MIROC-ES2L). ACCESS-ESM1-5 and UKESM1-0-LL lie approximately in 
the middle of the model spread. These models use different versions of the 
same atmosphere model and therefore share similar climate physics, however 
UKESM1-0-LL has a greater transient climate response (TCR) to forestation 
and atmospheric CO2 changes.

Soil carbon shows varied responses to forestation, but most models show 
carbon accumulates in litter and soil pools and remain carbon sinks over the 
21st century. For example, for CanESM5, even though there is a net loss 
of tree cover by 2100, much of the land carbon is stored in soil and litter. 
However, ACCESS-ESM1-5 and UKESM1-0-LL show decreases in soil 
carbon in response to forestation. For ACCESS-ESM1-5, this is likely due 
to differences in PFT-specific parameters for the proportion of litter carbon 
stored as lignin, as well as the litter and soil carbon turnover rates between 
forests, crops and grasses, with the former having slower turnover from 
litter to soil. This results in carbon accumulating in the litter pools and the 
soil carbon pools decay to a new lower equilibrium. In the UKESM1-0-LL, 

Figure 3. Differences for (a) total land carbon, (b) vegetation carbon 
and (c) litter and soil carbon (cLitter + cSoil) between esm-ssp585-
ssp126Lu (forestation) and esm-ssp585 (reference) for 6 CMIP6 models. 
ACCESS-ESM1-5 is plotted as the ensemble mean and the blue shading 
indicates the ensemble range. Data for GFDL-ESM4 carbon pools are not 
available.
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however, severe deforestation of tropical PFTs in the early part of SSP5-
8.5 compared to SSP1-2.6 results in a large negative difference in litter 
and soil carbon mid-century. Much of the deforested wood is transferred to 
wood products, with less harvested carbon being transferred to soil in the 
esm-ssp585-ssp126Lu scenario.

An increased land surface sink results in a corresponding decrease in atmos-
pheric CO2 concentrations as demonstrated in Figure  4. The multi-model 
range is −5 to −22 ppm, with concentrations projected to increase from 400 
to 1088 ppm under SSP5-8.5 (REMIND-MAGPIE in Figure S5 in Supporting 
Information S1). This change represents 0.7%–3% of the reduction required 
to return the CO2 concentration at 2100 to that of the level in 2010. The 
largest change in concentration is ∼22 ppm from MPI-ESM1-2-LR, which is 
still much lower than the 85 ppm decrease in the scenario used by Sonntag 
et al. (2016). In that study, there was a much larger forestation of ∼9 million 
km 2 in the RCP4.5 scenario, compared to the ∼2 million km 2 for MPI-ESM 
here, which likely explains most of the difference. The ACCESS-ESM1-5 
ensemble range demonstrates that atmospheric CO2 is strongly sensitive to 
internal climate variability, encompassing 60% of the multi-model range.

3.1.2. Climate Response

Figure 5 shows that trends in global mean surface air temperature over the 
century are not significantly altered by forestation, which is likely because 

the forest area difference between the two scenarios is not large enough. Despite not being statistically signifi-
cant, the global temperature trends disagree in sign, with most showing negative trends and ACCESS-ESM1-5, 
CanESM5 and CESM2 showing positive trends. The effect that internal climate variability can have on the trends 
is demonstrated by the ACCESS-ESM1-5 ensemble. While the ensemble mean trend showed no significant 
change, three members showed a significant positive trend. The CO2 concentration of these three members is 
not consistently greater than the other ensemble members throughout the experiment (Figure S6 in Supporting 

Figure 4. Difference in atmospheric CO2 concentration between esm-ssp585-
ssp126Lu (forestation) and esm-ssp585 (reference). The ACCESS-ESM1-5 is 
plotted as the ensemble mean with the blue shading representing the ensemble 
range. CanESM5 does not start at 0 because of the different physics members 
highlighted in Section 2.2.

Figure 5. Difference in surface air temperature between esm-ssp585-ssp126Lu (forestation) and esm-ssp585 (reference) 
(solid lines) and the corresponding trends (dotted). The blue shading is the ACCESS-ESM1-5 ensemble range. All trends are 
not statistically significant at the 5% level. The (+) and (−) symbols next to the model names denote the sign of the trend line.
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Information S1), which indicates that the significance of the temperature decrease in these members is mostly 
driven by internal climate variability.

The temporal variance of temperature also shows unique behavior among the models. For example, MIROC-
ES2L features large multi-annual oscillations in global mean temperature driven by large El Niño–Southern 
Oscillation amplitude that results in similar variability in global temperature (Hajima et al., 2020). This occurs in 
both the forestation scenario and the reference scenario (Figure S8 in Supporting Information S1), which causes 
large oscillations in the difference as they drift out of phase in the latter half of the century.

Similar to global mean surface air temperature, the response of global mean precipitation to forestation is also 
unclear from the models (Figure S9 in Supporting Information S1), with all models showing no significant trends 
in global precipitation rate.

3.2. Comparison of Temperature Impacts in Other Modeling Studies

Our results based on CMIP6 models agree well with (Sonntag et al., 2018) in sign but vary in the magnitude of 
the climate response. The Sonntag et al. (2018) study consists of only a single model that may have an incomplete 
representation of the real world. Therefore, a multi-model range provides a better view of these uncertainties. 
For example, MPI-ESM's high CO2 uptake by vegetation may be due to missing natural disturbance processes 
such as insects, hydraulic failure and inclusion of PFT dynamics. Another example is CESM2, which does not 
have PFT dynamics, but it has high CO2 uptake because it has a larger change in tree fraction than other models, 
since they included the additional tree cover provided by LUH2. An example of a low CO2 uptake model is 
ACCESS-ESM1-5, which includes phosphorus limitation that potentially limits its CO2 uptake and hence reduces 
its importance of global biogeochemical cooling.

The sensitivity of the model's global temperature change ranges from −0.16 (GFDL-ESM4) to +0.019 
(ACCESS-ESM1-5) K per million km 2 of forestation. While GFDL-ESM4 had the largest sensitivity to forest-
ation, it had the smallest temperature change and the smallest change in tree cover fraction. The sensitivity of 
CanESM5 and MPI-ESM1-2-LR agree well in sign and magnitude with the prior Sonntag et al. (2018) study, 
which used an earlier version of MPI-ESM. ACCESS-ESM1-5 and CESM2 contrast with the other models 
showing warming with forestation. This is more consistent with the sensitivities of deforestation from Boysen 
et al. (2020), if the global effects of forestation were simply the reverse of the effects of deforestation. However, 
the deforest-glob experiment used in Boysen et  al.  (2020) are simulations with constant pre-industrial CO2 
concentrations and therefore does not include biogeochemical feedbacks.

To estimate what the impact on global temperatures from only CO2 would be, Table 2 also shows the transient 
climate response of the models taken from Arora et al. (2020), and in the following columns is the calculation 
of the expected change in temperature from only the change in atmospheric concentration shown in Figure 4. In 
the last column is the net change in global temperature from both biogeochemical and biogeophysical processes 
as taken from the trends in Figure 5. Most models have a smaller decrease in global temperatures in response to 
CO2 decreases associated with forestation than what would be expected from their TCR alone, suggesting that 
the biogeophysical effects of forestation increase global temperatures and offset the potential biogeochemical 
cooling.

3.3. Regional Land Carbon and Climate Responses in ACCESS-ESM1.5

3.3.1. Overview of ACCESS-ESM1.5 Response to Forestation

Since ACCESS-ESM1-5 has 10 ensemble members available, and the regional distribution of new forest growth 
varies greatly among the models, the regional analysis will focus only on ACCESS-ESM1-5. The single model 
ensemble allows us to examine the impact of forestation on the probability distribution of regional surface 
temperatures and carbon uptake. The carbon cycle in ACCESS-ESM1-5 in the forestation scenario reflects the 
forestation in the forcing data well (Figure 6a), with the land surface acting as a sink in the first half of the century 
when most of the forestation occurs and becoming a weak source toward the end of the century. The ocean sink 
strengthens as the partial pressure of CO2 on the ocean surface increases throughout the century from increasing 
atmospheric CO2 concentrations. However, the lower atmospheric CO2 concentrations relative to the reference 
simulation results in the ocean absorbing cumulatively ∼1.3 ± 0.5 Pg C less by 2100 (Figure 6b). Globally, 
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cLand increases by 1.3 ± 0.3% of the cLand in the reference simulation, with 3.3 ± 0.4% increase in cVeg and 
0.5 ± 3% decrease in cSoil. ACCESS-ESM1-5 is also the only model to include phosphorus nutrient limitation, 
and therefore the ACCESS-ESM1-5 cVeg pools contrasts to other models, reaching a stable limit by 2100 (Figure 
S10a in Supporting Information S1) while other model's cVeg are still increasing by 2100. The climate in both 
the forestation and reference simulations are similar, with a warming of ∼4°C by 2100 and precipitation increases 
by 0.216 kg m −2 day −1.

3.3.2. Regional Changes in Vegetation and Climate Extremes

The scenario difference in treeFrac for each region in shown in Figure 7a and demonstrates the extent of foresta-
tion that occurs in these regions. The Central Africa region has the largest difference in forest cover extent. The 
Eastern North America region has an initial rapid increase in forest cover, followed by a dip of forest loss later in 
the century before recovering again. The Amazon, East Asia, and Boreal North America regions have a steady 
increase in forest cover throughout the century. Finally, the Boreal Eurasia undergoes a small amount of forest 
increase followed by forest loss.

Model Area ΔT ΔT/Mkm 2 TCR PI CO2 For. ΔCO2 Exp. ΔT from TCR

CMIP6 Forestation ACCESS-ESM1-5 1.6 0.031 0.019 2.15 284 −9 −0.068

CESM2 4.4 0.062 0.014 2.29 280 −21 −0.171

CanESM5 −0.6 0.026 −0.042 2.54

MPI-ESM1-2-LR 2 −0.084 −0.041 1.86 278 −22 −0.147

MIROC-ES2L −0.049 1.58 280.3 −6 −0.034

UKESM1-0-LL 2 −0.011 −0.005 2.42 284 −10 −0.085

GFDL-ESM4 0.52 −0.083 −0.161

Sonntag et al. (2018) MPI-ESM-LR 9 −0.27 −0.03

Boysen et al. (2020) MPI-ESM1-2-LR −20 −0.04 0.002

CESM2 −20 −0.02 0.001

CanESM5 −20 −0.55 0.0275

MIROC-ES2L −20 −0.01 0.0005

UKESM1-0-LL −20 −0.51 0.0255

Note. Change in temperature from forestation normalized by the area of deforestation (Boysen et al., 2020), compared to values taken from (Sonntag et al., 2018) 
forestation study and the CMIP6 forestation presented in Figure 5. Model transient climate response and expected change in temperature. TCR is the transient climate 
response of each model taken from Aurora et al.  (2020), PI CO2 is the model's simulated preindustrial concentration, For. CO2 is the change in atmospheric CO2 
concentration from Figure 4.

Table 2 
Comparison of CMIP6 Forestation to Other Modeling Studies

Figure 6. (a) Carbon budget of global fluxes of fossil fuel emissions and the natural sinks for the land (net-land-atmosphere 
exchange as the sum of the natural terrestrial sink and land-use change fluxes), ocean and atmospheric accumulation. (b) The 
cumulative ocean carbon difference between esm-ssp585-ssp126Lu (forestation) and esm-ssp585 (reference).
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These forest cover changes largely determine the uptake of carbon by the land, but with considerable variability 
within each region. Figure 7b shows the change in total land carbon for each of the regions outlined in Figure 1c. 
There are increases in land carbon for all regions and ensemble members except Amazonia, where some ensemble 
members show a small decrease in cVeg by 2100, due to internal climate variations. The region with the largest 
change in land carbon content is Central Africa (Figure 7), however this difference is due to avoided deforestation 
that occurs in the reference simulation, rather than due to new forest growth in the forestation experiment (Figure 
S3a and S3b in Supporting Information S1). This highlights the importance of including avoided deforestation in 
future long-term national climate strategies, not just to avoid related CO2 emissions from the burning and decay 
of biomass and soil carbon, but also since a considerable portion of land-use emissions comes from the loss of 
additional sink capacity from deforestation (Gitz & Ciais, 2003; Obermeier et al., 2021; Pongratz et al., 2014). 
The increased land sink from the combined effect of forestation and CO2 fertilization are partially offset by the 
increase in soil respiration (Figure S10b in Supporting Information S1), particularly in Australia where there is 
no increase in forest cover in the SSP1-2.6 scenario.

The relationship of surface air temperature and changes in total tree cover fraction varies substantially by region. 
For example, in Figure 8, the correlation of temperature and tree cover fraction is positive in the tropical regions 
of Central Africa, South America, the Maritime Continent, and East Asia. Hence, increased tree cover frac-
tion increases surface air temperature and the effect of decreased surface albedo dominates. In contrast, some 
areas immediately surrounding the avoided deforestation region of Central Africa show the opposite effect, 
whereby  increased tree cover negatively correlates with air temperature and hence the cooling effect of evap-
otranspiration dominates. Furthermore, in the sub-tropical and boreal regions of eastern North America, the 
correlation is negative, indicating that as forest cover increases, temperature decreases.

The net effect of growing trees in the tropical regions is that it causes localized warming at the extreme ends of the 
temperature distributions. For specific grid points with large changes from grass to tree biomes, the distribution 
of summer daily maximum surface air temperature for both the forestation and reference simulations are shown in 
Figure 9. The Amazon grid-point features changes in mostly C4 grass to evergreen broad leaf forest, representing 
an increase in tree cover fraction of 60%. This corresponds to a statistically significant change in the distribution, 
particularly for temperatures greater than 50°C (Figure 9b).

The increase in the high end of the temperature distributions in response to forestation are not consistent for all 
regions. For example, the large increase in forest cover for the grid point in Asia corresponds to a decrease in 
days greater than 23°C, while temperatures 17–23°C increase (Figure 9d), as the distribution gets narrower with 
forestation. The changes in daily maximum temperature at the lower end of the distribution in response to forest-
ation are much more regionally consistent, showing a decrease in cooler than average days for both the Amazon 
grid point and the Asia Grid point.

Some regions show decreases in surface air temperature in response to increasing tree cover. Of particular 
note is North America which features a large transition from C3 crops to deciduous broadleaf (Figure 9e). In 
ACCESS-ESM1-5, deciduous broad leaf forests have the highest reflectance of all the PFTs. The resulting 

Figure 7. Differences between esm-ssp585-ssp126Lu (forestation) and esm-ssp585 (reference) for (a) sum of the treeFrac in 
each region in Figure 1 and (b) total land carbon content for each region in Figure 1, based on results from ACCESS-ESM1-5.
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distribution shows decreases in the number of warm days and increased cool days in the forestation experiment 
(Figure 9f).

These results include both biogeochemical and biogeophysical effects of forestation on climate. Unfortunately, a 
biogeochemical-biogeophysical separation of the climate impacts of forestation cannot be made with the simu-
lations available in LUMIP and C4MIP alone. To address this, future studies on forestation scenarios should 
include a corresponding concentration-driven simulation that uses the CO2 concentrations from a forestation 
simulations with fully interactive carbon cycle, so that at least a biogeochemical-biogeophysical separation can 
be made.

4. Concluding Remarks
We conducted a multi-model intercomparison of a scenario for forestation as a means of CO2 removal. This 
forestation scenario features high fossil fuel emissions, a much warmer climate and forestation and agricultural 
abandonment. The models show a diverse interpretation of the spatial patterns of forestation, and as a result, show 
a large range of outcomes for long-term carbon storage in forests. Four models show a stable but limited carbon 
sink by 2100, while two models show that the mitigation gains from forestation in the middle of the century will 
be mostly lost by 2100 under such a high warming scenario.

The change in atmospheric CO2 concentrations from forestation only accounts for 0.7%–3% of the reduction 
required to return the SSP5-8.5 concentrations at 2100 to those at 2010. Hence, the models indicate that this 
amount of forestation results in only a small impact on global climate when combined with high fossil fuel emis-
sions. The forestation also causes a shift in the global carbon balance, whereby increased uptake of carbon on 
the land of ∼25 Pg C by 2100 results in a decrease in the uptake of carbon by the ocean in the ACCESS-ESM1-5 
ensemble. Furthermore, ACCESS-ESM1-5 simulations show some increases in local-scale temperatures in loca-
tions where forestation occurs, while other regions show cooling. However, a key limitation of the experimental 
design of this study is that we cannot further decompose the ensemble spread of all the models into biogeochem-
ical, and local/non-local biogeophysical components without additional simulations, such as those in Winckler, 
Lejeune, et al. (2019).

The scenario used in this study is specific to a world of extreme CO2 emissions and does not consider the case 
where a significant reduction in fossil fuel emissions occurs. It is therefore still unclear how much more or less 
carbon would be sequestered by the terrestrial ecosystem under a cooler climate that would occur in conjunction 
with the expected emissions reduction efforts in the future. Therefore, future studies should aim to explore the 

Figure 8. Correlation of ensemble mean 2 m surface air temperature difference with tree cover fraction difference (both 
esm-ssp585-ssp126Lu-esm-ssp585) in ACCESS-ESM1-5. Only statistically significant correlations at the 5% level are shown.

 21698961, 2023, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JG

007605 by M
ax-Planck-Institut M

eteor - M
PI 348 M

eteorology , W
iley O

nline L
ibrary on [13/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Biogeosciences

LOUGHRAN ET AL.

10.1029/2023JG007605

14 of 17

effects of forestation for climate states under different target warming levels that are consistent with the Paris 
Agreement (e.g., King et al., 2021).

While the model projections in this study show that the modest amount of forestation under a very high emissions 
scenario has limited climate mitigation potential, this does not mean that forestation should not play a role in 
climate mitigation. Despite the limits, we also stress the importance of forestation on the local climate, since the 
impact of cooling or warming from forest expansion can affect extreme temperatures which can vary greatly by 
region. In addition to climate benefits, forestation and forest management provide a broad range of co-benefits 

Figure 9. Cover fractions of plant functional types for ACCESS-ESM1-5 in esm-ssp585-ssp126Lu (a, c, e) for one selected 
grid point at the three locations marked in Figure 1c (Eastern North America (275°E, 37.5°N), East Asia (99.375°E, 32.5°N), 
and Amazonia (311.25°E, −12.5°N)). Distributions of summer time (June–August or December–February) maximum daily 
temperature for the last 20 years (b, d, f) of esm-ssp585-ssp126Lu (forestation) (green) and esm-ssp585 (reference) (yellow).
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such as increased habitat, biodiversity and soil protection, and many of these features are not yet simulated in 
Earth system models, nor is the additional benefit of these ecosystem services accounted for in climate policies. 
For forestation to be an efficient long-term CO2 removal strategy, it must also exist in conjunction with other 
strategies. By first regrowing forests for the purpose of CO2 removal, forestation increases the natural land-based 
carbon and enables further development and supply of feedstock for human activity, including for climate miti-
gation (Geng et al., 2017). Forests that are sustainably harvested and regrown to remove CO2 act as low-risk 
and cost-effective long-term carbon sinks, both in soils and in harvested wood products (Schulze et al., 2020; 
Soimakallio et al., 2021). Vegetation carbon may be lost in individual natural disturbance events such as fires, 
but the historically removed carbon remains locked. None of the models in this study (and very few in general) 
fully implement nature- and technology-based removal strategies, and therefore do not account for forest planta-
tions, for example, to be further leveraged as in bio-energy sources along with carbon capture and storage. Since 
forestation (in particular forest management) and bio-energy usage are key assumptions of many low-emissions 
SSP scenarios to replace fossil fuels, implementing them in the Earth system modeling context is important for 
future research, along with more emphasis on the evaluation of different land-based mitigation pathways in low 
emission scenarios.

Abbreviation
C4MIP Coupled Climate-Carbon Cycle Model Intercomparrison Project
CMIP6 Climate Model Intercomparrison six
DECK Diagnostic, Evaluation and Characterization of Klima
LUH2 Land-Use Harmonization version two
LUMIP Land-Use Model Intercomparrison Project
PFT Plant functional type
RCP Representative Concentration Pathway
SSP Shared socio-economic pathway
SSP5-8.5 High fossil fuel emissions scenario
SSP1-2.6 Low fossil fuel emissions scenario with forestation
TCR Transient climate response

Data Availability Statement
CMIP6 data used in this study are available from the Earth System Grid Federation (ESGF) (Cinquini et al., 2014). 
ACCESS-ESM daily data are stored on the National Computational Infrastructure Australia and are also availa-
ble from the ESGF. Analysis scripts and post processed data for reproducing figures are available at https://doi.
org/10.5281/zenodo.8429275 (Loughran, 2023).
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