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Abstract. Forestation, including reforestation, afforestation, and forest restoration, is prevalent in net-zero cli-
mate strategies due to the large carbon sequestration potential of forests. In addition to capturing carbon, foresta-
tion has biogeophysical effects that can influence surface temperatures locally (local effects), and at distant
locations (non-local effects). Biogeophysical effects may offset the cooling benefits of carbon sequestration,
hence requiring a robust understanding of their mechanisms to adequately integrate forestation into climate mit-
igation strategies. Yet, the role of ocean dynamics, such as ocean circulation, ocean-atmosphere interactions,
and ocean-sea ice interactions in mediating the non-local effects of forestation remains underexplored. In this
study, we investigate the impact of ocean dynamics on the magnitude and geographic patterns of the non-local
biogeophysical effects of large-scale reforestation, with the exclusion of cloud feedbacks, over a multi-century
timescale using the University of Victoria Earth System Climate Model. We conduct multi-century paired global
reforestation simulations, with the first set of simulations using a dynamic ocean and the second set using pre-
scribed sea surface temperatures. We separate local from non-local effects using the checkerboard approach. Our
results show that non-local warming effects are of much greater magnitude and encompass a greater geographic
area, particularly at high latitudes, when ocean dynamics are considered. Moreover, this study shows that ocean
dynamics introduce a lag in the non-local effects, leading to a continued increase in non-local warming even
after the local effects have stabilized. This committed non-local warming is driven by the thermal inertia of the
ocean, which sustains a gradual long-term increase in sea surface temperatures, combined with amplifying cli-
mate feedbacks. Decision-making frameworks must therefore consider the complete Earth system response to
forestation over a sufficiently long timeframe to account for the committed non-local warming.

1 Introduction

Forestation, referring to afforestation (planting trees on land
that has been unforested for 50 years or more), reforestation
(planting trees on land that has been unforested for less than
50 years), and forest restoration (repairing degraded forests),
is a prevalent strategy in climate change mitigation pathways
and policies aiming to achieve net-zero emissions before the
end of this century due to the carbon sequestration poten-
tial of forests (Cook-Patton et al., 2020; Minx et al., 2018;
Mo et al., 2023; Riahi et al., 2022; Roe et al., 2019; Smith
et al., 2022). This attribute of forests, combined with their

provision of ecosystem services, has given rise to large-scale
forestation initiatives, such as the UN Decade on Ecosystem
Restoration and the Bonn Challenge in which 115 countries
have committed to restore 1000 Mha of land by 2040 (Sewell
et al., 2020). Underlying the use of forestation in net-zero
strategies is the assumption that a fossil fuel CO2 emission in
the atmosphere can be balanced by removing an equivalent
amount via carbon sequestration in trees. However, foresta-
tion impacts the Earth system in ways that go beyond car-
bon sequestration, resulting in a different climate outcome
than avoiding the fossil fuel emission (Zickfeld et al., 2023).
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For instance, forestation alters properties and processes at the
land surface, such as surface albedo, surface roughness, and
evapotranspiration rates, resulting in a change in the surface
energy balance (Betts, 2000; Betts et al., 2007; Bonan, 2008;
Winckler et al., 2019b). While these biogeophysical effects
have received significant attention (Bonan, 2008; De Her-
tog et al., 2023; Pongratz et al., 2021; Smith et al., 2016),
the role of ocean dynamics in mediating their propagation
and driving temperature changes in distant regions remains
underexplored. A robust quantification and understanding of
the global Earth system impacts of forestation is needed for
adequately integrating forestation into climate strategies and
decision-making frameworks.

Biogeophysical effects can impact surface temperatures
both at the location of forestation (“local effects”) and at dis-
tant locations (“non-local effects”) (Winckler et al., 2017).
Quantifying non-local biogeophysical effects is challenging
because these effects cannot be captured by direct obser-
vations and can only be determined by climate modeling
studies (Pongratz et al., 2021; Winckler et al., 2019a). Most
global modeling studies of large-scale forestation (or defor-
estation) suggest a non-local global warming (or cooling in
the case of deforestation), more pronounced at high lati-
tudes due to the snow-masking effect of forests (Arora and
Montenegro, 2011; Boysen et al., 2020; Chen and Dirmeyer,
2020; De Hertog et al., 2023; Devaraju et al., 2018; Liu et
al., 2023; Winckler et al., 2019a). However, regional results
vary significantly between models and can even be contra-
dictory (Boysen et al., 2020; De Hertog et al., 2023; Liu
et al., 2023). Moreover, many studies have focused only
on land-atmosphere interactions (Chen et al., 2022; Chen
and Dirmeyer, 2020; Devaraju et al., 2018; Liu et al., 2023;
de Noblet-Ducoudré et al., 2012), potentially underestimat-
ing the magnitude of non-local effects as oceanic processes
can play a significant role in propagating and amplifying bio-
geophysical effects (Davin and de Noblet-Ducoudré, 2010;
Winckler et al., 2019a).

Forestation can lead to an increase in Sea Surface Temper-
ature (SST) due to the advection of warmer and wetter air
from the land to the ocean (Wang et al., 2014). This increase
in SST can trigger a weakening of the Atlantic Meridional
Overturning Circulation (AMOC) by decreasing the density
of surface water (Portmann et al., 2022; Wang et al., 2014;
Weaver et al., 2012). Such a weakening of the AMOC re-
duces meridional oceanic heat transport and increases upper
oceanic heat content (with the exception of the North At-
lantic warming hole region) (Portmann et al., 2022). A re-
duced meridional heat transport can reduce Arctic sea ice
loss and slow down Arctic warming, acting as a negative
feedback (Liu et al., 2020). On sufficiently long timescales,
changes in oceanic heat transport can lead to further changes
in SST, influencing energy fluxes between the ocean and the
atmosphere (Buckley and Marshall, 2016). Moreover, ocean-
atmosphere interactions can strengthen the initial SST warm-
ing via the water vapor feedback and the sea ice-albedo feed-

back (Ganopolski et al., 2001). Ocean dynamics, such as
ocean circulation, ocean-atmosphere interactions, and ocean-
sea ice interactions, can therefore alter remote temperature
patterns well beyond the local area of forestation.

Studies investigating the effects of ocean dynamics in me-
diating the biogeophysical effects of forestation on Land
Surface Temperature (Tsurf_land) or Surface Air Temperature
(Tair) are limited. Regional forestation studies of the South-
ern Hemisphere and East China found that ocean dynamics
lead to a slight amplification in Tair warming due to the water
vapor feedback (Ma et al., 2013; Wang et al., 2015). Simi-
larly, deforestation studies found that ocean dynamics either
convert a global warming signal from deforestation into a
global cooling signal or intensify a global cooling signal in
the case of boreal deforestation due to water vapor and sea
ice-albedo feedbacks (Davin and de Noblet-Ducoudré, 2010;
Ganopolski et al., 2001). However, all of these studies, with
the exception of the deforestation study by Ganopolski et
al. (2001), were regional and performed on relatively short
timeframes of up to 110 years, which does not allow for the
full ocean response (Li et al., 2013). As a result, the role of
ocean dynamics in influencing the non-local biogeophysical
effects of large-scale global forestation over a multi-century
timescale remains unknown. Such knowledge could facilitate
the integration of the full Earth system impacts of large-scale
forestation in decision-making frameworks by revealing the
temporal dynamics of the non-local effects.

In this study, we investigate the role of ocean dynamics in
mediating the non-local biogeophysical effects of large-scale
global forestation on Tsurf_land. More specifically, we answer
the following questions: (1) what is the impact of ocean dy-
namics on the magnitude and geographic patterns of the non-
local biogeophysical effects on a multi-century timescale,
and (2) how do ocean dynamics influence these non-local ef-
fects. We isolate the impact of ocean dynamics from a set of
multi-century global large-scale forestation simulations us-
ing the University of Victoria Earth System Climate Model
(UVic ESCM). We first provide an overview of the local and
non-local biogeophysical effects of global forestation at the
time when vegetation has regrown. We then compare the
non-local effects with and without ocean dynamics at that
same point in time and discuss the underlying physical mech-
anisms leading to the differences. Finally, we examine how
the non-local effects evolve over time with and without ocean
dynamics and contrast this temporal evolution with that of
the local effects. These results provide insights into the role
of ocean dynamics in propagating the non-local biogeophys-
ical effects of forestation and into the relative magnitude of
the local and non-local effects at different points in time.
These findings can have important implications for decision-
making frameworks considering large-scale forestation as a
climate mitigation strategy.
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2 Methods

2.1 Model description

We used the University of Victoria Earth System Climate
Model (UVic ESCM) version 2.10 (Mengis et al., 2020;
Weaver et al., 2001) to perform simulations. The UVic
ESCM is an Earth System Model of intermediate complexity
with a resolution of 1.8° latitude by 3.6° longitude (Mengis
et al., 2020). The atmosphere is represented by a single-layer
energy-moisture balance model, in which heat and moisture
are transported between grid cells via advection and diffu-
sion (Weaver et al., 2001). Given the simplified atmosphere,
the UVic ESCM does not represent cloud feedbacks nor at-
mospheric dynamics. The ocean component is based on the
Geophysical Fluid Dynamics Laboratory (GFDL) Modular
Ocean Model (MOM) version 2 (Weaver et al., 2001). It has
19 layers which follow a parabolic profile, from 50 m at the
surface to 518 m at the deepest level. Ocean surface dynam-
ics are driven by both wind stress and surface buoyancy forc-
ing. The ocean component is coupled to a thermodynamic-
dynamic sea ice model (Bitz et al., 2001).

On land, vegetation dynamics are based on the Dynamic
Global Vegetation Model TRIFFID (Top-down Representa-
tion of Interactive Foliage and Flora Including Dynamics)
which allows for five plant functional types (PFTs; broadleaf
and needleleaf trees, C3 and C4 grasses, and shrubs) to
compete for space based on Lotka–Volterra equations (Cox,
2001). Vegetation changes are driven by net carbon fluxes
derived from a coupled photosynthesis – stomatal conduc-
tance model (Cox et al., 1999; Meissner et al., 2003). TRIF-
FID is coupled to a modified version of the Met Office Sur-
face Exchange Scheme (MOSES) land surface model, where
canopy transpiration is a function of canopy conductance,
which is itself regulated by the carbon demand of the vegeta-
tion (Meissner et al., 2003; Mengis et al., 2020). This frame-
work results in a tight coupling between photosynthesis and
transpiration through the canopy conductance formulation.
The subsurface component has 14 layers: 8 hydrologically
active soil layers where freeze-thaw processes are resolved
and 6 bedrock layers (Mengis et al., 2020). The UVic ESCM
contains a full representation of the global carbon cycle, in-
cluding a multi-layer soil carbon representation and an or-
ganic and inorganic ocean carbon cycle (Mengis et al., 2020).
In this fully-coupled arrangement, the UVic ESCM can be
used to determine changes in Earth system attributes, such as
Tsurf_land and SST, resulting from changes in land cover.

Changes in land cover are represented by constraining the
PFTs that are allowed to grow on a given grid cell. More
specifically, deforestation is represented by prescribing a
land-cover map that allows for the growth of only C3 and C4
grasses in deforested grid cells. Reforestation can be repre-
sented by removing the PFT constraints, allowing for shrubs,
needleleaf trees and broadleaf trees to regrow on grid cells

that have been previously deforested. The dominant PFT in
each grid cell depends on growth and competition dynamics.

2.2 Model experiments

The model was spun up over 10 000 years to establish a cli-
mate in equilibrium with pre-industrial forcings – including
non-CO2 radiative forcing, and atmospheric CO2 concentra-
tion, as described in CMIP6 protocols (Eyring et al., 2016).
There were however no constraints on land cover in this spin-
up, allowing all PFTs to grow freely. From the spin-up, we
performed a global deforestation simulation by allowing the
growth of only C3 and C4 grasses on land and keeping CO2
concentration and other forcings constant at pre-industrial
level (“Deforestation Simulation”). Keeping CO2 concentra-
tion and other forcings constant allows us to isolate the bio-
geophysical effects of land cover changes. We let this sim-
ulation run for 1500 years to stabilize surface temperature
(Fig. A1a).

From the end of the Deforestation Simulation, we per-
formed a set of idealized reforestation simulations (“Refor-
estation Simulations”), as shown in Table 1. To achieve re-
forestation on a given grid cell, we instantaneously removed
the constraints associated with PFTs discussed in the prior
section. We used the checkerboard approach described in
Winckler et al. (2017) to alternate grid cells that remain de-
forested with grid cells that are subject to reforestation to be
able to isolate local effects from non-local effects (Fig. A2).
With the dynamic vegetation model, reforested grid cells can
experience changes in all PFTs based on competition dynam-
ics and climate conditions, whereas grid cells that remain de-
forested are limited to changes in C3 and C4 grasses. After
500 years, the Reforested State is reached (Fig. 1), a state
where the growth of shrubs, needleleaf trees, and broadleaf
trees has stabilized and vegetation has largely recovered to
its pre-deforestation state (Fig. A1b). We varied the extent of
reforestation as occurring on either 50 % or 25 % of land grid
cells.

To determine the impact of ocean dynamics on the bio-
geophysical effects of forestation, we ran simulations with a
dynamic ocean (“Dynamic Ocean Simulations”) and simula-
tions with prescribed SST (“Prescribed SST Simulations”).
In the Prescribed SST Simulations, ocean circulation is ab-
sent, and ocean-atmosphere interactions and ocean-sea ice
interactions are based on fixed SST, preventing any feedback.
On the other hand, in the Dynamic Ocean Simulations, ocean
circulation, ocean-atmosphere interactions and ocean-sea ice
interactions respond freely to changes in the Earth system. In
the Prescribed SST Simulations, the SST of each ocean grid
cell was set based on the 5 d average SST from the last 100
years of the Deforestation Simulation. Therefore, SST stayed
the same each year but changed every 5 d to reflect variations
over the course of one year. All Reforestation Simulations
were run for over 1000 years.
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Table 1. Description of reforestation simulations.

Name Percentage of Treatment of Sea
reforested grid cells Surface Temperature

Dynamic Ocean Simulation 50 % Dynamic
Prescribed SST Simulation 50 % Prescribed
Dynamic Ocean Simulation-25% 25 % Dynamic
Prescribed SST Simulation-25% 25 % Prescribed

Figure 1. Global reforestation extent when the Reforested State is reached following reforestation of 50 % of grid cells. Green grid cells
represent grid cells where broadleaf trees are the dominant species. Yellow grid cells represent grid cells where needleleaf trees are the
dominant species. Brown grid cells represent grid cells where shrubs are the dominant species. For each grid cell, the color intensity represents
the total fraction of grid cell that has been reforested by all types of trees combined (broadleaf trees, needleleaf trees, and shrubs). In each
grid cell, the dominant species represents the PFT with the highest areal fraction.

2.3 Analysis: Separation of local and non-local effects

To investigate the role of ocean dynamics on the non-local
biogeophysical effects, we first need to distinguish between
local and non-local effects on Tsurf_land in the Reforestation
Simulations. To do so, we compared the value of Tsurf_land in
the Reforestation Simulations with its value in the Deforesta-
tion Simulation following the procedure described in Winck-
ler et al. (2017). Over reforested grid cells, the difference in
Tsurf_land between the Reforestation Simulations and the De-
forestation Simulation represents the total (local+ non-local)
effect, whereas over grid cells that remained deforested, the
difference represents only the non-local effect.

To separate local from non-local effects over reforested
grid cells, we first latitudinally interpolated the non-local ef-
fect between deforested grid cells to get a global map of non-
local effects. We then subtracted the non-local effect from the
total effect over reforested grid cells to obtain the local ef-
fects. For all calculations, temperatures were averaged over
25 years to smooth out internal climate variability. We per-
formed the separation of local and non-local biogeophysical
effects when the Reforested State is reached, and 500 years
afterwards to determine their changes over time. In addition
to determining local and non-local effects on Tsurf_land, we
also isolated local and non-local effects on Tair. In the UVic
ESCM, Tair is defined as the sea level air temperature de-

termined from the vertically-integrated atmospheric energy
balance equation (Weaver et al., 2001). It is therefore less
tightly coupled to Tsurf_land than in other Earth System Mod-
els. Results related to Tair are shown in Appendix A.

2.4 Analysis: Surface energy balance decomposition

To gain a better understanding of the drivers of the local and
non-local effects and of the role of ocean dynamics in me-
diating the non-local effects, we decomposed the change in
Tsurf_land into contributions from the individual terms of the
surface energy balance. This method is widely used to ana-
lyze the biogeophysical effects of land use change (Boysen et
al., 2020; De Hertog et al., 2023; Winckler et al., 2017). The
surface energy budget is balanced between the net incoming
shortwave radiation (SWnet), the net incoming longwave ra-
diation (LWnet), the latent heat flux (LE), the sensible heat
flux (H ), and the ground heat flux (G), as per Eq. (1). Due
to the long timescales involved, we can assume that energy
storage is zero.

SWnet+LWnet = LE+H +G (1)
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Applying the Stefan-Boltzmann law and taking the total
derivative with respect to Tsurf_land, we obtain:

1Tsurf_land =
1

4σ · ε · T 3
surf_land

· (1SWnet+1LWdown−1LE−1H −1G) (2)

where σ is the Stefan–Boltzmann constant and ε is emissivity
and is set to 0.97.

For all Reforestation Simulations, we first decomposed the
total difference in Tsurf_land between the Reforestation Sim-
ulation and the Deforestation Simulation into the individual
terms of the surface energy balance using Eq. (2). As changes
in ground heat flux are marginal following reforestation, we
omitted the term 1G in the analysis (Winckler et al., 2017).

To be able to perform the surface energy balance decom-
position for the local and non-local effects, we then split
the individual components of the surface energy balance
(SWnet, LWdown, LE, and H ) into local and non-local com-
ponents following the checkerboard procedure described in
the previous section. We subsequently decomposed the dif-
ference in Tsurf_land between the Reforestation Simulation
and the Deforestation Simulation caused by non-local ef-
fects (1Tsurf_land_nonlocal) and local effects (1Tsurf_land_local)
into the non-local components of the surface energy balance
(Eq. 3) and the local components of the surface energy bal-
ance respectively (Eq. 4). For all surface energy balance de-
compositions, we used the same timeframes that were used
to separate local and non-local effects previously.

1Tsurf_land_nonlocal =
1

4σ · ε · T 3
surf_land

·
(
1SWnet_nonlocal+1LWdown_nonlocal

−1LEnonlocal−1Hnonlocal) (3)

1Tsurf_land_local =
1

4σ · ε · T 3
surf_land

·
(
1SWnet_local+1LWdown_local

−1LElocal−1Hlocal) (4)

3 Results

3.1 Local cooling and non-local warming effects

The biogeophysical effects of reforestation of 50 % of grid
cells on temperature when the Reforested State is reached
are a global warming of SST, a global warming of Tsurf_land
at high latitudes and a cooling of Tsurf_land in the Tropics
(Fig. 2). These changes in surface temperature stem from the
combination of local cooling and non-local warming effects
(Fig. 2). At high latitudes, where shrubs are dominant, the
local effects are small and are more than offset by the non-
local warming effects. In the Tropics, where broadleaf trees

are dominant, the local cooling effects are much stronger
and overpower the non-local warming effects. Areas domi-
nated by needleleaf trees, such as mid-latitude North Amer-
ica and Europe, experience either mild warming or mild cool-
ing, with the cooling strengthening as we move southwards.
Non-reforested areas, such as mid-latitude Asia, are domi-
nated by the non-local warming effects.

Changes in land surface properties due to reforestation
lead to a decrease in Tsurf_land locally, more pronounced in the
Tropics. Reforestation leads to a decrease in surface albedo
in the impacted areas, increasing the net incoming shortwave
radiation (Fig. A3). Reforestation also leads to a decrease in
evapotranspiration over land, decreasing the latent heat flux
(Fig. A3). As the decrease in latent heat flux is contrary to
most models (Fig. B2a), we discuss implications of this result
in Sect. 4. Finally, reforestation also increases the upward
sensible heat flux, compensating for the reduction in latent
heat flux to maintain the surface energy balance (Fig. A3).
Changes in the net incoming longwave radiation are negligi-
ble (Fig. A3). The combination of these local factors leads
to a local cooling of Tsurf_land since the local increase in sen-
sible heat flux more than offsets the local decrease in latent
heat flux and the local increase in net incoming shortwave
radiation (Fig. 3, Local Effects). Local effects are more pro-
nounced in the Tropics due to the presence of trees with
a greater Leaf Area Index (broadleaf trees, as opposed to
needleleaf trees and shrubs at high latitudes), which enhances
energy fluxes differences.

The non-local warming effects arise from the local in-
creases in sensible heat flux and net incoming shortwave ra-
diation, which lead to an increase in Tair. The warmer air
is advected away from reforested areas, as reflected in the
global increase in Tair (Fig. A4). This increase in air tem-
perature contributes to increasing the water vapor capacity
of the atmosphere, as a result of the Clausius-Clapeyron re-
lationship. The increased water vapor capacity of the atmo-
sphere leads to an increase in the water vapor content of the
atmosphere (Fig. A5) despite the decrease in evapotranspi-
ration (Fig. A6). The increase in water vapor in the atmo-
sphere strengthens the greenhouse effect, leading to an in-
crease in incoming longwave radiation globally. This non-
local increase in incoming longwave radiation leads to non-
local warming globally (Fig. 3, Non-Local Effects), increas-
ing SST and Tsurf_land. Feedbacks triggered by ocean dynam-
ics, which are described in the next section, amplify the non-
local warming effects.

3.2 Ocean dynamics amplify non-local warming effects

The role of ocean dynamics in amplifying the non-local
effects is substantial. The non-local warming effects on
Tsurf_land are of much greater magnitude and encompass a
greater geographic area in the Dynamic Ocean Simulation
compared to the Prescribed SST Simulation (Fig. 4). A sim-
ilar pattern is seen with Tair (Fig. A7). The advection of
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Figure 2. Total, non-local, and local biogeophysical effects of reforestation of 50 % of grid cells on surface temperature (Tsurf_land and SST)
when the Reforested State is reached in the Dynamic Ocean Simulation. Map of local effects show the local effects on reforested grid cells
and their interpolation to non-reforested grid cells. The total effects are the sum of the local effects (including interpolated local effects) and
the non-local effects.

Figure 3. Surface Energy Balance decomposition of total, non-local, and local biogeophysical effects over land when the Reforested State
is reached following reforestation of 50 % of grid cells in the Dynamic Ocean Simulation. To account for reforestation of 50 % of grid cells,
local effects are averaged over both reforested and non-reforested cells (where local effects are zero). The total effects are the sum of the
non-local effects and of the local effects. All values are latitudinally averaged over land areas.

warmer and moister air across the globe and redistribution
of heat by ocean circulation lead to a global increase in SST.
The increase in SST is then amplified and further increases
Tsurf_land and Tair through a combination of feedbacks, par-
ticularly pronounced at high latitudes.

Firstly, the increase in SST amplifies the water vapor feed-
back. The increase in SST increases evaporation over the
ocean (Fig. A6c), increasing the amount of water vapor over
the ocean. This additional water vapor is redistributed glob-
ally through advection. Such increase in the water vapor con-
tent of the atmosphere strengthens the greenhouse effect and
increases the incoming longwave radiation, which further in-
creases SST, Tsurf_land and Tair globally. In addition, the in-
crease in Tair further increases the water vapor capacity of the

atmosphere. Compared to the Prescribed SST Simulation, the
water vapor feedback is stronger in the Dynamic Ocean Sim-
ulation due to a greater evaporative flux to the atmosphere
and an increase in water vapor capacity, both contributing to
increasing the amount of water vapor in the atmosphere glob-
ally (Fig. A5). As a result, in the Dynamic Ocean Simulation,
the increase in incoming longwave radiation due to the water
vapor feedback drives most of the non-local warming effect,
whereas it has a more modest contribution to the non-local
warming effect in the Prescribed SST Simulation (Fig. 5, red
line).

Secondly, the increase in SST contributes to the sea ice-
albedo feedback. The increase in SST at high latitudes causes
a reduction in sea ice (Fig. A8), reducing surface albedo
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Figure 4. Non-local biogeophysical effects of reforestation of 50 % of grid cells on surface temperature (Tsurf_land and SST) when the
Reforested State is reached in the Prescribed SST Simulation and in the Dynamic Ocean Simulation, and difference between the non-local
effects of these two simulations (Dynamic Ocean Simulation minus Prescribed SST Simulation).

Figure 5. Surface Energy Balance Decomposition of non-local biogeophysical effects over land after reforestation of 50 % of grid cells
when the Reforested State is reached in the Prescribed SST Simulation and in the Dynamic Ocean Simulation, and difference between the
two surface energy balance decompositions (Dynamic Ocean Simulation minus Prescribed SST Simulation).

and increasing the net incoming shortwave radiation at high
latitudes (Fig. A3, net incoming shortwave radiation). This
increase in incoming shortwave radiation increases SST,
Tsurf_land and Tair, further reducing sea ice. The greater in-
crease in Tair at high latitudes (Fig. A7) confirms the influ-
ence of this feedback in strengthening the warming at high
latitudes. Moreover, the sea ice-albedo feedback and the wa-
ter vapor feedback reinforce each other, both contributing to
further increases in SST, Tsurf_land, and Tair at high latitudes.
The water vapor feedback is more pronounced at high lati-
tudes, as shown by the greater increase in incoming longwave
radiation at high latitudes (Fig. 5, red line).

Finally, the non-local increase in temperature triggers a
temperature-vegetation feedback, more pronounced at high
latitudes due to the stronger temperature increase. An in-
crease in temperature increases the total Leaf Area Index of

all PFTs combined in grid cells that have been reforested and
of C3 and C4 grasses only in grid cells that remained defor-
ested (Fig. A9). This leads to a decrease in albedo, increasing
the net incoming shortwave radiation at high latitudes, which
further increases Tsurf_land and Tair. The impact of this feed-
back can be seen by the small positive contribution of the net
incoming shortwave radiation in the surface energy balance
decomposition of non-local effects (Fig. 5, green line).

In addition to the feedbacks discussed above, the non-local
warming effects on SST lead to a slowdown of the AMOC
before the Reforested State is reached (Fig. A10a). An in-
crease in SST reduces the density of surface water, leading
to stronger ocean stratification and weaker vertical mixing.
Moreover, by contributing to the melting of sea ice, the in-
crease in SST leads to an additional freshwater input, further
reducing the density of surface water and weakening the ver-
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tical mixing in the Labrador Sea. Due to the reduction in the
associated meridional heat transport, the AMOC slowdown
dampens the temperature increase at high latitudes during
that period, slightly counteracting the effects of the water va-
por, sea ice-albedo, and temperature-vegetation feedbacks.

3.3 Amplification of non-local effects by ocean dynamics
increases over time

The non-local warming effects of reforestation lag behind the
local effects due to ocean dynamics, continuing to strengthen
for multiple centuries after local effects have stabilized. Once
the Reforested State is reached, the local effects have largely
stabilized, with minimal further increases, and so have the
non-local effects in the Prescribed SST Simulation (Fig. 6).
However, in the Dynamic Ocean Simulation, the non-local
warming effects continue to strengthen for another 500 years,
leading to a lag in the non-local response compared to the lo-
cal response (Fig. 6). A similar pattern is observed for Tair,
where a significant proportion of the total increase in Tair is
observed in the 500 years following the reach of the Refor-
ested State in the Dynamic Ocean Simulation, whereas there
is only a marginal increase during that time period in the Pre-
scribed SST Simulation (Figs. A10b, A11).

This large and steady increase of the non-local warming
effect in the Dynamic Ocean Simulation is the result of a
gradual increase in SST, which continues to increase even
after local effects have stabilized (Figs. 6, A10b). This is
primarily due to the thermal inertia of the ocean combined
with amplifying climate feedbacks. The ocean takes multiple
centuries to equilibrate with the atmosphere due to its large
heat capacity and slow mixing processes. This slow heat ab-
sorption and redistribution sustains a gradual increase in SST
over long timescales, continuing even after local effects have
stabilized. Moreover, the heat stored in the deep ocean can
resurface due to ocean currents or mixing processes, fur-
ther contributing to a prolonged SST increase. In addition,
the AMOC regains strength and almost recovers to its pre-
reforestation level 500 years following the reach of the Re-
forested State (Fig. A10a). The increase in meridional heat
transport during these 500 years contributes to the greater in-
crease in SST seen at high latitudes in that period (Fig. 6).
The ongoing increase in SST after local effects have stabi-
lized is amplified by climate feedbacks, such as the water
vapor feedback and the sea ice-albedo feedback. This con-
tinued increase in SST ultimately leads to further Tair and
Tsurf_land warming, as described in the prior section.

This strengthening of the non-local effects over a multi-
century period is reflected in the surface energy balance de-
composition of the Dynamic Ocean Simulation. The incom-
ing longwave radiation and, to a lesser extent, the net in-
coming shortwave radiation, continue to increase during the
500-year period following the reach of the Reforested State,
particularly at high latitudes due to the processes and feed-
backs described previously. In contrast, these components

show only minimal increase in the Prescribed SST Simula-
tion over the same period, leading to marginal temperature
changes after the Reforested State has been reached (Fig. 7,
red lines and green lines).

The contribution of ocean dynamics to amplifying non-
local warming effects over a multi-century period is not lim-
ited to extremely large-scale idealized reforestation experi-
ments. A land cover sensitivity analysis with reforestation
of 25 % of grid cells (Dynamic Ocean Simulation-25% and
Prescribed SST Simulation-25%), more in-line with histor-
ical deforestation extent, reveals the same temporal and ge-
ographic patterns in non-local warming, but with approxi-
mately half of the magnitude. The sensitivity analysis also
shows a similar proportion of the non-local warming being
driven by ocean dynamics (Figs. A12, A13).

4 Discussion

In this study, we investigate the role of ocean dynamics on the
non-local biogeophysical effects of large-scale forestation
using the UVic ESCM. We analyzed the temporal dynam-
ics of the non-local warming effects by comparing results at
different points in time over a multi-century period, which
had not been done in prior studies. Results show that non-
local warming effects driven by ocean dynamics take longer
to reach their full extent and continue to strengthen even af-
ter forests have regrown and local effects have stabilized.
These temporal dynamics of the non-local warming effects
suggest that there is a committed warming from the biogeo-
physical effects of large-scale forestation driven by oceanic
thermal inertia. This is analogous to the committed warm-
ing from past increases in atmospheric CO2, assuming CO2
concentration remains constant going forward, which is also
driven by oceanic processes (Wigley, 2005). The full extent
of the non-local effects therefore lags behind the local effects.
This committed non-local warming and the resulting differ-
ences in the timescale of local and non-local effects must be
considered when assessing the full Earth system response of
forestation. Large-scale forestation projects that appear ben-
eficial when considering biogeochemical and even local bio-
geophysical effects may therefore lead to a non-local bio-
geophysical warming that intensifies over time, undermining
their overall effectiveness.

Our results confirm the importance of the non-local warm-
ing effects of forestation found in prior studies (Chen et al.,
2022; De Hertog et al., 2023; Ma et al., 2013; Wang et al.,
2015), while highlighting that ocean dynamics are a key driv-
ing mechanism of these non-local effects. The strengthening
of ocean-driven non-local warming effects over timescales of
centuries may explain the much smaller ocean-driven warm-
ing found by Wang et al. (2015) in their study of the seasonal
climate impact of Southern Hemisphere forestation. In addi-
tion to forestation being limited to the Southern Hemisphere,
Wang et al. (2015) used a timeframe of 110 years, compared
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Figure 6. Local, and non-local effects of reforestation of 50 % of grid cells on surface temperature (Tsurf_land and SST) when the Reforested
State is reached (left panels), 500 years following the reach of the Reforested State (middle panels), and difference between these two
timesteps (right panels) in the Prescribed SST Simulation and in the Dynamic Ocean Simulation. Local effects are identical in the Prescribed
SST Simulation and in the Dynamic Ocean Simulation. Maps of local effects show the local effects on reforested grid cells and their
interpolation to non-reforested grid cells. Note the difference in color scale between the maps.

to 500 years following the reach of the Reforested State in
our study. A multi-century timescale is necessary to see the
full committed warming from the biogeophysical effects of
large-scale forestation.

In addition to influencing the magnitude of the non-local
effects, ocean dynamics also influence their geographic dis-
tribution, increasing warming significantly more at high lat-
itudes than in the Tropics. This greater increase in non-local
warming effects at high latitudes due to ocean dynamics is
consistent with prior global studies on deforestation. Davin
and de Noblet-Ducoudré (2010) found that the ocean medi-
ated cooling resulting from deforestation lowered Tsurf_land
by 1.6 K globally, but by 2 K at high latitudes. Similarly,
Ganopolski et al. (2001) found that the incorporation of a
dynamic ocean amplified the Tair cooling resulting from bo-
real deforestation by 0.8 K, whereas it added an additional
cooling of only 0.5 K in the Tropics following tropical defor-

estation. This reveals the importance of incorporating ocean
dynamics when assessing the non-local biogeophysical ef-
fects of forestation to obtain an accurate depiction of their
spatial distribution. Future research is, however, necessary to
determine whether large-scale forestation over different lati-
tudinal bands could lead to different patterns of amplification
at high latitudes.

Our results also show that climate feedbacks amplify the
committed non-local warming driven by ocean dynamics.
Although the trigger of the water vapor feedback and the
sea ice-albedo feedback by the ocean’s response had been
identified in prior studies (Ganopolski et al., 2001; Ma et
al., 2013; Wang et al., 2015), no prior studies of large-scale
global forestation had performed a surface energy balance
decomposition of non-local effects isolating the impact of
ocean dynamics. Our surface energy balance decomposition
shows a significant increase in incoming longwave radiation
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Figure 7. Surface Energy Balance decomposition of the non-local biogeophysical effects over land after reforestation of 50 % of grid cells
when the Reforested State is reached (left panels), 500 years following the reach of the Reforested State (middle panels), and difference
between the two surface energy balance decompositions (right panels), for both the Prescribed SST Simulation and the Dynamic Ocean
Simulation.

resulting from the ocean’s response, which, combined with
the global increase in specific humidity, reveals the dominant
effect of the water vapor feedback in increasing Tsurf_land at
all latitudes, but particularly at high latitudes. This also high-
lights the role of atmospheric advection in the water vapor
feedback over land. Although ocean-atmosphere interactions
lead to an increase in atmospheric moisture over oceans, at-
mospheric advection moves this moisture between the ocean
and the land surface. This increase in land specific humid-
ity triggered by an increase in SST was also found in other
studies (Chadwick et al., 2016). In addition, the surface en-
ergy balance decomposition also reveals a slight increase
in net incoming shortwave radiation at high latitudes in the
Dynamic Ocean Simulation, which can be attributed to the
temperature-vegetation feedback at high latitudes. Although
the biophysical warming effect of greening at high latitudes
has been established in other studies (Li et al., 2023), this in-

crease in the non-local warming effect of forestation due to
Earth greening may not have been seen in other studies of
the biogeophysical effects of forestation due to their shorter
timeframes. The multiple century timescale needed for the
full development of the temperature-vegetation feedback at
high latitudes is due to the combined influence of ocean dy-
namics, which cause non-local effects to emerge over mul-
tiple centuries, and the slow growth of vegetation at those
latitudes in the dynamic vegetation model.

In the UVic ESCM, the forest regrows globally when start-
ing from a fully deforested state, as observed in Brovkin et
al. (2009). It therefore does not reproduce alternative sta-
ble states in tropical forests found in other studies (Hirota
et al., 2011). It takes approximately 500 years for the Re-
forested State to be reached due to the slow regrowth of
needleleaf trees at high latitudes, a timescale consistent with
other ESMs that include vegetation dynamics (Brovkin et
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al., 2009). This timescale will vary from model to model.
While the local effects tend to stabilize when vegetation has
regrown, the non-local effects are dependent on the slow
timescale of oceanic processes. We therefore expect that in
models with a shorter timeframe of forest regrowth, a larger
proportion of the non-local effects is realized after vegeta-
tion has regrown. In such models, consideration of a multi-
century timescale is therefore even more important for cap-
turing the full extent of non-local effects.

Regarding the effects of forestation on the AMOC, the
slowdown observed during the timeframe necessary to reach
the Reforested state and the formation of a warming hole
in the North Atlantic during that period are consistent with
prior studies (Portmann et al., 2022; Wang et al., 2014). On
the other hand, the recovery observed in the subsequent 500
years had not been observed in prior studies, potentially due
to their shorter timeframes. This recovery could be caused
by the increase in evapotranspiration over the ocean over
time, increasing salinity and density, and favoring ocean mix-
ing. Moreover, an AMOC recovery often follows an AMOC
weakening as salty water accumulates at low latitudes and is
then transported to high latitudes where it increases salinity
and re-intensifies the AMOC. However, further research is
necessary to determine the exact causes of such recovery.

Despite consistency with prior studies, there are limita-
tions in performing idealized forestation experiments with
the UVic ESCM. Firstly, as mentioned previously, the UVic
ESCM does not incorporate atmospheric dynamics nor cloud
feedbacks. Changes in atmospheric circulation can influence
meridional heat transport, which in turn could affect the mag-
nitude and geographic distribution of non-local effects (Alex-
eev and Jackson, 2013; Henderson et al., 2021; Portmann
et al., 2022). However, Portmann et al. (2022) suggest that
global forestation causes only weak changes in atmospheric
heat and moisture transport, driven by a modest weakening
of the North Hemisphere Hadley Cell in boreal winter and
a corresponding intensification of the Southern Hemisphere
Hadley Cell in boreal summer. These changes are small in
comparison to the reduction in oceanic heat transport asso-
ciated with a weakening of the AMOC, which is captured in
this study (Portmann et al., 2022). It is therefore likely that
changes in atmospheric heat and moisture transport resulting
from changes in atmospheric circulation would have only a
minor impact on Tsurf_land and on the results of this study.

Regarding cloud feedbacks, changes in cloud cover affect
not only the planetary albedo, but also the hydrological cycle,
including the strength and geographic distribution of surface
evaporative fluxes, and the amount and distribution of wa-
ter vapor in the atmosphere (Bonan et al., 2025; Laguë et
al., 2023; de Vrese et al., 2024). Forestation influences cloud
cover locally through changes in surface energy balance and
non-locally via remote changes in temperature, humidity, and
atmospheric circulation (Cerasoli et al., 2021; De Hertog et
al., 2023; Duveiller et al., 2021; Hua et al., 2023; Luo et al.,
2024; Portmann et al., 2022). Overall, forestation tends to

increase low-level cloud cover locally, most strongly in the
Tropics, partially counteracting the decrease in albedo (Cera-
soli et al., 2021; Duveiller et al., 2021; Hua et al., 2023; Luo
et al., 2024). The non-local effects of forestation on clouds
are more uncertain, but most models point towards a decrease
in non-local cloudiness in mid to high latitudes (De Hertog
et al., 2023; Hua et al., 2023).

To facilitate comparison with models with atmospheric dy-
namics and cloud feedbacks we include a comparison of the
surface energy fluxes between the UVic ESCM and CMIP6
models based on a deforestation experiment within the Land
Use Model Intercomparison Project (LUMIP) in Appendix
B. Consideration of cloud feedbacks in our simulations, in-
cluding the effect of changes in atmospheric circulation on
cloud cover, would likely result in a decrease in net short-
wave radiation in the Tropics and an increase in net short-
wave radiation at high latitudes (Fig. B2d). It would also
change the strength of the water vapor feedback and hence
the incoming longwave radiation, weakening it in the Trop-
ics and strengthening it at high latitudes (Fig. B2e). These
changes in surface energy fluxes would likely result in a
weakening of the non-local warming effect in the Tropics and
a strengthening at high latitudes. Most models incorporating
cloud feedbacks show a global Tsurf_land warming response
to forestation driven by a strong non-local warming effect at
high latitudes, a similar result to this study (Boysen et al.,
2020; De Hertog et al., 2023; Liu et al., 2023). However,
many models find a non-local cooling effect in the Tropics
driven by atmospheric feedbacks, yet this effect is generally
weaker and less widespread than the warming at high lati-
tudes (De Hertog et al., 2023; Liu et al., 2023). Although it is
likely that the amplifying role of the ocean found in this study
remains valid in the presence of cloud feedbacks, a tropical
non-local cooling would reduce the magnitude of this ampli-
fication.

Secondly, as mentioned earlier, in the UVic ESCM,
forestation leads to a decrease in latent heat flux on land,
which is contrary to most models (Fig. B2a). This decrease
in latent heat flux arises from the structure of the land sur-
face model used in the UVic ESCM, where canopy tran-
spiration is tightly coupled to photosynthesis via a canopy
conductance formulation that is driven by carbon demand.
Grasses are more productive than forests and therefore sus-
tain higher leaf photosynthetic rates and leaf-level stomatal
conductance (Cox et al., 1999). Moreover, the scaling of leaf
stomatal conductance by Leaf Area Index saturates quickly at
moderate leaf area, and the deeper roots of forests primarily
influence soil moisture availability and do not impact tran-
spiration in non-water limiting conditions (Cox et al., 1999).
As a result, forests exhibit lower canopy conductance and re-
duced transpiration rates than grasses, leading to lower latent
heat fluxes. However, since the increase in sensible heat flux
more than offsets the decrease in latent heat flux, the increase
in the total non-radiative flux (sensible heat flux+ latent heat
flux) is consistent with other models (Boysen et al., 2020;
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De Hertog et al., 2023). Differences in the latent heat flux
over reforested areas should not impact the long-term non-
local warming trend found in this study as both latent and
sensible heat fluxes contribute to the warming of Tair. On the
other hand, since evapotranspiration leads to an increase in
the water vapor content of the atmosphere, the strength of
the water vapor feedback may be impacted.

Thirdly, the simulated distribution of PFTs by the dy-
namic vegetation model contains regional biases. Accord-
ing to Meissner et al. (2003), the global PFT distribution is
in good agreement with observations, but there are regions
with lower agreement with observations, such as Siberia and
Northern North America (biased towards shrubs), Europe
and the North American Prairies (biased towards needle-
leaf trees), and the African steppe and Central America (bi-
ased towards broadleaf trees); however, these biases may
have changed slightly following vegetation retuning in ver-
sion 2.10 of the UVic ESCM. Such biases would affect the
PFT composition in reforested grid cells. Consequently, we
would expect these biases to have mixed effects on albedo
and corresponding Tsurf_land changes. At high latitudes, par-
ticularly in snow-masking regions, an increase in needleleaf
forest would likely result in a decrease in albedo, strength-
ening the non-local warming effect. On the other hand, in
low to mid latitudes, a reduction in needleleaf or broadleaf
forests would likely lead to an increase in albedo, weaken-
ing the non-local warming effect. Although the amplifying
role of the ocean likely remains valid in these conditions,
the magnitude of the amplification would be impacted, with
a strengthening at high latitudes and a weakening at low to
mid latitudes.

Finally, the idealized large-scale global nature of this study
is not meant to reflect global patterns of forestation consid-
ered in mitigation pathways. However, the sensitivity analy-
sis performed with a reforestation extent of 25 % suggests the
presence of a committed non-local warming driven by ocean
dynamics approximately proportional to the area subject to
forestation. The reforestation threshold at which ocean dy-
namics lead to a non-negligible committed non-local warm-
ing is also an area for future research.

5 Conclusions

Our study suggests that land-based mitigation strategies in-
volving large-scale forestation must consider the complete
Earth system response over sufficiently long timeframes to
include the slow ocean’s response and capture the committed
non-local warming. Although biogeochemical effects from
CO2 removal and local biogeophysical effects may occur
over relatively short timeframes (Windisch et al., 2021), the
full extent of the non-local biogeophysical warming effects
may take significantly longer to manifest itself. However, in-
cluding the full extent of the non-local biogeophysical ef-
fects into decision-making frameworks and net-zero policies

is challenging. Net-zero policy timeframes are often much
shorter than the Earth system’s response timeframe. Further-
more, differences across models resulting in spatial variation
and uncertainty in the magnitude of these non-local effects
complicate their quantification and incorporation into policy
considerations. Finally, incorporating long-term warming ef-
fects that happen away from forestation sites in national net-
zero policies may prove to be politically controversial. In this
context, although forestation projects offer numerous bene-
fits in terms of ecosystem services and biodiversity, their use
in net-zero policies should be carefully considered. Alterna-
tively, a focus on geological net zero, where a tonne of CO2
emitted in the atmosphere is offset by a tonne of CO2 stored
in geological reservoirs (Allen et al., 2024; Fankhauser et al.,
2022), would avoid issues related to biogeophysical effects
and ensure that net-zero policies are in line with achieving
climate targets.
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Appendix A

Figure A1. (a) Change in Tair and SST from the initial spin-up when 100 % of grid cells are deforested at simulation year −1500 and
subsequently reforested at year 0. (b) Change in global Leaf Area Index (combined for all PFTs) and global vegetation carbon (combined for
all PFTs) from the initial spin-up when 100 % of grid cells are deforested at simulation year −1500 and subsequently reforested at year 0.
Year 500 refers to the Reforested State, when the growth of PFTs is stabilizing and vegetation has almost recovered to its pre-deforestation
state.

Figure A2. Illustration of the checkerboard approach to reforestation over land grid cells when (a) 50 % of grid cells are subject to reforesta-
tion; and (b) 25 % of grid cells are subject to reforestation.
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Figure A3. Change in net incoming shortwave radiation, net incoming longwave radiation, upward sensible heat flux and upward latent heat
flux between the end of the Deforestation Simulation and when the Reforested State is reached in the Dynamic Ocean Simulation, following
reforestation of 50 % of grid cells.

Figure A4. Total, non-local, and local biogeophysical effects of reforestation of 50 % of grid cells on Surface Air Temperature (Tair) when the
Reforested State is reached in the Dynamic Ocean Simulation. Due to the single-layer energy-moisture balance model of the atmosphere, heat
is efficiently transported between neighboring grid cells via advection and diffusion, resulting in no significant differences in Tair between
grid cells that remain deforested and adjacent grid cells that are reforested. As a result, the local effects are marginal and the non-local effects
are approximately equal to the total effects.
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Figure A5. Change in surface specific humidity in g kg−1 after reforestation of 50 % of grid cells when the Reforested State is reached (left
panels), 500 years following the reach of the Reforested State (middle panels), and difference between these two timesteps (right panels) in
the Prescribed SST Simulation and in the Dynamic Ocean Simulation. Note the difference in color scale between the maps.

Figure A6. (a) Change in global evapotranspiration (ET) over time after reforestation of 50 % of grid cells in the Dynamic Ocean Simulation
and in the Prescribed SST Simulation. (b) Change in land ET over time after reforestation of 50 % of grid cells in the Dynamic Ocean
Simulation and in the Prescribed SST Simulation. (c) Change in ocean ET over time after reforestation of 50 % of grid cells in the Dynamic
Ocean Simulation and in the Prescribed SST Simulation.
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Figure A7. Non-local biogeophysical effects of reforestation of 50 % of grid cells on Surface Air Temperature (Tair) when the Reforested
State is reached in the Prescribed SST Simulation and in the Dynamic Ocean Simulation, and difference between the non-local effects of
these two simulations.

Figure A8. Change in percent of grid cell covered by sea ice after reforestation of 50 % of grid cells when the Reforested State is reached
(left panels), 500 years following the reach of the Reforested State (middle panels), and difference between these two timesteps (right panels)
in the Prescribed SST Simulation and in the Dynamic Ocean Simulation. Note the difference in color scale between the maps.
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Figure A9. Difference between the Dynamic Ocean Simulation and the Prescribed SST Simulation in albedo, fraction of grid cell covered
by forest (shrubs, broadleaf trees, and needleleaf trees), and LAI for all PFTs combined, when the Reforested State is reached and 500 years
following the reach of the Reforested State.
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Figure A10. (a) Change in the strength of the meridional overturning circulation following reforestation of 50 % of grid cells. (b) Change in
Surface Air Temperature (Tair) and SST over time following reforestation of 50 % of grid cells in the Dynamic Ocean Simulation (blue) and
in the Prescribed SST Simulation (orange).

Figure A11. Non-local effects of reforestation of 50 % of grid cells on Surface Air Temperature (Tair) when the Reforested State is reached
(left panels), 500 years following the reach of the Reforested State (middle panels), and difference between these two timesteps (right panels)
in the Prescribed SST Simulation and in the Dynamic Ocean Simulation. Note the difference in color scale between the maps.
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Figure A12. Non-local effects of reforestation of 25 % of grid cells on surface temperature (Tsurf_land and SST) when the Reforested State
is reached (left panels), 500 years following the reach of the Reforested State (middle panels), and difference between these two timesteps
(right panels) in the Prescribed SST Simulation and in the Dynamic Ocean Simulation. Note the difference in color scale between the maps.

Figure A13. Surface Energy Balance decomposition of the non-local biogeophysical effects over land after reforestation of 25 % of grid
cells when the Reforested State is reached (left panels), 500 years following the reach of the Reforested State (middle panels), and difference
between the two surface energy balance decompositions (right panels), for both the Prescribed SST Simulation and the Dynamic Ocean
Simulation.
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Appendix B

Below, we present the results of the analysis of the biogeo-
physical effects of deforestation in the UVic ESCM follow-
ing the deforest-glob experiment described in Lawrence et
al. (2016) organized under the Land-use Model Intercom-
parison Project (LUMIP). The deforest-glob experiment pre-
pared with the UVic ESCM didn’t result in the full 20 Mkm2

of forest area removed by 1900 (and even 1950), resulting in
a smaller deforested area at high latitudes compared to other
models, as per Fig. B1. The surface energy balance analysis
follows the methodology described in Boysen et al. (2020) to
allow for a comparison of the UVic ESCM with CMIP6 mod-
els, with the exception that the mean of the years 1940–1950
as opposed to 1895–1905 was used to obtain a stronger sig-
nal for each parameter. It is important to note that the smaller
extent of deforestation at high latitudes in the UVic ESCM
at least partially explains the weaker signal seen at high lati-
tudes in the UVic ESCM compared to CMIP6 models.

Figure B1. Change in global tree coverage area between 1850 and 1950 in the deforest-glob experiment in the UVic ESCM (left panel) and
fraction of grid cell deforested by 1950 (right panel).
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Figure B2. Comparison of the changes in zonally averaged surface energy fluxes following the deforest-glob experiment (including only
areas of deforestation) between the CMIP6 models and the UVic ESCM. CMIP6 model comparison figures come from Boysen et al. (2020).
(a) latent heat flux, (b) sensible heat flux, (c) downward shortwave radiation, (d) net downward shortwave radiation, (e) downward longwave
radiation, (f) surface albedo, (g) land surface temperature. An approximated running mean over 10° latitude was applied to smooth lines.
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Code and data availability. The model code for version 2.10 of
the UVic ESCM is available on the official UVic ESCM webpage at
http://terra.seos.uvic.ca/model/2.10/ (last access: 25 August 2026).

The model output as well as code to perform the
analysis and generate the figures is available here:
https://doi.org/10.20383/103.01723 (Banville et al., 2026).
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