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Abstract. Afforestation and reduction of fossil fuel emis-
sions are two major components of climate mitigation poli-
cies. However, their effects on the Earth’s climate are differ-
ent because a reduction of fossil fuel emissions directly alters
the biogeochemical cycle of the climate system and modi-
fies the physics of the atmosphere via its impact on radiation
and the energy budget, while afforestation causes biophys-
ical changes in addition to changes in the biogeochemical
cycle. In this paper, we compare the climate and carbon cy-
cle consequences of carbon removal by afforestation and an
equivalent fossil fuel emission reduction using simulations
from an intermediate complexity Earth system model. We
performed two major sets of idealized simulations in which
fossil fuel emissions follow extended Shared Socioeconomic
Pathway (SSP) scenarios (SSP2-4.5, 3-7.0, and 5-8.5), and
equal amounts of carbon are removed by afforestation in one
set and by a reduction in fossil fuel emissions in another set.
Our simulations show that the climate is cooler by 0.36, 0.47,
and 0.42 °C in the long term (2471-2500) in the case of re-
duced fossil fuel emissions compared to the case with af-
forestation when the emissions follow the SSP2-4.5, SSP3-
7.0, and SSP5-8.5 scenarios, respectively. The global mean
surface temperature is cooler in the reduced fossil fuel emis-
sions case compared to the afforestation case because the net
biophysical effect of warming from afforestation partly off-
sets the biogeochemical cooling effect of afforestation. Thus,
in terms of climate benefits, reducing fossil fuel emissions
could be relatively more beneficial than afforestation for the
same amount of carbon removed from the atmosphere. How-
ever, a robust understanding of the processes that govern the
biophysical effects of afforestation should be improved be-
fore considering our results for climate policy.

1 Introduction

Human activities in the industrial era have led to an in-
crease in the concentration of greenhouse gases (GHGs) and
an increase in global mean surface temperature (Masson-
Delmotte et al., 2021). Climate change has been directly
linked to an increase in the frequency of floods, extreme rain-
fall events, and forest fires in different parts of the world (Al-
lan and Soden, 2008; Anderson et al., 2011; Alfieri et al.,
2015; Ali et al., 2019; Papalexiou and Montanari, 2019;
Canadell et al., 2021). Two major strategies considered for
mitigating climate change are (i) reforestation/afforestation
and (ii) the reduction of fossil fuel emissions. While both
these methods reduce the carbon accumulation in the atmo-
sphere, the net effect of these two actions on Earth’s cli-
mate could be different. It may be noted that reforestation/af-
forestation is one of several carbon dioxide removal (CDR)
options that have been suggested to mitigate climate change
(Pacala and Socolow, 2004; Psarras et al., 2017; van Kooten,
2020).

The nature of the source or sink of atmospheric CO; could
play a key role in determining its net effect on the Earth’s
climate. For example, fossil fuel and deforestation emissions
differ fundamentally in two ways: (i) fossil fuel use trans-
fers carbon from a relatively inert geological reservoir to the
atmosphere, while deforestation results in an internal rear-
rangement of carbon within the active carbon reservoirs of
the climate system, and (ii) deforestation emissions involve a
direct change in surface properties of land cover, while fos-
sil fuel emissions do not involve any direct change in land
cover. Jayakrishnan et al. (2022) showed that the millennial-
scale response of the climate system to emissions from fossil
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fuel use and deforestation is different because of the above
fundamental differences in fossil fuel and deforestation emis-
sions. However, adequate emphasis is not given to the nature
of the source or sink in many contexts. An example of the im-
portance of including the non-radiative effects of the source
of atmospheric CO; is discussed in Simmons and Matthews
(2016), where they show that the net response of the climate
system to land cover change is non-linear when the biophysi-
cal cooling effect of land cover change is included. In the cur-
rent study, we address another set of related questions where
the nature of the source or sink is important: are the climate
and carbon cycle effects of carbon removal by afforestation
or an equivalent reduction of fossil fuel emissions the same?
Which of these two actions is more beneficial from a climate
change mitigation point of view?

Previous studies on the biophysical effects of land cover
change are relevant in answering these questions (Ander-
son et al.,, 2011; Wang et al., 2014; Huang et al., 2018).
The biophysical effects of land cover change (such as af-
forestation/deforestation) refer to changes in land surface
properties such as land surface albedo, surface roughness,
and evapotranspiration. The land surface albedo depends on
the vegetation type, since each has different optical proper-
ties (Henderson-Sellers and Wilson, 1983; Gao et al., 2005;
Houldcroft et al., 2009). Therefore, large-scale changes in the
vegetation type can significantly affect the Earth’s climate
by changing the land surface albedo. Converting the grass-
lands to forests will lower the land surface albedo, resulting
in a warming effect (Chen et al., 2012; Wang et al., 2014;
Huang et al., 2018; Shen et al., 2022). Winckler et al. (2019a)
show that changes in surface roughness associated with land
cover changes can have significant effects on surface temper-
atures. In addition, afforestation can also result in an increase
in evapotranspiration because of the larger transpiration rates
of trees compared to grasslands resulting in a cooling influ-
ence (Bonan, 2008; Chen et al., 2012; Wang et al., 2014; Du-
veiller et al., 2018; Huang et al., 2018). However, elevated
atmospheric CO; levels could increase plant water use ef-
ficiency, resulting in reduced transpiration rates (Cao et al.,
2009, 2010; Gopalakrishnan et al., 2011). The effects of el-
evated atmospheric CO; on the transpiration rates are larger
for trees compared to grasslands (Kirschbaum and McMil-
lan, 2018). The net effect of afforestation is determined by
the balance of the biophysical effects and the biogeochemi-
cal cooling effect of removal of carbon from the atmosphere.
While many previous studies have shown that the biophysical
effects of afforestation are comparable to the biogeochemi-
cal cooling effect of afforestation (Chen et al., 2012; Huang
et al., 2018; Shen et al., 2022), it is often neglected while cli-
mate mitigations strategies are developed primarily because
of the uncertainties in quantifying the biophysical effects of
afforestation.

In this study, we compare the climate and carbon cycle ef-
fects of afforestation and reduction of fossil fuel emissions
by considering two idealized simulations. In the first case,
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fossil fuel emissions follow three extended Shared Socioe-
conomic Pathway (SSP) scenarios (SSP2-4.5, SSP3-7.0, and
SSP5-8.5; Meinshausen et al., 2020), and afforestation re-
sults in the removal of carbon from the atmosphere. In the
second case, fossil fuel emissions are reduced by the same
amount additionally stored on land by afforestation in each of
the three SSP scenarios. Figure S1 in the Supplement shows
a schematic representation of the two simulations. The fi-
nal climate states in these two cases are compared to assess
the differences in the climate and carbon cycle effects of af-
forestation and reduced fossil fuel emissions. We hypothe-
size that the atmospheric warming in these two cases will be
different because of the biophysical effects of afforestation.
We compare the ocean potential temperature, ocean carbon
content, and surface ocean pH in the afforestation and re-
duced fossil fuel emissions cases to investigate the differ-
ences in the impacts on the ocean in these two cases. The
sea surface temperature could be different in the afforesta-
tion and reduced fossil fuel emission cases because the dif-
ferences in the atmospheric state should be reflected in the
surface ocean on decadal timescales. However, the impacts
on the ocean carbon cycle in these two cases are expected to
be similar, as the amount of carbon removed from the atmo-
sphere is the same.

2 Model description and methodology
2.1 Model

Our simulations use the University of Victoria Earth System
Climate Model (UVic ESCM) version 2.9, an Earth system
model of intermediate complexity (EMIC), with a horizon-
tal resolution of 3.6° in longitude and 1.8° in latitude. UVic
ESCM includes a vertically integrated energy—moisture bal-
ance atmospheric model, a primitive equation ocean general
circulation model with 19 vertical layers, and a dynamic—
thermodynamic sea ice model (Weaver et al., 2001). A de-
tailed description of the atmospheric, ocean, and sea ice com-
ponents of the UVic model is given by Weaver et al. (2001).
The inorganic ocean carbon cycle is included in the UVic
model following the Ocean Carbon Cycle Model Intercom-
parison Project (OCMIP) protocol and a marine ecosystem
model described by Keller et al. (2012). The sediment pro-
cesses are represented by an oxic-only model of sediment
respiration (Eby et al., 2009). The land surface component
of the UVic model has a dynamic vegetation model coupled
with a land surface scheme (Meissner et al., 2003).

The large-scale present-day climate is represented quite
well in the UVic model (Weaver et al., 2001; Skvortsov et al.,
2010; Eby et al., 2009; Cao and Jiang, 2017). The spatial
distribution of the precipitation and evaporation is simulated
quite well in the UVic model compared to the NCEP reanaly-
sis data (Weaver et al., 2001; Meissner et al., 2003). The veg-
etation biomass, areal coverage of the different plant func-
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Table 1. A summary of the simulations.

FIXED_AGR

AFFOREST

REDUCED_FF

Fossil fuel
emissions

Follows three SSP scenarios (SSP2-
4.5, SSP3-7.0, and SSP5-8.5)

Agricultural Fixed at 2005 values

land fraction

Follows three SSP scenarios (SSP2-
4.5, SSP3-7.0, and SSP5-8.5)

Set to zero from 2006

Follows emissions in three SSP
scenarios (SSP2-4.5, SSP3-7.0, and
SSP5-8.5), but CO, emissions are
reduced by the amount of carbon
additionally stored on land in the
AFFOREST simulation

Fixed at 2005 values

tional types, and the atmosphere-to-land carbon fluxes sim-
ulated by the UVic model are also comparable to the obser-
vations (Meissner et al., 2003). Further, Keller et al. (2012)
show that the annual global net primary production in the
ocean simulated by the UVic model agrees with observations.

The dynamic vegetation model of UVic ESCM is the Top-
down Representation of Interactive Foliage and Flora Includ-
ing Dynamics (TRIFFID; Cox, 2001) model. TRIFFID de-
scribes the state of the terrestrial ecosystem using soil car-
bon, the structure and areal coverage of five plant functional
types (broad-leaf tree, needle-leaf tree, C3 grass, C4 grass,
and shrub), and bare ground. The competition between the
different plant functional types is modeled using the Lotka—
Volterra approach (Cox, 2001). When the agricultural land
is specified in a grid cell, natural vegetation in that grid cell
is removed to satisfy the specified agricultural land fraction.
A part of the carbon from the removal of natural vegetation
goes into the atmosphere, and the rest goes into the soil de-
pending on a variable called burn fraction (BF). If BF is 1, the
total carbon from the removal of natural vegetation goes into
the atmosphere. In our simulations, BF is set to 0.5. Thus,
half of the carbon from the removal of natural vegetation
goes into the atmosphere, and the rest goes into the soil.

In the dynamic vegetation model, the trees and shrubs can
grow on the prescribed agricultural land. This regrowth of
trees and shrubs into the agricultural land is continually re-
moved to maintain the specified agricultural land fraction.
The variable “VEGBURN” indicates the amount of carbon
released into the atmosphere either from the removal of nat-
ural vegetation for the expansion of agricultural land or from
the removal of trees and shrubs that regrow on the prescribed
agricultural land fraction. The TRIFFID dynamic vegeta-
tion model is coupled to the Met Office Surface Exchange
Scheme (MOSES), which is a single-layer version of the
MOSES scheme described in Cox et al. (1999). TRIFFID, to-
gether with the MOSES scheme, simulates the distribution of
vegetation over land and calculates terrestrial carbon stocks
and fluxes. The land surface model (TRIFFID dynamic veg-
etation model coupled to MOSES land surface scheme) cal-
culates the land surface albedo as a function of snow, ice,
or changing vegetation distributions (Matthews et al., 2004).
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A detailed description of the energy—moisture balance equa-
tions for the land surface is given by Meissner et al. (2003)
and Matthews et al. (2004, 2005).

2.2 Simulations

First, we spin up the model with the land use data corre-
sponding to the year 1750 (Chini et al., 2014) for 7500 years
to a steady state with an atmospheric CO, concentration
of 280.8 ppm (Fig. S2a and Table S1 in the Supplement).
The last 30 years of this preindustrial spinup simulation
(PI_1750) have a global mean surface air temperature (SAT)
of 13.2°C (Fig. S2b, Table S1). Further details of the spinup
simulation are given in Text S1 in the Supplement. A histor-
ical simulation (HIST_1750_2005) is performed from 1750
to 2005, starting from the end of PI_1750 by prescribing his-
torical fossil fuel emissions (Hoesly et al., 2018), land cover
change (Chini et al., 2014), and volcanic forcing (Crowley,
2000). The atmospheric CO;, concentration and SAT aver-
aged over the last 30 years (1976-2005) of HIST_1750_2005
are 349.1ppm and 13.5°C, respectively (Fig. S3 and Ta-
ble S1 in the Supplement). Comparing our historical simula-
tion with observations shows that the model underestimates
the amount of warming in the historical period (Text S2 in the
Supplement, Fig. S3). The evolution of key climate variables
during the historical simulation is shown in Fig. S4 in the
Supplement, and further details of the historical simulation
are provided in Text S2.

Starting from the historical simulation, we performed
three simulations from the year 2006 to 2500 (Table 1):
(1) prescribed fossil fuel emission simulation with fixed agri-
cultural land (FIXED_AGR) corresponding to the year 2005,
which is a reference simulation to calculate the net effects of
afforestation or reduction of fossil fuel emissions; (ii) pre-
scribed fossil fuel emission simulation with afforestation
starting from the year 2006 (AFFOREST); and (iii) pre-
scribed fossil fuel emission simulation with reduced emis-
sions (REDUCED_FF) and fixed agricultural land corre-
sponding to the year 2005. The fossil fuel emissions in these
three simulations follow extended SSP scenarios (SSP2-4.5,
SSP3-7.0, and SSP5-8.5; Meinshausen et al., 2020). The fos-
sil fuel emissions peak in the year 2040, 2100, and 2100
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Figure 1. Top panels show the amount of carbon additionally stored in land each year in the AFFOREST case compared to the FIXED_AGR
case in (a) SSP2-4.5, (b) SSP3-7.0, and (c) SSP 5-8.5 scenarios, respectively. The bottom panels show the cumulative amount of additional
carbon storage in land in the AFFOREST case compared to the FIXED_AGR case each year in (d) SSP2-4.5, (e) SSP 3-7.0, and (f) SSP5-8.5
scenarios, respectively. In the AFFOREST simulations, the amount of carbon additionally stored in the land (between 2006—-2500) compared
to the FIXED_AGR case is 319.84, 418.93, and 379.21 PgC in the SSP2-4.5, SSP3-7.0, and SSP 5-8.5 scenarios, respectively. The initial
peak in yearly additional carbon storage is due to the rapid growth of vegetation over abandoned agricultural land in the AFFOREST case.
The second peak is due to the gradual increase in tree fraction in the AFFOREST case (Fig. S5).

Table 2. Key climate and carbon cycle variables in the AFFOREST and REDUCED_FF simulations relative to the FIXED_AGR case
in the SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios (difference in each variable averaged over 2471-2500). The difference between the
AFFOREST (REDUCED_FF) and FIXED_AGR cases gives the effects of afforestation (reduced fossil fuel emission) on the climate or
carbon cycle variables.

SSP2-4.5 SSP3-7.0 SSP5-8.5
AFFOREST REDUCED_FF AFFOREST REDUCED_FF AFFOREST REDUCED_FF
minus minus minus minus minus minus
FIXED_AGR FIXED_AGR | FIXED_AGR FIXED_AGR | FIXED_AGR FIXED_AGR
Atmospheric CO; (ppm) —87.5 —81.13 —158.25 —171.31 —151.79 —165.65
Surface air temperature (°C) —0.31 —0.66 —0.10 —0.56 0.05 —0.36
Surface ocean pH 0.06 0.056 0.05 0.054 0.032 0.035
Land surface albedo —0.011 0.0002 —-0.011 0.001 —0.011 0
Land carbon (PgC) 319.76 —34 418.93 20.83 379.22 20.28
Ocean carbon (PgC) —134.88 —113.33 —82.76 —75.58 —56.75 —47.25

in the SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios, respec-
tively, and they reduce to zero by the year 2250 in all three
scenarios. In the REDUCED_FF case, the fossil fuel emis-
sions are reduced from the corresponding SSP scenarios by
the same amount of carbon additionally stored in land in the
AFFOREST case.

In the FIXED_AGR and REDUCED_FF cases, the frac-
tion of the agricultural land is kept constant at values corre-
sponding to the year 2005. Note that the five natural vege-
tation types can compete outside the agricultural land, and
thus, the land cover in the FIXED AGR and REDUCED_FF
cases can change dynamically depending on the climate con-
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ditions. In the AFFOREST experiment, vegetation is allowed
to regrow over the agricultural land by abruptly setting the
agricultural land fraction to zero everywhere, which leads to
additional storage of carbon in the land and a reduction in the
growth of atmospheric CO;. In the AFFOREST simulations,
the amount of carbon additionally stored in the land (between
2006-2500) is 319.84, 418.93, and 379.21 PgC in the SSP2-
4.5, SSP3-7.0, and SSP 5-8.5 scenarios, respectively (Fig. 1,
Table 2). Note that our simulations (AFFOREST and RE-
DUCED_FF) are highly idealized and are designed with the
sole purpose to assess the relative effectiveness of afforesta-
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tion and reduced fossil fuel emissions. Hence, these simula-
tions are not consistent with the SSP scenarios.

The AFFOREST (REDUCED_FF) simulations differ
from the FIXED_AGR simulations only by afforestation
(reduced fossil fuel emissions) in the AFFOREST (RE-
DUCED_FF) simulations. Thus, the net effect of afforesta-
tion (reduced fossil fuel emissions) on the climate system
is estimated by comparing the climate state of AFFOREST
(REDUCED_FF) case with the FIXED_AGR case.

We recognize that the term “afforestation” in the real
world refers to the intentional human activity of planting
trees to increase forest cover. However, the increase in forest
in our AFFOREST simulations is due to the dynamic natural
evolution of tree-type vegetation with no human intervention.
Nevertheless, we use the term afforestation to refer to the in-
crease in tree cover in these simulations.

3 Results
3.1 Land carbon stock changes

In this section, we analyze the effects of afforestation on
land carbon stock in our simulations. In the AFFOREST
case, the regrowth of forests in the abandoned agricultural
land results in an increase in tree fraction from approx-
imately 0.22 to 0.44 globally, while in the FIXED_AGR
and REDUCED_FF cases, tree fraction remains nearly un-
changed at around 0.2 (Fig. S5 in the Supplement) in
the three SSP scenarios. The larger tree fraction (averaged
over 2471-2500) in the AFFOREST case compared to the
FIXED_AGR case has similar spatial distribution in the
three SSP scenarios, while there is virtually no difference
in tree fraction (averaged over 2471-2500) between RE-
DUCED_FF and FIXED_AGR cases everywhere in the three
SSP scenarios (Fig. 2).

In our preindustrial spinup simulation, the land carbon
stock is 1789 PgC (averaged over the last 30 years of
PI_1750) (Table S1). In the historical simulation, it stays
nearly unchanged at the preindustrial value (Fig. S6 in the
Supplement), as the land carbon stock averaged over the
last 30 years (1976-2005) of HIST_1750_2005 is 1779 PgC
(Table S1). In the UVic model, the atmosphere-to-land car-
bon flux is the difference between net primary productivity
(NPP) and the sum of soil respiration and vegetation burn-
ing flux (VEGBURN). Because the agricultural land fraction
is zero everywhere in the AFFOREST case, VEGBURN is
zero in the AFFOREST case (Fig. S7 in the Supplement). In
all nine simulations, NPP increases initially until around the
year when emissions peak (2040 in SSP2-4.5 and 2100 in
SSP3-7.0 and SSP5-8.5) due to the CO, fertilization effect,
in which elevated atmospheric CO; levels lead to increased
plant productivity (Fig. S8 in the Supplement). The increase
in atmosphere-to-land carbon flux due to this increase in NPP
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is partly offset by an increase in soil respiration (Fig. S9 in
the Supplement) due to an increase in SAT.

The land carbon stock initially increases in all nine sim-
ulations until near the end of the 21st century (Fig. S6)
because the increase in NPP is larger than the increase in
the sum of soil respiration and VEGBURN during this pe-
riod. After the emissions peak, the rate of increase in NPP
and soil respiration starts to decrease because of a weaker
CO,, fertilization effect and reduced warming rates, respec-
tively (Figs. S8 and S9). During this period, the land car-
bon stock decreases after the emissions peak in five out of
nine simulations (FIXED_AGR and REDUCED_FF simula-
tions of the SSP3-7.0 scenario and in all three simulations of
SSP5-8.5 scenario) (Fig. S6), because the sum of soil res-
piration and VEGBURN becomes larger than the NPP in
these simulations. In the other four simulations, land car-
bon stock becomes almost constant after the emissions peak
(Fig. S6). After the cessation of emissions by the year 2250
(Fig. S10 in the Supplement), NPP becomes relatively con-
stant (Fig. S8) in all nine simulations because of the absence
of the CO; fertilization effect. Global SAT increases only
slightly after the cessation of emissions (Sect. 3.3); hence
soil respiration also becomes almost constant near the end
of all our simulations (Fig. S9). Since NPP, soil respiration,
and VEGBURN become relatively constant after the cessa-
tion of emissions (Figs. S7-S9), land carbon also becomes
relatively constant after the cessation of emissions in all nine
simulations (Fig. S6).

The AFFOREST simulations show a larger increase in
land carbon stock compared to FIXED_AGR simulations
because of the forest regrowth, while the REDUCED_FF
simulations show a similar land carbon stock as that of
the FIXED_AGR simulations in the three SSP scenarios
(Fig. 3a). In the AFFOREST simulations, land carbon stock
(averaged over 2471-2500) is larger in regions with forest
regrowth (Figs. S11 in the Supplement and Fig. 2), while
the spatial distribution of land carbon stock in the RE-
DUCED_FF case is similar to the FIXED AGR case in the
three SSP scenarios (Fig. S11).

3.2 Biophysical effects of afforestation

The global land surface albedo in our preindustrial simu-
lation (PI_1750) is 0.28 (Table S1), which remains nearly
unchanged in the historical simulation (HIST_1750_2005;
Fig. S12 in the Supplement, Table S1). In the FIXED_AGR
and REDUCED_FF simulations, the land surface albedo is
nearly constant, while in the AFFOREST case, land surface
albedo decreases initially due to the regrowth of forests and
becomes nearly constant after 2250 in the three SSP sce-
narios (Fig. S12). In the AFFOREST case, the land surface
albedo is lower than in the FIXED_AGR case by 0.011 glob-
ally in the three SSP scenarios (Fig. 3b, Table 2), while the
changes in land surface albedo in the REDUCED_FF case
relative to the FIXED_AGR case are nearly zero in the three

Biogeosciences, 20, 1863-1877, 2023
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Figure 2. The left (a, ¢, and e) (right; b, d, and f) panel shows the spatial pattern of the difference in tree fraction (averaged over 2471-2500)
between the AFFOREST (REDUCED_FF) and FIXED_AGR cases. The top (a, b), middle (c,d), and bottom (e, f) panels correspond to the
SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios, respectively. The tree fraction is higher in the AFFOREST case compared to the FIXED_AGR
case regionally because of the regrowth of forests over abandoned agricultural land after the year 2005, while the REDUCED_FF and

FIXED_AGR cases have similar tree fractions in all regions.

SSP scenarios (Fig. 3b, Table 2). The land surface albedo
(averaged over 2471-2500) is lower in the AFFOREST case
compared to the FIXED_AGR case in regions with forest re-
growth (Figs. S13 in the Supplement and 2), while in the
REDUCED_FF case, the land surface albedo (averaged over
2471-2500) is similar to the FIXED_AGR case everywhere
in the three SSP scenarios (Fig. S13).

In the AFFOREST case, evapotranspiration (averaged
over 2471-2500) is smaller by 2.6 %, 4.5 % and 6.2 % rel-
ative to the FIXED_AGR case in the SSP2-4.5, SSP3-7.0,
and SSP5-8.5 scenarios, respectively (Fig. 3c). In contrast,
the evapotranspiration (averaged over 2471-2500) is larger
by 3.7 %, 7.0 % and 5.3 % in the REDUCED_FF case rel-
ative to the FIXED_AGR case in the SSP2-4.5, SSP3-7.0,
and SSP5-8.5 scenarios, respectively (Fig. 3c). The decrease
(increase) in evapotranspiration in the AFFOREST (RE-
DUCED_FF) case could be explained by the increase in wa-
ter use efficiency of plants at elevated CO; levels in the at-
mosphere as discussed in Sect. 4. In the AFFOREST case,
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the evapotranspiration (averaged over 2471-2500) is smaller
compared to the FIXED_AGR case mostly over the regions
with an increase in tree fraction in the three SSP scenarios,
while in the REDUCED_FF case, the evapotranspiration is
larger or nearly the same as the FIXED_AGR case in differ-
ent regions in the three SSP scenarios (Fig. S14 in the Sup-
plement).

3.3 Evolution of atmospheric CO; and surface air
temperature

The atmospheric CO; concentration and SAT (averaged over
the last 30 years of PI_1750) in our preindustrial simulation
(PI_1750) are 280.8 ppm and 13.2 °C (Fig. S2, Table S1), re-
spectively. In our historical simulation (HIST_1750_2005),
atmospheric CO; increases due to fossil fuel and land use
change emissions. At the end of the historical simulation, at-
mospheric CO; concentration (averaged over 1976-2005) in-
creases to 349.1 ppm (Fig. S3, Table S1), and consequently,
SAT increases to 13.5 °C (Fig. S3, Table S1).
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Figure 3. Changes in (a) global total land carbon stock, (b) land
surface albedo, and (c) evapotranspiration in the AFFOREST (solid
lines; AAFFOREST) and REDUCED_FF (solid lines with trian-
gle markers; AREDUCED_FF) cases relative to the FIXED_AGR
case in the SSP2-4.5 (green), SSP3-7.0 (orange), and SSP5-8.5
(red) scenarios. In the AFFOREST case, land carbon stock is larger
than the FIXED_AGR case by 319.84, 418.93, and 379.21 PgC
in the SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios by the year
2500, respectively, while the difference between land carbon stock
in REDUCED_FF and FIXED_AGR cases is nearly zero in the
three SSP scenarios. The land surface albedo in the AFFOR-
EST case is smaller by 0.011 (averaged over 2471-2500) in the
three SSP scenarios compared to the FIXED_AGR case, while the
REDUCED_FF case has a similar land surface albedo as in the
FIXED_AGR case in the three SSP scenarios. The evapotranspi-
ration is smaller (larger) in the AFFOREST (REDUCED_FF) case
compared to the FIXED_AGR case due to changes in the water use
efficiency of vegetation at higher atmospheric CO; levels.
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The increase in atmospheric CO; (averaged over 2471—
2500) in our nine simulations compared to HIST_1750 (av-
eraged over 1976-2005) ranges from 140 ppm to 1675 ppm
(Fig. S15 in the Supplement, Table S2). Initially, atmospheric
CO; increases until around the cessation of fossil fuel emis-
sions in the year 2250 in all simulations because fossil fuel
emissions add more carbon to the atmosphere. After the ces-
sation of emissions, atmospheric CO; decreases slightly until
the end of the simulations (Fig. S15) because the ocean con-
tinues to be a weak sink till the end (Sect. 3.4) in all nine
simulations, although the land becomes neutral. The atmo-
spheric CO, concentration is similar and smaller in the AF-
FOREST and REDUCED_FF simulations compared to the
FIXED_AGR simulation in the three SSP scenarios because
of the removal of carbon by afforestation and reduced fossil
fuel emissions, respectively (Fig. 4a).

The future projections of changes in SAT (averaged over
2471-2500) in our nine simulations relative to HIST_1750
(averaged over 1976-2005) range from 2 to 8 °C (Fig. S16
in the Supplement, Table S2). In the three SSP scenarios, the
REDUCED_FF case simulates a smaller SAT increase com-
pared to the AFFOREST and FIXED_AGR cases (Fig. S16).
The afforestation in the AFFOREST case results in a cooling
0of 0.31 and 0.1 °C and a warming of 0.05 °C in the SSP2-4.5,
SSP3-7.0, and SSP5-8.5 scenarios, respectively, while the re-
duction of fossil fuel emissions in the REDUCED_FF case
results in a cooling of 0.66, 0.56 and 0.36 °C in the SSP2-
4.5, SSP3-7.0, and SSP5-8.5 scenarios, respectively, when
compared to the FIXED_AGR case (Fig. 4b, Table 2).

In the AFFOREST case, the cooling effect of CO;, removal
from afforestation is partly offset by the biophysical warming
effects (from lower land surface albedo and reduced evapo-
transpiration) due to the regrowth of forests. Hence, the AF-
FOREST case has a larger SAT than the REDUCED_FF case
in the three SSP scenarios (Figs. 4b and S17 in the Supple-
ment). In the SSP3-7.0 and SSP5-8.5 scenarios, this offset
is almost perfect so that the AFFOREST and FIXED_AGR
cases have similar SAT (Figs. 4b and S16). However, in the
SSP2-4.5 scenario, the biophysical warming effects due to
the regrowth of forests do not completely offset the cooling
effect of removing atmospheric CO; as discussed in Sect. 4.

The spatial patterns of SAT (averaged over 2471-2500)
in the AFFOREST and REDUCED_FF cases are compared
with the FIXED_AGR case in Fig. 5. The REDUCED_FF
case is cooler in all regions with respect to the FIXED_AGR
case in the three SSP scenarios (Fig. 5), while the AF-
FOREST case shows regional warming in the SSP3-7.0 and
SSP5-8.5 scenarios. This regional warming in the AFFOR-
EST case is more prominent over land, where the afforesta-
tion results in a lower land surface albedo and reduced evap-
otranspiration (Fig. 5). The REDUCED_FF case has a lower
surface ocean potential temperature (averaged over 2471-—
2500) compared to the FIXED_AGR case, while the ocean
potential temperature is nearly the same in the AFFOREST
and FIXED_AGR cases (Fig. 6). The effects of atmospheric
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Figure 4. Changes in (a) global mean atmospheric CO; concentration and (b) global mean surface air temperature in the AFFOREST (solid
lines; AAFFOREST) and REDUCED_FF (solid lines with triangle markers; AREDUCED_FF) cases relative to the FIXED_AGR case in the
SSP2-4.5 (green), SSP3-7.0 (orange), and SSP5-8.5 (red) scenarios. The decrease in atmospheric CO; because of afforestation or reduced
fossil fuel emissions is almost twice in SSP3-7.0 and SSP5-8.5 compared to SSP2-4.5 due to two reasons: (i) the amount of carbon removed
by land is larger in the SSP3-7.0 and SSP5-8.5 scenarios because of the larger CO, fertilization effect as discussed in Sect. 3.1, and (ii) the
larger ocean carbon uptake in the FIXED_AGR case relative to the AFFOREST and REDUCED_FF cases in the SSP2-4.5 compared to
SSP3-7.0 and SSP5-8.5 scenarios (Table 2). The REDUCED_FF case has a lower SAT than the FIXED_AGR case in the three SSP scenarios
because of reduced fossil fuel emissions in the REDUCED_FF case. In the AFFOREST case, the cooling effect of the removal of CO; is
partially or completely offset by the biophysical warming effects from the regrowth of forests. Hence, the AFFOREST case has a similar

SAT as that of the FIXED_AGR case in the SSP3-7.0 and SSP5-8.5 scenarios and a smaller SAT in the SSP2-4.5.

carbon removal are only seen in the surface ocean as it
equilibrates with the changes in the atmosphere on shorter
timescales compared to the deep ocean.

3.4 Ocean carbon content and surface ocean pH

The ocean carbon content in the PI_1750 simulation (av-
eraged over 2471-2500) is 37287 PgC (Table S1). In our
historical simulation (HIST_1750_2005), ocean carbon con-
tent increases as increasing CO; levels in the atmosphere re-
sult in increased carbon uptake by the ocean (Fig. S17). The
increase in ocean carbon content averaged over the period
1976-2005 of HIST_1750_2005 from the preindustrial pe-
riod is 82PgC (Table S1), and the cumulative increase by
2005 is 113 PgC.

The ocean carbon content increases in the FIXED_AGR,
AFFOREST, and REDUCED_FF simulations in the three
SSP scenarios. The FIXED_AGR case shows the largest
ocean carbon content in the three SSP scenarios (Figs. 7a
and S17) because of larger atmospheric CO; in the
FIXED_AGR case compared to the AFFOREST and RE-
DUCED_FF cases. The spatial pattern of the ocean car-
bon content (averaged over 2471-2500) in the AFFOREST
and REDUCED _FF cases relative to the FIXED _AGR case
shows that the increase in ocean carbon content is less in
the AFFOREST and REDUCED_FF cases compared to the
FIXED_AGR case in all regions in the three SSP scenarios
(Fig. S18 in the Supplement). The reduction of ocean carbon
content (averaged over 2471-2500) in the AFFOREST and
REDUCED_FF cases compared to the FIXED_AGR case is
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more pronounced in the surface ocean as the surface ocean
adjusts more rapidly to the changes in atmospheric CO;
(Fig. S19 in the Supplement). A longer simulation would
be required for larger changes in carbon content in the deep
ocean.

The surface ocean pH in our preindustrial state is 8.15 (av-
eraged over the last 30 years of PI_1750). By the year 2005,
the surface ocean pH (averaged over 1976-2005) reduces
to 8.09 because the ocean takes up more carbon as atmo-
spheric CO; increases during the historical period (Fig. S20
in the Supplement). In all nine simulations, surface ocean pH
decreases until the fossil fuel emissions reduce to zero in the
year 2250 and increases slightly after the emissions cease
(Fig. S20). The AFFOREST and REDUCED_FF cases show
larger and similar changes in surface ocean pH in compar-
ison with the FIXED_AGR case in the three SSP scenarios
(Fig. 7b) because of a smaller increase in ocean carbon con-
tent in the AFFOREST and REDUCED_FF cases compared
to the FIXED_AGR case (Figs. 7a and S18, and Table 2).

The AFFOREST and REDUCED_FF cases show larger
surface ocean pH (averaged over 2471-2500) in all regions
in the three SSP scenarios relative to the corresponding
FIXED_AGR case because of smaller ocean carbon content
as a result of reduced atmospheric CO» (Fig. 8). In the high-
emission scenarios (SSP3-7.0 and SSP5-8.5), the increase
in surface ocean pH in the AFFOREST and REDUCED_FF
cases is less compared to SSP2-4.5 (Figs. 7b and 8) because
the reduction in ocean carbon is smaller in high-emission
scenarios (Fig. 7a).
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Figure 5. The left (a, ¢, and e) (right; b, d, and f) panel shows the spatial pattern of the difference in annual mean surface air temperature
(SAT) averaged over the last 30 years between the AFFOREST (REDUCED_FF) and FIXED_AGR cases. The top (a, b), middle (¢, d), and
bottom (e, f) panels correspond to the SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios, respectively. The REDUCED_FF case shows lower SAT
everywhere relative to the FIXED_AGR case in the three SSP scenarios, while the AFFOREST case shows regional warming relative to the
FIXED_AGR case in the SSP3-7.0 and SSP5-8.5 scenarios. Note that the regions of warming in the AFFOREST case are more prominent
over land where the forest regrowth results in a lower land surface albedo (Fig. S13).

4 Discussion

We have analyzed the relative effectiveness of afforestation
and reduction of fossil fuel emissions for mitigating climate
change using three sets (FIXED_AGR, AFFOREST, and RE-
DUCED_FF) of climate model simulations starting from
the year 2005 of a historical simulation. The atmospheric
CO; concentration, surface air temperature, and precipitation
in the historical simulation are compared with the observa-
tions (Text S2). The areal coverage of tree and grass-type
vegetation at the end of the historical simulation (averaged
over 1976-2005) is 22 % and 32 %, respectively (Fig. S5),
compared to the observed values of 32 % and 36 % (Poulter
et al., 2011). The land carbon stock is underestimated in the
UVic model (Table S1) compared to the observations, likely
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because of the simple land surface scheme used in the UVic
model, which does not include a representation of peatlands
(Meissner et al., 2003). Our historical simulation indicates
that the land is a net source of ~ 10 PgC during the historical
period (Table S1), which is in the range of 30 £45PgC es-
timated by Ciais et al. (2014). The cumulative ocean carbon
uptake during the historical period is 113 PgC, which falls
in the observed range of 105 £20PgC (Masson-Delmotte
etal., 2021).

Our results show that allowing forests to grow back by
abandoning all agricultural land in the year 2005 leads to ad-
ditional storage of 319.84, 418.93, and 379.21 PgC in the
land by the year 2500 (averaged over 2471-2500) in the
SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios, respectively. In
the SSP 5-8.5 and SSP3-7.0 scenarios, the carbon stored in
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Figure 6. The left (a, ¢, and e) (right; b, d, and f) panel shows
the spatial pattern of the difference in zonally averaged ocean po-
tential temperature (averaged over 2471-2500) between the AF-
FOREST (REDUCED_FF) and FIXED_AGR simulations. The
top (a, b), middle (c,d), and bottom (e, f) panels correspond to the
SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios, respectively. The dif-
ference in ocean potential temperature between AFFOREST and
FIXED_AGR cases is nearly zero everywhere, while in the RE-
DUCED_FF case, the surface ocean is cooler compared to the
FIXED_AGR case.

land during 2006-2500 is larger than that of the SSP 2-4.5
scenario (Fig. 3a), because of the CO; fertilization effect at
elevated atmospheric CO; concentrations. However, carbon
stored in land after the year 2005 is more in the SSP3-7.0
scenario than the SSP5-8.5 scenario, though SSP5-8.5 has a
larger atmospheric CO, concentration. This is due to larger
warming in the SSP5-8.5 scenario, which causes a larger in-
crease in soil respiration than the increase in net primary pro-
ductivity (NPP) due to CO, fertilization (Fig. S21).

If fossil fuel emissions are reduced by the same amount
of carbon additionally stored in land, the climate is cooler
in the reduced fossil fuel emission case compared to the af-
forestation case, even though the decrease in atmospheric
CO;, is similar in the AFFOREST and REDUCED_FF cases.
The decrease in atmospheric CO, because of afforestation
or reduced fossil fuel emissions is almost twice as much in
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SSP3-7.0 and SSP5-8.5 compared to SSP2-4.5 due to two
reasons: (i) the amount of carbon uptake by land being larger
in the SSP3-7.0 and SSP5-8.5 scenarios because of the larger
CO, fertilization effect, as discussed in Sect. 3.1; and (ii) the
larger ocean carbon uptake in the FIXED_AGR case relative
to the AFFOREST and REDUCED_FF cases in the SSP2-
4.5 compared to SSP3-7.0 and SSP5-8.5 scenarios (Table 2).

There is more cooling in the reduced fossil fuel emission
cases, and the relative cooling is 0.36, 0.47, and 0.42°C in
the reduced fossil fuel emission case compared to the af-
forestation case in the year 2500 (averaged over 2471-2500)
in the SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios, respec-
tively. The cooling effect of reduced fossil fuel emissions is
comparable in SSP2-4.5 and SSP3-7.0 (Table 2), though the
reduction in fossil fuel emissions (the REDUCED_FF sim-
ulations) is smaller for the SSP2-4.5 scenario compared to
SSP3-7.0. This is because the effect of removal of the same
amount of carbon is higher in SSP2-4.5 due to the lower
background atmospheric CO» concentration (CO; radiative
forcing magnitude for a fixed CO; change is larger for lower
background CO; concentration). The cooling effect of re-
duced fossil fuel emissions is lowest in SSP5-8.5 (Table 2)
because the amount of carbon removed is similar to SSP3-
7.0, but SSP5-8.5 has a larger background CO; concentration
than SSP3-7.0.

In the case of afforestation, the changes in vegetation cover
from grasslands to forests have a warming effect due to the
decrease in land surface albedo and evapotranspiration which
nearly offsets the cooling effect from the removal of car-
bon from the atmosphere. The decrease in evapotranspiration
in our AFFOREST simulations is in contrast with previous
studies which showed an increase in evapotranspiration due
to afforestation (Chen et al., 2012; Wang et al., 2014; Du-
veiller et al., 2018; Huang et al., 2018). This contradiction
could be explained by the dominant effect of increase in wa-
ter use efficiency of plants at elevated CO; levels over the ef-
fects from an increase in roughness length and an increase in
the evaporative capacity of vegetation in our model simula-
tions, resulting in a net reduction in transpiration (Cao et al.,
2009, 2010; Gopalakrishnan et al., 2011). The effects of el-
evated atmospheric CO, on transpiration fluxes are larger
for trees compared to grasslands (Kirschbaum and McMil-
lan, 2018). In contrast with the AFFOREST case, the effect
of an increase in plant water use efficiency is an increase
in evapotranspiration in the REDUCED_FF case because of
the lower atmospheric CO; levels in the REDUCED_FF case
compared to the FIXED_AGR case.

In our simulations, the cooling effect of afforestation
is completely offset by its warming effect in the higher-
emission scenarios (SSP3-7.0 and SSP5-8.5). However, in
the lower-emission scenario (SSP 2-4.5), the offsetting of
the cooling effect of afforestation is only partial because the
removal of atmospheric carbon by afforestation results in a
stronger cooling effect when the atmospheric CO; is lower.
Therefore, the biophysical warming effect of the regrowth of
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Figure 7. Changes in (a) global total ocean carbon content and (b) global mean surface ocean pH in the AFFOREST (solid lines;
AAFFOREST) and REDUCED_FF (solid lines with triangle markers; AREDUCED_FF) cases relative to the FIXED_AGR case in the
SSP2-4.5 (green), SSP3-7.0 (orange), and SSP5-8.5 (red) scenarios. The AFFOREST and REDUCED_FF cases have smaller ocean carbon
than the FIXED_AGR case in the three SSP scenarios because of the reduction of atmospheric CO, in the AFFOREST and REDUCED_FF
cases by afforestation and reduced fossil fuel emissions, respectively, and the consequent reduction in ocean carbon uptake. The AFFOREST
and REDUCED_FF cases have larger surface ocean pH than the FIXED_AGR case because of the smaller ocean carbon content in the

AFFOREST and REDUCED_FF cases.

trees does not completely offset the biogeochemical cooling
effect from the atmospheric carbon removal by afforestation.
This suggests that afforestation may have a larger climate
benefit in the lower-emission scenarios.

Both afforestation and reduced fossil fuel emissions result
in smaller ocean carbon stock (Figs. S19 and S20) because
the surface ocean equilibrates rapidly in response to changes
in the atmosphere (Fig. S20). However, the changes in the
deep ocean are nearly zero (Fig. S20) because the transport of
ocean carbon between the surface and deep ocean could take
multiple centuries to millennia. In the high-emission scenar-
ios (SSP3-7.0 and SSP5-8.5), the reduction in the ocean car-
bon content in the AFFOREST and REDUCED_FF cases is
less compared to SSP2-4.5 (Figs. 7a and S18) because of
the reduction in buffering capacity of the ocean as it takes
up more carbon (Middelburg et al., 2020; DeVries, 2022)
and the reduced solubility of atmospheric CO, in seawater
at higher temperatures (Duan and Sun, 2003).

Several previous studies, both observational and model-
ing, have investigated the biophysical effects of deforesta-
tion/afforestation (Bala et al., 2007; Chen et al., 2012; Wang
et al., 2014; Alkama and Cescatti, 2016; Duveiller et al.,
2018; Huang et al., 2018; Winckler et al., 2019b; Boysen
et al., 2020; Shen et al., 2022). Observational studies on the
biophysical effects of deforestation by Alkama and Cescatti
(2016) and Duveiller et al. (2018) show that deforestation re-
sults in a biophysical warming effect which qualitatively con-
tradicts our results, while climate modeling studies by Bala
et al. (2007), Boysen et al. (2020), and Portmann et al. (2022)
show that large-scale deforestation results in a biophysical
cooling effect which is qualitatively consistent with our re-
sults. Winckler et al. (2019b) showed that this contradiction
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between the observational and modeling studies arises from
the non-local cooling in models, which is excluded from ob-
servations. On regional scales, the net effect of afforestation
could be warming or cooling depending on the location at
which the afforestation occurs (Chen et al., 2012; Huang
et al., 2018; Shen et al., 2022). Wang et al. (2014) showed
that the net biophysical effect from global afforestation is
a warming of 0.68-1.38 °C, which is qualitatively consis-
tent with the biophysical warming effect of afforestation in
our results. Previous studies (Bonan, 2008; Li et al., 2016;
De Hertog et al., 2022) find that afforestation in the tropics
leads to a cooling effect, while we simulate warming for af-
forestation in the tropics. This contradiction is the result of
higher atmospheric CO; concentrations in the SSP scenar-
ios used in our study, resulting in increased water use effi-
ciency of plants and, consequently, a warming effect due to a
decrease in evapotranspiration (Kirschbaum and McMillan,
2018).

Our study has the following limitations. First, the af-
forestation in our model is highly idealized. In our afforesta-
tion simulations, we assume that the entire agricultural land
in the year 2005 is abandoned and vegetation is allowed to
regrow abruptly, while in the real world, implementing af-
forestation at this scale would take a longer period. Also,
in our simulations, vegetation grows back naturally accord-
ing to the climate conditions over abandoned agricultural
land, while in the real world, it might be possible to grow
trees in areas where the climate conditions do not support
the growth of trees using dams and irrigation, etc. Second,
many processes in the model are highly simplified represen-
tations aimed at achieving a lower computational cost. For
example, the dynamic vegetation model in our simulation has
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Figure 8. The left (a, ¢, and e) (right; b, d, and f) panel shows the spatial pattern of the difference in surface ocean pH (averaged over 2471—
2500) between the AFFOREST (REDUCED_FF) and FIXED_AGR cases. The top (a, b), middle (c,d), and bottom (e, f) panels correspond
to the SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios, respectively. The AFFOREST and REDUCED_FF cases have larger and similar surface
ocean pH in all regions compared to the FIXED_AGR case in the three SSP scenarios.

only five plant functional types, while real-world ecosystems
are far more diverse and complex. However, the simplified
representation enables us to understand the role of climate—
vegetation feedbacks in longer timescales with less compu-
tational cost. Third, the climate change scenarios used in our
simulations would occur with frequent intense droughts that
prevent vegetation regrowth, which is not fully accounted for
in our simulations because of a simple one-layer energy bal-
ance atmospheric model (Weaver et al., 2001) that does not
simulate convection and clouds. Therefore, the magnitude of
the estimated sink from the vegetation regrowth might be
lower in the real world than in our simulations. Fourth, there
could be uncertainty in the sensitivity of the transpiration to
CO; change in future scenarios (Mengis et al., 2015). Despite
the above limitations, we believe that our results provide use-
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ful insights into the biophysical effects of afforestation in fu-
ture climate scenarios. Several previous studies (Bala et al.,
2007; Wang et al., 2014; Devaraju et al., 2018; Jayakrish-
nan et al., 2022) have used similar highly idealized defor-
estation/afforestation experiments.

5 Conclusions

Afforestation and reduced fossil fuel emissions are two major
components of climate change mitigation currently adopted
to slow climate change. Understanding the net effects of af-
forestation and reduced fossil fuel emissions is important for
the development of climate mitigation strategies. In this pa-
per, we have shown that the climate response to carbon re-
moval by afforestation and an equivalent reduction in fos-

https://doi.org/10.5194/bg-20-1863-2023



K. U. Jayakrishnan and G. Bala: A comparison of the climate and carbon cycle effects 1875

sil fuel emissions is different because of the biophysical ef-
fects of afforestation, which is often neglected in the develop-
ment of climate mitigation strategies. Our results show that
a reduction in fossil fuel emissions could be more effective
than afforestation in mitigating climate change. Though af-
forestation might be relatively less effective in mitigating
climate change, it has other benefits such as a reduction in
ocean acidification: the removal of carbon from the atmo-
sphere results in a slightly reduced amount of carbon in the
ocean, which leads to higher surface ocean pH and less ocean
acidification. While our study shows that the biophysical ef-
fects have a significant role in determining the net effects
of afforestation in the future climate, there are many uncer-
tainties in the representation of the processes that govern
the biophysical changes in our climate model simulations.
Therefore, the understanding of the biophysical effects of af-
forestation should be improved further before considering the
implications of our research for climate policy.
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