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Small temperature benefits provided by realistic
afforestation efforts
Vivek K. Arora1* and Alvaro Montenegro2

Afforestation, the conversion of croplands or marginal lands
into forests, results in the sequestration of carbon. As a
result, afforestation is considered one of the key climate-
change mitigation strategies available to governments by the
United Nations1. However, forests are also less reflective than
croplands, and the absorption of incoming solar radiation
is greater over afforested areas. Afforestation can therefore
result in net climate warming, particularly at high latitudes2–5.
Here, we use a comprehensive Earth system model to assess
the climate-change mitigation potential of five afforestation
scenarios, with afforestation carried out gradually over a 50-
year period. Complete (100%) and partial (50%) afforestation
of the area occupied at present by crops leads to a reduced
warming of around 0.45 and 0.25 ◦C respectively, during
the period 2081–2100. Temperature benefits associated with
more realistic global afforestation efforts, where less than
50% of cropland is converted, are expected to be even
smaller, indicating that afforestation is not a substitute
for reduced greenhouse-gas emissions. We also show that
warming reductions per unit afforested area are around three
times higher in the tropics than in the boreal and northern
temperate regions, suggesting that avoided deforestation and
continued afforestation in the tropics are effective forest-
management strategies from a climate perspective.

We analyse simulationsmadewith the first-generationCanadian
Earth System Model6,7 (CanESM1), which consists of coupled
dynamical atmosphere and ocean models with full oceanic
and terrestrial carbon-cycle components. This model reproduces
twentieth-century observations of global mean atmospheric CO2,
as well as its seasonal cycle and interhemispheric gradient6. One
standard simulation with no land-use/cover change (LUCC) and
five afforestation simulations are carried out for the 2011–2100
period, all with emissions increasing according to the Special Report
on Emissions Scenarios A2 scenario. These future simulations are
continuations of an 1850–2010 historical simulation that is driven
with observation-based fossil-fuel emissions and changes in crop
area8,9 (see Methods) and has simulated CO2 concentration of
381 ppm in 2010. CO2 is the longest-lived and most important
of the major greenhouse gases and therefore we focus on
the afforestation response to CO2, which also simplifies the
interpretation of our simulations.

Afforestation is carried out in areas that are at present occupied
by croplands (Supplementary Fig. S1), and which, according to
estimates of potential vegetation, would be occupied by forests if
it were not for human activities (see Methods). The assumption
is that afforestation is not a viable strategy if artificial supply of
water or nutrients, or any other type of high-intensitymanagement,
is required. In the 100% global afforestation simulation, the

1Canadian Centre for Climate Modelling and Analysis, Environment Canada, PO Box 3065, STN CSC, University of Victoria, Victoria, British Columbia,
V8W 3V6, Canada, 2Environmental Sciences Research Centre, Department of Earth Sciences, St Francis Xavier University, Antigonish, Nova Scotia, B2G
2W5, Canada. *e-mail: vivek.arora@ec.gc.ca.

fractional coverage of woody tree plant functional types (PFTs)
is gradually increased, and the fractional coverage of crop PFTs
is gradually decreased, from 2011 to 2060, until the crop area
becomes zero by 2060. This unrealistic simulation provides an
upper limit to potential climatic changes when the land cover
is essentially returned to its preindustrial state. In the 50%-
afforestation simulation only 50% of the global crop area in 2010
is afforested over the 2011–2060 period. This more realistic, but
still somewhat extreme, scenario would require at least a doubling
of crop yield to feed the human population as crop area is
halved over time. The remaining three simulations are identical
to the 50% global afforestation simulation but afforestation is
carried out only over boreal (48.23◦N–90◦N), northern temperate
(22.24◦N–48.23◦N) or tropical (18.58◦ S–22.24◦N) latitudinal
bands. The afforested areas in these simulations are summarized
in Table 1. The prescribed changes in the fractional coverage of
PFTs do not determine the structural attributes of vegetation, or
carbon sequestered over land, which are dynamically determined as
a function of simulated climate and atmospheric CO2 concentration
(see Methods). The changes to land cover in our simulations
are less drastic than in earlier studies3–5,10 and so provide
insight into the effects of somewhat more realistic afforestation
efforts in conjunction with continuous increase in emissions. In
addition, afforestation is carried out gradually over the 2011–2060
(50 year) period rather than in a step change and its effects
are inferred directly and not by inversion of results from
deforestation simulations10.

The simulated CO2 concentration in the standard no-LUCC
simulation increases from 381 ppm in 2010 to 760 ppm in
2100 (see Supplementary Fig. S2a). Afforestation leads to larger
land carbon uptake and consequently lower atmospheric CO2
concentration in all afforestation simulations compared with
the standard no-LUCC case (Fig. 1a,b). The 100% and 50%
global afforestation simulations yield 93 and 45 ppm lower CO2
in 2100, respectively, than the standard no-LUCC simulation.
The drawdown generated in northern-temperate- and tropical-
afforestation (∼20 ppm) simulations is more than double the
drawdown produced by boreal afforestation (9 ppm). This is partly
because the afforested area in the boreal simulation is about half that
in the northern-temperate-afforestation simulation (Table 1). The
tropical-afforestation simulation yields the same CO2 drawdown as
the northern-temperate-afforestation simulation despite its lower
afforested area because carbon is sequestered at a faster rate per
unit afforested area in the tropics than in temperate regions. Land
carbon uptake increases by ∼240 and ∼120 PgC in the 100% and
50% global afforestation simulations, respectively, compared with
the no-afforestation case (Fig. 1a and Supplementary Fig. S2b).
The 240 PgC of land carbon uptake in the 100% afforestation
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Table 1 |Global and land-only averaged temperature differences between the standard no-LUCC and the five cropland
afforestation simulations for the 2081–2100 period.

Simulation Afforested
area (million
km2)

Temperature difference compared
with the no-afforestation case (◦C)

Statistical significance

Land only Global

1. 100% global afforestation 20.2 −0.63 −0.45 p<0.01
2. 50% global afforestation 10.1 −0.31 −0.25 p<0.01
3. 50% boreal afforestation 2.0 0.01 −0.04 p>0.25
4. 50% northern temperate afforestation 4.7 −0.16 −0.11 p>0.05
5. 50% tropical afforestation 2.7 −0.25 −0.16 p<0.01

The statistical significance of global temperature differences is also shown on the basis of the unequal-variance Student t-test. Afforested areas in different simulations are also shown.

No LUCC 50% afforestation100% afforestation
50% boreal afforestation 50% temperate afforestation 50% tropical afforestation
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Figure 1 | Effect of cropland afforestation on land carbon uptake, atmospheric CO2 and temperature. a,b, Differences in cumulative land uptake (a) and
CO2 concentrations (b) in the five afforestation simulations compared with the standard no-LUCC simulation. c, Simulated globally averaged screen
temperature from all simulations.

simulation is larger than the 156 PgC of cumulative land use change
emissions over the 1850–2005 period11 because theCO2 fertilization
effect results in more carbon sequestered per unit afforested
area than there was in 1850. Ocean carbon uptake responds to
atmospheric CO2, with highest uptake in the no-LUCC simulation
and lowest in the 100%afforestation case (Supplementary Fig. S2c).

All afforestation simulations yield lower temperatures (that
is less warming) over the 2081–2100 period compared with
the standard no-LUCC case, although the differences are not
statistically significant (p> 0.05) for the northern-temperate- and
boreal-afforestation simulations (see Fig. 1c andTable 1).Warming
reductions are larger over land, except for the boreal afforestation,
which yields a slight warming increase owing to the positive albedo
effect2. Overall, the net temperature benefits of afforestation are
small. Even the unfeasible scenario of afforesting all available
cropland yields reduced warming of only 0.45 ◦C, with the still
unrealistic 50% afforestation scenario resulting in a warming
reduction of 0.25 ◦C over the 2081–2100 period, compared with
2.2 ◦C warming realized over the 2010–2100 period in the no-
LUCC simulation (Fig. 1c). We define temperature effectiveness of
afforestation (TEA), ξ , as

ξ =
1T
A

where 1T (◦C) is the globally averaged temperature difference
averaged over the 2081–2100 period between an afforestation and

the standard no-LUCC simulation and A (million km2) is the area
afforested. 1T is used for the whole globe (1TG) as well as only
over land (1TL) to obtain ξG and ξL shown in Fig. 2 for the five
afforestation experiments. TEA values are negative, except for ξL for
the 50%-boreal-afforestation experiment, because of the reduction
in warming that afforestation yields. Quantified in this manner of
reduced warming per unit afforested area, tropical afforestation is
around three times more effective than afforestation in boreal and
northern temperate regions.

The spatial patterns of the temperature response to afforestation
are shown in Fig. 3. The 100%-afforestation simulation, in which
all cropland area is afforested, leads to reduced warming almost
everywhere except regions of high-latitude Eurasia (Fig. 3a). Here
the regional enhanced warming associated with more radiation
absorbed by the forests dominates the global reduction in warming
associated with lower atmospheric CO2. The magnitude of reduced
warming is amplified in the Arctic because of the sea-ice albedo
feedback. The northern high-latitude warming enhancement as-
sociated with lower albedo of forests is more widespread in the
50%-global-afforestation simulation (Fig. 3b) owing to its lower
CO2 drawdown, comparedwith the 100%-afforestation simulation.
In the 50%-northern-temperate- and boreal-afforestation simula-
tions warming enhancement is seen in northern mid/high-latitude
regions, as expected, because the albedo effect of afforestation in
these regions is strengthened by the presence of snow2 (Supple-
mentary Fig. S3a and S3b). These experiments also show areas of
enhanced warming over parts of the Atlantic, Pacific and Southern
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Figure 2 | Temperature effectiveness of afforestation (TEA). a,b, TEA
values for the five afforestation experiments are calculated using
temperature changes relative to the no-LUCC simulation and averaged over
the 2081–2100 period over the whole globe (a) and over land only (b).

oceans. Tropical afforestation generally leads towidespread reduced
warming but with enhancements over several oceanic regions
(Supplementary Fig. S3c).

The United Nations Framework Convention on Climate
Change (UNFCCC), through the Kyoto Protocol12, enables the
atmospheric carbon drawdown generated by afforestation to be
accounted as sequestered carbon for the emission budget of
the signatory nations. However, afforestation also changes the
physical state of the land surface, which affects the regional and
global energy balances. The effect of these radiative (related to
surface albedo changes) and non-radiative (related to changes in
evapotranspiration and surface roughness) biogeophysical changes
are not easily obtained (see, for example, ref. 13) and therefore
not at present taken into account by the UNFCCC. Here we
decompose the reduced warming caused by afforestation into
biogeophysical and biogeochemical components (see Methods) for
the five afforestation simulations (Table 2), which interestingly
add linearly to yield the net temperature response. Whereas
the biogeochemical component yields reduced warming, relative
to the no-LUCC simulation, owing to carbon sequestration
associated with afforestation, the response to the biogeophysical
changes in vegetation varies latitudinally, as is widely known2,3

(Table 2). Biogeophysical changes associated with afforestation
cause enhanced warming at mid–high latitudes associated with
more absorption of incoming solar radiation and reduced warming
in the tropics owing to higher evapotranspiration. The net result
is that afforestation in the tropics provides double the benefits
because both the biogeophysical and biogeochemical processes
act to reduce warming. This is the reason why afforestation
is around three times as effective in the tropics, in terms of
reducing warming, as in northern temperate and boreal regions.
Figure 3c–f shows the spatial pattern of the biogeophysical and
biogeochemical components of the net temperature response to
afforestation in the 100%- and 50%-afforestation simulations.
As expected, the biogeophysical processes result in widespread
enhanced warming, especially over northern mid/high-latitude
land areas and in the Arctic region, where this warming is
amplified owing to the sea-ice-albedo feedback. The effect of
CO2 drawdown in offsetting warming is nearly global in both
simulations, with amplification in the Arctic region. In the
100%- and 50%-afforestation simulations the globally averaged
biogeophysical component is near zero (Table 2 and Fig. 3c,d) and
the net temperature response is almost solely determined by the
biogeochemical component. This is an artefact of the enhanced
biogeophysical warming at mid–high latitudes being compensated
by reduced biogeophysical warming in the tropics, compared with
the no-LUCC case.

Afforestation has been considered as a viable climate-change
mitigation strategy. Our simulations suggest that, although this
is true, the temperature benefits provided by afforestation are
marginal. Afforesting 50% of the existing crop area, everywhere

on the globe (an area much larger than the Amazon River
basin), yields a warming reduction of 0.25 ◦C in the last two
decades of the twenty-first century relative to the ∼3.0 ◦C
temperature increase over the 1850–2100 period obtained using
CanESM1 (for the A2 emission scenario). Temperature benefits
of any realistic afforestation efforts, with afforested area less
than that in the 50%-afforestation scenario, are expected to be
even lower, suggesting that afforestation is not a substitute for
reduced greenhouse-gas emissions. Moreover, in all afforestation
simulations the temperature benefits are not realized until
late in the twenty-first century. However, afforestation does
provide several other benefits and ecosystem services, including
wildlife habitat, provision of timber, pulp and paper, prevention
of soil erosion and, through its sequestration of atmospheric
CO2, reduced acidification of the oceans. When interpreted on
the basis of warming reduction per unit afforested area, the
model simulations suggest avoided deforestation and continued
afforestation in the tropics as more effective forest management
strategies. Quantitative results presented here are subject to
uncertainties, in particular those associated with the difference
in the albedo of forests and croplands, climate sensitivity and
the strength of the CO2 fertilization effect, the latter two
of which vary widely between models14,15. Biogeophysical and
biogeochemical processes are influenced by all of these factors, so
both the sign and magnitude of the net temperature response to
afforestation are expected to vary between models. The climate
sensitivity of CanESM1 is similar to that of most Coupled
Climate Carbon Cycle Model Intercomparison Project models16
(Supplementary Fig. S4) although its CO2 fertilization effect
is somewhat stronger15. Our finding, however, that the net
temperature effect of any realistic afforestation efforts is an order
of magnitude less than the warming realized over the 1850–2100
period is probably robust.

Methods
CanESM1 is a comprehensive coupled carbon–climate model6,7 based on the
third-generation atmospheric general circulation model of the Canadian Centre
for Climate Modelling and Analysis, with horizontal resolution defined by a
T47 triangular truncation for dynamical terms and ∼3.75◦ horizontal grid for
physical terms. In the vertical, the model domain extends to 1 hPa atmospheric
pressure with the thicknesses of the model’s 32 layers increasing monotonically.
The physical ocean component is based on the National Center for Atmospheric
Research community ocean model with no flux adjustment. The ocean model is
implemented at a horizontal resolution of ∼1.86◦ such that there are four ocean
grid boxes underlying each atmosphere grid box. There are 29 levels in the vertical
and the vertical resolution increases towards the ocean surface, from 300 m in
the deep ocean to 50m in the top 200m. Atmospheric CO2 is a fully prognostic
three-dimensional tracer in CanESM1 and carbon enters and leaves the atmosphere
in the form of anthropogenic emissions and fluxes to or from the underlying land
and ocean. The biological and inorganic ocean carbon component of CanESM1 is
the Canadian Model of Ocean Carbon, which incorporates an inorganic chemistry
module (solubility pump) and an ecosystem model (organic and carbonate
pumps)17 based on a nutrient–phytoplankton–zooplankton–detritus model18.
Terrestrial ecosystem processes in CanESM1 are modelled using the Canadian
Terrestrial Ecosystem Model6,19 for nine PFTs (needleleaf evergreen and deciduous
trees, broadleaf evergreen and cold and drought deciduous trees, and C3 and
C4 crops and grasses).

The historical simulation is carried out with prescribed fossil-fuel CO2

emissions and land-use change up to 2010. Observation-based fossil-fuel CO2

emissions20 are used for the 1850–2000 period and emissions for the 2001–2010
period are based on the A2 scenario. The land cover is reconstructed using a
historical crop-area data set8 for the 1850–1992 period and its extension based
on the A2 scenario for the 1993–2010 period21,22. Land-use-change emissions are
calculated interactively in the model9.

The preindustrial state of the land cover in 1850 is first used to generate a
potential land-cover map22. Any grid-cell fraction occupied by crops in 1850 is
substituted by non-crop PFTs in proportion to their fractional coverage within the
grid cell at the time. This potential land-cover map, with no crop area, is then used
as a guide to determine which of the five Canadian Terrestrial Ecosystem Model’s
tree PFTs are used to replace croplands when afforestation is implemented. An area
is considered capable of being afforested if it is occupied by crops in 2010 and is, at
the same time, occupied by tree PFTs in the potential land-cover map. Land surface
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Figure 3 |Geographical pattern of temperature change owing to cropland afforestation and its separation into biogeophysical and biogeochemical
components. a,b, Temperature change over the 2081–2100 period in the 100%- (a) and 50%- (b) afforestation simulations compared with the standard
no-LUCC case. c–f, The biogeophysical component of this temperature change (c,d) and the biogeochemical component (e,f) for the 100%- and
50%-afforestation simulations, respectively. Negative values (blue colours) indicate reduced warming and positive values (red colours) indicate areas of
enhanced warming.

Table 2 |Decomposition of the net globally averaged temperature response (◦C) of afforestation over cropland area into
biogeophysical and biogeochemical components.

Simulation Net temperature response Biogeophysical component Biogeochemical component

1. 100% global afforestation −0.45 0.00 −0.45
2. 50% global afforestation −0.25 −0.01 −0.24
3. 50% boreal afforestation −0.04 0.01 −0.05
4. 50% northern temperate afforestation −0.11 0.04 −0.15
5. 50% tropical afforestation −0.16 −0.07 −0.09

albedo in CanESM1 depends on the albedo of vegetation, bare soil and snow (if
present). A higher leaf area index of vegetation implies less visible bare-soil fraction
and/or snow on the ground. As vegetation grows on the afforested fraction of grid
cells the albedo changes rapidly (within∼5–7 years) owing to increases in leaf area
index whereas carbon sequestration progresses slowly.

The decomposition of reduced warming, associated with afforestation, into
biogeophysical and biogeochemical components is carried out using five further

simulations, which use CO2 concentration from the afforestation experiments but
the changes in land cover associated with afforestation are not included (referred
to as CO2-only simulations). The difference between these CO2-only and the
corresponding afforestation simulations yields the biogeophysical component of
the temperature effect of afforestation because they use the same CO2 concentration
but different land covers. Similarly, the difference between the standard no-LUCC
and the corresponding CO2-only simulations yields the biogeochemical component
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of the temperature effect of afforestation (associated with CO2 drawdown) because
they use different CO2 concentrations but the same land cover.
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