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We show in climate model experiments that large-scale afforesta-
tion in northern mid-latitudes warms the Northern Hemisphere
and alters global circulation patterns. An expansion of dark forests
increases the absorption of solar energy and increases surface tem-
perature, particularly in regions where the land surface is unable
to compensate with latent heat flux due to water limitation. Atmo-
spheric circulation redistributes the anomalous energy absorbed in
the northern hemisphere, in particular toward the south, through
altering the Hadley circulation, resulting in the northward displa-
cement of the tropical rain bands. Precipitation decreases over
parts of the Amazon basin affecting productivity and increases
over the Sahel and Sahara regions in Africa. We find that the re-
sponse of climate to afforestation in mid-latitudes is determined
by the amount of soil moisture available to plantswith the greatest
warming found in water-limited regions. Mid-latitude afforesta-
tion is found to have a small impact on modeled global tempera-
tures and on global CO2, but regional heating from the increase in
forest cover is capable of driving unintended changes in circulation
and precipitation. The ability of vegetation to affect remote circu-
lation has implications for strategies for climate mitigation.

ecoclimate ∣ ecosystem-climate interactions ∣ energy budget ∣ land use
change ∣ land cover change

Afforestation has been proposed as a tool for climate change
mitigation because the growth of forests on previously unfor-

ested land results in a net uptake and storage of carbon from the
atmosphere which, it is assumed, will slow global warming. The
expansion of forest plantations for biofuel production has been
proposed as well and is a candidate land cover scenario for spe-
cifying representative concentration pathways in the IPCC AR5
protocol (1). However, the role of mid-latitude forests in climate
remains poorly constrained (2). To understand the role of mid-
latitude forests in the global coupled ecosystem-climate system,
or ecoclimate, we must understand both the role of trees in local
climate as well as how the Earth responds to forcing in the mid-
latitudes.

Forests and Climate
Forests have lower albedos, higher productivity, and higher tran-
spiration rates than grasslands, croplands, or the tundra. In north-
ern high latitudes, an increase in tree cover warms the local
climate due to a lower albedo and consequent enhanced absorp-
tion of solar radiation, particularly when leaves cover snow (e.g.,
3, 4) and due to enhanced greenhouse effect from increases in
water vapor from transpiration (5). In the tropics, where the
surface is warm and relatively dark, and there is abundant water
vapor, the impact of increasing forest cover on shortwave and
longwave radiation is small compared to the enhanced latent heat
loss, keeping temperatures moderate and precipitation rates high
by recycling water from the surface back to the atmosphere (c.f. 2,
6, 7). The local impact of tree cover in mid-latitudes is less well
constrained. Changes in both radiative balance and latent heat
loss compete to control the local surface temperature response

and models disagree on the net effect of increasing tree cover
in mid-latitudes (2).

In addition to the biophysical effects of vegetation on local
climate (e.g., 3, 8), larger-scale effects are possible through bio-
geochemical feedbacks (c.f. 9). Changes in carbon inventory and
carbon fluxes associated with changes in vegetation cover modify
the global atmospheric CO2 concentration. Indeed, the cumula-
tive CO2 emission associated with land cover change in the past
200 years is estimated as approximately half the cumulative fossil
fuel CO2 emission (10), though this number is poorly constrained.
Previous studies have found the biogeophysical and biogeochem-
ical effects of changes in forest cover on near-surface air tempera-
ture to be of similar size globally (11–13). While changes in
albedo and surface latent heat fluxes have direct effects locally,
atmospheric CO2 is well mixed throughout the atmosphere and
has a global impact. In this paper we show that regional impacts
can also have global impacts when changes in forest cover result
in a gradient in temperature that drives changes in circulation,
and thus precipitation, despite small changes in mean global tem-
perature.

Mid-Latitude Forcing and Circulation.
There is emerging evidence in the literature for a mid-latitude
control on the tropical Hadley circulation (e.g., 14, 15), specifi-
cally with regard to shifting the latitudinal position of the Inter-
tropical Convergence Zone (ITCZ). For example, in a modeling
study in which the ocean is thermodynamically interactive with
the atmosphere ref. 14 found that extratropical cooling induced
by land and sea ice cover associated with the Last Glacial climate
cooled the entire Northern Hemisphere and shifted the ITCZ
southward. Theoretical work with an interactive ocean model
again indicates that this tropical response is driven by increased
cross-equatorial atmospheric energy transport requirements,
requiring an altered Hadley circulation (16). In particular, this
mechanism has been invoked to explain the circulation response
to anthropogenic aerosol forcing of the Northern Hemisphere
in recent decades (17, 18). We propose here that changes in
mid-latitude forest cover are capable of initiating a similar shift
in the Hadley circulation, and thus precipitation, through chan-
ging the atmospheric energy budget of the Northern Hemisphere.

In this study we investigate the impact of large-scale changes
in mid-latitude deciduous tree cover and identify processes that
control the interaction between ecosystems and climate. We pro-
pose here a mechanism where an expansion of mid-latitude forest
relative to today would cause a northward shift in the general
circulation of the tropics that alters tropical precipitation patterns
and tropical productivity.
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Climate Effects of Afforestation in the Mid-Latitudes
To investigate the role of vegetation changes in mid-latitudes, we
use the National Center for Atmospheric Research (NCAR)
Community Atmosphere and Land models with an interactive
carbon cycle and an interactive slab ocean (CAM 3.0-CLM
3.5-CASA’) (19–21). The CASA’ carbon cycle model represents
a full terrestrial carbon cycle with growth, mortality, and decay
—and hence of leaf area and carbon storage in above- and below-
ground pools. Vegetation function is not prescribed and, under
unsuitable growing conditions, plants diminish to a minimum leaf
area. Vegetation responds to climate through changing stomatal
conductance, leaf area, and mass, which feeds back on the atmo-
sphere through changes in albedo and transpiration. The ocean is
represented by a slab ocean model with interactive sea surface
temperatures as other studies have shown that thermodynamic
interaction between sea surface temperatures and the atmo-
sphere is necessary for allowing shifts in large-scale circulation
and precipitation. For further details see Materials and Methods.

Our experiment imposes a change to the distribution of trees
and grasses; all other aspects of the land model are left unmodi-
fied compared to the control run (CON, for “control”). In the
experiment (TREE), all mid-latitude area in the map of present
day vegetation between 30 °N and 60 °N currently occupied by
either C3 grasses or agriculture is converted to broad-leaf decid-
uous trees and all previously designated vegetation is left unmo-
dified, as are glaciers and lakes (Fig. 1A). The converted area
totals 18;000;000 km2 and comprises 19.2% of all surface area
(land and ocean) between 30 °N and 60 °N. The model is run
to equilibrium (see Materials and Methods). Anomalies, repre-
sented by Δϕ are calculated as the difference in climate variable
ϕ between an experiment with afforestation in mid-latitudes and
present day vegetation (experiment minus control, TREE-CON).

This particular conversion, from grass and crops to forest, is
used to simulate the reforestation of current grasslands and agri-
cultural regions. The afforestation is extreme and not intended
to represent a predicted scenario but rather to investigate how
much of a change in climate is possible due to changes in mid-
latitude forest cover given the current configuration of conti-
nents. The experimental design gives us an opportunity to identify
the mechanisms controlling the interaction between climate
and mid-latitude forests, particularly changes in atmospheric cir-
culation, and to put upper bounds on the climate impact of
afforestation in northern mid-latitudes. We have also completed
additional sensitivity studies where only agricultural lands are
converted to forest and find similar spatial patterns of the climate
response with a proportionally smaller magnitude of change. This
paper follows on the work of other studies looking at the climate
impacts of both regional and global afforestation and deforesta-
tion (e.g., 11–13, 22 and others). We particularly focus here on
the mechanisms through which the coupled ecosystem-climate
system, or ecoclimate, responds to changes in mid-latitude tree
cover and the implications for locations remote to those directly
modified.

Direct Effects of Afforestation. Afforestation leads to darker sur-
faces (Fig. 2 and Table S1) and higher near-surface air tempera-
tures north of 30 °N (Fig. 1B). The primary change in the surface
energy budget is an increase in the solar radiation absorbed at
the surface. The albedo difference is evident in all seasons
(Fig. 2), indicating that it is not entirely due to snow masking
by trees but instead due to the specified difference in the albedo
between grasses and trees. The largest Δ of absorbed solar radia-
tion at the surface in mid-latitudes occurs during the summer and
fall over land but there are also albedo changes over the ocean,

A B

DC
Figure 1. (A) Map of the area of new deciduous trees in the afforestation experiment (TREE) in units of percent of gridcell. New vegetation is added on
C3 grasslands and cultivated land from the control run between 30 °N and 60 °N. The total area converted is 1.8 × 107 km2. The anomaly in annually averaged
(B) near-surface air temperature (ΔT) in Kelvin, (C) net primary productivity over land (Δ NPP) in gC∕m2∕yr, and (D) precipitation in mm∕day for a model
experiment where trees are introduced as in A (TREE-CON). The zonal mean profile of each variable is shown in a line plot to the left of each map. Values
which do not pass a significance test at 95% confidence have been omitted.
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and thus changes in the absorbed solar radiation, associated with
a decrease in sea ice area in the summer (Fig. 2). Note that this
differs from earlier work on the expansion of deciduous trees
in the Arctic (5) where the greenhouse effect from transpiration
was a comparable source of warming to surface albedo changes.
Cloud radiative forcing is a weak positive feedback, increasing
the net radiation at the top of the atmosphere into the earth by
0.44 Wm−2, or approximately 9% relative to the changes due to
vegetation. The cloud radiative forcing over the mid-latitudes
stems from a decrease in cloud cover at all vertical levels (by 2%),
but with a larger decrease at low levels (by 4.5%), and is three-
quarters due to shortwave forcing and one-quarter due to long-
wave forcing.

At equilibrium, water vapor increases over the Northern Hemi-
sphere mid-latitudes by 6.9% in the annual mean, leading to
enhanced downward longwave radiation. This increase in water
vapor is consistent with the increase in temperature of 0.93 °C
and the expected Clausius–Clapeyron relationship of an approxi-
mate 7% increase in water vapor per degree of warming. Precipi-
tation and evaporation in the mid-latitudes both increase, but
evaporation increases more than precipitation resulting in an ex-
port of 1.1 kg∕s of water from the region. The increase in evapora-
tion comes two-thirds from the land (22.7 kg∕s) and one-third
from the ocean (10.4 kg∕s). The enhanced solar absorption from
the change in albedo and downward longwave radiation from
changes in water vapor are balanced at the surface by latent heat
flux, sensible heat flux, and an increase in longwave radiation
upward. The upward longwave flux has a quartic dependence on
surface temperature, while the partitioning between latent and
sensible heat fluxes varies with temperature and moisture status.
Latent heat loss from the surface cools the near-surface air, while
sensible heat fluxes directly heat the atmosphere above the surface.

More solar radiation is absorbed in the afforested experiment
than in the control. This energy must be balanced at the surface
by changes in the other energy fluxes: latent heat, sensible heat,
and longwave. Given sufficient available water, a change in latent
heat flux dominates the heat loss from the surface. A metric of
water supply versus demand helps to identify where latent heat
fluxes are limited in a relative sense. We use one minus the ratio
between the actual evapotranspiration to the potential evapo-
transpiration (1 − ET∕PET) as a metric of the inability of the
surface to meet the water demands of the atmosphere or the
water supply gap. It is an index of relative soil water deficit but
not necessarily of biological water stress. As the water supply gap
measures inability of the surface to meet the water demands of
the atmosphere, locations with a positive water supply gap can be
considered atmospherically water-limited regions. The water sup-
ply gap primarily widens in afforested regions in the summer
(Fig. 3) indicating relatively drier conditions. Some dry regions
are unable to support trees; however, total leaf area index is un-
correlated with the changes in dryness due to afforestation as
measured by a widening water supply gap (r ¼ 0.07, p ¼ 0.12).

This is, in part, due to the fact that the change in water supply
gap does not consider the initial availability of water in a given
location and therefore indicates drying but not necessarily con-
ditions too dry for trees. In locations where the water supply
gap widens, the additional energy absorbed at the surface by
the dark forest cannot be removed as latent heat flux, the surface
temperature increases (by 0.62 °C in the Northern Hemisphere
annual mean), and the absorbed solar energy is released by sen-
sible heat fluxes and longwave energy fluxes (Fig. 4).

The availability of soil moisture to support transpiration dom-
inates the local energy balance. In afforested areas with abundant
soil moisture, the enhanced latent heat loss can ameliorate the
warming from the enhanced solar absorption and net longwave
radiation. Without sufficient water, energy must be removed by
sensible heat and longwave upwelling (Fig. 4), both resulting in
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Figure 2. Zonal ΔSW absorbed. A zonally averaged profile of Δ short wave
radiation absorbed at the surface during clear sky conditions in Wm−2

due afforestation in northern mid-latitudes. The anomaly compares a case
where northern mid-latitudes are afforested as in Fig. 1A with the control
(TREE-CON). Figure 3. Δ water supply gap index. Map of the Δ water supply gap index,

which measures the ability of the land surface to meet evaporative demand
of the atmosphere. A narrowing water supply gap (cool colors) indicates
sufficient water and widening water supply gap (warm colors) indicates that
water is limited. The water supply gap is only defined over land and values
that do not pass a significance test at 95% confidence have been omitted.
The anomaly compares a case where northern mid-latitudes are afforested
as in Fig. 1A with the control (TREE-CON).
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Figure 4. Water supply gap vs. surface energy terms. The Δ water supply
gap (Δð1 − ET∕PETÞ) is plotted against the outgoing surface energy fluxes
over afforested points for June-July-August (JJA). The sum of terms that lead
to surface warming plotted in red (Δ sensible heat fluxes plus Δ net longwave
radiation at the surface) and the term that leads to cooling plotted in blue
(Δ latent heat fluxes). The best fit line is plotted for the warming terms in red
(slope ¼ 114.8 Wm−2, p < 0.01, r2 ¼ 0.7) and the cooling terms in blue
(slope ¼ −56.6 Wm−2, p < 0.01, r2 ¼ 0.46). The anomaly compares a case
where northern mid-latitudes are afforested as in Fig. 1A with the control
(TREE-CON).
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near-surface warming. In fact, the greatest warming is found
where the water supply gap widens. Mid-latitude locations with a
widening water supply gap have an increase in summer tempera-
ture 2 ° higher than the increase in temperature over locations
with a narrowing water supply gap (Δ Tof 3.5, and 1.5 °C respec-
tively for JJA). The water supply gap itself is closely related to the
surface energy budget components (c.f. Fig. 4) rather than the
temperature response itself. Therefore, the correspondence
between the two demonstrates that the temperature response is
driven by changes in the surface energy budget terms. Regions
with a widening water supply gap result in hotter and drier con-
ditions and dominate the afforested regions in our simulation. It
is thus the soil moisture available to plants that determines the
response of climate to afforestation in mid-latitudes. The depen-
dence of the warming response to soil moisture status may help to
explain the divergence in the impact of mid-latitude forests across
models, as the representation of soil moisture varies widely (23).

Large-Scale Circulation Effects. Afforestation in the mid-latitudes
results not only in the warming of the Northern Hemisphere
in our experiments but also in a northward shift of precipitation
belts, particularly over the Pacific Ocean, but also over the Atlan-
tic Ocean and South America (Fig. 1D). The most notable
changes in precipitation over land are the northward shift of
precipitation over Brazil, including a drying of the southern edge
of the Amazon forest and the increase in precipitation in the
Sahel region of Africa.

In the mean climate state, the ITCZ demarcates the border
between the two cells of the Hadley circulation. Energy is trans-
ported across the equator by the strong cell on the winter side
of the Hadley circulation and associated eddies. Extratropical
forcing has been shown to move the location of the ITCZ toward
the warmer hemisphere resulting in an increase in cross-equator-
ial flux of energy to restore energy balance. An emerging litera-
ture argues that changes in the energy budget of the mid-
latitudes, such as that imposed in our afforestation experiment,
will lead to tropical circulation changes (e.g., 14, 16, 18, 24). To
estimate the shift in the Hadley circulation associated with mid-
latitude afforestation we calculate the total northward transport
of energy from the top of atmosphere net radiative flux (Fig. 5).
This change in energy transport is a diagnostic of changes in the
circulation that does not depend directly on the location of the
ITCZ, although they are associated. In our experiment, changes
in energy transport occur entirely within the atmosphere as we
employ a slab ocean model with fixed oceanic heat transport.
The total northward atmospheric energy transport at the equator
of 1.21 petawatts (PW) in the control case is reduced by 0.17 PW
with afforestation—a 13% change (p < 0.001), confirming that
the circulation is indeed redistributing the anomalous energy
southward even though surface temperatures in the Southern
Hemisphere do not increase (Fig. 1B).

Shifts in the Hadley circulation and the ITCZ, resulting from
the increase in mid-latitude forests and Northern Hemisphere
temperature, change patterns not only of precipitation but also
of terrestrial productivity. Over South America, the precipitation
maximum shifts northward, drying the southern edge of the Ama-
zon forest and causing a decrease in productivity (Fig. 1C andD).
Over Africa, the increase in precipitation over the Sahara and
upper Sahel regions creates wetter conditions but does not result
in an increase in productivity in this model experiment with
prescribed land cover. The water is instead released directly as
ground evaporation, and no change in the carbon balance is
observed. We find it notable that extratropical changes in forest
cover are able to affect tropical carbon cycling in addition to glo-
bal circulation.

Implications for Future Afforestation
We expect an increase in carbon storage on land with the shift
from grass and crops to forest due to the associated increase in
residence time of carbon in the terrestrial system (wood lives
longer and takes relatively longer to decay than grass). In our par-
tially coupled carbon-climate model experiments we find that the
land takes up 270 peta-g of carbon (PgC) across the afforested
locations at equilibrium. This is a combination of uptake by
above ground carbon of 155 PgC and below-ground carbon by
112 PgC. Although afforestation dominates the global carbon
budget change, the carbon balance of regions remote to the
afforested locations is also affected. In boreal regions (north of
60 °N), 28 PgC is lost from below-ground carbon pools as higher
temperatures accelerate decomposition. The loss is 3 PgC from
unmodified regions in mid-latitudes and 9 PgC from the tropics.
The net carbon sequestration by the global biosphere with our
large-scale afforestation is 228 PgC.

From this net uptake of carbon by the biosphere we can esti-
mate a change in global mean temperature. However, the carbon
gained on land will be partially compensated by a release of
CO2 from the oceans as atmospheric CO2 decreases. At equili-
brium the oceanic release is estimated to be between approxi-
mately 60% and 85% of that removed by the biosphere (25, 26).
The relative time scale over which carbon is taken up by the ter-
restrial biosphere is on order decades to centuries while the re-
lease from the ocean takes place over a range of time scales from
decades to approximately 1,000 years. These time scales are not
explicitly represented by our modeling approach and so we report
here the equilibrium effect of mid-latitude afforestation on global
atmospheric CO2 concentrations. Accounting for the response
of both land and ocean carbon cycles we estimate a net decrease
in atmospheric CO2 concentration of 16–46 ppm and a corre-
sponding decrease of 0.2 to 0.7 °C globally. The global mean
warming associated with only the biogeophysical impacts of affor-
estation results in an increase of 0.3 °C. Taken together, the com-
bination of biogeophysical and biogeochemical effects leads to
a net change in global temperature of −0.4 to 0.1 °C globally.

We thus find that mid-latitude afforestation on the large scale
prescribed in our experiments has a small impact on global tem-
peratures and on global CO2: The direct warming and the CO2

cooling are both within natural variability of globally averaged
temperatures and nearly cancel out. The regional impacts, how-
ever, are substantial. We also find that the soil moisture available
to plants determines the response of climate to afforestation in
mid-latitudes with the greatest warming found in water-limited
regions. Our results illustrate that afforestation contributes to
changes in temperature and energy gradients that alter circula-
tion and rainfall patterns irrespective of changes in global
temperature. Changes in circulation driven by afforestation alter
precipitation and productivity in regions remote to the new forest
—we see drying and a loss in productivity over the Amazon forest
in response to changes in mid-latitude forest cover. Afforestation
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may thus have unintended impacts on the supply of freshwater
and terrestrial productivity in places far from the afforested areas.

Materials and Methods
This study uses the NCAR Community Atmosphere and Land models (19) with
the CASA’ interactive carbon cycle (20) and an interactive slab ocean (21)
(CAM 3.0-CLM 3.5-CASA’). The slab ocean representation keeps lateral heat
transport within the ocean fixed while allowing sea surface temperatures to
change. This ocean representation provides more variability than a fixed sur-
face temperature boundary condition while remaining computationally in-
expensive compared to a full dynamical ocean. Interaction between sea
surface temperatures and the atmosphere is necessary for allowing shifts
in large-scale circulation and precipitation.

The model runs are integrated for 120 years, and the results presented are
averages of the last 100 years. The spin-up time of 20 years is sufficient to
bring climate variables (temperature, precipitation, sea ice cover, snow cover,
soil moisture, etc.) into equilibrium. CO2 is held fixed at 355 ppm. The spatial
resolution of the model is T42, which corresponds to approximately 2.8° by
2.8° gridcells. We estimate a lagged autocorrelation of two years or less for
all variables and have used a conservative estimate of 50 ° of freedom for
each 100-year period. Significance is reported as p-values where a p-value
of 0.05 indicates that we reject the null hypothesis that the anomaly is zero
with 95% confidence. The terrestrial carbon cycle is run to equilibrium by

accelerating the turnover times of pools with time scales longer than
four years. The equilibrium mass of these pools are then proportionally ad-
justed to find the equilibrium state of the carbon cycle.

The radiative effects of changes to the carbon budget are calculated con-
verting each 2 PgC released globally to 1 ppm of atmospheric CO2. Radiative
forcing of CO2 is calculated as in ref. 27 as well as following ref. 28. Both
methods give similar results within the confidence of our estimate. Climate
sensitivity is assumed to fall within the range of 2–4 ° for a doubling of CO2

and is used to convert radiative forcing in Wm−2 to changes in global tem-
perature.
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