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ABSTRACT: Numerous studies have identified the regional-scale climate
response to tropical deforestation through changes to water, energy, and mo-
mentum fluxes between the land surface and the atmosphere. There has been
little research, however, on the role of tropical deforestation on the global
climate. Previous studies have focused on the climate response in the extra-
tropics with little analysis of the mechanisms responsible for propagating the
signal out of the tropics. A climate modeling study is presented of the physical
processes that are important in transmitting a deforestation signal out of the
tropics to the Northern Hemisphere extratropics in boreal winter. Using the
Community Climate System Model, version 3 Integrated Biosphere Simulator
(CCM3–IBIS) climate model and by imposing an exaggerated land surface
forcing of complete tropical forest removal, the thermodynamic and dynamical
atmospheric response is evaluated regionally within the tropics, globally as the
climate signal propagates to the Northern Hemisphere, and then regionally in
Eurasia where land–atmosphere feedbacks contribute to amplifying the climate
signal and warming the surface and lower troposphere by 1–4 K. Model results
indicate that removal of the tropical forests causes weakening of deep tropical
convection that excites a Rossby wave train emanating northeastward away
from the South American continent. Changes in European storm-track activity
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cause an intensification and northward shift in the Ferrel cell that leads to
anomalous adiabatic warming over a broad region of Eurasia. Regional-scale
land–atmosphere feedbacks are found to amplify the warming. While hypo-
thetical, this approach illustrates the atmospheric mechanisms linking the
tropics with Eurasia that may otherwise not be detectable with more realistic
land-use change simulations.
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1. Introduction
Land-use and land-cover change is of increasing concern to scientists as the

human population surpasses 6.5 billion people early in the twenty-first century
(Foley et al. 2005). More people are dependent on the Earth’s limited natural
resource base that is already straining under demand. Development pressures add
to this problem as land is altered to meet population needs. A large portion of the
Earth’s surface has already been modified for urban and industrial development,
agriculture, and pastureland. Almost 35% of the land surface (nearly 55 million km2)
has been directly converted to human-dominated systems (Ramankutty and Foley
1999). Of the remaining 65% of the land surface, much is already heavily influenced
by human settlement and resource extraction.

The large and ecologically sensitive tropical rain forests of South America,
Africa, and Southeast Asia may be most at risk because of population and devel-
opment pressures (Foley et al. 2007). Annually, over 15 million hectares (ha)
(150 000 km2) of forests are lost in the tropical rain forests of South America,
Africa, and Southeast Asia with 14.2 million ha (142 000 km2) converted for other
land uses (i.e., pastureland, croplands, etc.) and 1 million ha converted for forest
plantations (FAO 2001). A study by Asner et al. (Asner et al. 2005) suggests that
previous estimates of forest reduction in the Amazon may be significantly un-
derestimated because of selective logging that is not observable by traditional
coarse-resolution satellite measurements. Furthermore, Amazonian forests are
increasingly being cleared for cropland, not just for pastureland or timber har-
vesting, as the demand for energy drives expansion of soybean agriculture for
biofuel (Costa et al. 2007).

Although damage to ecological systems and biodiversity is perhaps the greatest
threat of expanding land use in the tropical forests, so is the potential for changes to
the climate system. Changes in land cover influence how vegetation and soils
exchange water, energy, and momentum with the atmosphere through complex
biophysical processes (Foley et al. 2003). The resulting changes in the surface
energy, water, and momentum balance can affect the thermodynamics and cir-
culation of the atmosphere, thereby altering climate patterns. Such changes in
the land surface may strongly affect local and regional climate, but perhaps also
the climate of distant locations by atmospheric teleconnections. Although tele-
connection processes are well documented in atmospheric research (e.g., Wallace
and Gutzler 1981), the focus is often centered on atmosphere-only or ocean–
atmosphere processes. Mounting evidence, however, indicates that land-use and
land-cover changes may also trigger atmospheric teleconnections. This is an im-
portant conclusion because, while it is known that land-use and land-cover changes
can strongly impact regional climate, and to a lesser degree, global climate through
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spatial averaging of a strong regional climate signal, it is also apparent that a strong
and large-scale surface forcing can impact distant regions and affect the global
climate change signal as well. Although the Intergovernmental Panel on Climate
Change (IPCC) acknowledges the contribution of land-use and land-cover changes
and their associated land–atmosphere feedbacks on the regional climate change
signal (e.g., Denman et al. 2007; Hegerl et al. 2007), there is no mention of the
contribution of land-use and land-cover changes inducing teleconnection behavior
nor discussion of climate model representation of these teleconnection processes.

Tropical landmasses are a large source of energy for the atmosphere and the
general circulation is responsible for transporting this energy poleward to maintain
the global radiation balance. Consequently, the tropics have a direct influence on
the extratropical climate, and any changes to the tropical energy balance and the
poleward atmospheric transport processes have the potential to affect the climate at
higher latitudes.

In the tropics, one of the ways in which land-use and land-cover change can
affect the atmospheric energy is through changes in deep convection. Deep tropical
convection, fueled by heat and moisture through the release of latent energy, drives
plumes deep into the troposphere and is the main source of precipitation in the
tropics. The outflow region of tropical convection occurs around 200 hPa and is
characterized by strongly divergent winds responsible for transporting energy pole-
ward. Changes in the spatial position and intensity of these deep convection centers
can, however, affect the outflow intensity, poleward transport, and the extratropical
climate.

The potential for land use to alter tropical deep convection, high-altitude di-
vergent outflow, poleward energy transport, and extratropical climate has a pre-
cedent. Several studies have considered how changes in tropical ocean conditions,
especially changes in sea surface temperature that can drive changes in atmo-
spheric heating and deep convection, may affect the tropical circulation regime
and their communication to the extratropics (e.g., Hoskins and Karoly 1981;
Trenberth et al. 1998). Interestingly, tropical land-use change may initiate heating
anomalies and an atmospheric response that are similar to that generated during an
El Niño–Southern Oscillation (ENSO) event. The analogy between tropical de-
forestation (a relatively slow process, occurring over many years and decades) and
an El Niño event (a fairly rapid change in ocean conditions, lasting only months to
a year or two) should not be stretched too far. Nevertheless, the kinds of tele-
connection processes observed between the tropics and the midlatitudes during
ENSO events may also be applicable to land-use change studies as detailed in this
paper.

There have been many regional-scale studies detailing the effects of deforestation
on the tropical climate. A study by Dickinson and Henderson-Sellers (Dickinson and
Henderson-Sellers 1988) examined how Amazonian deforestation could affect the
local and regional climate when tropical forests were replaced by grasslands. Using a
biophysical land surface model coupled to an atmospheric general circulation model
(AGCM), they quantified how deforestation changes the aerodynamic roughness and
reduces the turbulent mixing of water, energy, and momentum between the surface
and the planetary boundary layer. Dickinson and Henderson-Sellers concluded that
large-scale deforestation of the Amazon basin could lead to a temperature increase
of 38–58C and a significant decrease in precipitation. More recent studies have come
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to similar conclusions: tropical deforestation causes a regional-scale warming and
decreases in regional precipitation and evapotranspiration (Da Silva et al. 2008;
Hahmann and Dickinson 1997; Henderson-Sellers et al. 1993; Lean and Warrilow
1989; Lean and Rowntree 1993; Lean and Rowntree 1997; Nobre et al. 1991; Snyder
et al. 2004a; Snyder et al. 2004b). A more complete summary of recent tropical de-
forestation modeling efforts is provided by Costa and Foley (Costa and Foley 2000).
Finally, Betts et al. (Betts et al. 2004) describe how large-scale tropical forest
dieback could result from biogeophysical feedbacks due to the physiological re-
sponse of vegetation to elevated CO2. Unlike the other studies, they did not ex-
plicitly impose land-cover changes; however, the resulting biological behavior
produced similar regional results (e.g., warmer and drier) with some larger-scale
climate changes that could amplify the dieback.

A handful of studies have also examined how the effects of tropical deforestation
may extend beyond the tropics. Henderson-Sellers et al. (Henderson-Sellers et al.
1993) for example, hypothesized that tropical deforestation could induce large-
scale circulation changes, including changes to the Walker and Hadley circulations.
Another modeling study by Sud et al. (Sud et al. 1996) suggested that tropical
deforestation could lead to changes in the meridional circulation of the Southern
Hemisphere.

More recently, Gedney and Valdes (Gedney and Valdes 2000) linked defores-
tation in Amazonia to possible changes in winter rainfall over the northeast Atlantic
and western Europe. Using an AGCM, they concluded that anomalous Rossby wave
propagation out of the tropics and a reduction in the descending branch of the Hadley
cell were primarily responsible for the extratropical climate changes. Avissar and
Werth (Avissar and Werth 2005) also investigated the linkage between tropical
deforestation and extratropical precipitation changes. Their results indicated that
statistically significant precipitation changes occurred when different regions were
deforested and replaced with grasses and shrubs; however, the exact cause-and-
effect relationship of the dynamical processes leading to these hydroclimatological
changes is unclear. A more recent study by Hasler et al. (Hasler et al. 2009) has also
explored the influence of tropical deforestation on the extratropical precipitation
response using a multimodel ensemble approach. They found a statistically sig-
nificant signal in precipitation in the tropics but a considerably weaker signal in the
extratropics. In addition, the authors found an extratropical dynamical response in
the geopotential height field indicating that tropical deforestation may influence
planetary wave patterns. Other studies have also indicated that land-use and land-
cover change in the tropics may influence the extratropical climate through changes
in the general circulation; however, the magnitude of the extratropical response
varies (Chase et al. 2000; Pielke 2001; Werth and Avissar 2002; Zhang et al. 1996;
Zhao et al. 2001). In contrast, a modeling study by Findell et al. (Findell et al. 2006)
found that a tropical deforestation signal is not likely to be detectable from natural
climate variability outside of the tropics.

In a comprehensive land-cover change modeling intercomparison project, Pitman
et al. (Pitman et al. 2009) used a suite of seven coupled atmosphere–biosphere
models to evaluate the regional and global climate response of past land-cover
change. Globally, they found no remote impacts related to the observed land-cover
change in the set of models; however, as the authors point out, this may be a result of
1) the individual model representation (i.e., parameterization) of land-cover change
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and 2) the fact that the land-cover forcing included little tropical land-cover change.
The latter is important in that teleconnection behavior is well expressed between the
tropics and the extratropics and, as the authors indicate, the exclusion of a tropical
land-cover change forcing may be a likely contributor to why remote effects were not
observed.

While most of these studies agree that tropical deforestation can potentially
induce changes in extratropical climate, they do not agree on the magnitude and
location of the changes or the specific physical mechanisms that generate them.
This study builds on the work of these past studies by explicitly examining the
dynamical and thermodynamical behavior in a conceptual experiment.

In this study, the thermodynamic and dynamical mechanisms linking tropical
heating anomalies caused by deforestation with the extratropical climate are ex-
plored. To achieve this goal, deforestation simulations were performed with a
coupled atmosphere–biosphere model consisting of an AGCM and a detailed land
surface–terrestrial ecosystem model. Section 2 of this paper describes the modeling
framework used in this study, including details of the simulation design. Section 3
presents an overview of the climate response to pantropical deforestation, in-
cluding an analysis of the general tropical climate fields. Section 4 details the
physical mechanisms responsible for propagating a signal from the tropical climate
to the extratropics, while section 5 describes the extratropical climate response to
tropical deforestation. A summary of the connections between the general circu-
lation changes to regional-scale climatic impacts and land–atmosphere feedbacks
are discussed in section 6. Finally, section 7 summarizes the basic conclusions of
the study and identifies potential mechanisms linking tropical land use to the global
climate system.

2. Model description and simulation design
This section contains a description of the coupled atmosphere–biosphere model,

specific details of the simulations performed, and some limitations of the experi-
mental approach.

2.1. Model description

The coupled atmosphere–biosphere model Community Climate System Model,
version 3 Integrated Biosphere Simulator (CCM3–IBIS) was used for all simula-
tions in this study (Delire et al. 2002). The atmospheric component of the coupled
model is CCM3 version 3.2 (Kiehl et al. 1998)—a fully dynamic atmospheric
model that supports a variety of horizontal spatial resolutions, 18 vertical levels
using a terrain-following hybrid sigma-pressure coordinate system, and a 20-min
time step. CCM3 includes a precipitation model that includes both shallow and
deep convective schemes, as well as large-scale precipitation estimates.

The CCM3 model has been coupled to the IBIS model version 2.1 (Foley et al.
1996; Kucharik et al. 2000). IBIS is a global model of land surface and terrestrial
ecosystem processes that represents the physical, physiological, and ecological
processes occurring in vegetation and soils in a coherent way. IBIS simulates land
surface processes (energy, momentum, water, and carbon balance), vegetation
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phenology (budburst and senescence), and vegetation dynamics (changes in veg-
etation cover through growth, competition, and mortality). IBIS calculates these
processes on a spatial and temporal scale consistent with that of the AGCM spatial
and temporal resolutions. IBIS represents vegetation as two layers (taller ‘‘trees’’
and short ‘‘shrubs’’ and ‘‘grasses’’). An IBIS grid cell can contain one or more
plant functional types (PFTs) that together comprise a vegetation biome. Soil is
represented with six layers that simulate temperature, water, and ice content to a
depth of 4 m. Canopy photosynthesis is realistically modeled using the C3 and C4

physiology scheme of Farquhar et al. (Farquhar et al. 1980). Canopy stomatal
conductance (Collatz et al. 1991; Collatz et al. 1992) and respiration (Amthor
1984) are also calculated to establish a link between the vegetation and the at-
mospheric budgets for the exchange of energy and water. Budburst and senescence
in the model are determined by climate factors.

The model was run with fixed vegetation distributions so that vegetation structure
and biogeography are not allowed to change in response to the climate, although
seasonal phenology is dynamically represented [e.g., the seasonal cycle of leaf area
index (LAI)]. IBIS uses a prescribed ‘‘potential vegetation’’ distribution representing
an estimate of the vegetation that would exist in the absence of anthropogenic land-
use change (Ramankutty and Foley 1999). A current approximation of vegetation
removal estimates that tropical deforestation has claimed ;30% of the tropical forest
vegetation.

Global patterns of soil texture, an important factor for soil moisture, are defined
according to the International Geosphere–Biosphere Programme Data and Infor-
mation System (IGBP–DIS) global gridded texture database (IGBP-DIS 2000).
The variability of the soil texture across the model domain affects the movement of
water through the soil and the availability of water to the vegetation.

Analysis of the climate response from changes to the tropical forest biome ne-
cessitates discussion of the physical parameters representing the tropical forests as
modeled in CCM3–IBIS. Unlike some coupled atmosphere–biosphere models that
use specified biome parameters such as LAI or soil albedo, CCM3–IBIS explicitly
simulates the canopy LAI and total surface system albedo at specific model time
steps. The total canopy albedo is determined by the canopy architecture (upper and
lower canopies) and the solar geometry using a two-stream radiative transfer ap-
proach. The canopy architecture uses leaf optical properties (as defined by Sellers
et al. (Sellers et al. 1986) and Bonan (Bonan 1995) of reflectance and transmittance
in the visible and near-infrared wavelengths for the upper and lower canopies in the
tropical forest biomes as listed in Table 1. In addition, the soil albedo is dependent
on soil texture as specified by the fraction of sand, silt, and clay, as well as the soil
wetness. The individual canopy and soil albedos and the fraction vegetation cover
of the grid cell are then used to determine the total surface system albedo of the
grid cell.

Although the model is run with a fixed vegetation distribution, vegetation phe-
nology does simulate a seasonal cycle in LAI. The upper limit of the LAI is de-
termined by the potential LAI parameters listed in Table 1 and includes the upper
canopy values for evergreen and deciduous trees as well as the lower canopy values
for shrubs and grasses. The potential LAI represents the upper limit that can exist for
the biome; however, factors such as moisture stress may limit LAI values to less than
their potential values listed in Table 1.
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2.2. Simulation design

To determine the potential role that the tropical forest ecosystem has on the
climate, two parallel simulations were run representing a control case with po-
tential vegetation cover and a tropical deforestation case. The control simulation
used a potential vegetation distribution (with all biomes intact and in their ‘‘nat-
ural’’ locations). For the tropical deforestation simulation all of the tropical forests
on the planet were eliminated: all of the tropical evergreen forest and woodland
cells, tropical deciduous forest and woodland cells, and all cells of the mixed forest
and woodland class that fall within the northern and southern extent of the tropical
forest biome were replaced with bare ground (Figure 1). This scenario greatly
exaggerates the current degree of deforestation—both in terms of geographic ex-
tent and the severity of the land-cover change (typically forests are replaced with
pastures, croplands, or plantations, not bare ground)—but it is meant to represent
an upper bound on how tropical deforestation could impact the climate system and
to help isolate the mechanisms responsible.

Both simulations were run at a spectral resolution of T42 (equivalent to a ;2.88
latitude by 2.88 longitude grid). All atmospheric and most land surface calculations
were run at a temporal resolution of 20 min. To isolate the response of the vege-
tation alone, the simulations were run with climatologically prescribed sea surface
temperatures (SSTs) and a fixed atmospheric CO2 concentration of 350 ppmv.

Both simulations were run for 40 years of model time with the last 30 years of
each run used for averaging. Results presented in this paper are significant at the 95%
confidence level using a Student’s t test, unless specified otherwise. The statistical
significance was computed independently for the monthly, seasonal, and annual
results. Although the t test is not always adequate for determining significance of
differences between two populations in climate modeling studies, the use of cli-
matological SSTs does reduce model internal variability (noise) since this type of
surface forcing is repetitive with the annual cycle, and thus there is no accumulated
model bias. This results in reasonable statistical independence from year to year.

When using the Student’s t test there is the possibility that a degree of auto-
correlation may exist in the time series. To ensure that this was not the case in the
simulations presented here, the degrees of freedom were ‘‘adjusted’’ to account for
the degree of autocorrelation in the time series in select variables such as the sur-
face temperature, precipitation, and 200-hPa wind and geopotential height fields.
The effective sample size is estimated by taking the absolute lag-1 correlation of
the time series over each grid point and then adjusting the degrees of freedom
according to Zwiers and von Storch (Zwiers and von Storch 1995). Based on the
adjusted sample sizes, the adjusted t test is calculated accordingly. For the select
variables used in this study, the difference between the adjusted and nonadjusted
t tests yielded negligible differences. For the sake of simplicity, results from the
unadjusted t test are presented here.

2.3. Limitations of the experimental approach

While this extreme tropical deforestation scenario is used to identify the possible
mechanisms forcing the regional-scale climate of the extratropics, it is acknowl-
edged that there are some limitations to the design of the study.
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First, while deforestation of the tropics is a very real threat to the environment,
the current scale of deforestation does not come close to the area of tropical forest
removal used in this study. However, at current deforestation rates, the tropical
forests could be mostly cleared by the end of this century (FAO 2001). Regardless,
in order to understand the mechanisms forcing the extratropical climate, large-
scale and complete deforestation is the best way to ensure that the signal would be
‘‘felt’’ outside the tropics. Certainly, more realistic land-use and land-cover change

Figure 1. Global distribution of potential vegetation used in this study at a spatial
resolution of T42. Regions of tropical forest removal include all of the
tropical evergreen forest and woodland cells and tropical deciduous
forest and woodland cells.
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could be used to identify current observed climate change as has been discussed
in section 1, but many of those approaches do not illuminate the dynamical links
between the tropics and extratropics and only identify the cause-and-effect
relationship.

Also related to the large-scale deforestation is the limitation of deforesting all
three major tropical forest centers (South America, Africa, and Indonesia) simul-
taneously. Again, while the goal is to identify the important physical processes of
tropical–extratropical atmospheric teleconnections, it is possible that deforesting
all three tropical regions could potentially affect the Northern Hemisphere general
circulation by amplifying the signal from each of the three regions, canceling each
continent’s contribution, or a combination of the two. The influence of just one
continent or a combination of the three regions, however, might also yield some-
thing about the influence of the biome as a whole on the Northern Hemisphere
general circulation.

Finally, there are issues associated with using fixed climatological sea surface
temperatures in the model. Certainly in the tropics there exist important feedbacks
between the continents and the ocean that can mask or amplify the effects of
deforestation (e.g., Voldoire and Royer 2005). For instance, it is possible that
tropical deforestation could incorrectly estimate the magnitude of the change in the
Walker and Hadley circulations because of fixed sea surface temperatures. Fixed
sea surface temperatures were required in order to isolate the influence of the
vegetation on the climate system alone. Allowing for a dynamical ocean would
only increase the complexity in identifying the overall effect of the vegetation on
the extratropical climate.

3. The climate response to pantropical deforestation
The overall climate response to tropical deforestation is evaluated by analyzing

several climatological fields averaged over the tropical forests of the Amazon
basin, Africa, and Southeast Asia, as well as the entire tropical forest biome (Table 2).
Results are presented as averages for each season as well as annually. The control
run averages for the entire biome are provided for comparison purposes.

Figure 2 shows the simulated seasonal change in global surface air temperatures
in response to tropical deforestation. Here the air temperatures increase consid-
erably (28–38C) over parts of all three tropical forest centers for all seasons as
evapotranspiration (latent cooling of the surface) is severely reduced with removal
of the vegetation. Averaged regionally, Table 2 shows that the large and highly
biologically active Amazon region warms the most (by ;1.88C) in the September–
November (SON) season. The temperature response in Southeast Asia is moder-
ated somewhat by the surrounding ocean, while the large surface cooling in
the southern portion of the African tropical forest region is due to regional cir-
culation changes advecting cooler air into the region. The large warming in south-
central Siberia and China will be shown in section 5 to be caused by a global
teleconnection initiated by tropical forest removal and amplified by changes to the
Northern Hemisphere general circulation.

Globally, the tropical rise in temperature with deforestation contributes to a rise
in global annual surface temperature of 0.2 or 0.5 K over land areas only (Table 3).
Warming in January is greatest (1.3 K globally over land) since this time is when
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tropical temperature differences are large because of large reductions in latent
cooling and the extratropical Asian warming is strongest. The global temperature
(not including the tropical forest regions) represents the tropical biome’s ability to
influence temperatures outside of the region of forcing. In this case, the annual
average surface temperature of the globe increases by 0.1 K, or 0.3 K for land
areas only. In January, the global temperature of land regions not counting the
tropical biome areas is 1.4 K. This large temperature change makes sense when
one considers the large area of strong warming throughout Asia as shown in Figure 2.

Figure 3 shows the global precipitation response to tropical deforestation for all
seasons. As expected, the precipitation decreases over all three tropical forest regions
as reduced evapotranspiration limits the flux of moisture available to the boundary
layer. Annual precipitation decreases by 1.2 mm day21 when averaged all three re-
gions, while the decrease is largest during the SON season at 2.3 mm day21 (Table 2).
The large reduction in SON precipitation corresponds to the onset of the wet season
as simulated in the model.

While precipitation is greatly reduced over the deforested areas, there are re-
gions within and adjacent to the areas of deforestation where the precipitation
increases. The increase in precipitation in the Amazon basin (southern region) in
the December–February (DJF) season is likely caused by increased surface con-
vergence of moisture and is consistent with results described by Henderson-Sellers
et al. (Henderson-Sellers et al. 1993). Other regions with precipitation increases

Figure 2. Global distribution of seasonal changes in surface temperature (8C) due to
tropical forest removal. Differences (tropical forest removal–control) are
shown only for cells significant at the 95% significance level using a two-
sided Student’s t test.
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within and adjacent to the deforested areas are caused by regional-scale circulation
changes that enhance moisture convergence and increase the energy available for
driving tropical convection and possibly influencing the extratropics (Snyder et al.
2004b).

4. The tropical to extratropical forcing mechanism
To begin to explain the Northern Hemisphere climate response to tropical de-

forestation, and to identify the teleconnection processes at work, it is necessary to
methodically track the surface forcing through the atmosphere and to the extra-
tropics. Therefore, this section focuses on the first part of the teleconnection
mechanism. That is, the tropical land surface forcing and the atmospheric response
followed by the propagation of the signal to the extratropics. Since the tropical-to-
extratropical atmosphere linkage is best expressed in Northern Hemisphere winter,
here the focus will be on changes to atmosphere and land properties in January.

Convective precipitation dominates in the tropics with much of the precipitation
coming from deep convective processes. Deep moist convection is fueled both by
heating at the surface (through evapotranspiration and surface warming) and by the
release of latent energy through condensation. Deep convective cells can extend
upward of 200 hPa to the tropopause where outflow to the extratropics occurs.
Deep tropical convection is responsible for initiating the transport of energy out of
the tropics and defines the upward branch of the Hadley cell. Therefore, changes to
the spatial position and intensity of deep convection can have an impact on the
extratropical climate.

Table 2 and Figure 3 show that reductions in precipitation are large throughout
the tropics as a result of tropical forest removal. Also shown in Table 2 is the
significant reduction in high-level and total cloud cover fraction indicative of re-
ductions in convection.

The effects of tropical forest removal on the high-level outflow can be seen in
changes to the 200-hPa velocity potential and divergent wind fields (Figure 4).
Through velocity decomposition, the winds at 200 hPa are separated into a non-
divergent wind field (rotational) and a divergent wind field (nonrotational). Here,
the focus is on the divergent wind field. Figure 4a shows the control run velocity
potential and divergent winds at 200 hPa for January. The regions of large positive

Table 3. Surface air temperature results from the tropical forest removal simulation.
Results are presented as differences (tropical forest removal–control) and aver-
aged annually, seasonally, and for January. The regions averaged include the
entire globe, only land areas of the globe, the entire globe not including the tropical
forest regions, and only land areas not including the tropical forest regions. Statis-
tical significance of results as described in Table 2.

DJF MAM JJA SON Annual January

Global temperature (K) 0.3 0.4 0.2 0.3 0.2 0.6
Globalland only temperature (K) 0.7 0.8 0.4 0.7 0.5 1.3
Global (less tropical forest regions) temperature (K) 0.2 0.2 0.1 0.1 0.1 0.5
Globalland only (less tropical forest regions) temperature (K) 0.5 0.6 0.2 0.2 0.3 1.4
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(negative) velocity potential are associated with regions where the divergent winds
are strongly diverging (converging). The model accurately captures the divergence
out of the tropical forest centers of Africa, Indonesia, and the Amazon and the
convergence of the divergent wind field in the extratropics in the regions north and
south of the heating centers. After tropical forest removal, the model results in-
dicate that the divergent wind field is weakened over the tropical outflow regions
and there is a pronounced weakened convergence located in the vicinity of the East
Asian jet and the tropical Pacific region (Figure 4b). Therefore, changes to the
tropical outflow (weakened divergent winds) as a result of tropical forest removal
and the resulting weakened deep moist convection affect the extratropics through
changes to the strength of the Northern Hemisphere westerlies and excite a Rossby
wave packet as discussed below.

Changes to the 250-hPa zonal winds are also indicative of the effect that tropical
deforestation has on the extratropical circulation. Figure 5 shows the 250-hPa zonal
wind field from the control run and the change in the zonal wind field as a result of
tropical forest removal. From Figure 5 it is clear that removal of the tropical forests
weakens the subtropical westerlies upward of 6 m s21. The 250-hPa zonal winds
have the strongest influence on the East Asian jet and, to a lesser degree, the
Atlantic jet. Other months of the Northern Hemisphere winter season yield similar
responses in terms of changes to the zonal wind intensity from tropical forest
removal; however, the exact positioning and intensity of the response appears to

Figure 3. Global distribution of seasonal (DJF) changes in precipitation (mm day21)
due to tropical forest removal. Significance of differences as described in
Figure 2.
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be highly dependent on the different latitudes of the tropical forest regions of
Indonesia, Africa, and the Amazon and their contributions to forcing the extra-
tropics at different times.

The high-latitude (608N and 608S) zonal winds (i.e., the polar front jet) are
enhanced by 4–6 m s21 across Europe, Asia, the Pacific Ocean, and part of Alaska
and are due both to a northward shift and intensification of the zonal winds at that
latitude. This dynamical behavior has also been documented by Chase et al. (Chase
et al. 2000) in their deforestation modeling study. Enhancement of the high-latitude

Figure 4. Distribution of January 200-hPa velocity potential (m2 s21) and divergent
winds (m s21) for (a) the control simulation and (b) the difference between
the tropical forest removal and control simulations. Significance of ve-
locity potential differences as described in Figure 2.
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winds from tropical forest removal may also be an important identifier of changes
to an Arctic Oscillation–like behavior.

Analysis of the 250-hPa streamfunction differences between the tropical forest
removal and control simulations illustrates how tropical forcing can influence the
extratropics through the anomalous forcing of Rossby waves. The mechanism is
based on the anomalous vorticity forcing of Rossby waves caused by a weakening

Figure 5. Global distribution of January 250-hPa zonal winds (m s21) for (a) the
control simulation and (b) the difference between the tropical forest re-
moval and control simulations. Negative values are indicated by dashed
contours and stippling pattern represents statistically significant differ-
ence as defined in Figure 2. Contour interval in (a) is 5 m s21 and in (b) is
1 m s21.
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and repositioning of the centers of tropical outflow, as well as changes to the me-
ridional circulation intensity of the Hadley circulation. Examination of the 250-hPa
streamfunction map for January (Figure 6) shows a Rossby wave train emanating
from South America (;608W) and extending north and east across the Atlantic
Ocean, Europe, and Asia. The reduction in deep convection stimulated by the land
surface forcing excites this anomalous Rossby wave train into northern Europe and
Asia. The observed model behavior is remarkably similar to the findings of Gedney
and Valdes (Gedney and Valdes 2000) using a form of the European Centre’s
Integrated Forecast System AGCM. They found that Rossby wave propagation as

Figure 6. Northern Hemisphere changes in the mean 250-hPa streamfunction for
January due to removal of the tropical forests. The contour interval is
106 m2 s21 and negative values are indicated by dashed contours. Stip-
pling pattern represents statistically significant differences as defined in
Figure 2.
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determined from changes in the high-level streamfunction was responsible for
influencing precipitation in western Europe. From the results presented here as well
as ancillary information from other studies, it is expected that any change to the
Northern Hemisphere general circulation is likely forced from changes originating
from this tropical location.

While the streamfunction pattern (Figure 6) suggests that the tropical forest
region of South America has the largest influence on the extratropics, it is im-
portant to note that this pattern is being mildly reinforced by the anomalous outflow
from the African and, to a lesser degree, Southeast Asian tropical forests centers as
well. However, individual simulations of tropical forest removal for each of the
three forest centers indicate that the South American tropical forest center has by
far the greatest influence on the regional climate of Eurasia (not shown). Inter-
estingly, the individual continental forest removal results suggest that the extra-
tropical response in the Asian region appears to be a preferred location for climate
change both because of the climatological circulation patterns as well as the strong
land–atmosphere feedbacks that tend to enhance the signal from the general cir-
culation changes.

Some studies (e.g., Avissar and Werth 2005) have suggested that tropical de-
forestation, and the Amazon in particular, can have an influence on North Amer-
ican climate; however, the results presented here do not support a North American
climate response. This is likely because Rossby wave propagation out of the tropics
in the Northern Hemisphere travels northeastward, hence the strong influence on
Eurasian climate.

To achieve a North American response, a strong forcing from the tropical forests
of Southeast Asia would likely be necessary; however, in these model simulations
this is difficult to achieve for two reasons. First, a large percentage of the tropical
forestlands in Southeast Asia are located in the Indonesian Archipelago region
where the homogeneous area of forested lands are quite small relative to the Af-
rican and South American tropical forest biomes. Second, and more importantly,
the model simulations presented here were run with prescribed climatological sea
surface temperatures that are likely to considerably dampen the regional forcing as
discussed by Delire et al. (Delire et al. 2001). Using a fully coupled atmosphere–
ocean model, Delire et al. found that tropical deforestation of the Indonesian
archipelago leads to a reduction in surface roughness and enhancement of near-
surface winds, which is in agreement with this study. The authors found that when
prescribed sea surface temperatures are used the model tends to enhance the off-
shore latent heat flux from greater low-level winds and an ocean that is unable
to respond by mixing of the thermocline. This behavior is observed in the simu-
lations presented here as the greater moisture flux to the atmosphere enhances
precipitation over the ocean regions surrounding the deforested areas in Southeast
Asia in all seasons (Figure 3). This contributes to a cooling effect that offsets much
of the surface warming due to reduction in evapotranspiration with forest removal.
Using a dynamic ocean, Delire et al. found that the increase in near-surface winds
enhances equatorial upwelling and mixing of the thermocline such that ocean
temperatures decrease and evaporation and precipitation are reduced. They con-
cluded that the climate response to deforestation of the Indonesian archipelago
region is likely underestimated in studies that do not use a dynamical ocean
configuration. For the results presented here, it is possible that, had a dynamical
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ocean been used, a stronger climate response may have been achieved and tele-
connection behavior could have resulted in a North American climate response.
Further investigation with coupled atmosphere–ocean–biosphere models is needed
to dissect the possible contribution of deforestation in this region to the North
American and global climate by way of teleconnections.

5. Changes to the Northern Hemisphere general circulation
Once the anomalous Rossby wave forcing is in place, changes to the Northern

Hemisphere general circulation are made that have an influence on the regional-
scale climate in Asia. This section focuses on the second part of the teleconnection
mechanism—changes to the general circulation as evidenced by modification of
synoptic-scale patterns.

The anomalous forcing of Rossby waves as evidenced by the wave train ema-
nating from just north of the South American continent leads directly into the North
Atlantic and northern European region (Figure 6). The large-scale circulation
pattern anomalies change the synoptic-scale storm-track positions in the vicinity
of northern Europe, northern Asia, and the northeastern part of Asia. Changes to
the mean storm tracks are represented in Figure 7 as the standard deviation of
the 250-hPa geopotential heights derived from bandpass-filtered (2–8 days) daily
data for the control run (Figure 7a) and for the difference between the two runs
(Figure 7b). The most notable change is found in the northern European region
centered over the Scandinavian countries where there is enhanced storm-track ac-
tivity with tropical forest removal. Farther east, there is an extended area of increased
storm-track activity from Lake Baikal east to the Pacific Ocean. The enhanced
storm-track frequency, primarily over the Scandinavian countries, results in anom-
alous momentum fluxes imparted on the region from transient synoptic-scale eddies
as well as anomalous changes to the stationary planetary waves. The anomalous
momentum fluxes are also transported downstream of the northern European forcing
center where they impact the flow across Asia.

The anomalous eddy momentum flux forcing caused by the variations in the
storm track modifies the zonal winds across Europe and Asia. To evaluate how the
general circulation changes in this region, the sector average (208–1208E) zonal
wind and eddy momentum flux changes are examined. Figure 8 shows the control
and difference for the zonal winds over the European and Asian sector. In general,
there is a small weakening of the subtropical jet and intensification (or northward
shift) in the polar front jet by more than 4 m s21. This is consistent with the results
shown in Figure 5 and is caused by the enhanced eddy momentum flux due to the
increase in synoptic-scale eddies. Figure 9 shows the zonal average eddy mo-
mentum flux for the control and difference. Of note is the northward shift and
intensification in the Northern Hemisphere zonal average eddy momentum flux by
more than 108 of latitude and 4 m2 s22. That is, in the tropical forest removal
simulation the region of the largest values of the zonal average eddy momentum
flux is wider with a pronounced northward shift. The change is much larger in the
Southern Hemisphere, although the surface climate response is almost nonexistent
because of the small fraction of land area at that latitude.

As the zonal average eddy momentum flux shifts northward (broadens and
intensifies) as shown in Figure 9, the vertical gradient of the horizontal eddy
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momentum flux also changes. Using a conventional Eulerian mean approach, we
know that large-scale fluxes of eddy heat and momentum are responsible for driving
an indirect mean meridional circulation (i.e., the Ferrel cell). The indirect meridional
circulation is a result of eddy fluxes causing changes in the zonal wind and tem-
perature fields. The pressure gradient force that results from changes in the mean
zonal wind from geostrophic balance causes an indirect mean meridional circulation
to develop, which is necessary to adjust the mean zonal wind and temperature fields
such that thermal wind balance is maintained. This behavior is captured in the model
simulations of tropical deforestation.

Simulation results show that removal of the tropical forest biome alters the eddy
momentum flux more than the eddy heat flux, although both are responsible for
altering the mean meridional circulation. Given that the mean meridional circu-
lation due to the large-scale horizontal eddy momentum flux is defined as

X }
›2

›y›z
(large� scale eddy momentum flux),

where X is the mean meridional streamfunction; this means that the eddy mo-
mentum flux convergence as represented by

›2u9y9

›y›z
, 0

will be positive and increasing with height north of 308 latitude in the troposphere.
This produces the thermally indirect eddy-driven mean meridional circulation
(Ferrel) cell. This behavior is summarized in the cartoon in Figure 10. The Coriolis
force of this induced indirect meridional circulation is required to balance the
acceleration due to the momentum flux convergence; otherwise, the flux conver-
gence would increase the vertical shear of the mean zonal wind and destroy the
thermal wind balance.

Changes in the eddy momentum flux convergence influence the position of the
Ferrel cell in the simulation due to changes to the meridional and vertical gradient
of the eddy momentum flux. These changes modify the meridional position of the
descending branch of the Ferrel cell by shifting it northward. This repositioned

 
Figure 7. Northern Hemisphere distribution of the January standard deviation of the

250-hPa geopotential heights (m) for (a) the control simulation and (b) the
difference between the tropical forest removal and control simulations.
Standard deviations are derived from bandpass filtered (2–8 days) daily
data and represent the mean storm tracks. Contour interval in (a) is 5 m
and in (b) is 3 m. Shading in (a) represents values greater than 80 m and in
(b) values greater than 5 m.
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descending branch of the cell results in enhanced adiabatic warming along a
latitude band centered on ;508N in the European–Asian sector (Figure 11). The
warming extends upward into the lower troposphere to heights greater than
800 hPa, although warming is greatest near the surface where land–atmosphere
feedbacks amplify the warming.

Figure 8. Sector average (208–1208E) distribution of the January zonal winds (m s21)
for (a) the control simulation and (b) the difference between the tropical
forest removal and control simulations. Negative values are indicated by
dashed contours and stippling pattern represents statistically significant
difference as defined in Figure 2. Contour interval in (a) is 5 m s21 and in
(b) is 1 m s21.

Earth Interactions d Volume 14 (2010) d Paper No. 4 d Page 22



6. Regional-scale land–atmosphere feedbacks
in the extratropics

Once the northward shift in the descending branch of the thermally indirect
Ferrel cell occurs, the enhanced adiabatic warming combined with regional-scale

Figure 9. Sector average (208–1208E) distribution of the January eddy momentum
flux (m2 s22) for (a) the control simulation and (b) the difference between
the tropical forest removal and control simulations. Flux values based on
bandpass-filtered (2–8 days) daily data. Negative values are indicated by
dashed contours and stippling pattern represents statistically significant
difference as defined in Figure 2. Contour interval in (a) is 4 m2 s22 and in
(b) is 1 m2 s22.
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land–atmosphere feedbacks are initiated that act to increase the temperature of the
lower troposphere and land surface (Figure 11).

An increase in the lower-tropospheric temperature increases the height of the
planetary boundary layer and decreases the fraction of low-level cloud cover
(Figure 12a). Although January is a time when the Northern Hemisphere high
latitudes are receiving a minimum of solar radiation, the latitude at which the Ferrel
cell is anomalously shifted northward and where the warming is occurring is still at
a low enough latitude such that incoming solar radiation is influential in affecting
the regional-scale climate. The reduction in low-level cloud cover fraction increases
the amount of net radiation absorbed at the surface. The increased net radiation at the
surface contributes to snowmelt (not shown) and leads to a decrease in the sur-
face albedo by 0.2 to 0.3 (Figure 12b). This acts as a positive feedback since the
lower surface albedo further increases the amount of net radiation absorbed at the

Figure 10. Illustration of the relevant components of the midlatitude Eulerian mean
meridional circulation forced by a vertical gradient in eddy momentum
flux convergence. The anomalous warming presented here is related to
the northward shift in the descending branch of the Ferrel cell and is
driven by the corresponding shift in the large-scale eddy momentum flux
due to removal of the tropical forests.
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surface. Excess energy is then used to warm the land surface and the boundary
layer (Figure 13), most strongly in January.

7. Summary and conclusions
While attention has focused on how increases in greenhouse gas concentra-

tions may affect the Earth’s climate, the climate system may also be impacted by
changes in land cover, whether natural or anthropogenic (Foley et al. 2003; Foley
et al. 2005; Pielke et al. 2002). Numerous studies have indicated that tropical
deforestation can have a profound impact on the climate of tropical landmasses,
and some recent studies have also indicated that these may spread into the extra-
tropics (Avissar and Werth 2005; Chase et al. 2000; Findell et al. 2006; Gedney and
Valdes 2000; Hasler et al. 2009; Henderson-Sellers et al. 1993; Pielke 2001;
Polcher 1995; Snyder et al. 2004a; Snyder et al. 2004b; Sud et al. 1988; Sud et al.
1996; Werth and Avissar 2002; Zhang et al. 1996; Zhao et al. 2001). The detailed
physical mechanisms linking tropical deforestation to extratropical climate changes,
however, are still not completely understood primarily because the realistic land
surface changes imposed are too weak to be clearly detected by examination of
dynamical changes.

Because the tropics are an important source of energy for the extratropical at-
mosphere, changes in the thermodynamics and dynamics of the tropical atmos-
phere can often be felt around the globe. In the tropics, the anomalous forcing of
Rossby waves can have a direct impact on the Northern Hemisphere general cir-
culation and climate through atmospheric teleconnections. This study confirms the
role of planetary wave forcing in communication of a tropical signal to the ex-
tratropics and is in agreement with the study by Gedney and Valdes (Gedney and
Valdes 2000). This study also indicates that the Eurasian climate response is most
likely caused by changes in the Amazon and that the Amazon has little influence
outside of Eurasia as suggested by other studies.

Figure 11. Sector average (208–1208E) distribution of the January changes in tem-
perature (K) between the tropical forest removal and control simulations.
Stippling pattern represents statistically significant differences as de-
scribed in Figure 2. Contour interval is 0.4 K.
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In this paper it has been shown how tropical deforestation could affect the
extratropical climate and that deforestation influences not only the regional climate
of tropical continents through reductions in the latent heat flux, moisture flux, and
net radiation, but also the extratropics through a large reduction in deep moist
convection and general circulation changes. The extratropical response was found

Figure 12. Global distribution of January changes in (a) low-level cloud cover
(fraction) and (b) land surface albedo (fraction) due to tropical forest
removal. Significance of differences as described in Figure 2.
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to be strongest across Eurasia in Northern Hemisphere winter and to a lesser extent
the spring; however, the temperature anomalies from tropical forest removal exist
throughout the year (see Figure 2).

Decreasing deep tropical convection affects the high-level outflow of energy
from the tropics to the extratropics. Divergence at ;200 hPa is significantly re-
duced after deforestation as there is less energy available from the surface to drive
deep moist convection. This leads to an anomalous forcing of planetary waves as
evidenced by a Rossby wave train emanating from the north of the South American
continent to the northeast into western Europe. Changes in the winter storm track
lead to modification of the climatological eddy momentum fluxes and reposi-
tioning of the thermally indirect mean meridional circulation. This results in a
northward shift in the descending branch of the Ferrel cell that enhances adiabatic
warming from the surface to the midtroposphere. Regional-scale land–atmosphere
feedbacks amplify the warming beyond that initiated by changes in the Ferrel cell
as is evidenced by reductions in cloud cover, snow cover, and surface albedo that
all lead to an increase in net radiation absorbed at the surface. The excess energy at
the surface contributes to a broad region of warming.

While it has been demonstrated that tropical deforestation can affect the ex-
tratropics in terms of regional warming in Eurasia, model results also suggest that
tropical deforestation can influence the extratropical general circulation in other
ways. Model results show that with deforestation there is a deepening (decrease)
in Northern Hemisphere polar sea level pressure with lower geopotential heights

Figure 13. Global distribution of January changes in surface temperature (K) due
to tropical forest removal. Significance of differences as described in
Figure 2.
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while a thickening of the troposphere (i.e., increase in geopotential heights) south
of 608N is present (Figure 14). The annular pattern seen in the change of geo-
potential height as well as changes to the high-latitude jet (Figures 5b and 8b) is
similar in appearance to the Arctic Oscillation (AO) (Thompson and Wallace 1998;
Thompson and Wallace 2000). Although the Arctic Oscillation is more pronounced
in the stratosphere at the ;50-hPa height, the annular mode of the circulation at
200 hPa is suggestive of a flow regime that contributes to enhancing the strato-
spheric polar jet by increasing the upper-tropospheric pressure gradient. This en-
hanced annular flow prevents cold air from leaving the Arctic at low levels and, on
average, enhances southerly flow and warm air advection.

Figure 14. Northern Hemisphere changes in the mean 200-hPa geopotential height
(m) for January due to removal of the tropical forests. The contour in-
terval is 10 m and negative values are indicated by dashed contours.
Stippling pattern represents statistically significant differences as defined
in Figure 2.
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The findings presented here are partially in agreement with other studies ex-
ploring teleconnections resulting from tropical deforestation; however, most of
these studies have focused on a precipitation, not temperature, response and so
direct comparison is difficult. Regardless, a brief summary of these studies and
comparison to this study is warranted.

The study by Gedney and Valdes (Gedney and Valdes 2000) most closely re-
sembles the Rossby wave propagation observed in the simulation results presented
here. Gedney and Valdes used the 12r1 version of the European Center’s Integrated
Forecast System GCM at a spectral resolution of T42 (2.88 3 2.88), 19 verti-
cal levels, and with fixed climatological SSTs. Converting tropical rain forest to
grassland in the Amazon led to an increase in surface albedo, reduced surface
roughness and fraction cover, and a decrease in LAI. They found a detectable re-
duction in precipitation, evaporation, net surface radiation and a surface warming of
1.38C in the Amazon, which is similar to the response found in this study (Table 2
and Figures 2 and 3). Their results also indicated a northeastward propagation of
Rossby waves to the northeast Atlantic and Europe, which is consistent with the
behavior identified in the model results (e.g., Figures 6 and 7), and detectable
changes in precipitation over Europe. In this study, however, no appreciable pre-
cipitation changes were found outside of the tropics (Figure 3).

The studies by Werth and Avissar (Werth and Avissar 2002) and Avissar and
Werth (Avissar and Werth 2005) also examined the extratropical precipitation re-
sponse to tropical deforestation. Both these studies used the National Aeronautics
and Space Administration (NASA) Goddard Institute for Space Studies (GISS)
GCM 2 model with a spatial resolution of 48 by 58 and 12 vertical levels. The model
was run with fixed climatological SSTs and tropical deforestation was represented
by conversion of tropical forest to shrubland and grassland. This resulted in an
associated increase in surface albedo from 0.06 to 0.1, reduced surface roughness,
and a reduction in LAI from 6.0 to 1.0. Their results identified significant extra-
tropical precipitation changes related to either deforestation of the Amazon (as in
Werth and Avissar 2002) or the individual tropical forest centers of the Amazon,
Africa, and Southeast Asia (as in Avissar and Werth 2005). Although the focus of
these two studies was on detection of an extratropical precipitation response and
not a dynamical analysis of the atmospheric behavior, a plausible teleconnection
mechanism was posited that is in general agreement with the modeled behavior
described in this study.

The study by Findell et al. (Findell et al. 2006) used the Geophysical Fluid
Dynamics Laboratory atmosphere–land model version 2 at a spatial resolution of
28 by 2.58, 24 vertical levels, and a slab ocean model to investigate the extratropical
climate response to total tropical deforestation. In their simulations, the broadleaf
evergreen tropical forests of South America, central Africa, and Oceana were re-
placed with grasslands. They found an increase in the surface albedo from 0.149 to
0.182 and a decrease in the surface roughness as expected with deforestation. They
determined that deforestation leads to a reduction in latent cooling and an annual
surface warming of 18–38C in the tropics. Unlike the other studies, they identified
little to no extratropical climate response in their model results that would be
detectable over natural climate variability. It is unclear why their model shows no
extratropical changes while this and other studies do; however, specific model
parameterizations may be a contributing factor. Furthermore, Findell et al. used a
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slab ocean model rather than fixed SSTs, so this may have played a role in the
differences and highlights the need for further insight into the role of atmosphere–
ocean–biosphere processes in tropical deforestation studies.

The multimodel study by Hasler et al. (Hasler et al. 2009) also identified a
remote response in the precipitation field as well as some changes in the dynamical
behavior of the extratropical flow pattern. As with the Werth and Avissar (Werth
and Avissar 2002) and Avissar and Werth (Avissar and Werth 2005) studies, tropi-
cal forests were replaced with grasses and shrubs. Observed sea surface temperatures
were used and run at a spatial resolution of 48 by 58 and either 12 or 26 vertical levels
depending on the model. While the results presented here do not show a clear ex-
tratropical precipitation response, there is some comparison with Hasler et al. (Hasler
et al. 2009) in terms of the dynamical wave pattern changes in the winter and early
spring general circulation.

The model intercomparison study by Pitman et al. (Pitman et al. 2009) included
analysis of the regional and global response to observed land-cover change in seven
atmosphere–biosphere models. The statistical and methodological approach used
in their study is similar to the methodology described herein. They found no remote
climate changes due to observed land-cover change as identified in this and other
studies; however, direct comparison of the results is difficult since they imposed
observed land-cover changes that included little in the way of tropical changes.
Tropical land-cover changes are likely to produce some of the strongest tele-
connection behavior given the Earth’s equator-to-pole flow of energy. In addition,
the land-cover changes imposed in this study are not based on observed changes,
but rather extreme deforestation is used to achieve a strong and clear climate re-
sponse so as to highlight the dynamical and thermodynamical mechanisms. Im-
portantly, Pitman et al. (Pitman et al. 2009) identified the need for a more rigorous
model methodology, statistical testing with multiple models and realizations, and
consideration of land-cover forcing in individual models to fully explore the re-
mote climate effects of land-cover change.

While the surface forcing used in this study is more extreme than the studies
summarized above (i.e., tropical forest converted to bare ground), the tropical
surface response was found in most cases to be similar. So why then do some
models show an extratropical response while others do not? The answer could lie
in such details as the model setup (e.g., how deforestation is represented), model
parameterization (e.g., vegetation model specifics, boundary layer and convective
parameterizations), use of fixed SSTs versus a slab or fully dynamical ocean model,
or statistical rigor employed on the model output. To better understand whether
tropical deforestation has the potential to produce an extratropical climate response
will likely require a multimodel intercomparison effort using different models with
a similar model setup and statistically analyzed using the same methodology.
In addition, the occurrence of statistically significant teleconnection behavior in
a model or suite of models is not in itself sufficient. There must also be a coherent
explanation of the mechanisms leading to the change that is consistent with our
understanding of atmospheric physics. This study has both identified teleconnection
behavior and described the mechanisms.

While the specific results of this study need additional confirmation, it is now
clear that a dynamical mechanism is in place for explaining how tropical defor-
estation can have global climatic effects. Few studies have identified how this
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might be possible, but here it has been illustrated that there can be a physical
mechanism whereby tropical deforestation forcing is communicated to the extra-
tropics through explainable teleconnection mechanisms. Given the potential cli-
mate change impact discussed in this study, these results also highlight the
importance of considering the inclusion of land-use and land-cover change-induced
teleconnection processes in detection and attribution of anthropogenic climate
change. To date, the contribution of these mechanisms to anthropogenic climate
change has been absent in the IPCC assessment reports.

In some ways, the results presented here should not be too surprising. We already
believe that tropical heating anomalies linked to changes in sea surface temperature
(e.g., El Niño) communicate to the extratropics through teleconnections. Given the
strength of deep tropical convection over land, and the importance of deforestation
on the energy and water balance, it is not surprising that such a teleconnection can
also be induced over land. But detecting such changes in long-term observations
will be much more difficult than detecting the teleconnection patterns associated
with ENSO. ENSO is a relatively rapid process, leaving a clear, repeating signature
in the historical climate record. Tropical deforestation, on the other hand, is hap-
pening relatively slowly—and is not switching between alternate states every few
years. Nevertheless, it is clear that tropical deforestation could have significant
implications for the climate system—both in the tropics and across much of the
Northern Hemisphere.
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