
1. Introduction
Forests cover almost 42 million km 2 in the world, occupying over 30% of the Earth's land surface (Bonan, 2008; 
Luyssaert et al., 2014). Since 800 CE, approximately 40% of the land cover (mainly forests) has been modified 
or converted by human activities into arable land or farmlands for timber, fiber and food (Hurtt et al., 2020; 
Pongratz et al., 2008). As one of the main drivers of land cover change (Khanna et al., 2017; Tölle et al., 2017; 
Werth & Avissar, 2002), deforestation (e.g., resulting from the expansion of agriculture and logging) has strong 
implications for the hydrological cycle, energy budget and terrestrial carbon stocks (Lawrence & Vandecar, 2015; 
Runyan et al., 2012; Spracklen et al., 2018; Yuan et al., 2021). A comprehensive understanding of the impacts of 
deforestation on the climate system is therefore of significant environmental importance and is crucial for future 
land management policy (Pongratz et al., 2021).

Abstract Biophysical effects of forest cover changes are often neglected by climate policies and recent 
state-of-the-art climate models exhibit wide spreads in simulating the biophysical impacts of deforestation. By 
using the CMIP6-LUMIP simulations, here we examined the biophysical impacts of deforestation on global 
temperature and attributed deforestation-induced surface temperature change to different biophysical effects 
(i.e., radiative forcing, aerodynamic resistance, Bowen ratio and atmospheric feedbacks) at regional scales. 
Results show that models agree on the sign of temperature responses to different biophysical factors in the 
tropics, but exhibit wide divergence in the extratropical regions. Among the three local biophysical factors 
(i.e., radiative forcing, aerodynamic resistance, and Bowen ratio), aerodynamic resistance contributes largely to 
local surface warming in models. As the local effects rarely affect the areas away from the deforested regions, 
much of the modeled discrepancies result from non-local atmospheric feedbacks in the middle and high 
latitudes. Our results suggest that climate responses to deforestation have a large spread in current models and 
highlight the need to improve our understanding and modeling of non-local effects in the biophysical impacts of 
deforestation.

Plain Language Summary The Land Use Model Intercomparison Project (LUMIP) multimodel 
simulations with a common experimental protocol provide a great opportunity to explore the biophysical effects 
of land use and land cover change and allow a direct comparison of model responses to deforestation. By 
analyzing the CMIP6-LUMIP multimodel simulations, we show that deforestation causes widespread summer 
warming in the tropics, but the simulated temperature changes in response to deforestation diverge in the 
middle and high latitudes. We further attributed deforestation-induced surface temperature change to different 
biophysical effects (radiative forcing, aerodynamic resistance, Bowen ratio and atmospheric feedbacks). Our 
results indicate that atmospheric feedbacks play the dominant role in determining the temperature responses, 
and aerodynamic resistance also matters. The atmospheric feedbacks in the temperate and boreal regions are 
highly model-dependent. Further efforts to explore the non-local influence of temperate deforestation using 
state-of-the-art climate models are needed.
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Forests influence climate through biophysical and biogeochemical processes (Bathiany et al., 2010; Bonan, 2016; 
Claussen et al., 2001; Ge et al., 2019; Pongratz et al., 2010). In terms of biophysical mechanisms, deforestation 
causes changes in a range of surface properties (e.g., albedo, aerodynamic roughness, leaf area index, and water 
availability), and subsequently modifies the energy and water fluxes across the land-atmosphere interface (Foley 
et al., 2005; Mahmood et al., 2014; Perugini et al., 2017; Pielke et al., 2011). In general, deforestation increases 
albedo, resulting in less solar radiation absorbed by the surface (Hua & Chen, 2013) and suppresses evapotran-
spiration because forests have larger leaf areas and root depths than other vegetation types (Betts et al., 2007; 
Breil et  al.,  2021). Deforestation also decreases aerodynamic roughness and consequently changes turbulent 
fluxes (e.g., sensible and latent heat fluxes) (Burakowski et al., 2018; Chen et al., 2020; Zhao & Jackson, 2014; 
Zhou et  al.,  2007). The biogeochemical effects are primarily linked to changes in the carbon cycle (Liu 
et al., 2013, 2015; Van Marle et al., 2016) and deforestation may increase the emissions of CO2 into the atmos-
phere (Houghton & Hackler, 2003; Hua et al., 2015; Van der Werf et al., 2009), and accelerate global warming 
(Di Vittorio et al., 2018). Thus, afforestation (e.g., carbon capture and storage) could help mitigate climate change 
(Griscom et al., 2017; Jackson et al., 2008). However, gains from carbon sinks may be offset by the biophysical 
effects (Alkama & Cescatti, 2016; Betts, 2000; Huang et al., 2020; Lee et al., 2011; Li, de Noblet-Ducoudré 
et al., 2016; Rotenberg & Yakir, 2010).

Previous observational studies have suggested that the net biophysical impacts of deforestation on global temper-
ature depends on the competing effects of albedo, evapotranspiration (ET) and roughness length (Duveiller 
et al., 2018; Li et al., 2015). This is used to explain why the temperature response is reversed from the tropical to 
temperate and boreal forests (Li, Zhao, et al., 2016; Zhang et al., 2014). However, observationally based methods 
(i.e., space-for-time approach), which compare neighboring land units with contrasting land cover types (e.g., 
forests vs. open lands) to extract local impacts of deforestation by assuming similar atmospheric conditions, 
ignore possible non-local atmospheric feedbacks or heterogeneous land-atmosphere interactions over differ-
ent land covers (Chen & Dirmeyer, 2020; Hirsch et al., 2014). Likely, the non-local biophysical effects driven 
by regional to large scale atmospheric thermodynamic and dynamic processes are probably not captured by 
observational methods (Winckler, Lejeune, et al., 2019). Many studies have used climate models to detect the 
impacts of deforestation (Bala et al., 2007; Davin & De Noblet-Ducoudré, 2010; Devaraju et al., 2018; Lejeune 
et al., 2018). Results from the CMIP5 (Coupled Model Intercomparison Project Phase 5, Kumar et al., 2013; 
Lejeune et al., 2017), LUCID (Land-Use and Climate, IDentification of robust impacts, Pitman et al., 2009; de 
Noblet-Ducoudré et al., 2012), and LUCAS (Land Use and Climate Across Scales; Davin et al., 2020) multimodel 
experiments documented a large spread in climate responses to deforestation.

Recently, the Land Use Model Intercomparison Project (LUMIP, Lawrence et al., 2016) multimodel simulations, 
which were part of the Coupled Model Intercomparison Project Phase 6 (CMIP6, Eyring et  al.,  2016), were 
conducted to understand the impacts of land use and land cover change (LULCC) on climate (Boysen et al., 2020; 
Luo et al., 2022). Boysen et al. (2020) first utilized the CMIP6-LUMIP multimodel simulations to examine the 
biophysical effect of large scale deforestation and found that the impacts of deforestation vary in sign (i.e., a 
switch of sign from tropical warming to extratropical cooling located around 22.6°N). Furthermore, not only the 
radiative and non-radiative effects associated with albedo, roughness length and ET efficiency play an impor-
tant role in determining the local biophysical impacts of deforestation (e.g., Lee et al., 2011; Li et al., 2015), 
but the non-local atmospheric feedbacks are also important (Boisier et  al.,  2012; Chen & Dirmeyer,  2020; 
Devaraju et al., 2018). Deforestation could indirectly trigger non-local biophysical impacts, through advection 
of heat and moisture and via changes in atmospheric circulation (e.g., Bala et al., 2007; Devaraju et al., 2015; 
Portmann et al., 2022). Thus, the relative contributions of different local versus non-local biophysical effects 
(e.g., Winckler, Lejeune, et al., 2019) may alter the sign and magnitude of temperature responses geographically 
(Boisier et al., 2012; Devaraju et al., 2018) and differ across the state-of-the-art climate models participating in 
CMIP6 (Boysen et al., 2020).

In this study, we used a revised intrinsic biophysical mechanism (IBPM) approach to separate the biophysical 
effects of deforestation into different components (e.g., radiative forcing, aerodynamic resistance, Bowen ratio 
and atmospheric feedbacks) (Chen & Dirmeyer, 2016; Liao et al., 2018). This IBPM approach has commonly 
used to examine the individual biophysical impacts of deforestation in observational (in situ and remote sensing) 
data, offline land surface model simulations and CMIP5 models. Here we used this decomposition method to 
comprehensively examine the biophysical impacts of deforestation on global temperature through analyses of 
CMIP6-LUMIP multimodel simulations. As ET-induced warming (cooling) due to deforestation (afforestation 
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and vegetation greening) is most prominent in summer (Li et al., 2015; Lian et al., 2022) and land surface models 
have difficulties in realistically simulating snow-albedo feedback over forested surfaces (Loranty et al., 2014; 
Thackeray et al., 2019; Zhou et al., 2003), we focused on the boreal summer season of June–July–August (JJA). 
First, we examine the temperature changes and surface energy fluxes at global and regional scales. Second, 
we quantify the relative contributions of different biophysical effects on surface temperature in response to 
deforestation using the energy balance decomposition method. Third, we investigate the inter-model variations 
of deforestation-driven changes and reveal the possible biophysical effects for the inter-model spread. Section 2 
describes the model simulations from the CMIP6-LUMIP and methods. The results are presented in Section 3, 
followed by discussions in Section 4. Section 5 concludes with a brief summary of the findings.

2. Data and Methods
2.1. CMIP6-LUMIP Experiments

We analyzed the model simulations from the CMIP6-LUMIP. LUMIP was designed to address scientific ques-
tions related to land-use, including the impacts of LULCC on climate and biogeochemical cycling and influence 
of various aspects of land management on surface fluxes of energy, water and carbon, and interactions and 
feedbacks between climate change and land use change. LUMIP includes a two-phase, tiered design frame-
work (Lawrence et al., 2016). We used the phase one experiment with an idealized deforestation scenario (i.e., 
deforest-globe). The deforest-globe simulation is branched from the pre-industrial control (piControl, with all 
forcing kept at the 1,850 level) simulation and runs for at least 80 years. In the deforest-globe, 20 million km 2 
of forest area is converted to natural grassland with a linear rate of decline of 400,000 km 2 over a period of 
50 years, followed by 30 years of constant forest cover. In this simulation, all external forcings except the forest 
cover changes are the same as in piControl (Table 1). A detailed description of the LUMIP experiments is given 
by Lawrence et al. (2016).

In order to reduce the influence of internal climate variability or model “noise,” we used three CMIP6 models, 
with the number of realizations greater than or equal to three (Table S1 in Supporting Information S1). These 
models are CESM2 (Danabasoglu et al., 2020), IPSL-CM6A-LR (Boucher et al., 2020) and MPI-ESM1-2-LR 
(Mauritsen et al., 2019). Both CESM2 and IPSL-CM6A-LR have three members and run for 80 years, while 
MPI-ESM1-2-LR has seven members and runs for 150 years. Figure 1 shows the total fractional changes in 
forest cover in the deforest-globe simulations for the three models. We used the differences in the forest frac-
tion between the final year and the first time step to represent the deforestation pattern. Since deforestation 
only occurs in the top 30% of land grid cells with the highest fractional forest cover in the model simulations 
(Lawrence et al., 2016), the significant forest reductions are found in South America, Central Africa, Eurasia and 
North America (Figures 1a–1c). Note that the deforest-globe simulations are initialized from their pre-industrial 
control runs and the initial fraction of forest cover in each model is slightly different. Thus, the deforestation 
patterns exhibit small differences (Figures 1a–1c).

2.2. Methods

As the ground biomass or the carbons from the forested soil due to idealized deforestation are not considered 
in the models, deforestation only influences global climate through biophysical processes. To investigate the 
biophysical effects of deforestation, we used the piControl simulations to serve as a reference. The biophysical 
deforestation effects were then computed as the differences between the deforest-globe and piControl simula-
tions. To assess the statistical significance of the difference between these two simulations, a modified two-sided 
Student's t test was applied in this study (Zwiers & Von Storch, 1995). In the deforest-globe, the first 50 years 

Experiment ID Experiment description Years

Deforest-globe Idealized global deforestation experiment, with a period of 50 years as the idealized deforestation scenario and the last 30 years 
as a constant state

≥80

piControl All external forcings (including CO2 concentration and land use and land management) maintained at the 1850 years ≥500

Table 1 
LUMIP Experimental Design and Description (Lawrence et al., 2016)
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are considered as biophysical spin-up and the last 30 years (for all the three models) are used for analysis. We 
analyzed the ensemble mean of these three model simulations and focused on the summer season (i.e., JJA). All 
the model data sets were regridded onto a common 1° × 1° grid using bilinear spatial interpolation, in order to 
facilitate inter-model comparisons. To examine the regionally aggregated responses to deforestation, four densely 
forested regions are selected, inducing South America (30°S–12°N, 40–82°W), Central Africa (17°S–11°N, 
8°–35°E), Eurasia (55–70°N, 35–95°E), and North America (45–60°N, 50–135°W).

To understand the biophysical impacts of deforestation on surface temperature, we introduced a decomposition 
method derived from the intrinsic biophysical mechanism (IBPM, Chen & Dirmeyer, 2016; Lee et al., 2011; 
Liao et al., 2018; Li et al., 2022). In this way, we can disentangle relative contributions of different biophysical 
impacts of deforestation (e.g., radiative forcing, aerodynamic resistance, Bowen ratio and atmospheric feedbacks) 
on surface temperature. According to the surface energy budget equation, the net surface radiation (Rn, W m −2) 
can be decomposed into the following form:

Rn = S + 𝜀𝜀LWdown − 𝜀𝜀𝜀𝜀Ts
4
= H + LE + G, (1)

where S is net surface shortwave radiation (W m −2), LWdown is incoming longwave radiation (W m −2), ε is surface 
emissivity, σ is the Stefan-Boltzmann constant (approximately equal to 5.671 × 10 −8 W m −2 K −4), Ts is surface 

Figure 1. (a)–(c) Fractional changes (%) in forest cover and (d)–(f) differences in LAI (m 2 m −2) in the deforest-globe simulations for (a), (d) CESM2, (b), (e) 
IPSL-CM6A-LR and (c), (f) MPI-ESM1-2-LR models. We used the difference between the final year and the first time step in the deforest-globe simulations to 
represent the forest cover and LAI changes.
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temperature (K), H is sensible heat flux (W m −2), LE is latent heat flux (W m −2), and G is ground heat flux (W 
m −2). The sensible and latent heat fluxes are defined as:

H = 𝜌𝜌𝜌𝜌𝑝𝑝

Ts − Ta

𝛾𝛾a

, (2)

LE =
H

𝛽𝛽
, (3)

where ρ is air density (kg m −3), Cp is specific heat content (J kg −1 K −1), Ta is air temperature at 2-m reference 
height (K), γa is aerodynamic resistance (s m −1), and β is Bowen ratio.

Linearizing the surface outgoing longwave radiation in Equation 1 using a Taylor series expansion with Ta:

Ts
4
= Ta

4
+ 4Ta

3
(Ts − Ta), (4)

Using Equations 2–4, Ts can be given as:

T𝑠𝑠 =
𝜆𝜆0

1 + 𝑓𝑓
(Rn

∗
− G) + Ta, (5)

where 𝐴𝐴 𝐴𝐴0 =
1

4𝜎𝜎Ta
3
, 𝑓𝑓 =

𝜌𝜌𝜌𝜌
𝑝𝑝

4𝜎𝜎Ta
3
𝛾𝛾a

(

1 +
1

𝛽𝛽

)

, 𝐴𝐴 𝐴𝐴0 represents the temperature sensitivity and f is the energy redistribution 
factor. Rn* is apparent net radiation (Rn* ≈ Rn; W m −2).

As the IBPM approach assumes the same atmospheric background for contrasting land cover types (e.g., compar-
ing neighboring open lands with contrasting forests to extract impacts of deforestation), changes in Ta and G are 
neglected. Surface temperature change 𝐴𝐴 ∆Ts (e.g., changes induced by deforestation) can be given by the first 
derivative of Equation 5:

∆Ts ≈
𝜆𝜆0

1 + 𝑓𝑓
∆S +

𝜆𝜆0

(1 + 𝑓𝑓 )
2
Rn∆𝑓𝑓𝑓 (6)

where 𝐴𝐴 ∆S is the change of net surface shortwave radiation, and 𝐴𝐴 ∆𝑓𝑓 is the change in the energy redistribution factor 
due to changes in aerodynamic resistance (𝐴𝐴 ∆𝑓𝑓1 ), and Bowen ratio (𝐴𝐴 ∆𝑓𝑓2 ):

∆𝑓𝑓1 = −
𝜌𝜌𝜌𝜌𝑝𝑝

4𝜎𝜎Ta
3

(

1 +
1

𝛽𝛽

)

∆𝛾𝛾a

𝛾𝛾a
2
, (7)

∆𝑓𝑓2 = −
𝜌𝜌𝜌𝜌𝑝𝑝

4𝜎𝜎Ta
3
𝛾𝛾a

∆𝛽𝛽

𝛽𝛽2
, (8)

Note that the IBPM approach (Lee et al., 2011) does not consider the non-local atmospheric feedbacks from 
LULCC (Chen & Dirmeyer,  2020; Hirsch et  al.,  2014). The changes in the atmospheric background state 
and G cannot be ignored for large scale deforestation. Therefore, Equation  6 is revised as follows (Chen & 
Dirmeyer, 2016; Liao et al., 2018):

∆Ts ≈
𝜆𝜆0

1 + 𝑓𝑓
(∆Rn − ∆G) +

−𝜆𝜆0

(1 + 𝑓𝑓 )
2
(Rn − G)∆𝑓𝑓1 +

−𝜆𝜆0

(1 + 𝑓𝑓 )
2
(Rn − G)∆𝑓𝑓2 + ∆Ta + 𝜀𝜀1, (9)

where 𝐴𝐴 ∆T𝑎𝑎 is the change in air temperature. In Equation 9, the right-hand side of the equation represents the 
contributions of radiative forcing, aerodynamic resistance, Bowen ratio, atmospheric feedbacks and residual 
components to Ts changes, respectively. The first three terms (i.e., radiative forcing, aerodynamic resistance, and 
Bowen ratio) represent the local biophysical effects, which are related to the changes in physical properties of the 
land surface and surface energy balance (Pongratz et al., 2021). In the real atmosphere, the actual temperature 
depends not only on the radiative forcing, but also on energy redistribution through convection, evaporation, and 
turbulence in the atmospheric boundary layer (ABL). Thus, Bowen ratio has been used to reflect the relative 
magnitudes of sensible and latent heat fluxes as well as the land surface thermal-hydrologic properties. The 
fourth term (i.e., atmospheric feedbacks) generally represents the biophysical effects due to the changes in heat 
and moisture advection and atmospheric circulation (Chen & Dirmeyer, 2020; Winckler et al., 2017). The last 
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term ε1 denotes the errors from missing components (e.g., changes in Ts due to other factors and higher-order 
interactions ignored here).

This decomposition method implicitly assumes that these biophysical factors are independent of each other, 
although the non-linear effects (e.g., interactions among these terms) cannot be fully captured in the linearization 
processes. For example, an increase in Bowen ratio (or aerodynamic resistance) increases Ts. Ta represents the 
interactions of the air at 2-m height with the boundary layer, the surface, and the free atmosphere. Its changes 
may influence the atmospheric circulation or the distribution of cloud and precipitation locally and remotely (e.g., 
vegetation feedback; Wang et al., 2011; Yu et al., 2016), which in turn affects surface temperature via radiative 
and non-radiative processes.

3. Results
3.1. Impacts on Summer Temperatures

Changes in land cover types can affect surface biophysical properties, such as leaf area index (LAI), surface 
albedo and canopy roughness (Bonan,  2008). We first examined the changes in LAI in the idealized global 
deforestation experiments (Figures 1d–1f). LAI is a key variable describing plant canopy structure and is used 
as a measure of forest growth globally (Forzieri et al., 2017; Zeng et al., 2017). In the deforest-globe, LAI is 
expected to decrease in tropical and temperate regions when forests are replaced by grasslands. LAI decline is 
more significant in the tropics where the initial LAI is higher than other areas and the main cover type is broadleaf 
forest. Furthermore, LAI also decreases in north borders of temperate regions, in particular in CESM2 and 
MPI-ESM1-2-LR (Figures 1d–1f).

Figure 2 shows the spatial pattern of surface albedo changes due to deforestation. In general, surface albedo is 
higher when replacing forests by grasses. This could lead to a cooling effect through the reduction in solar radia-
tion absorbed by the surface associated with increased surface albedo. The albedo increases are more remarkable 
in South America, Central Africa, and the mid-latitudes of Eurasia and North America (Figure 2). In terms of 
zonally average variations, the changes in surface albedo are consistent among these models, with remarkable 
increases in tropical and boreal regions. However, there exist some differences in the magnitude of albedo change 
among the models, with the most significant increases in the tropics in MPI-ESM1-2-LR, but the greatest changes 
in the mid to high northern latitudes in CESM2.

Note that the replacement of trees by natural grasslands leads to an increase in surface albedo and a decrease in 
vegetation transpiration and roughness length. These changes contribute to increases in outgoing shortwave radia-
tion (radiative processes) and decreases in turbulent fluxes (non-radiative processes), both of which have a strong 
latitudinal and seasonal dependence (Alkama & Cescatti, 2016; Lee et al., 2011; Li et al., 2015). The net effect of 

Figure 2. Spatial pattern of JJA surface albedo from the multi-model ensemble mean (MME) of deforest-globe simulations 
relative to piControl simulations. Also shown are the zonal-averaged changes in surface albedo due to deforestation in the 
three model simulations. The black line (right panel) represents the MME of these three model results. The outlined boxes 
(i.e., Central Africa, South America, North America, and Eurasia), which show greatest albedo changes in deforested regions, 
are analyzed further below.
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these competing processes remains uncertain in model simulations (Boysen et al., 2020; De Noblet-Ducoudré Et 
Al., 2012; Lejeune et al., 2017; Pitman et al., 2012).

Figure 3 shows the JJA mean Ts changes in responses to deforestation. Tropical deforestation leads to a warming 
effect in summer, and all models agree on the sign of the temperature changes in South America and Central 
Africa. CESM2 produces the largest warming in response to deforestation, whereas MPI-ESM1-2-LR exhibits the 
weakest warming signal in the tropics (Figure 3). It is worth noting that the mean Ts changes due to deforestation 
are heterogeneous among the models in the temperate and boreal regions and the temperature responses largely 
depend on the choice of model. For example, CESM2 shows strong cooling in the extratropical regions, while the 
temperature response in IPSL-CM6A-LR is opposite to CESM2 in both North America and mid-latitudes Eurasia 
(Figure 3b). In MPI-ESM1-2-LR, the Ts response is weak in the temperate and boreal regions (Figure 3c).

Overall, CMIP6 models agree on the sign of Ts changes due to deforestation in the tropics (e.g., South America 
and Central Africa), but the Ts changes in response to deforestation are heterogeneous among the models in the 
temperate and boreal regions.

3.2. Changes in Surface Energy Budget

To further attribute the temperature response to deforestation, we examined the surface energy fluxes in the 
model simulations. Converting forests to grasses not only influences the radiative processes driven by increased 
albedo, but also affects the non-radiative effects driven by the changes in available energy partitioning (Bright 
et al., 2017; Chen et al., 2020; Liu et al., 2021; Rigden & Li, 2017). In general, deforestation-induced albedo 
increases could lead to a decrease in shortwave radiation absorbed by the surface (cooling effect) over the 
deforested areas (Figure 2). However, the modeled net shortwave radiation changes in response to deforestation 
are mixed due to complicated interactions among cloud, precipitation and atmospheric circulation (Duveiller 
et al., 2021; Laguë & Swann, 2016; Xu et al., 2022). For example, the increase in surface net shortwave radiation 
in parts of Amazon may result from the decrease in cloud cover (Figure S1 in Supporting Information S1). In 
addition to shortwave radiation, the net longwave radiation also significantly decreases in the tropics (Figure S2 
in Supporting Information S1). The combined shortwave and longwave radiation changes (i.e., net radiation) 

Figure 3. Changes in JJA Ts (K) in response to the idealized deforestation simulations in (a) CESM2, (b) IPSL-CM6A-LR, (c) MPI-ESM1-2-LR, and (d) MME. The 
changes were computed as the differences between the deforest-globe relative to piControl simulations. The stippling indicates that the differences are statistically 
significant at the 0.05 level based on a modified Student's t test.

 21698996, 2023, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JD

038229 by Suny U
niversity A

t A
lbany, W

iley O
nline L

ibrary on [02/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Atmospheres

LIU ET AL.

10.1029/2022JD038229

8 of 20

due to deforestation broadly exhibit a decreasing trend over the deforested areas in the tropics, but diverge in the 
middle and high latitudes (Figure 4). On the other hand, deforestation also influence regional climate through the 
non-radiative processes (Figure 5 and Figure S3 in Supporting Information S1). Previous modeling studies have 

Figure 4. Changes in JJA surface net radiation (W m −2) in response to idealized deforestation simulations in (a) CESM2, (b) IPSL-CM6A-LR, (c) MPI-ESM1-2-LR, 
and (d) MME. The changes were computed as the differences between the deforest-globe relative to piControl simulations. The stippling indicates that the differences 
are statistically significant at the 0.05 level based on a modified Student's t test. The negative (positive) net radiation represents less (more) solar radiation absorbed by 
the surface (i.e., positive in the downward direction).

Figure 5. Same as Figure 4, but for the latent heat flux (W m −2). We take the upward direction as positive.
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indicated a significant impact of LULCC on the latent heat flux over the regions where vegetation was changed 
(e.g., De Noblet-Ducoudre et al., 2012; Pitman et al., 2009). The turbulent heat flux (mainly latent heat, positive 
to the atmosphere) is reduced (Figure S4 in Supporting Information S1), which results in a warming effect in 
Ts. Note that the increased latent heat flux in north Amazon in IPSL-CM6A-LR and CESM2 is inconsistent 
with previous studies (Duveiller et al., 2018; Lawrence & Vandecar. 2015). Such discrepancies might be due 
to the potential problems in the representation of hydrology in land surface models (Cai et al., 2019; Chen & 
Dirmeyer, 2016; Tafasca et al., 2020).

To examine the regionally aggregated responses to deforestation, we analyzed four regions with the largest defor-
ested areas (Figure 6). In the tropics, the changes in surface energy budget are broadly consistent between Central 
Africa and South America, where deforestation leads to a decrease in longwave and net radiation absorbed by 
the surface (Figures 6a and 6b). The magnitude of tropical warming in MPI-ESM1-2-LR is smaller because the 
warming induced by the turbulent heat fluxes may be offset by significantly albedo-induced cooling (Figure 2). 
That is, shortwave radiation absorbed by the surface is balanced by the sensible heat, latent heat or longwave radi-
ation. In the mid to high latitudes, the surface net shortwave and longwave radiations in response to deforestation 
vary among the three models (Figures 6c and 6d). CESM2 shows significant decreased (increased) net shortwave 
(longwave) radiations in North America and Eurasia, whereas IPSL-CM6A-LR exhibits opposite changes in these 
two regions. The magnitude of mid-latitude cooling is strongest in CESM2 (Figure 2) because the albedo-induced 
cooling dominates over the warming effect induced by changes in turbulent heat fluxes (Figures 6c and 6d). These 

Figure 6. Changes in JJA surface energy budget (black, W m −2) and Ts (K, units in red) due to deforestation averaged over (a) Central Africa, (b) South America, (c) 
North America and (d) Eurasia in CESM2, IPSL-CM6A-LR, MPI-ESM1-2-LR, and MME. The surface energy fluxes include sensible heat (H, positive direction is 
upward), latent heat (LE, positive direction is upward), net shortwave radiation (SW, positive direction is downward), net longwave radiation (LW, positive direction is 
downward), net radiation (Rnet, positive direction is downward) and Bowen ratio (units in green).
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results suggest that climate models may have a large spread in simulating the energy exchange between the land 
and the atmosphere and the Bowen ratio (i.e., defined as the ratio of sensible to latent heat fluxes) also shows 
large differences (e.g., different signs) in the mid to high latitudes. The different Bowen ratios in the model simu-
lations cause the Ts discrepancies through the non-radiative processes (Figure 6). Overall, the energy distribution 
changes show different responses in different models, and the simulated energy fluxes in the mid to high latitudes 
have a strong model dependency.

3.3. Surface Temperature Change Decomposition

To investigate the possible mechanism for deforestation-driven temperature changes, the revised IBPM (i.e., 
Equation  9) is used to separate the biophysical effects of deforestation into four components (e.g., radiative 
forcing, aerodynamic resistance, Bowen ratio, and atmospheric feedbacks). Before examining the individual 
biophysical factors, we need to know whether the decomposed temperature metric can realistically capture the 
spatial pattern of Ts in models. In general, the revised IBPM well captures the spatial pattern of the model's 
actual Ts change (Figure 7). Figure 7d shows that deforestation decreases Ts in the middle and high latitudes, 
but increases Ts in the tropics based on the decomposed method, which shows agreement with the simulated Ts 
(Figure 3d). Therefore, the revised IBPM can be used to investigate the biophysical effects of deforestation (Chen 
& Dirmeyer, 2016; Liao et al., 2018).

The radiative and non-radiative (e.g., radiative forcing, Bowen ratio, aerodynamic resistance) effects of Ts due to 
deforestation are shown in Figure 8, which represent the local biophysical impacts due to the changes in surface 
physical properties and surface energy balance. Our results show that changes in the aerodynamic resistance 
dominate the surface temperature response to local biophysical effect of deforestation. The Ts changes associated 
with radiative forcing and Bowen ratio is relatively weak (Figure 8). CESM2 and IPSL-CM6A-LR show a strong 
local warming over the deforested regions due to aerodynamic resistance changes during boreal summer, in 
particular in the tropics (Figures 8b and 8e). However, there exist some regional differences in MPI-ESM1-2-LR 
(Figure 8h). Based on the multimodel ensemble results, it can be found that deforestation contributes to the local 
warming across the global regions during the boreal summer and aerodynamic resistance dominates the local 
biophysical impact of deforestation (Figure 8).

Figure 7. Total changes in JJA Ts (K) in response to deforestation in (a) CESM2, (b) IPSL-CM6A-LR, (c) MPI-ESM1-2-LR, and (d) MME. The total change of Ts is 
calculated from the revised IBPM (i.e., sum of the contributions of radiative forcing, aerodynamic resistance, Bowen ratio and atmospheric feedbacks).
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To reveal the possible mechanisms behind the heterogeneous modeled temperature responses to deforestation, 
we also examined individual biophysical factors over four deforested regions (Figure 9). In general, aerodynamic 
resistance change associated with local warming is more important in determining the Ts changes than radiative 
forcing and Bowen ratio, not only over the deforested areas in the tropics, but also in the mid-latitudes (Figure 8). 
This explains why most climate models exhibit a local warming effect across the global deforested regions. Our 
results are consistent with recent observational and modeling studies, which suggest that non-radiative processes 
(e.g., aerodynamic resistance) dominate the local biophysical effects (Bright et al., 2017; Chen & Dirmeyer, 2016; 
Duveiller et al., 2018; Winckler, Reick, Bright, et al., 2019). Chen et al. (2020) also examined the biophysical 
impact of LAI changes and found that the aerodynamic resistance has the dominant role. However, these findings 
are inconsistent with the earlier view that albedo-induced changes from deforestation dominate the widespread 
cooling in the extratropical areas in models (Betts, 2000; Pongratz et al., 2021). For example, albedo-induced 
warming due to boreal afforestation may be stronger than CO2-induced cooling (Betts,  2000). Indeed, the 
albedo effect is more important in model simulations when total (local and non-local) effects are considered 
(Boysen et al., 2020; Winckler, Lejeune, Luyssaert, et al., 2019), although it is difficult to attribute the non-local 
albedo  effect at individual regions. The aerodynamic resistance effect dominates the biophysical feedback over 
the deforested regions when only the local effect (e.g., ignoring the non-local atmospheric feedbacks) is taken 
into account, while albedo and the Bowen ratio play a minor role.

In addition to the local effects, the atmospheric feedbacks from deforestation are seen not only over the defor-
ested regions but also over remote locations. We used the Ta changes to represents atmospheric feedbacks due 
to the changes in heat and moisture advection and atmospheric circulation. The Ta signals are similar in the 

Figure 8. Changes in JJA Ts (K) in response to deforestation in (a–c) CESM2, (d–f) IPSL-CM6A-LR, (g–i) MPI-ESM1-2-LR, and (j–l) MME. The left column shows 
the radiative forcing effect associated with albedo change, the middle column shows the aerodynamic resistance effect, and the right column shows the Bowen ratio 
effect. The stippling indicates that the differences are statistically significant at the 0.05 level based on a modified Student's t test.

 21698996, 2023, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JD

038229 by Suny U
niversity A

t A
lbany, W

iley O
nline L

ibrary on [02/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Atmospheres

LIU ET AL.

10.1029/2022JD038229

12 of 20

Figure 9. Contribution (%) of radiative forcing (term1), aerodynamic resistance (term2), Bowen ratio (term3), and atmospheric feedbacks (term4) effects to total 
changes of Ts over four deforested regions in CESM2, IPSL-CM6A-LR, MPI-ESM1-2-LR, and MME. The regions include: (a) Central Africa, (b) South America, (c) 
North America, and (d) Eurasia.

Figure 10. Changes in JJA Ta (K) in response to the idealized deforestation simulations in (a) CESM2, (b) IPSL-CM6A-LR, (c) MPI-ESM1-2-LR, and (d) MME, 
which represents the atmospheric feedbacks. The changes were computed as the differences between the deforest-globe relative to piControl simulations. The stippling 
indicates that the differences are statistically significant at the 0.05 level based on a modified Student's t test.
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tropics among the three models, but exhibits significant difference in the middle and high latitudes (Figure 10). 
For example, CESM2 shows a strong cooling in the extratropical regions, but a strong warming in the tropics 
(Figure 10a). That is, deforestation-induced local warming (e.g., due to aerodynamic resistance effect) is ampli-
fied by a strong warming due to atmospheric feedbacks in the tropics in CESM2. IPSL-CM6A-LR shows mixed 
signals over Eurasia, with a cooling over the parts of northeast Asia and a strong warming over North America 
and northern western-central Russia (Figure 10b). MPI-ESM1-2-LR shows weak and contrast changes in the 
mid-latitudes, with a cooling over North America and a strong warming over central Russia (Figure 10c).

Note that Ts changes indirectly via perturbations in Ta. For example, Ta contributes to the opposite changes 
between the extratropical regions and tropics in CESM2 (Figure 10a). We infer that the atmospheric feedbacks 
in the tropics is likely due to decreased evapotranspirative cooling and increased incoming radiations result-
ing from deforestation-induced changes in cloud cover and water vapor. Our study also highlights the impor-
tance of non-local effect from atmospheric feedbacks in determining the influence of deforestation on Ts in the 
extratropical areas (Figures 9 and 10), as the Ta changes are also seen over remote locations. These results are 
consistent with previous findings using idealized deforestation and CMIP5-LUCID simulations, which suggest 
that changes in atmospheric feedbacks dominate the other biophysical factors (Figure 9, Devaraju et al., 2018). 
To further this finding, we also examined the vertical profile of regional mean tropospheric temperatures aver-
aged over four deforested regions (Figure 11). Evidently, the deforestation impacts are not limited to Ts and Ta 
at 2-m, and LULCC can lead to significant changes in the entire tropospheric air temperatures in model simu-
lations (e.g., Zhang et al., 2016). In addition, such impacts on the troposphere are much stronger and deeper 
in the mid-latitudes than the tropics, particularly in CESM2 (Figure  11). Our results show that CESM2 and 
IPSL-CM6A-LR models show opposite changes in tropospheric temperatures due to deforestation (Figure 11). In 
CESM2, the significantly decreases in the absorbed solar radiation and sensible heat flux and associated cooling 
of the air (e.g., horizontal temperature advection) play a dominant role in the indirect feedback in the extratropi-
cal regions (Figures 6, 9, and 10). In contrast, the tropospheric warming occurs in IPSL-CM6A-LR (Figure 11), 
which can be attributed to the increase in the absorbed solar radiation (Figure 6).

To explore the possible biophysical effects for the inter-model spread, we also examined the contributions of 
different biophysical effects over the four deforested regions (Figure 9). All models exhibit larger atmospheric 
feedbacks changes than the local effects (Figure 9). Note that the local effects rarely affect the areas away from 
the deforested regions (Chen & Dirmeyer, 2016; Lee et al., 2011). Thus, their contribution to the non-local signal 
or atmospheric circulation is very small. Previous modeling studies have indicated that climate models exhibit 
divergent changes in the sign and magnitude of temperatures in response to deforestation in particular in the 
mid-latitudes (Boisier et al., 2012; Davin et al., 2020; De Noblet-Ducoudré et al., 2012; Lejeune et al., 2017; 
Pitman et  al.,  2009). Our results further suggest that much of the discrepancies may be due to the different 
atmospheric feedbacks simulated in the mid-latitudes in climate models, as a large proportion of Ts changes can 
be explained by the atmospheric feedbacks (Figure 9). The partitioning of these biophysical contributions can 
explain the inter-model spread in CMIP6 models. It is worth noting that MPI-ESM1-2-LR exhibits contrasting 
changes in the sign and magnitudes of tropospheric temperatures over Eurasia and North America (Figure 11). 
This explains why the total Ts responses due to deforestation are less significant in the extratropical regions 
(Figure 3c). The non-local effects cancel each other out (Figure 10).

4. Discussion
In this study, we adopted a revised decomposition method of intrinsic biophysical mechanisms to separate the 
biophysical effects of deforestation into different components (e.g., radiative forcing, aerodynamic resistance, 
Bowen ratio and atmospheric feedbacks; Chen & Dirmeyer, 2016; Lee et al., 2011; Liao et al., 2018). The method 
can be used to quantify the relative importance of individual biophysical factors that contribute to Ts change in 
CMIP6 models, but does have some limitations. First, we linearized the surface energy budget equation using a 
Taylor series expansion to retain only the first-order terms, and did not consider non-linear interactions among 
these terms. For example, Bowen ratio may be changed by sensible and latent heat fluxes due to radiative forcing 
and atmospheric feedbacks associated with variations in circulation and advection of heat and moisture. Aero-
dynamics resistance depends on the Monin-Obukhov length which is a function of atmospheric stability and the 
Monin-Obukhov theory relates to surface vertical turbulent fluxes of momentum, sensible heat, and water vapor 
with profiles of wind speed, potential temperature, and humidity. Furthermore, there also exits uncertainties 
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in estimating the aerodynamic resistance (depending on Ts as well), as aerodynamic resistance is a non-linear 
function of Ts in models (see Equation 2). Thus, one needs to interpret our results with these constraints in mind. 
Nevertheless, the higher-order interactions between these biophysical effects are likely to be small and could be 
ignored (Devaraju et al., 2018; Liao et al., 2018). This is confirmed by the reproduction of modeled Ts by the 
first four terms of decomposed Ts in Equation 9 (Figure 7), indicating that the first-order Taylor series expansion 
suffices for obtaining an analytical form of surface temperature (Devaraju et al., 2018; Liao et al., 2018).

Second, we used Ta change to represent atmospheric feedbacks from deforestation (Chen & Dirmeyer, 2016; 
Liao et al., 2018), which may affect the local and remote areas through advection of heat and moisture and by 
changes in atmospheric circulation (Winckler, Lejeune, et al., 2019). For example, temperate deforestation can 
affect cloud, precipitation and large scale atmospheric circulation in regions far away from the deforested regions 
through atmospheric teleconnections (Devaraju et  al.,  2015; Laguë & Swann,  2016). However, the indirect 

Figure 11. The vertical profile of regional mean atmospheric air temperature and 2-m temperature (T2m) averaged over (a) Central Africa, (b) South America, (c) North 
America, and (d) Eurasia due to deforestation during boreal summer. The changes were computed as the differences between the deforest-globe relative to piControl 
simulations.
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feedbacks (e.g., interactions between water vapor, clouds and atmospheric circulation) are probably not fully 
captured and quantified by our decomposition method, although this method provided insight into the causes of 
inter-model spread and uncertainties of deforestation-driven changes. Quantifying these impacts is thus a daunt-
ing challenge, in particular related to tropospheric temperatures. The air temperature feedback in the context of 
large scale deforestation or LULCC needs to be treated with caution in the future. Furthermore, if we focus on the 
short-term simulations or use the flux tower observations, the energy imbalances or the contribution of ground 
heat flux should not be ignored (Chen & Dirmeyer, 2016; Juang et al., 2007; Luyssaert et al., 2014).

Our results suggested that the temperature and energy fluxes outside the deforested areas also show significant 
changes in CMIP6 models. That is, significant atmospheric circulations may be triggered from deforestations. 
However, the non-local signals must be treated with caution due to model uncertainties and lack of a sufficiently 
large ensemble. First, not all models agree on the sign of regional temperature changes due to atmospheric 
feedbacks of deforestation in the middle and high latitudes. The models not only continue to show significant 
differences in the partitioning of available turbulent heat into sensible and latent fluxes (e.g., Bowen ratio), but 
exhibit large differences in partitioning among different biophysical factors. The sign and strength of biophysical 
effects is highly dependent on the indirect influences of atmospheric feedbacks in the model simulations. Second, 
the extratropical responses across the individual runs due to model internal variability also show considerable 
intra-ensemble spread (not shown). Thus, further efforts using multiple models with multiple realizations to 
minimize the model internal variability or “noise” are needed, as a limited number of realizations cannot give 
a robustness estimate of climate responses due to deforestation. At the time of this study, 12 CMIP6 models 
have provided the outputs of idealized deforestation experiments, but only three models (used in this study) 
have multiple realizations. Furthermore, climate models can not only capture the total changes over the defor-
ested regions (i.e., local effects), but simulate the non-local or remote effects that observationally based methods 
probably cannot identify. Some approaches were developed to separate local and non-local effects (Chen & 
Dirmeyer, 2020; Malyshev et al., 2015; Winckler et al., 2017). However, the models may have large uncertainties 
in simulating the large scale atmospheric feedback. It is therefore necessary to quantify the local response over the 
deforested regions and the non-local signals outside the deforested areas in the future. This could help advance 
our understanding of the biophysical effects on global climate and is beneficial for policy makers to consider the 
biophysical effects of LULCC.

Interestingly, the spatial pattern of Ta responses is similar to the Ts changes due to deforestation, although the 
magnitudes of the variations in Ta is smaller than that of the Ts (Figures 3 and 9). Note that the near-surface Ta, 
as a diagnostic quantity, is dependent on Ts and air temperature at the lowest atmospheric level in climate models 
(Breil et al., 2020; Winckler, Reick, Luyssaert, et al., 2019). There are complex interactions between surface and 
near-surface temperatures and planetary boundary layer (PBL) processes in the fully coupled land-atmosphere 
system (Zhou,  2021). We also examined the temperature variations due to the deforestation at the lowest 

Figure 12. Changes in JJA temperature at the lowest atmospheric model level in response to the idealized deforestation 
simulations in MPI-ESM1-2-LR model. The changes were computed as the differences between the deforest-globe relative 
to piControl simulations. The stippling indicates that the differences are statistically significant at the 0.05 level based on a 
modified Student's t test.
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atmospheric model level (Figure 12). Among the models, only MPI-ESM1-2-LR provides the global temperature 
data at the lowest atmospheric layer. The spatial pattern of the temperature responses is very similar among the 
lowest atmospheric model level, near-surface and at the surface (Figures 3, 10 and 12). Jiang et al. (2021) also 
suggested that deforestation-induced warming signal for surface air is weaker than for ground and vegetation. 
In general, forests, which have larger aerodynamic roughness, dissipate sensible heat more efficiently to the 
atmospheric boundary layer (Lee et al., 2011; Rotenberg & Yakir, 2010). That is, reduced surface roughness 
due to deforestation could suppress the sensible heat flux (Jiang et  al., 2021). These results indicate that the 
surface temperature and air temperature can be less coupled (e.g., Jiang et al., 2021). Most observational studies 
compared temperature differences between forest and nearby open land, which reflect primarily the differences 
in ground temperature (as opposed to air temperature), and thus cannot capture this atmospheric feedback that is 
important for the simulated Ta response in the models (e.g., Chen & Dirmeyer, 2020; Hirsch et al., 2014).

It is well known that climate models have deficiencies in various parameterization schemes and thus could result 
in biased deforestation effects (e.g., soil evaporation, snow-albedo feedback or partitioning of available energy 
into latent and sensible heat fluxes) in land surface models (Cai et al., 2019; Chen et al., 2018; Li et al., 2018; 
Zhou et al., 2003). For example, the Ts change due to albedo reduction is the result of two counteracting processes 
(e.g., changes in surface net radiation and the corresponding response of turbulent fluxes) whose net effect may 
depend on subtle details of the model formulation. The deforestation-induced change in surface albedo in the 
MPI-ESM, for instance, is lower than that in observations and also on the lower end of a range of climate models 
(Boisier et al., 2013). And CMIP5 models generally overestimated the seasonal cycle of albedo, which is related 
to seasonal variations in snow cover fraction and albedo contrast (Li, Wang, et al., 2016). Meier et al. (2022) 
suggested that the revisions of roughness in the land component of the CESM alter the local Ts response to a 
conversion of vegetation to bare land, which could be relevant for the simulated biophysical effect of desertifi-
cation. The updated parameterizations of roughness lengths could also reduce the mean biases of the simulated 
daytime surface temperature in land surface models (Huang et  al.,  2016). However, each of the GCMs uses 
different land-surface parameterizations/models and a detailed analysis of different parameterization schemes is 
beyond the scope of this study. Further investigation using various improved land-surface parameterizations will 
corroborate and refine our diagnostic results.

5. Conclusions
In this study, we analyzed CMIP6-LUMIP multimodel simulations from three models (i.e., CESM2, 
IPSL-CM6A-LR, and MPI-ESM1-2-LR) to show that the biophysical effects of deforestation have a strong lati-
tudinal dependence during boreal summer. CMIP6 models agree on the sign of the temperature changes due to 
deforestation in the tropics (e.g., South America and Central Africa). In contrast, the temperature changes in 
response to deforestation are heterogeneous among the models in the temperate and boreal regions (e.g., North 
America and Eurasia). In addition to the temperature changes, the surface net shortwave and longwave radiations 
and Bowen ratio in response to deforestation vary in models in the middle and high latitudes. CESM2 shows 
significant decreased (increased) net shortwave (longwave) radiations in North America and Eurasia, whereas 
IPSL-CM6A-LR exhibits opposite changes in these two regions. Our results suggest that climate models have a 
large spread in simulating the energy exchange between the land and the atmosphere, in line with previous studies 
using CMIP5-LUCID simulations (Boisier et al., 2012; De Noblet-Ducoudré et al., 2012; Lejeune et al., 2017; 
Pitman et al., 2009).

We used a revised intrinsic biophysical mechanism approach to separate the biophysical effects of deforestation 
into different components (i.e., radiative forcing, aerodynamic resistance, Bowen ratio and atmospheric feed-
backs). CMIP6 models show local warming due to local biophysical effects in response to a local perturbation 
in radiative forcing, aerodynamic resistance and Bowen ratio. Aerodynamic resistance is the dominant factor 
contributing to the local warming when compared with radiative forcing and Bowen ratio. For the atmospheric 
feedbacks, climate models show consistent changes in the tropics, but exhibit significant differences in the middle 
and high latitudes. Air temperature feedbacks are seen not only over the deforested regions but also over remote 
locations. Models exhibit a dominant but model-dependent contribution of Ta effects on Ts changes and much 
of the modeled discrepancies in the middle and high latitudes are likely due to the differences in simulating 
these effects. Our study highlights the importance of atmospheric feedbacks (e.g., feedback effects of cloud, 
water vapor, soil moisture and atmospheric circulation). These results provide a first-order estimate of different 
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biophysical factors in determining the surface temperature changes following deforestation and help improve our 
understanding of responses to deforestation in CMIP6 models.

Data Availability Statement
The CMIP6-LUMIP data sets (Lawrence et al., 2016) used in this study are available at https://esgf-node.llnl.
gov/search/cmip6/.
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