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Abstract Land use and land cover changes (LULCC) modulate land surface energy, heat, moisture, and
momentum fluxes. Using simulations performed with and without LULCC for five earth system models,
averaged over the 2071–2100 period, we quantify the biophysical effects in response to a future realistic
LULCC scenario (Representative Concentration Pathway RCP8.5) on 15 climate variables (i.e., atmospheric,
radiative, wind, hydrologic variables, and heat fluxes). We find that climate models are able to simulate some
robust and strong climate perturbations in response to LULCC. In tropical regions with substantial LULCC,
significantly higher skin temperatures, less precipitation and soil moisture, less evaporation and clouds, more
incoming radiation and stronger winds, more anticyclonic conditions and subsidence, are simulated in
response to future LULCC. In midlatitude and high latitude, LULCC result in autumn cooling and higher
tropospheric pressures, while East Asia is drier, warmer, with higher sensible heat flux and lower evaporation.
The tropical wind strengthening and weakening of the hydrological cycle are comparable in magnitude to
their future regional changes induced by greenhouse gases under RCP8.5, which make LULCC an
indispensable forcing to take into account in future climatic assessments. Finally, our study reveals significant
indirect atmospheric processes triggered by LULCC, implying substantial changes in incoming radiation,
which dominate climatic responses over the direct effects, particularly in boreal regions.

Plain Language Summary Trees affect climate not only by modulating greenhouse gases
sequestration but also by regulating the exchange of energy, heat, water, and momentum with the
atmosphere. However, few studies quantified, in a consistent way, all the latter perturbations for a realistic
deforestation scenario or with several models. Analyzing five earth system models, for a common future
business-as-usual land use and land cover changes (LULCC) scenario, we show that significant atmospheric,
radiative, and hydrologic changes are robustly simulated. Among others, the weakened hydrological cycle
and the wind strengthening due to tropical deforestation are comparable in magnitude to the projected
changes induced by greenhouse gases. Our investigation also reveals significant indirect atmospheric
processes triggered by LULCC, implying substantial changes in incoming radiation, which dominate climatic
responses over the direct effects (albedo, evapotranspiration, or roughness changes), particularly in boreal
regions. In consequence, LULCC are a critical forcing that needs to be taken into account for future
climatic assessments.

1. Introduction

Land use and land cover changes (LULCC) through deforestation, reforestation, or conversion of natural
vegetation occur principally for urbanization and agriculture. LULCC have a recognized effect on climate,
both in terms of changes in the vegetation and soil carbon and nitrogen cycles (biogeochemical effects)
and variations of the biophysical properties of the land cover like albedo, evapotranspiration efficiency,
and roughness (biophysical effects, hereafter “BPH” effects) [Pielke et al., 1998; Betts, 2000; Bala et al., 2007;
Bathiany et al., 2010; Anderson-Teixeira et al., 2012; Mahmood et al., 2014]. BPH effects of LULCC have been
studied in many observational and modeling studies (see reviews and references therein: Pielke et al.
[2011], Mahmood et al. [2014], and Bright [2015]). With growing sophistication of the land component of
global climate models, two categories of biophysical forcing mechanisms in response to LULCC can be
identified: radiative forcing (through albedo changes) and nonradiative forcing (in response to changes in
evapotranspiration efficiency and aerodynamic resistance) [e.g., Davin and de Noblet-Ducoudré, 2010;
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Intergovernmental Panel on Climate Change (IPCC), 2013]. Overall, modeling studies agree that regional defor-
estation in boreal and temperate regions mainly increases the surface albedo (i.e., biophysical cooling),
whereas deforestation in the tropics leads to a weakened latent heat flux from evapotranspiration (biophy-
sical warming) [Bonan et al., 1992; Betts, 2000; Bathiany et al., 2010; Pielke et al., 2011; Mahmood et al., 2014;
Devaraju et al., 2015b; Lawrence and Vandecar, 2015]. When aggregated at global scale, model intercompar-
ison exercises found that biophysical effects of historical LULCC [e.g., Pitman et al., 2009] and future LULCC
[Brovkin et al., 2013] are globally not significant, with a large spread among models [Boisier et al., 2012], while
responses at the regional scale were significant [e.g., Pitman et al., 2009; Brovkin et al., 2013; Boysen et al.,
2014]. Modeling studies performing idealized large-scale LULCC have shown significant changes in the mean
regional climate [Pielke et al., 2011; Mahmood et al., 2014; Lawrence and Vandecar, 2015]. Moreover, the
latitudinal dependence of BPH seems to emerge as a key feature raised both by observational [Lee et al.,
2011; Zhang et al., 2014; Li et al., 2015; Alkama and Cescatti, 2016] and modeling studies [e.g., Bala et al.,
2007; Davin and de Noblet-Ducoudré, 2010; Devaraju et al., 2015b; Li et al., 2016; Perugini et al., 2017].

Except for experiments in intercomparison exercises (e.g., model intercomparison projects Land-Use and
Climate, IDentification of robust impacts LUCID and LUCID-Coupled Model Intercomparison Project Phase
5 (CMIP5)), modeling studies are either limited to one global climate model, to one idealized LULCC scenario
(e.g., 50%/100% deforestation [Davin and de Noblet-Ducoudré, 2010; Lejeune et al., 2014]) and/or focus on one
key region (e.g., Amazon basin [see Lejeune et al., 2014; Lorenz and Pitman, 2014; Lawrence and Vandecar,
2015, and references therein]), thereby possibly overestimating climatic responses or neglecting the intermo-
del response variability. Moreover, a large majority of these studies analyze chiefly temperature and precipi-
tation changes [e.g., Claussen et al., 2001; Bala et al., 2007; Pongratz et al., 2010; Brovkin et al., 2013; Boysen
et al., 2014; Devaraju et al., 2015a, 2015b], but the investigations of the perturbation of energy, heat, moisture,
and momentum balances together are not widespread. Finally, feedbacks with the atmosphere triggered by
LULCC and their influence on the local climatic changes are subject to debate [Pielke et al., 2011; Mahmood
et al., 2014]. Thus, many questions remain open regarding the response of local, regional, and global climate
to changes in biophysical surface properties induced by LULCC. Using data from LUCID-CMIP5 project, our
study aims to provide a comprehensive analysis of BPH effects of future LULCC, calculating corresponding
changes in temperature, precipitation, pressure and hydrological variables, radiative and heat fluxes, cloudi-
ness, and winds. In this line, this study attempts to address the following questions:

1. What are the robust global and regional BPH effects simulated in response to future LULCC? Are they
consistent with findings from previous regional studies?

2. What are the physical mechanisms behind simulated BPH changes?
3. Can we identify atmospheric feedback and/or remote effects in response to LULCC?

In section 2, we present the models and their simulations, together with the analysis carried out on the
modeled outputs. Section 3 shows the results per atmospheric variable and notable climatic features.
Readers should be aware that in this section, wemainly discuss the net responses to LULCC above substantial
land used areas. This means that in the same region or latitudinal band where both afforestation and
deforestation take place, we will analyze their combined influence on climate. However, to be able to
compare our results with the existing literature and to highlight other robust features, we will also quantify
the impacts resulting from either deforestation or afforestation in parts of the Discussion (section 4).

2. Methods

Results from the five earth systemmodels (ESM) involved in both the Coupled Model Intercomparison Project
Phase 5 (CMIP5) and LUCID-CMIP5 are considered: Canadian Earth System Model version 2 (CanESM2),
Institut Pierre-Simon Laplace-Climate Model version 5A-low resolution (IPSL-CM5A-LR), Hadley Centre
Global Environmental Model version 2 Earth System (HadGEM2-ES), Model for Interdisciplinary Research on
Climate ESM (MIROC-ESM), and Max-Planck-Institut ESM low resolution (MPI-ESM-LR) (see Table 1, hereafter
called “LUCID-CMIP5 models”). For each model, two sets of simulations are analyzed. The first set includes
RCP8.5 simulations from CMIP5, corresponding to a Representative Concentration Pathway leading to a
radiative forcing of 8.5 W/m2 in 2100. In this scenario, cropland and pasture areas increase at the expense
of forests (see tree fraction changes in Figure 1). Those changes are mostly driven by an increasing global
population and food demand [van Vuuren et al., 2011]. The second set includes L2A85 simulations
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performed within the framework of the LUCID-CMIP5 project. They correspond to runs with prescribed
atmospheric CO2 concentration and sea-surface temperatures (plus sea ice extent) from the RCP8.5
scenario but without any land use and land cover change (LULCC) after the year 2005. Future biophysical
(BPH) effects due to LULCC are thus calculated from the difference between RCP8.5 and L2A85 (RCP8.5
minus L2A85) simulations averaged over the 2071–2100 period (30 years). Future “LULCC intensity” (or
ΔTreeFrac) is hereafter defined for each model as the net tree fraction changes simulated (treeFrac CMIP5
variable) between the years 2100 and 2006.

Future LULCC is implemented in different ways among CMIP5 models (see Annexes and Table 2 of Brovkin
et al. [2013]). In addition to anthropogenic land cover changes, HadGEM2-ES, MPI-ESM-LR, and MIROC-ESM
models calculate vegetation distribution in response to climate change dynamically which is not the case
for CanESM2 and IPSL-CM5A-LR. Interpretation of land use classes, crop, and pasture areas differs between
the coupled models. A detailed description of land use change maps implementation, and harmonization
of land use change scenarios can be found in Brovkin et al. [2013]. For the RCP8.5 scenario, tree fraction

Table 1. Description of the Five CMIP5 Models Used in LUCID-CMIP5, Atmospheric Horizontal Resolution (Longitude × Latitude), and Standard Abbreviations of
Climate Variables Used for the Analysisa

LUCID -CMIP5
Model
Acronym

Model
Resolution

Institute,
Country

Variables

TS TAS PR PSL ZG WAP RSDS RLDS RSUS RLUS HFSS HFLS CLT WSPD MRSOS

CanESM2 2.8° × 2.8° CCCMA, Canada X X X X X X X X X X X X X X X
HadGEM2-ES 1.3° × 1.9° MOHC/INPE, UK X X X X X X X X X X X X X X
IPSL-CM5A-LR 1.9° × 3.8° IPSL, France X X X X X X X X X X X X X X X
MIROC-ESM 2.8° × 2.8° MIROC, Japan X X X X X X X X X X X X X X X
MPI-ESM-LR 1.9° × 1.9° MPI-M, Germany X X X X X X X X X X X X X X

aA cross is shown when both RCP85 (RCP85 runs from CMIP5, with land use and land cover changes) and L2A85 (L2A85 runs from LUCID-CMIP5, without land
use and land cover changes and prescribed CO2 concentrations of RCP85) outputs were available.

Figure 1. Tree fraction cover (%) changes for RCP8.5 scenario between years 2100 and 2006, as simulated by each of the 5 LUCID-CMIP5 models. The red (blue) con-
tours are displayed for values less (greater) than �5% (5%).
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changes simulated by LUCID-CMIP5 models largely agree on a deforestation signal in regions below 20°N,
particularly in South America, South Africa, and southeastern Australia (see Figure 1). By contrast, models
do not show a similar agreement in northern temperate or boreal regions: the models that do not include
a dynamical representation of natural vegetation changes alongside anthropogenic disturbance (CanESM2
and IPSL-CM5A-LR) simulate a slight boreal deforestation while the other models including this dynamical
representation (HadGEM2-ES, MPI-ESM-LR, and MIROC-ESM) exhibit an expansion of forest until 2100. The
models agree however on a slight expansion of forest around western Europe and U.S. Midwest until 2100
(Figure S1 in the supporting information, black dots depict 100% agreement with respect to the sign of the
anomaly among the five models). The implementation of LULCC in each model contributes to the spread in
BPH projected changes that are discussed in section 4.

In order to analyze a wide range of future BPH responses to LULCC, 15 climate variables were selected
(standard CMIP5 abbreviations are used; Table 1): skin temperature (TS), 2 m air temperature (TAS),
precipitation (PR), sea level pressure (PSL), geopotential height at 500 hPa (ZG500), vertical velocity at
500 hPa (WAP500), surface downwelling shortwave and longwave radiative fluxes (RSDS and RLDS),
surface upwelling shortwave and longwave radiative fluxes (RSUS and RLUS), sensible and latent heat

Figure 2. Simulated annual ENS-CMIP5 BPH changes in variables due to future LULCC in the boreal regions (blue), temperate regions (orange), or tropics (red), for
the 2071–2100 period (under RCP8.5 scenario). Changes are averaged over grid points having experienced more than 5% change in tree fraction. Each symbol
represents a model response and 95% confidence intervals calculated among grid cells of the same region (lower x axis). From left to right, symbols are for
CanESM2, IPSL-CM5A-LR, HadGEM2-ES, MPI-ESM-LR, and MIROC-ESM. The empty (filled) symbols indicate model regional values obtained on less (more) than 50
gridcells satisfying the |ΔTreeFrac| > 5% threshold (see Table S1). The grey line represents the zonal ensemble-mean averages (based on upper x axis from 0°N to
70°N) calculated over grid points with |ΔTreeFrac| > 5% and the envelope the corresponding 95% confidence intervals calculated among all the latitudinal
grid points of the models. From left to right and from top to bottom, climate variables are: near-surface air temperature (TAS in°C), sea level pressure (PSL in Pa),
geopotential height (ZG500 in m) and vertical velocity at 500 hPa (WAP500 in Pa/s, positive values mean subsiding anomalies), surface downwelling shortwave and
longwave radiation (RSDS and RLDS in W/m2), latent and sensible heat flux (HFLS and HFSS in W/m2), near-surface wind speed (WSPD in m/s), precipitation
(PR in mm/d), total cloud fraction (CLT in %), and moisture in upper portion of soil column (MRSOS in kg/m2).
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flux (HFSS and HFLS), total cloud fraction (CLT), near-surface wind speed (WSPD, calculated as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
UAS2 þ VAS2

p
where UAS and VAS are the eastward and northward components of near-surface wind

speed, respectively), and moisture in the upper portion of the soil column (MRSOS). Table 1 describes
the availability of these variables among the models: 13 of these variables are available from all five
models, while for the remaining two (WAP500 and MRSOS), outputs could only be retrieved for four
models. “ENS-CMIP5” or ensemble-mean will refer to the average of BPH changes among all the
available models. We investigate the climatic BPH responses induced by the future net changes in
forest cover, assessing them for each model and above areas with different LULCC intensity (see Table S1
in the supporting information for the number of gridcells simulated by each model given some
different ΔTreeFrac thresholds).

To assess likely impacts of future LULCC, we study here the significant BPH responses of the ensemble-mean
changes. For regional ensemble averages and to estimate 95% confidence intervals, we use a Student’s t test
accounting for autocorrelation [Zwiers and Von Storch, 1995] (see grey curves and individual uncertainty bars
in Figures 2 and 3a–3c). Additionally, BPH changes are found significant at grid cell scale when (i) at least 75%
of the models agree on the sign of the ENS-CMIP5 anomaly (i.e., depending of model availability: at least,
three models out of three, three models out of four, or four models out of five; see Table S1) and (ii) ENS-
CMIP5 change is significant at the 95% level through a Mann-Whitney-Wilcoxon (MWW) test performed on
30 year simulations (RCP8.5 versus L2A85). Statistical significance in Figures 5 and 6 (black dots), 3d–3f, 4,
and S2–S5 (black contours) is determined by the MWW test. This significance test is commonly used in regio-
nal climate studies [Haensler et al., 2013; Jacob et al., 2014; Pfeifer et al., 2015] and has the advantage to not
presume the distribution shape of a given variable [Hollander and Wolfe, 1999]. Normalized values in Figure 5
(seasonal BPH effects) are calculated with respect to mean and standard deviation of global annual
ensemble-mean BPH changes on grid cells with |ΔTreeFrac| > 5%, for each variable and each model. For
Figure 6 (BPH sensitivity to LULCC intensity), normalized values are calculated with respect to mean and stan-
dard deviation of global annual ensemble-mean BPH changes, for each variable and each model. In order to
assess relations between BPH effects and ΔTreeFrac, the loess package in R [Cleveland et al., 1992] is used to fit
locally weighted scatterplot smoothing and calculate the corresponding 95% confidence intervals (Figure 7).
We also report and accordingly discuss as low-representative the ENS-CMIP5 values when some models simu-
late less than 50 gridcells in a region for a given LULCC threshold (empty dots in Figures 2 and 3 and dotted
lines in Figure 7).

For the regional assessment, the BPH changes are calculated on continental grid points of three main climatic
zones defined as “boreal” (latitude ≥ 50°N and ≤ 50°S), “temperate” (20°N ≤ latitude ≤ 60°N and
60°S ≤ latitude ≤ 20°S), and “tropics” (20°S ≤ latitude ≤ 20°N).

Figure 3. ENS-CMIP5 BPH changes in skin temperature (TS), surface upward shortwave, and longwave radiation (RSUS and RLUS). (a–c) Similar to Figure 2 but for TS,
RSUS, and RLUS respectively. (d–f) Similar to Figure 4 but for TS (°C), RSUS (W/m2), and RLUS (W/m2).
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3. Results
3.1. Large Climate Picture of Future LULCC-Biophysical Impacts
3.1.1. Effect on Atmospheric Variables
Figure 2 (top row) shows annual biophysical changes in TAS, PSL, ZG500, andWAP500 for areas with substan-
tial future LULCC (|ΔTreeFrac| > 5%). On average, LULCC lead to small biophysical cooling in boreal and
temperate regions of about�0.15°C and�0.08°C, respectively, while in the tropics, the change in TAS is zero
on average (~0.0°C). Note that MIROC-ESM has a substantial BPH near-surface cooling response at global
level, especially in tropics (~ �0.25°C), which is not the case for the other four models (see section 4.6 for
the detailed model responses). However, all five models agree on an increase in skin temperature TS
(+0.20°C on average; see Figure 3a). Zonal TAS changes for ENS-CMIP5 indicate cooling toward northern areas
reaching up to �0.6°C around 70°N (Figure 2). This temperature gradient is even more pronounced for skin
temperature TS (see Figures 3a and 3d). The IPSL-CM5A-LR model however differs in sign from the mean
result showing slight near-surface warming in boreal (albeit with less than 10 gridcells; see Table S1) and
temperate regions (+0.08°C and +0.12°C, respectively). Spatial patterns of BPH changes in annual tempera-
tures are shown in Figure 4. BPH TAS cooling is found mainly located in northern Africa and southern
Middle East (up to �0.3°C), Australia (up to �0.7°C), and northern Europe (up to �0.3°C). This biophysical
cooling is slightly more pronounced above continental areas (�0.06°C) and above boreal areas with

Figure 4. Spatial patterns of annual ENS-CMIP5 BPH changes in response to future LULCC for 2071–2100 (RCP8.5 scenario). Only continental grid points where at
least 75% of the models have similar sign anomaly are displayed. The black contours depict regions where at least 75% of the models have similar sign anomaly,
and the ensemble mean is significant at 0.05 level in a Mann-Whitney-Wilcoxon test. Ocean grid points are masked by grey shading. The black and red numbers in
the bottom left corner indicate land + ocean and land-only averages for each variable changes, respectively.
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increase in tree cover (�0.09°C on areas with ΔTreeFrac> 0%) than globally (�0.03°C; see bottom left corners
in Figure 4). Moreover, no significant biophysical near-surface warming occurs except in northern parts of
Brazilian Amazon rainforest, of East Asia and of western Africa (0.1–0.2°C on annual average, enhanced in
autumn; see Figure S5). By contrast, significant and robust skin temperature TS increases are found above
tropical deforested areas like eastern South America, western and southern Africa, and eastern Australia,
up to 0.6°C (see also section 4.2 for differences in the simulated TS and TAS responses; Figure 3d).

Surface pressure PSL increases significantly up to 0.3 hPa mainly in northern latitudes around northeastern
America, northern Africa, and central Asia (Figure 4). These relatively higher pressures are co-located with
denser air due to colder surface temperatures and are stronger on continental areas (+0.04 hPa for land
versus +0.01 hPa for land + ocean; Figure 4). Models also simulate an increase in geopotential height ZG at
500 hPa of about 0.9 m globally and on land areas. This is robust among models in tropical areas, southern
Australia and some temperate regions like northeastern U.S. The simulated changes in vertical velocity at
500 hPa (WAP500) are negligible at global level (0.0 Pa/s on average) but are significant in eastern

Figure 5. Normalized ENS-CMIP5 BPH changes for each season (winter, DJF; spring, MAM; summer, JJA; autumn, SON)
(a) globally, (b) in the boreal regions, (c) in the temperate regions, and (d) in the tropics, for 2071–2100 (RCP8.5 scenario).
Changes are averaged over grid points having experienced more than 5% change in tree fraction. For normalization of
each variable andmodel response, the standard deviation of global annual BPH changes for |ΔTreeFrac|> 5% is considered
(see section 2). The x axis corresponds to each of the 12 climate variable considered. The filled colored circles represent
≥75% model agreement, and the black dots are added when values are also significant at 0.05 level through Mann-
Whitney-Wilcoxon test. The annual normalized values are indicated for each variable by means of the black segments.

Journal of Geophysical Research: Atmospheres 10.1002/2016JD025448

QUESADA ET AL. CLIMATIC EFFECTS OF FUTURE LULCC 5119



equatorial South America and Africa (+0.5 Pa/s on average, a positive sign being synonym of
subsidence anomalies).
3.1.2. Effect on Heat Flux and Radiative Variables
Figure 2 (middle row) shows annual changes in heat fluxes and radiative variables (RSDS, RLDS, HFLS, and
HFSS) for area with substantial future LULCC (|ΔTreeFrac| > 5%). In tropical regions, ENS-CMIP5 incoming
shortwave and longwave downward radiations (RSDS and RLDS) increase by 1.0 W/m2 and 0.3 W/m2, respec-
tively. Despite variability between models with respect to the sign of the response, all LUCID-CMIP5 models
agree on an increase of the total incoming radiation (RSDS + RLDS) in tropical areas of |ΔTreeFrac| > 5%
(+1.3 W/m2 on average).

In the tropics, ENS-CMIP5 latent heat flux HFLS and sensible heat flux HFSS are responsive to LULCC with a
decrease by 1.3 W/m2 and a slight increase by 0.2 W/m2, respectively. Around the Brazil region, models agree
on decreases of HFLS and increases of HFSS (up to �4.8 W/m2 and +3.8 W/m2 locally, respectively; see

Figure 6. Normalized ENS-CMIP5 BPH changes for differentΔTreeFrac thresholds (in terms of 2100minus 2006 tree fraction
changes ΔTreeFrac: in green >0%, >5%, and >10% “re-afforested /afforested grid points” and in purple <0%, < �5%, and
< �10% “deforested grid points”) (a) globally, (b) in the boreal regions, (c) in temperate regions, and (d) in tropics, for
2071–2100 (RCP8.5 scenario). For normalization, the standard deviation of global annual BPH changes of each variable and
each model is considered (see section 2). The x axis corresponds to each of the 12 climate variable considered. The filled
colored triangles represent ≥75% model agreement, and the black dots are added when values are also significant at
0.05 level in a Mann-Whitney-Wilcoxon test. Note that some models are not represented when they do not simulate any
gridcell satisfying ΔTreeFrac thresholds (see Table S1).
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Figure 4), particularly during March-April-May (MAM) and September-October-November (SON) (see Figures
S3 and S5). All models also agree on a decrease of the sum of these two heat fluxes (i.e., HFSS + HFLS) by
�1.0 W/m2 on average in tropics.

In parallel of those increased incoming radiation and decreased turbulent heat fluxes, all models simulate an
increase of reflected solar radiation RSUS and an increase of upward longwave radiation RLUS, on average by
+1.0 W/m2 and 1.3 W/m2, respectively (see Figures 3b and 3c).

In temperate regions, areas with |ΔTreeFrac| > 5% exhibit on average decreases in HFSS but no conclusive
changes for HFLS (Figure 2). However, similar to the tropics, all LUCID-CMIP5 models agree on a decline of
turbulent fluxes (HFLS + HFSS) across deforested temperate regions. In boreal regions, ENS-CMIP5 changes
in HFSS and HFLS are rather small: 0.3 W/m2 and �0.3 W/m2 on average, respectively (Figure 2).

We also find that for all models, substantially reforested areas (ΔTreeFrac > 5%) in temperate regions are
cooler (TS differences of �0.21°K on average), with more turbulent heat fluxes (+1.70 W/m2 for
HFLS + HFSS) and less reflected solar radiation (�0.69 W/m2 for RSUS) compared to substantially deforested
areas (ΔTreeFrac < �5%) there (not shown).
3.1.3. Effect on Winds
LULCC has strong effects on wind speeds as reflected by WSPD patterns in Figures 2 and 4. All LUCID-CMIP5
models simulate an increase of 0.09 and 0.15 m/s on average, in temperate and tropical regions, respectively
(Figure 2). Figure 4 shows wind speed increases up to +0.5 m/s mainly along the eastern coasts of the
southern hemisphere continents (eastern Brazil, southeastern Africa, and eastern Australia) but also in
western Africa. In temperate regions, wind speed increases are smaller than in the tropics. Temperate regions
around 30°–50°N (e.g., U.S. Midwest, northern Africa, and some parts of western Europe) show WSPD
decreases (up to ~ �0.15 m/s for zonal averages of ENS-CMIP5; Figure 2) while temperate regions around
20–30°N show WSPD increases (up to +0.15 m/s; Figure 2). In contrast, boreal regions do not respond with
significant changes in wind speed due to future LULCC (Figures 2 and 4). At global scale, wind speeds are
slightly increased by 0.03 m/s on land areas and by 0.01 m/s on land + ocean areas (Figure 4).
3.1.4. Effect on Hydrology
LULCC not only alter radiative, momentum, and energy balance but also the hydrological balance through
changes in climate variables such as PR, MRSOS, and CLT (Figure 2, bottom row). ENS-CMIP5 shows a decrease
in tropical annual precipitation of about �0.07 mm/d. Small parts of the Brazilian Amazon rainforest and of
southern and western Africa indicate significant decreases in annual precipitation due to future LULCC
(�0.1/�0.2 mm/d; Figures 2 and 4). However, changes in PR are not consensual among models in temperate
and boreal regions (Figure 2). Global and land-only changes are close to zero (0 and �0.01 mm/d, respec-
tively; Figure 4).

At annual scale, declines in soil-moisture MRSOS are found in the southern Amazon as well as in major parts
of southern subtropical Africa and eastern China (an average tropical depletion of 0.35 kg/m2 is found above
substantially deforested areas). At global and continental scales, ENS-CMIP5 MRSOS decreases (�0.1 kg/m2;
Figure 4). This soil-moisture depletion is particularly marked in all models during June-July-August (JJA)
season (Figure S4) in the above mentioned regions but also in continental Europe (up to �1 kg/m2),
Canada (up to �1 kg/m2), Alaska (up to �0.8 kg/m2), and eastern Asia (up to �1.1 kg/m2).

With regard to cloud fraction changes, models simulate a decrease on average in tropical CLT (�0.4%).
Significant decreases up to 1% are simulated across northern South America and southern Africa
(Figure 4). There are also significant CLT increases simulated in western U.S. (~ +0.6% on average above
significant areas), the desert regions of northern Africa (~0.4%), and the Southern Cone of South
America (~1.0%).

3.2. Seasonal Biophysical Responses

Figure 5 summarizes the normalized responses of each biophysical variable to future LULCC above areas with
substantial LULCC (|ΔTreeFrac| > 5%), for each season (December-January-February (DJF) in blue, MAM in
green, JJA in red, and SON in yellow) and each climatic zone (in Figures 5a–5d). Interestingly, rather than
temperature and precipitation, the most significant BPH responses among seasons are (i) increase in wind
speed WSPD (all seasons, in temperate and tropical regions), (ii) increase in solar irradiance RSDS (in MAM
and JJA in the tropics), and (iii) decrease of tropical latent heat flux HFLS (particularly in spring), clouds (in
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DJF and SON), and surface soil-moisture MRSOS (all seasons). Subsidence is also enhanced in the tropics
during DJF and JJA (significant positive values for WAP500). Moreover, above areas with substantial land-
use, all models agree on boreal biophysical cooling in autumn (SON). In DJF, concomitantly with
deforested areas, the tropics display a significant perturbation of the hydrological cycle (Figure 5d): less
soil moisture, less evaporation, and less precipitation and clouds (see section 4.4).

Highest variation among seasons is found for pressures variables (PSL/ZG500) reaching an intraannual 2
standard deviation in boreal region (Figure 5b). DJF and MAM seasons with 10 significant seasonal BPH
responses are the most affected seasons and JJA the least affected.

3.3. Biophysical Response Versus LULCC Intensity

We investigate also the relationship between BPH responses and LULCC intensity for the main climatic zones.
Figure 6 is similar to Figure 5 but analyzing BPH changes averaged on grid points with different degrees of
LULCC (i.e., for ΔTreeFrac >0%, 5%, and 10% and for ΔTreeFrac <0%, �5%, and �10%). Note that the
continuous relationship between local changes for each variable and ΔTreeFrac is displayed in Figure 7.
The relationships between climate responses and LULCC intensity are nonlinear. In the majority of cases,
when deforestation (Figure 6, purple triangles) increases in magnitude, BPH responses are amplified but
much less when expansion of forest increases (green triangles).

In the tropics, for 12 out of 15 variables (TS, PR, PSL, ZG500, WAP500, RSDS, RSUS, RLUS, HFLS, CLT, WSPD, and
MRSOS), the changes resulting from deforestation are significant if the LULCC perturbed area is larger than
5% (Figures 6d and S6). Tropical hydrological cycle is simulated to be significantly perturbed: rainfall, surface
soil moisture, and cloudiness decrease with substantial deforestation. Surprisingly, rainfall and latent heat
flux also decrease significantly above areas with expansion of forests (see Figure 6d; among the models,
between 9 and 430 gridcells are affected by ΔTreeFrac> 0%; see Table S1), but themagnitude of the changes
is smaller and does not significantly change with the intensity of LULCC (see section 4.6).

In the temperate regions, irrespective of the sign and intensity of forest changes, a small biophysical cooling
is simulated by four out of five LUCID-CMIP5 models (Figure 6c). On average, surface pressure and geopoten-
tial height (PSL and ZG500) are also showing positive changes independently of the sign and magnitude of
forest changes. Other significant signals are detected: an increased subsidence, solar incoming and solar
outgoing radiation (WAP500, RSDS, and RSUS) with increasing forest cover, and a strong negative

Figure 7. Relation between BPH changes in response to future LULCC (y axis) and tree fraction changes (x axis, between 2100 and 2006) for all grid points of the five
LUCID-CMIP5 models together. For each variable, local polynomial regression fitting (LOESS fit curves) with 95% confidence-intervals for boreal (blue envelope),
temperate (orange), and tropical (red) regions are displayed for ΔTreeFrac> 0% and ΔTreeFrac< 0% separately. The dotted (bold) curve portions indicate ΔTreeFrac
ranges for which less than four models (all the five models) are available.
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correlation between changes in wind speed WSPD and LULCC intensity (Figures 6c and S6g). In this climatic
zone, nonsignificant responses of other variables are simulated.

In the boreal regions, we show that areas with increase (decrease) in tree cover tend to experience biophy-
sical cooling (nonsignificant biophysical cooling, see TAS in Figure 6b). Other significant signals involve solar
irradiance (RSDS) that decreases with local increase in forests larger than 5% and wind speed (WSPD) that
increases with local deforestation (and decreases with expansion of forest; see Figure 5b). All other variable
changes exhibit nonsignificant changes in the boreal region.

4. Discussion

With our analysis of the BPH impacts of future LULCC on 15 climate variables around 2071–2100 (RCP8.5
scenario) we aim to develop a wide multimodel climate picture of biophysical effects in response to a
“reasonable” [Pielke et al., 2011] future LULCC scenario, which substantially broadens previous analyses.
Contrary to many studies focusing on one model or one idealized land cover change scenario, the BPH
climate responses studied here represent the likely climatic impacts of a plausible future LULCC scenario
applied to five different ESMs (Figure 1). As other added values, we disentangle results among models,
seasons, latitudes, and LULCC intensity, bringing more physical elements to explain simulated BPH changes.
We also consider here the net response to combined future LULCC, including both afforestation as well as
deforestation, while most existing studies favor one or the other change. Note that we define “direct effects”
as the biophysical effects due to LULCC implying changes in albedo, roughness, and evaporation efficiency,
while “indirect effects” in response to LULCC describe the changes in, e.g., incoming solar radiation, incoming
longwave radiation, air temperature, and humidity [e.g., Chen and Dirmeyer, 2016].

4.1. A Latitudinal Temperature Gradient

The latitudinal gradient of BPH effects on temperature previously put forward in the literature for regional or
local complete deforestation [e.g., Davin and de Noblet-Ducoudré, 2010; Lee et al., 2011] highlights opposite
TAS responses to deforestation (respectively afforestation) between the tropics and boreal regions. This is
also what we find here under future global LULCC scenario (from 0.1°C around the equator to�0.6°C around
70°N, on average above areas with substantial LULCC).

This gradient has been attributed to a gradual change in the relative contributions of evapotranspiration
efficiency, roughness, and albedo contributions with latitude [Davin and de Noblet-Ducoudré, 2010]. Albedo
changes tend to be negatively correlated with ΔTreeFrac, which are amplified by a snow-masking effect in
winter in northernmost regions [Betts, 2000; Lee et al., 2011; Pitman et al., 2011; Li et al., 2015]. The effects
of evapotranspiration efficiency and roughness changes, usually opposite to the albedo effect, tend to be
higher in tropical forests compared with temperate or boreal ones [Bonan, 2008; Davin and de Noblet-
Ducoudré, 2010]. Although these direct effects can be important, we however find that indirect atmospheric
processes could be dominant to explain the temperature changes in the boreal region (see section 4.6 and
Text S1 in the supporting information).

The small global biophysical cooling simulated here (�0.03°C) has been found of similar magnitude in other
studies that only deforested the tropics (�0.04°C on average globally [Claussen et al., 2001; Davin, 2008;
Devaraju et al., 2015b; Brovkin et al., 2015]). However, while we did not find a mean change in tropical surface
air temperatures, we actually do find an increase in tropical skin temperature for all models (see section 4.2).
Moreover, significant near-surface warming in the northwestern regions of the Brazilian Amazon or western
Africa (up to 0.2°C; Figure 4) is more in line with previous studies considering local or regional tropical
deforestation experiments [see, e.g., Lejeune et al., 2014; Lawrence and Vandecar, 2015].

Global BPH temperature changes are similar to those found in studies accounting for historical LULCC
([Pongratz et al., 2010]:�0.03/0.04°C for global and land-only averages; [Davin et al., 2007]:�0.05°C) or future
LULCC ([Davin et al., 2007]: �0.14°C). Even if global BPH effects on temperature are small compared to all
radiative forcings, future LULCC amplify on average the equator-to-pole temperature gradient calculated
on areas with substantial LULCC (|ΔTreeFrac| > 5%), by 0.4°C annually with some seasonal modulation:
0.2°C only in JJA but 0.7°C in DJF. This modulation of the equator-to-pole temperature gradient is known
to be associated with shifts in atmospheric features and poleward heat transport [Lorenz, 1984; Marshall
and Plumb, 2007] which in turn affect substantially the regional climates (see section 4.5).
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4.2. A Near-Surface Atmospheric Cooling Feedback

Figure 8 shows the changes in TAS � TS (near-surface air temperature minus skin temperature) for each
model and each region above deforested areas (ΔTreeFrac < 0%). We find that in temperate and tropics,
all models simulate cooler near-surface atmospheric temperature than skin temperature above deforested
areas (on average, �0.20°K in tropics for ΔTreeFrac < �5% at annual scale). This is also valid during all
seasons and stronger for tropical and relatively bigger deforested areas (see Table S2).

This result is consistent with Prigent [2003], who found that greater skin-to-near-surface temperature gradient
are consistent with more aerodynamic resistant land covers (e.g., crops versus forest), less soil moisture, and
higher sensible heat flux. This result however is not clearly seen in observation studies as Lee et al. [2011]
found no significant differences between changes in observed surface air and skin temperatures in open land
versus in forested sites.

Note that MIROC-ESM, which simulates the strongest BPH cooling at global level (Figure S7), is also the model
simulating the strongest near-surface cooling effect (TAS � TS) (Figure 8). This aspect deserves further inves-
tigation as reconstruction methods of direct effects of LULCC based on field observations or satellites
(neglecting indirect effects in response to deforestation) could lead to systematic biases compared to global
coupled simulations [Perugini et al., 2017].

4.3. Strongest BPH Responses

Our study identifies that the strongest BPH responses to LULCC are simulated (i) in the tropics (namely,
eastern South America, eastern Australia, and South Africa) and to a lesser extent in extratropical regions such
as East Asia and eastern Canada, (ii) during DJF season, and (iii) for wind speed (WSPD, particularly in tropics
and above deforested areas; Figure 6d). It appears also that stronger and more significant BPH responses are
simulated over deforested areas than reforested ones (Figure 5).

WSPD changes are shown to have the highest sensitivity to LULCC as illustrated by Figures 6a–6d. Note that
CMIP5 models simulate an increase of 0.04 m/s in globally averaged monthly wind speed [Dobrynin et al.,
2012] (RCP8.5–HIST, with HIST that corresponds to historical simulations in the 1950–2005 period). Our
LUCID-CMIP5 analysis gives an increase of about 0.03 m/s over the continents in response to future LULCC.
This may imply a large contribution of future tropical deforestation to projected trends in global continental
wind speed. Caused by a reduced friction and a roughness length decrease, this strong and significant signal
is fully consistent in magnitude with other studies [Sud et al., 1996; Schneider et al., 2006; Vautard et al., 2010;
McVicar et al., 2012]. Based on mesoscale simulations of a regional coupled model, Vautard et al. [2010]
claimed that roughness increase following increasing forest cover could have substantially (25–60%) led to
observed northern hemisphere stilling in last 30 years (�0.3m/s [Bichet et al., 2012] or�0.4 m/s [McVicar et al.,
2012] in total for surface wind speeds). Our study shows that (i) regional near-surface wind speeds can be
locally enhanced by +1 m/s per total forest removal in the temperate and tropical regions (sensitivity calcu-
lated on (�20% to 0%) ΔTreeFrac range; see also Figure 7 for ΔWSPD) but (ii) opposite LULCC signals in
temperate regions lead to rather small decrease (�0.1 m/s) in near-surface wind speed around 30°–50°N.
These results may have important implications for wind energy industry, air pollution modeling, and

Figure 8. Changes in (TAS-TS) simulated above deforested areas (ΔTreeFrac < 0%) in response to future LULCC, for each
region (blue for boreal, orange for temperate, and red for tropics) and for each model (x axis). The uncertainty bars
depict the 95% confidence intervals calculated on the basis of the spatial standard deviation and number of the relevant
gridcells. Units: °K.
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erosion. Further coupled simulations with and without recent historical land use change would be needed
to estimate the contribution of LULCC to regional wind speed trends and to separate these from other
causes such as weakened equatorial-polar thermal gradient or large-scale circulation changes [McVicar
et al., 2012].

4.4. A Substantial Perturbation of the Hydrological Cycle

Our results also confirm findings previously obtained with LULCC scenarios or deforestation experiments that
tended to show either nonsignificant [Pitman et al., 2009; de Noblet-Ducoudré et al., 2012; Brovkin et al., 2013]
or small reduction in global precipitation, mainly in the tropics [Snyder, 2004; Bathiany et al., 2010; Medvigy
et al., 2010; Lejeune et al., 2014; Devaraju et al., 2015a]. Modest decreases simulated here over deforested
areas of Amazon (up to �5% maximum; Figure 4) are however much lower than the reduction in precipita-
tion in response to LULCC found in idealized deforested scenarios (roughly �15% or �1 mm/d in annual
rainfall [Lejeune et al., 2014; Lawrence and Vandecar, 2015]).

The relative decreases of tropical PR, MRSOS, CLT, and HFLS can be explained by the decrease in vegetation
cover that further decreases transpiration as herbaceous vegetation tends to have shallower roots and less
water interception [Bonan, 2008]. Decreases in latent heat flux HFLS above tropical deforested areas of
�10 W/m2 for complete deforestation are consistent with some literature values for Amazonian idealized
deforestation (for example,�11.5 W/m2 in Lejeune et al. [2014]) although values of�30 W/m2 have also been
found above the Amazon region [Snyder, 2010]. As soil moisture corresponds to the accumulation/depletion
of precipitation minus evaporation minus runoff, we calculate that tropical MRSOS decreases (~ �0.3 kg/m2)
after tropical deforestation are more dominated by the precipitation decrease (�0.07 mm/d on average) than
the evapotranspiration decrease (�0.04 mm/d) and the total runoff decrease (~ �0.01 mm/d, mrro CMIP5
variable). This explains in our simulations the soil-moisture depletion above tropical deforested areas.

Furthermore, the tropical soil-moisture depletions simulated in response to LULCC are comparable in magni-
tude to their projected changes induced by greenhouse gases under RCP8.5 scenario (see Figure 12.23 in
IPCC [2013] with [�2; 2] kg/m2 global minimum/maximal range of anomaly values). This clearly indicates that
LULCC is a substantial and critical forcing for any hydrological assessment. As more than 25% of ESM do not
include LULCC (see Table 12.1 in IPCC [2013]), their future regional projections for those variables are possibly
biased and should be analyzed with caution. We not only confirm a perturbation of the hydrological cycle in
the tropics (particularly in monsoon regions [Quesada et al., 2016]) but also show significant MRSOS
decreases in remote regions like Europe, East Asia, and United States especially during summer
(see Figure S4).

In the same line, above temperate deforested areas, our multimodel framework simulates robust decreases
in turbulent heat fluxes (HFLS + HFSS) for all models by ~1 W/m2 (for ΔTreeFrac < �5%) and ~0.3 W/m2

(for ΔTreeFrac < 0%) on average (not shown). This pattern confirms some temperate site-scale results
[Teuling et al., 2010; Baldocchi and Ma, 2013] but also contradicts others [Schwalm et al., 2012], suggesting
the sensitivity of this partitioning pattern to background climate, soil-moisture availability, and land
cover transitions.

4.5. A Positive Tropical Soil-Moisture/Precipitation Feedback

LUCID-CMIP5 models draw the picture of a positive BPH tropical soil-moisture/precipitation feedback due to
LULCC: when tropical deforestation increases (ΔTreeFrac decreases), less evaporation (HFLS) is simulated
which implies less water vapor available to form clouds (CLT) which in turn (i) decreases local precipitation
(PR) and (ii) increases incoming radiation (RLDS + RSDS). These two mechanisms increase the surface drying
(less soil-moisture and precipitation). Figure 9 illustrates this “positive soil-moisture/precipitation feedback”
picture showing large zones in tropical South America and Africa where this particular pattern is clearly simu-
lated. This feedback is amplified by more anticyclonic conditions and increased subsidence in response to
local tropical deforestation (Figure 6d for WAP and ZG500).

In the literature, the prevailing paradigm in tropics and Amazon region is a reduction of soil moisture in
response to deforestation because of less precipitation, less rooting depth, and less water interception
[Pielke et al., 2011; Lejeune et al., 2014; Lawrence and Vandecar, 2015]. This positive soil-moisture/precipitation
feedback could have profound impacts, reducing agricultural yields [Lawrence and Vandecar, 2015], aggravat-
ing droughts [Dirmeyer, 1994], and heatwaves [Quesada et al., 2012].
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Besides, a decent body of literature still
debates the relation between LULCC
and clouds following on from pioneering
observational studies in Australia of
Lyons et al. [1993] and Lyons [2002].
Both cloud responses have been docu-
mented: “more clouds above deforested
areas” [Chu et al., 1994; Cutrim et al.,
1995; Gash and Nobre, 1997; Chagnon
et al., 2004; Negri et al., 2004; Roy, 2009;
Wang et al., 2009] and “less clouds above
deforested areas” [Lyons et al., 1993; Sud
et al., 1996; Lawton et al., 2001; Lyons,
2002; Sampaio et al., 2007; Snyder, 2010;
van der Molen et al., 2011; Spracklen
et al., 2012]. In tropical areas, our multi-
modeling study better supports on aver-
age the “less cloud above deforested
areas” concept as displayed by Figure 9
and CLT/LULCC intensity relation in
Figures 6d and 7. Our estimate is an

~3% decrease in total cloud fraction per total local deforestation in the tropics (calculation based on sensitiv-
ity for ΔTreeFrac in the range [�20%;0%] Figure 7). This pattern is also dependent on the scale of tropical
deforestation that in the ESM and in the RCP8.5 is very large and widespread.

4.6. BPH Response Versus LULCC Intensity: Possible Remote Effects?

It is widely accepted that the impact of removing forests for agriculture depends on the spatial scale of the
change [Lawrence and Vandecar, 2015; Pitman and Lorenz, 2016]. However, to our knowledge, few global
studies addressed the linearity and strength of the relationship between BPH changes and LULCC intensity
[e.g., D’Almeida et al., 2007; de Noblet-Ducoudré et al., 2012;Wickham et al., 2013; Badger and Dirmeyer, 2015].

Observational studies [Lee et al., 2011; Zhang et al., 2014; Li et al., 2015] and regional modeling experiments
[Bonan et al., 1992; Betts, 2000; Claussen et al., 2001; Snyder, 2004; Bala et al., 2007; Bathiany et al., 2010; Dass
et al., 2013; Devaraju et al., 2015b] show biophysical cooling under boreal deforestation and warming under
boreal reforestation. Global, regional, or intermediate complexity climate models simulate biophysical
cooling effect due to increased snow-masking albedo effect in the winter under a reduction of boreal forest
cover. Other biophysical processes such as evapotranspiration efficiency and roughness length decreases
after deforestation are thought to be dominated in this region by large increase in albedo [Bonan, 2008;
Davin and de Noblet-Ducoudré, 2010]. For example, this expected boreal biophysical cooling can reach
�0.8°C [Claussen et al., 2001; Bala et al., 2007] with even higher local responses that can exceed �4°C
[Devaraju et al., 2015b].

However, for four LUCID-CMIP5 models, the boreal TAS changes are opposite to the expected change due to
LULCC: continental warming associated with boreal deforestation (CanESM2 and IPSL-CM5A-LR) and cooling
associated with local expansion of forests (HadGEM2-ES and MPI-ESM-LR). MIROC-ESM simulates the
strongest global biophysical cooling, for each region and during all seasons, above every subcategory
affected by LULCC (ΔTreeFrac < �5%, 0% and ΔTreeFrac > 0%, 5%), indicating strong atmospheric and
sea/ice feedback (see Text S1). Thus, in all cases, even if they are different, atmospheric and indirect feedback
could explain the simulated boreal temperature changes. This tends to indicate a first clue to support the
mechanism of indirect/remote LULCC effects on boreal climate, as discussed below.

In an attempt to quantify the relative sensitivity of temperature changes to different components of the
surface energy balance, Figure 10 shows the relation between continental temperature BPH changes (TS for
Figure 10a and TAS for Figure 10b; x axis) versus ΔRSDS + ΔRLDS, so-called “atmospheric feedback”; ΔRSUS-
ΔRSDS, “solar reflection”; and ΔHFLS + ΔHFSS, “turbulent heat fluxes” (y axis). We find that surface tempera-
ture changes are more influenced by the atmospheric feedback through changes in incoming shortwave

Figure 9. Coupling strength of “positive precipitation/soil-moisture feed-
back” after deforestation; i.e., ratio of annual BPH changes in PR by
MRSOS (units: mm=d

kg=m2) for deforested grid cells (ΔTreeFrac < 0%) is dis-
played where all following conditions for ENS-CMIP5 values are met:
precipitation (PR) decrease, latent heat flux (HFLS) decrease, total cloud
fraction (CLT) decrease, soil-moisture (MRSOS) decrease, and total
incoming radiation (RLDS + RSDS) increase.
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and longwave (ΔRLDS + ΔRSDS)
(r = +0.80/+0.51 for TS/TAS changes)
than by solar reflection (ΔRSUS-
ΔRSDS) (r = �0.59/�0.26) or heat
fluxes (ΔHFLS + ΔHFSS) (r = �0.11/
0.13 not significant), on average.
Furthermore, on average when
surface temperature is increased,
solar reflection (negative fluxes
contribution) is the physical process
that tends to dampen the predomi-
nant atmospheric feedback (positive
fluxes contribution; see Figures 10a
and 10b and blue and red linear
trends). Note that this behavior is
common to the five LUCID-CMIP5
models: the relation atmospheric
feedback versus TS changes is predo-
minant (compared to “solar reflec-
tion” and “heat flux” contributions)
with correlation ranges of [0.7; 0.9]
among models. This relation is parti-
cularly marked in boreal (r = 0.82)
and temperate regions (r = 0.76)
compared to tropics (r = 0.52). In
summary, our results show that, on
average, indirect atmospheric effects
of LULCC on temperature dominate
over direct effects, particularly in
boreal regions.

This could also be in accordance with
an atmospheric mechanism put
forward in the literature: tropical
deforestation tends to dry the surface
and the atmosphere (through less
evaporative flux) and to increase of
the top-of-the-atmosphere albedo,
which can lead to tropospheric dry-
ing and cooling and modify the
amount of atmospheric radiation that
eventually leads to modulate boreal

temperature changes, potentially enhanced by ocean and sea ice feedback [Claussen et al., 2001; Davin
and de Noblet-Ducoudré, 2010; Snyder, 2010]. Regional biophysical responses in temperatures are thus
susceptible to be influenced by global changes driven by more dominant LULCC signal (e.g., tropical
deforestation influence on boreal response).

A second clue for remote effects is that even for areas of negligible boreal LULCC, mean BPH changes are
significantly different from 0. For instance, in Figure 7 for TAS at ΔTreeFrac ~0+ and 0�%, BPH temperature
changes in boreal zones are significantly different from 0 for each model. This can be interpreted as an indir-
ect temperature signal that is at work and particularly visible above regions with almost no LULCC. Moreover,
boreal areas with ΔTreeFrac ~ 0+ are significantly associated with positive anomalies of sea level pressures
and geopotential heights at 500 hPa (blue curves for PSL and ZG500; Figure 7). Similarly, significant decreases
in precipitation, soil moisture, and cloud fraction above tropical areas with ΔTreeFrac ~0+ and 0� tend to indi-
cate also a remote pantropical signal that weakens the regional hydrological cycle (see also section 4.4).

Figure 10. Fluxes contribution (W/m2) to (a) skin and (b) surface air tempera-
ture changes (°K) on land areas. For each model (five different symbols), each
season (DJF, MAM, JJA, and SON) and each region (boreal, temperate, and
tropics), the relation between continental temperature BPH changes (x axis)
versus ΔRSDS + ΔRLDS �(1) “atmospheric feedback” in blue–, ΔRSUS-
ΔRSDS–(2) solar reflection in red–, and ΔHFLS + ΔHFSS �(3) heat fluxes in
green–, is drawn (y axis). Linear trends and corresponding Pearson correla-
tion coefficients values (r) are added for each contribution. A star symbol is
added when the correlation is significant (p < 0.05).
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Third, it is worth noting that grid cells in some regions exhibit a same sign of BPH response whatever the sign
in tree fraction changes is. For instance, BPH temperature changes in temperate and boreal regions are nega-
tive above both deforested and reforested areas (see green and purple triangles for TAS Figure 6d). Likewise,
decreases in tropical PR, HFLS, and CLT are simulated both above deforested and reforested areas (see green
and purple triangles for these variables in Figure 6d). Furthermore, negligible changes of WSPD, MRSOS, and
RSDS among tropical reforested areas are simulated despite a strong sensitivity of these variables to local
LULCC intensity above deforested areas (Figure 6d). These observations indicate that the deforestation sig-
nals in the tropics have a biophysical influence that goes beyond the regions where the LULCC occur.

Finally, significant higher tropospheric geopotential (at 500 hPa) in the Northern Hemisphere (Figure 4) can
also be caused by the presence of teleconnections that could lead, through changes in tropical energy bal-
ance, to significant tropospheric modulations in northern latitudes already reported by some studies [Chase
et al., 2000;Werth and Avissar, 2002; Avissar and Werth, 2005; Snyder, 2010; Badger and Dirmeyer, 2015; Zhang
et al., 2016]. Indeed, single model studies already suggested that LULCC could affect large-scale circulations
through complex modifications of atmospheric winds, strength of Hadley and Ferrel cells [e.g., Claussen et al.,
2001; Bathiany et al., 2010; Davin and de Noblet-Ducoudré, 2010; Snyder, 2010; Devaraju et al., 2015a].

We stress that all calculations presented in this study have also been repeated by scaling every local biophy-

sical change by the local changes in tree fraction (e.g., ΔTAS
ΔTreeFrac with |ΔTreeFrac| > 5%, not shown). No gain in

intermodel robustness is found which could mean that model disagreements in the sign of biophysical
responses are marginally attributable to land cover maps spread among models. However, the magnitude
of biophysical responses can be dependent on the absolute amount of deforestation [Boisier et al., 2012]:
we find that a majority of BPH responses are dampened when initial tree cover in 2006 is higher (i.e., relative
changes in ΔTreeFrac versus TreeFrac in 2006 are small, not shown). We also tested here other LULCC thresh-
olds (e.g., Figure 2 but with |ΔTreeFrac| > 10%, not shown), and results are essentially similar. One main rea-
son to choose 5% rather than 10% threshold for the tree fraction changes is that no grid points in CanESM2
and very few in IPSL-CM5A-LR undergo such changes in boreal regions (Table S1). Snow amount, near-surface
specific humidity, and runoff were initially studied here but their response to future LULCC is overall small
and not significant.

5. Conclusion

This study assesses (i) a large set of climate variables together, (ii) with several global coupled models (i.e.,
model intercomparison exercise), and (iii) with global and plausible scenario of LULCC (i.e., RCP8.5). We find
that models simulate a stronger latitudinal temperature gradient, a near-surface atmospheric cooling feed-
back, a significant weakening of the hydrological cycle, and a positive soil moisture/precipitation feedback,
in response to future LULCC. Tropical changes in hydrological and momentum balances in response to future
LULCC are comparable in magnitude to their future regional changes, which make LULCC an indispensable
forcing to take into account in future climatic assessments. Our study reveals significant indirect atmospheric
processes triggered by LULCC, implying substantial changes in incoming radiation, which dominate climatic
responses over the direct effects. Our findings contribute to the understanding of the physical mechanisms
triggered by LULCC and show that climate models are able to simulate some robust climate perturbations in
response to LULCC. The physical mechanisms behind the indirect atmospheric processes are not apparent
from the simulations and would need further investigation. We suggest that the LULCC-biophysical effects
on climate are not strictly confined to the regions where the changes have occurred. Furthermore, as
LULCC forcing could substantially differ, we recommend that in future assessment of multimodel experi-
ments, scientists carefully differentiate climate models that do have dynamic vegetation from the ones that
do not. This also means that future projections should take into account and assess the relative importance of
biophysical direct and indirect effects of realistic LULCC scenarios.
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