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Abstract15

Deforestation influences surface properties such as surface roughness, resulting in changes16

in the surface energy balance and surface temperature. Recent studies suggest that the17

biogeophysical effects are dominated by changing roughness, and it remains unclear whether18

this can be reconciled with earlier modeling studies that highlighted the importance of19

a reduction of evapotranspiration in the low latitudes and a reduction of net shortwave20

radiation at the surface in the high latitudes. Here, we analyze the local effects of de-21

forestation on surface energy balance and temperature in the MPI-ESM climate model22

by performing three separate experiments: switching from forest to grass all surface prop-23

erties, only surface albedo, and only surface roughness. We find that the locally induced24

changes in surface temperature are dominated by changes in surface roughness for the25

annual mean, the response of the diurnal amplitude as well as the seasonal response to26

deforestation. For these three quantities, the results of the MPI-ESM lie within the range27

of observation-based data-sets. Deforestation-induced decreases in surface roughness con-28

tribute substantially to winter cooling in the boreal regions and to decreases in evapo-29

transpiration in the tropics. By comparing the energy balance decompositions from the30

three experiments, the view that roughness changes dominate the biogeophysical con-31

sequences of deforestation can be reconciled with the earlier studies highlighting the rel-32

evance of evapotranspiration.33

1 Introduction34

Deforestation not only releases large amounts of carbon into the atmosphere (Le35

Quéré et al., 2018), but also influences the surface properties such as surface albedo, sur-36

face roughness, and evapotranspirative efficiency (E. L. Davin & de Noblet-Ducoudre,37

2010). Changes in these surface properties alter the exchange of heat, moisture, and mo-38

mentum between the surface and the atmosphere. It is important to understand the mech-39

anisms by which the changes in the surface properties influence climate, because forest40

management practices (Anderson et al., 2010) or geoengineering strategies (E. Davin,41

Seneviratne, Ciais, Olioso, & Wang, 2014; Seneviratne et al., 2018; Thiery et al., 2017)42

may be designed to alter single surface properties in order to influence climate, in par-43

ticular surface temperature.44

When analyzing the mechanisms underlying deforestation, one must differentiate45

between surface properties and components of the surface energy balance (Fig. 1). Lo-46

cally, deforestation leads to a change in surface properties, e.g. surface albedo may in-47

crease when forest is replaced by brighter grassland. The changes in surface properties48

then translate into changes in the surface energy balance (e.g., less net shortwave radi-49

ation absorbed by the surface, but also changing the latent and sensible heat fluxes) and50

finally changes in surface temperature at the location of deforestation (Fig. 1). The changes51

in components of the surface energy balance and surface temperature that are triggered52

locally at a location of deforestation are henceforth referred to as the ’local effects’. Fur-53

thermore, changes in the physical state of the surface may affect the atmospheric con-54

ditions such as clouds (e.g., Teuling et al., 2017) but also atmospheric temperature and55

humidity (e.g., E. L. Davin & de Noblet-Ducoudre, 2010). Through changes in heat and56

moisture advection, the changes in the atmosphere may not only be seen at the location57

of deforestation but also at locations that were not deforested, thus resulting in changes58

in the surface energy balance at these locations. These remote changes are henceforth59

referred to as ’nonlocal effects’. While the nonlocal effects may dominate the global mean60

response of surface temperature (Winckler, Reick, Lejeune, & Pongratz, 2018), this study61

focuses on the local biogeophysical effects for three reasons: 1) In contrast to the non-62

local effects, the local effects on surface temperature are largely independent of the spa-63

tial extent and location of deforestation (Winckler, Reick, Lejeune, & Pongratz, 2018).64

Thus, the focus on the local effects enables process understanding that is independent65

of (to some extent arbitrary) choices of deforestation scenarios such as historical defor-66
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estation, possible future de/afforestation or idealized large-scale de/afforestation that al-67

ter not only local but also large-scale conditions like the background climate. 2) The lo-68

cal effects on surface temperature are relevant for forest- and other land-based strate-69

gies that aim at locally adapting to a warming climate. 3) The local effects in the cli-70

mate model are relevant for the comparison with, and the interpretation of, observation-71

based data-sets because these by construction exclude any nonlocal effects (Alkama &72

Cescatti, 2016; Bright et al., 2017; Duveiller, Hooker, & Cescatti, 2018a; Li et al., 2015).73

Figure 1. Illustration of how surface temperature is influenced by deforestation. At the loca-

tion of deforestation, changes in surface properties translate into changes in the surface energy

balance (SEB), and these result in changes in the surface temperature (’local effects’). The

changes in the local surface energy balance can trigger changes in the atmospheric conditions,

and these can also propagate to locations without deforestation, influencing the surface energy

balance and the surface temperature there (’nonlocal effects’). The focus of this study (indicated

by yellow) is the relation between changes in surface properties and resulting local effects on the

surface energy balance and the surface temperature.

In order to understand the mechanisms that are responsible for deforestation-induced74

changes in surface temperature, previous studies mostly focused on changes in the com-75

ponents of the surface energy balance. A satellite-based study showed that the local ef-76

fects of deforestation in high latitudes lead to a surface cooling due to a reduction in net77

shortwave radiation at the surface, although some of this cooling is balanced by a reduced78

loss of sensible heat from the surface to the atmosphere (Duveiller, Hooker, & Cescatti,79

2018b). Furthermore, the local effects of deforestation in lower latitudes lead to a sur-80

face warming due to a reduction in evapotranspiration (and hence latent heat flux) (Du-81

veiller et al., 2018b). These findings are in agreement with climate modeling studies on82

idealized global-scale deforestation (e.g., Bala et al., 2007; Bathiany, Claussen, Brovkin,83

Raddatz, & Gayler, 2010; Claussen, Brovkin, & Ganopolski, 2001; Devaraju, Quesada,84

Bala, & de Noblet-Ducoudré, 2018), which argued that the boreal cooling is caused by85

a decrease in shortwave radiation and the tropical warming is caused by a decrease in86

evapotranspiration. Some observational and climate modeling studies also quantified how87

changes in the different terms of the surface energy balance contributed to changes in88

surface temperature by an explicit decomposition the surface energy balance (Methods)89

for deforestation (e.g., Boisier et al., 2012; Vanden Broucke et al., 2015; Winckler, Re-90

ick, & Pongratz, 2017a). While these studies provide valuable information about deforestation-91

induced changes in the surface energy balance, neither the observation-based nor the model-92

based studies investigated which surface property is responsible for the analyzed changes.93

Some climate model studies addressed this question of attribution of changes in sur-94

face temperature to changes in particular surface properties (surface albedo, surface rough-95

ness, evapotranspirative efficiency; changes in evapotranspirative efficiency may be caused96

by changes in a wide set of parameters in a climate model, e.g. changes in leaf area in-97
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dex and canopy conductance). For this attribution, simulations were performed in which98

only one surface property at a time was switched from forest to grass values (Bell, Tomp-99

kins, Bouka-Biona, & Seidou Sanda, 2015; E. L. Davin & de Noblet-Ducoudre, 2010).100

For global-scale deforestation, the study by E. L. Davin and de Noblet-Ducoudre (2010)101

found that changes in surface albedo (leading to strong global cooling) dominate changes102

in evapotranspirative efficiency and surface roughness (leading to warming). However,103

due to the large scales at which the surface properties in these studies are changed, the104

changes in surface temperature in their studies may be dependent on the presence of strong105

nonlocal effects, which are the main pathway for the albedo-induced change in surface106

temperature (Winckler, Reick, Lejeune, & Pongratz, 2018). Thus, it still remains unknown107

which surface property was responsible for the changes in surface temperature due to108

deforestation with regards to the local effects. For an improved understanding on how109

deforestation leads to changes in biophysical conditions, it would be desirable to link more110

directly the studies focusing on the surface energy balance, e.g. by a surface energy bal-111

ance decomposition, and the studies altering individual surface properties – the latter112

studies focused predominantly on changes in surface temperature, with little quantita-113

tive information on changes in the terms of the surface energy balance. It seems intu-114

itive to interpret high-latitude cooling associated with reduced shortwave absorption as115

attributable to albedo changes, or tropical warming associated with reduced evapotran-116

spiration as attributable to changes in evapotranspirative efficiency, but this attribution117

of changes in surface energy balance components to changes in surface properties is not118

unique, and as we will show, changes in surface roughness also play an important role119

here.120

Another way to attribute the deforestation-induced changes in surface tempera-121

ture to physical mechanisms was developed by Juang, Katul, Siqueira, Stoy, and Novick122

(2007). They derived analytical expressions to attribute the surface temperature response123

(mainly due to local effects) to changes to specific ”eco-physiological” or ”intrinsic bio-124

physical mechanisms” (IBPM). Such expressions have recently been applied to analyze125

climate model output (Burakowski et al., 2018; Chen & Dirmeyer, 2016; Devaraju et al.,126

2018; Rigden & Li, 2017) or in-situ observations (Bright et al., 2017; Juang et al., 2007;127

Lee et al., 2011). Changes in surface temperature were attributed to a ’surface albedo’128

term and an ’energy redistribution’ term (Lee et al., 2011) which is often divided in an129

’aerodynamic resistance term’ (or ’roughness term’) and a ’bowen ratio term’ (Lee et al.,130

2011). These studies found that the roughness term dominates the locally induced changes131

in surface temperature. However, it is unclear how these terms (e.g. ’roughness term’)132

relate to the surface properties (e.g. ’surface roughness’) that were investigated in the133

climate models.134

The importance of the ’roughness term’ in the IBPM studies seems to suggest that135

surface roughness is important for the locally induced changes in surface temperature.136

The importance of the ’roughness term’, both for deforestation-induced high-latitude cool-137

ing and low-latitude warming, seems to contradict the studies that focus on changes in138

the surface energy balance components, which highlight the importance of a reduction139

of shortwave radiation for the high-latitude cooling and a reduction of latent heat (evap-140

otranspiration) for low-latitude cooling. It remains unclear whether these findings are141

indeed contradictory, or whether the apparent discrepancies can be explained by the pres-142

ence of nonlocal effects (mainly excluded in the IBPM method, included in most climate143

modeling studies) or by a different focus of the studies (changes in surface properties vs.144

changes in surface energy fluxes).145

To close this gap, we investigate the role of surface roughness for the local effects146

of deforestation on the surface energy balance and surface temperature. Using simula-147

tions performed with the climate model MPI-ESM, we contrast the local effects of con-148

currently changing all surface properties that are affected by deforestation (surface albedo,149

surface roughness, evapotranspirative efficiency) with the local effects of only changing150

–4–



manuscript submitted to JGR: Atmospheres

surface roughness and only changing surface albedo. By changing only surface rough-151

ness, we are able to isolate the aerodynamic controls on the surface energy balance from152

the purely physiological controls (e.g., leaf stomatal control on transpiration), which we153

then compare to the surface albedo change. The presented analysis relies on a single cli-154

mate model. In order to check whether the model yields reasonable results, we compare155

the MPI-ESM results against observation-based data-sets for changes surface temper-156

ature at diurnal, seasonal and annual time scales.157

2 Methods158

2.1 MPI-ESM simulation set-up159

Using the climate model MPI-ESM (Giorgetta et al., 2013), several simulations are160

performed using a horizontal atmospheric resolution of about 1.9◦ with atmospheric CO2161

concentrations prescribed at a pre-industrial level. After a spin-up of 150 years, 200 years162

are analyzed. The analyzed variables are free of substantial trends during this period (not163

shown). In a first simulation (’forest world’), forest plant functional types are prescribed164

on all vegetated areas (reconstructed from observation-based potential vegetation (Pon-165

gratz, Reick, Raddatz, & Claussen, 2008; Ramankutty & Foley, 1999)). Thus, in this sim-166

ulation forests are prescribed also on present-day grasslands, but not in deserts (Fig. S1).167

In subsequent simulations, surface properties are switched from forest to grass values in168

three out of four grid boxes which we call ’change boxes’ (Fig. S1). These are distributed169

according to a regular chessboard-like pattern. This strategy allows us to separate lo-170

cal and nonlocal effects, see section 2.2. Specifically, in one simulation (’deforestation’)171

all surface properties are switched from forest to grass values in the change boxes, while172

in two other simulations, only surface albedo (’albedo’) or surface roughness (’roughness’)173

are switched from forest to grass values in the change boxes. The difference between the174

forest world and one of the other simulations represents the total (local plus nonlocal)175

biogeophysical effect of switching the respective surface properties.176

The choice of deforesting 3 of 4 grid boxes (instead of e.g. deforesting 1 of 4 grid177

boxes) is to some extent arbitrary. However, for the local effects, which are the focus of178

this study, the local effects –both on surface temperature and on the components of the179

surface energy balance– are largely independent of the number of deforested grid boxes180

(see Figs. 4a and b in Winckler et al., 2017a).181

2.2 Isolation of the simulated local effects182

The total effects are decomposed into the local and nonlocal effects as follows: in183

the change boxes, we assume that the total effects are the sum of local and nonlocal ef-184

fects. In contrast, on nearby no-change boxes, only the nonlocal effects occur. In the change185

boxes, the nonlocal effects can be obtained by horizontal bilinear interpolation of results186

from neighboring no-change boxes. Then, the local effects in the change boxes can be187

calculated as the difference between total and nonlocal effects. Thus, the local effects are188

the climate signal in the change boxes that goes beyond the signal in surrounding no-189

change boxes. A detailed explanation of the method is provided in a previous study (Winck-190

ler et al., 2017a). This separation of local and nonlocal effects is applied both to changes191

in surface temperature and to each component of the surface energy balance.192
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2.3 Comparison of MPI-ESM results to observation-based data-sets193

To assess whether the locally induced changes in surface temperature in the MPI-194

ESM are plausible, they are compared to various observation-based data-sets on the bio-195

geophysical effects of deforestation on surface temperature. These observation-based data-196

sets contain the temperature change upon ’potential deforestation’ (Li et al., 2016), i.e.197

the changes in radiometric surface temperature that would be caused by a conversion198

from 100% forests to 0% forests at a given location. The observation-based data-sets rep-199

resent by design only the local effects (Alkama & Cescatti, 2016; Bright et al., 2017; Du-200

veiller et al., 2018b; Li et al., 2015), e.g. because they compare temperatures (Alkama201

& Cescatti, 2016) or temperature changes (Li et al., 2015) in neighboring locations; Non-202

local effects would be seen in neighboring locations with and without forest cover change203

and are thus by construction not contained in these data-sets. We focus on zonally av-204

eraged changes in annual mean surface temperature, the magnitude of the diurnal cy-205

cle, and the seasonal cycle. We consider changes in radiometric surface temperature from206

three satellite-based data-sets (Alkama & Cescatti, 2016; Duveiller et al., 2018a; Li et207

al., 2015), which are biased towards cloud-free conditions, and one semi-empirical ap-208

proach based on Fluxnet observations (Bright et al., 2017). The latter is not restricted209

to cloud-free conditions but does not contain information about changes in the diurnal210

amplitude because this data-set is not available for daytime and nighttime separately.211

The comparison between the MPI-ESM results and these observation-based data-212

sets is challenging. First, the background climate differs across the data-sets. While the213

simulations in the MPI-ESM are subject to a modeled background climate under pre-214

industrial CO2 concentrations, the observation-based data-sets focus on the more recent215

past (years 2001-2011 in Bright et al. (2017), 2002-2013 in Li et al. (2015), 2003-2012216

in Alkama and Cescatti (2016), 2000-2015 in Duveiller et al. (2018b)). The difference217

in background climate could influence the results for the total (local plus nonlocal) bio-218

geophysical effects (Pitman et al., 2011), but also for the locally induced changes in sur-219

face temperature (Winckler, Reick, & Pongratz, 2017b) that are analyzed here. How-220

ever, background climate between pre-industrial and present day did not change strongly221

enough to substantially change the biogeophysical deforestation effects (e.g., Fig. 5 in de222

Noblet-Ducoudré et al., 2012). Second, the spatial availability of the observation-based223

data-sets differ, see Fig. S2. For the zonal averages shown below, values for the MPI-ESM224

are only considered where at least one of the observation-based data-sets is available. Third,225

it is challenging to compare the surface temperature in the MPI-ESM with the radio-226

metric surface temperature from the observation-based data-sets (Jin & Dickinson, 2010;227

Winckler, Reick, Luyssaert, et al., 2018). These inconsistencies complicate a fully con-228

sistent comparison between the MPI-ESM results and the observation-based data-sets.229

However, the observation-based data-sets can still be used to check whether the model230

results are plausible by assessing whether there is a qualitative match in the response231

of the annual means, the diurnal amplitude and seasonal response to deforestation.232

2.4 Energy balance decomposition for the changes in surface temper-233

ature due to deforestation234

Changes in surface temperature result from the changes in the components of the235

energy balance (Fig. 1). Changes in net shortwave radiation, incoming longwave radi-236

ation, sensible heat flux, and latent heat flux are balanced by changes in emitted long-237

wave radiation, which is directly related to surface temperature (Tsurf) via the Stefan-238

Boltzmann law. Thus, a change in any of the components of the surface energy balance239

(in units W/m2) can be expressed as a change in surface temperature (in units K) that240

would be triggered if only this particular flux was changed and all other surface energy241
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balance components were held constant:242

∆Tsurf = 1
4σεT 3

surf
(∆net shortwave+∆incoming longwave−∆latent−∆sensible),

(1)243

where σ is the Stefan-Boltzmann constant and ε is emissivity and is set to 1. Changes244

in ground heat flux are not considered because we assume that deforestation-induced changes245

in ground heat flux are negligible on the time scales that we consider in this study. More246

details on the energy balance decomposition approach can be found elsewhere (e.g., Boisier247

et al., 2012; Luyssaert et al., 2014).248

In the following, we first separate local and nonlocal effects for each existing sim-249

ulation (’all’,’only roughness’, ’only albedo’). For each simulation, this separation is per-250

formed both for surface temperature and for every component of the surface energy bal-251

ance (net shortwave radiation, incoming longwave radiation, sensible heat flux, and la-252

tent heat flux). Using equation (1), the respective changes are then converted into tem-253

perature units.254

3 Results255

3.1 Simulated local effects on surface temperature are largely consis-256

tent with observations257

We compare zonally averaged values from the MPI-ESM simulations with observation-258

based data. In these simulations, deforestation triggers an annual mean local cooling north259

of 50◦N and a warming further south (Fig. 2 a), and the surface temperature changes in260

the MPI-ESM lie within the range of observation-based data-sets (see also Winckler, Re-261

ick, Lejeune, and Pongratz (2018)). The model response is at the lower end of the satellite-262

based data-sets and closer to the Fluxnet-based estimate (Bright et al., 2017), which is263

free of the cloud bias that is inherent in the satellite-based estimates (Alkama & Cescatti,264

2016; Duveiller et al., 2018a; Li et al., 2015). The diurnal cycle of surface temperature265

is amplified by the local effects of deforestation, both in the model and the satellite-based266

estimates (Fig. 2b). In the low latitudes, the diurnal cycle over grasslands is up to 4 K267

larger than over forests. Only north of 50◦N does the MPI-ESM overestimate the am-268

plification of the diurnal cycle. Concerning the seasonal response to deforestation, the269

model and the observation-based estimates largely agree (Fig. 2c and d). Both in northern-270

hemispheric winter and summer, the locally induced changes in surface temperature in271

the MPI-ESM closely follow the Fluxnet-based estimate (Bright et al., 2017) and lie at272

the lower end of the satellite-based estimates (Alkama & Cescatti, 2016; Duveiller et al.,273

2018a; Li et al., 2015). Only the observations’ winter warming north of 65◦N is not cap-274

tured by the model.275

To summarize, the local effects on changes in zonal mean surface temperature in276

the MPI-ESM are largely in line with the observation-based estimates, both for the an-277

nual mean, diurnal, and seasonal response to deforestation. Spatial patterns also align278

well with observations (Figs S2-S5). Our results for surface temperature in the MPI-ESM279

are also in good qualitative agreement with a study that more comprehensively evalu-280

ated the sensitivity of the CLM4.5 model to land cover (Meier et al., 2018). Although281

it cannot be excluded that the MPI-ESM is right for the wrong reasons, the broad agree-282

ment with the observations makes it seem plausible that the MPI-ESM correctly rep-283

resents the most relevant mechanisms that are responsible for changes in surface tem-284

perature that are locally induced by deforestation. This could be evaluated in more de-285

tail in future studies.286
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Figure 2. Comparison of the MPI-ESM to observation-based data-sets. Deforestation-induced

local effects on surface temperature for a) the annual mean temperature, b) the amplitude of the

diurnal cycle, c) changes in December to February temperature, d) changes in June to August

temperature. Locally induced changes in surface temperature for (black) changing all surface

properties from forest to grass values in the MPI-ESM, and contributions of changing only sur-

face roughness or only surface albedo from tree to grass values. Observation-based data-sets

from (grey line) Fluxnet (Bright et al., 2017) and (grey shading) remote sensing from satellites

(Alkama & Cescatti, 2016; Duveiller et al., 2018a; Li et al., 2015). The data-set by Bright et al.

(2017) does not contain diurnal values. The values for the MPI-ESM are zonally averaged where

at least one of the observation-based data-sets is available. The respective maps are shown in

Figs. S2-S5.

3.2 Simulated local effects are to a large extent caused by changes in287

surface roughness288

3.2.1 Annual mean289

The annual mean changes in surface temperature due to the local effects of defor-290

estation can predominantly be explained by changes in surface roughness in most lat-291

itudes (Fig. 2 a). In contrast, changes in surface albedo locally trigger only small changes292

in annual mean surface temperature.293

Every surface property influences every surface energy balance component (Fig. 1).294

Here, we provide an energy balance decomposition (Methods) for the changes in surface295

temperature that are triggered by changing all surface properties affected by deforesta-296

tion, changing only surface roughness, and changing only surface albedo (Fig. 3). Changes297

in surface roughness turn out to be the major driver of the local responses of latent and298

sensible heat fluxes to deforestation (Fig. 3 a and b). If all other surface energy balance299

components were fixed, a reduction of surface roughness would result in less evapotran-300

spiration (less release of latent heat into the atmosphere) over grass compared to forests.301
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This reduction would result in a strong warming (up to 3 K in the inner tropics), but this302

warming is partly balanced by the increased sensible heat flux, such that changes in sur-303

face roughness in the inner tropics locally trigger a warming of around 1 K (Fig. 3 a and304

b). Changes in surface albedo locally trigger a decrease in net shortwave radiation. This305

decrease, if all surface energy balance components were kept fixed, would lead to a sur-306

face cooling of around 2 K across most latitudes. However, this cooling from decreased307

net shortwave radiation is largely balanced by the decreased latent and sensible heat fluxes,308

such that surface temperature barely responds (Fig. 3 c). Note that while the change in309

surface roughness is important for the local effects shown here, the change in surface albedo310

dominates the nonlocal effects in these simulations (Fig. S7).311
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Figure 3. Energy balance decomposition of the locally induced changes of annual mean sur-

face temperature in the MPI-ESM. The lines denote deforestation-induced changes in surface

energy balance components for simulations changing (a) all surface properties, (b) only surface

roughness, and (c) only surface albedo. Shown is their locally induced impact on surface temper-

ature (same lines as in Fig. 2a), net shortwave radiation, incoming longwave radiation, sensible

heat, and latent heat, zonally averaged over areas where at least one of the observation-based

data-sets is available. Note that warming from latent heat is caused by a reduction in evapotran-

spiration.

3.2.2 Diurnal cycle312

Changes in surface roughness are responsible for around two thirds of the ampli-313

fication of the diurnal cycle in the MPI-ESM throughout the latitudes (Fig. 2 b). Changes314

in albedo are negligible for local effects on the diurnal cycle of surface temperature. Ap-315

proximately one third of the amplification of the diurnal cycle is neither explained by316

the change in surface roughness nor the change in surface albedo. This residual has to317

be caused either by changes in evapotranspirative efficiency or by interactions between318

the three surface properties. Possible mechanisms for the roughness-induced changes in319

the diurnal amplitude are provided in the discussions section.320
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3.2.3 Seasonal cycle321

Changes in surface roughness are responsible for most of the deforestation-induced322

warming in the tropics and in the summer months of the respective hemisphere (Fig. 2 c323

and d). While some of the boreal winter cooling is caused by changes in the surface albedo,324

a substantial fraction of the cooling in DJF are caused by changes in surface roughness325

in the MPI-ESM (Fig. 2 c).326
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Figure 4. Seasonality in areas with boreal spring snow cover. a) Changes in the monthly

mean surface temperature [K] due to the local effects of changes in all surface properties, only

surface roughness, and only surface albedo. The solid lines in a) are the dashed lines in b)- d),

where the energy balance is decomposed for the local effects on changes in b) all surface prop-

erties, c) only surface roughness, and d) only surface albedo. The values of the energy balance

components were converted from W/m2 into Kelvin as described e.g. in the study by Luyssaert

et al. (2014). Values are averaged over mid- and high latitude land areas with spring snow cover

(snow cover fraction exceeds 0.5 in March, Fig. S6). Note that the values on the y-axis differ

between the plots.
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To further investigate the surprisingly minor importance of surface albedo compared327

to surface roughness, we consider the deforestation-induced boreal winter cooling and328

focus on areas where the influence of surface albedo is expected to be the strongest, namely329

areas with snow cover in spring (Bonan, 2008) (here snow cover in March). From the sur-330

face property perspective, even in these areas (see Fig. S6) the changes in surface rough-331

ness are more important for the local cooling in winter (DJF) than the changes in sur-332

face albedo (Fig. 4 a). From the energy balance perspective, the roughness-induced lo-333

cal DJF surface cooling arises from changes in the sensible heat flux (Fig. 4 c). However,334

the sensible heat flux appears not to be the dominant driver of the winter cooling when335

considering changes in all surface properties (Fig. 4 b) because of concurrent changes in336

other surface properties. For instance, the cooling from the albedo-induced reduction in337

net shortwave radiation (especially in April and May, (Fig. 4 d)) is balanced by a warm-338

ing from sensible heat flux. This illustrates that the combination of changes in surface339

properties influences the surface energy balance in a complex way so that an energy bal-340

ance decomposition as shown in Fig. 4b is not sufficient to infer the responsible surface341

properties for a change. Instead, it factorial experiments are needed to disentangle con-342

current changes in the surface energy balance that are caused by changes in the differ-343

ent surface properties.344

4 Discussion and conclusions345

Our findings show that in the MPI-ESM, changes in surface roughness largely con-346

trol the local effects of deforestation. Changes in surface roughness in the MPI-ESM dom-347

inate the annual and seasonal mean local responses by surface temperature to local de-348

forestation (Fig. 2 a, c and d). This seems to contradict previous studies on the biogeo-349

physical temperature effects of global-scale deforestation in climate models: previous stud-350

ies found that a reduction of net shortwave radiation at the surface dominates the bo-351

real cooling and a reduction in evapotranspiration dominates the tropical warming (e.g.,352

Bala et al., 2007; Bathiany et al., 2010; Claussen et al., 2001; Devaraju et al., 2018). This353

apparent discrepancy between our and their results may result from two major differ-354

ences between the studies: First, our study considers the changes in surface properties355

(e.g., surface roughness) while the previous studies (with exceptions of (Bell et al., 2015;356

E. L. Davin & de Noblet-Ducoudre, 2010)) did not separate the influences of the differ-357

ent surface properties but based their conclusions either on mere plausibility arguments,358

or, if more elaborated, on the deforestation-induced changes in the components of the359

surface energy balance (e.g., net shortwave radiation or latent heat). If the latter is done,360

surface albedo is intuitively assigned a large relevance because it is the surface property361

that is associated with the large reduction in net shortwave radiation. However, it may362

easily be overlooked that this reduction in shortwave radiation can be largely compen-363

sated by reductions in the turbulent heat fluxes, such that the overall influence of changes364

in surface albedo on the local effects on surface temperature is small. Second, the large-365

scale changes that were imposed in the previous studies may result in substantial non-366

local deforestation effects. The nonlocal effects, which strongly depend on the areal ex-367

tent and spatial distribution of deforestation, are mingled with the local effects in these368

simulation and complicate an understanding of the effects of deforestation at a given lo-369

cation. For instance, changes in surface albedo were found to dominate the boreal cool-370

ing (E. L. Davin & de Noblet-Ducoudre, 2010) and both the surface roughness and evap-371

otranspirative efficiency were found to contribute approximately equally to the tropical372

warming (Bell et al., 2015; E. L. Davin & de Noblet-Ducoudre, 2010). However, changes373

in surface albedo may mainly affect surface temperature via the nonlocal effects (Winck-374

ler, Reick, Lejeune, & Pongratz, 2018), and further changes in evapotranspirative effi-375

ciency could trigger changes in cloudiness and precipitation (Ban-Weiss, Bala, Cao, Pon-376

gratz, & Caldeira, 2011), which could affect also locations without deforestation. For the377

particular areal extent and spatial distribution of the simulations used in this study, the378

nonlocal effects on surface temperature and the surface energy balance decomposition379
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thereof is given in Fig. S7. The present study focuses on the local effects, which may be380

a reason for the different conclusions concerning the dominant importance of changes in381

surface roughness between this and previous climate model studies.382

In contrast to the climate model studies, satellite-based studies (Alkama & Cescatti,383

2016; Duveiller et al., 2018b; Li et al., 2015) only include changes in surface tempera-384

ture from local effects, so their results could conceptually be compared to our local ef-385

fects. The satellite-based studies adopted the argumentation from the climate model stud-386

ies (e.g., Bala et al., 2007; Bathiany et al., 2010; Claussen et al., 2001; Devaraju et al.,387

2018) that a reduction of net shortwave radiation at the surface dominates the boreal388

cooling and a reduction in evapotranspiration dominates the tropical warming. It was389

argued that in boreal regions, the surface cooling is correlated to snow frequency (Li et390

al., 2015) and thus surface albedo. However, our findings hint to a possible correlation391

without causation: we find that the local effects of changes in surface roughness cool the392

surface in the high northern latitudes during winter (Fig. 4), i.e. exactly in cases with393

a potentially high snow frequency. Our results suggest that surface roughness could dom-394

inate this deforestation-induced local cooling. During high-latitude winter, the surface395

is generally cooler than the atmosphere aloft. Thus, the responsible mechanism for the396

roughness-induced northern winter cooling could be similar to the hypothesis that was397

given for the night-time cooling following deforestation (Lee et al., 2011; Vanden Broucke398

et al., 2015) and corresponding empirical evidence (Schultz, Lawrence, & Lee, 2017). These399

studies argued that the high surface roughness of forests allows the surface to dissipate400

energy into the atmosphere during daytime conditions, while during nighttime the high401

surface roughness of forests allow the surface to gain energy from the warmer atmosphere402

aloft (Schultz et al., 2017; Vanden Broucke et al., 2015). Accordingly, deforestation, which403

reduces roughness, reduces daytime surface cooling and nighttime surface warming, lead-404

ing to a cooler surface at nighs or –in analogy– in winter.405

While we separated the effects of changing only surface albedo and only surface rough-406

ness, we did not separate the effects of only changing evapotranspirative efficiency. A407

clean isolation of changes in evapotranspirative efficiency is technically challenging be-408

cause this surface property is a complex composition of various land surface character-409

istics, e.g., rooting depth, canopy water holding capacity, photosynthesis, and stomatal410

conductance (E. L. Davin & de Noblet-Ducoudre, 2010), and some of these variables are411

not simple parameters but calculated dynamically during a model run. In the way this412

issue was solved in previous studies (Bell et al., 2015; E. L. Davin & de Noblet-Ducoudre,413

2010), possible interactions between the three surface properties are contained in the evap-414

otranspirative efficiency term (although these studies argue that for the total (local plus415

nonlocal) effects on surface temperature the interactions may be small (Bell et al., 2015;416

E. L. Davin & de Noblet-Ducoudre, 2010)).417

As demonstrated here, the interpretation of the mechanisms underlying the local418

effects of deforestation depends crucially on the perspective. Concerning deforestation419

in the low latitudes, from the surface energy flux perspective, the local warming seems420

to be dominated by the reduction of evapotranspiration. From the surface properties per-421

spective, the changes in surface temperature and evapotranspiration are dominated by422

changes in surface roughness. Concerning deforestation in the high latitudes, from the423

surface energy balance perspective, the local cooling seems to be dominated by the re-424

duction in surface net shortwave radiation. However, this does not imply that surface425

albedo is the surface property that is responsible for most of the overall cooling – we showed426

that the reduction in net shortwave radiation is locally compensated in its temperature427

effect by a reduction in losses of latent and sensible heat. Instead, even in areas with high428

spring snow cover where the influence of surface albedo would be expected to be strong,429

the local cooling can to a large part be explained by the reduction in surface roughness.430

Thus, this study reconciles two different views on the mechanisms underlying the local431

effects of deforestation.432

–12–



manuscript submitted to JGR: Atmospheres

Acknowledgments433

Our simulations were performed at the German Climate Computing Center (DKRZ).434

This work was supported by the German Research Foundations Emmy Noether Program435

(PO 1751). We want to thank all groups who provided observation-based data. Primary436

data and scripts used in the analysis and other supporting information that may be use-437

ful in reproducing the authors work are archived by the Max Planck Institute for Me-438

teorology and can be obtained by contacting publications@mpimet.mpg.de.439

References440

Alkama, R., & Cescatti, A. (2016). Biophysical climate impacts of recent changes in441

global forest cover. Science, 351 , 600–604. doi: 10.1126/science.aac8083442

Anderson, R. G., Canadell, J. G., Randerson, J. T., Jackson, R. B., Hungate, B. A.,443

Baldocchi, D. D., . . . O’Halloran, T. L. (2010). Biophysical considerations444

in forestry for climate protection. Frontiers in Ecology and the Environment ,445

9 (3), 174–182. doi: 10.1890/090179446

Bala, G., Caldeira, K., Wickett, M., Phillips, T. J., Lobell, D. B., Delire, C., &447

Mirin, A. (2007). Combined climate and carbon-cycle effects of large-scale448

deforestation. Proceedings of the National Academy of Sciences, 104 (16),449

6550–6555. doi: 10.1073/pnas.0608998104450

Ban-Weiss, G. A., Bala, G., Cao, L., Pongratz, J., & Caldeira, K. (2011). Climate451

forcing and response to idealized changes in surface latent and sensible heat.452

Environmental Research Letters, 6 , 1–8. doi: 10.1088/1748-9326/6/3/034032453

Bathiany, S., Claussen, M., Brovkin, V., Raddatz, T., & Gayler, V. (2010). Com-454

bined biogeophysical and biogeochemical effects of large-scale forest cover455

changes in the MPI Earth system model. Biogeosciences, 7 , 1383–1399. doi:456

10.5194/bg-7-1383-2010457

Bell, J. P., Tompkins, A. M., Bouka-Biona, C., & Seidou Sanda, I. (2015). A458

process-based investigation into the impact of the Congo basin deforestation459

on surface climate. Journal of Geophysical Research: Atmospheres, 120 (12),460

5721–5739. doi: 10.1002/2014JD022586461
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