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ABSTRACT

Tropical deforestation can result in substantial changes in local surface energy and water budgets, and thus

in atmospheric stability. These effects may in turn yield changes in precipitation. The Maritime Continent

(MC) has undergone severe deforestation during the past few decades but it has received less attention than

the deforestation in the Amazon and Congo rain forests. In this study, numerical deforestation experiments

are conducted with global (i.e., Community Earth SystemModel) and regional climate models (i.e., Regional

Climate Model version 4.6) to investigate precipitation responses to MC deforestation. The results show that

the deforestation in the MC region leads to increases in both surface temperature and local precipitation.

Atmospheric moisture budget analysis reveals that the enhanced precipitation is associated more with the

dynamic component than with the thermodynamic component of the vertical moisture advection term.

Further analyses on the vertical profile of moist static energy indicate that the atmospheric instability over the

deforested areas is increased as a result of anomalous moistening at approximately 800–850 hPa and anom-

alous warming extending from the surface to 750 hPa. This instability favors ascending air motions, which

enhance low-level moisture convergence. Moreover, the vertical motion increases associated with the MC

deforestation are comparable to those generated by LaNiña events. These findings offer not onlymechanisms

to explain the local climatic responses to MC deforestation but also insights into the possible reasons for

disagreements among climate models in simulating the precipitation responses.

1. Introduction

Anthropogenic land use and land cover changes, es-

pecially deforestation, can have substantial effects on the

local and remote climate. For instance, deforestation can

directly alter the partitioning of local surface energy and

thewater budget, leading to changes in precipitation (e.g.,

Zeng and Neelin 1999; Pielke et al. 2007; Mahmood et al.

2014; Lawrence andVandecar 2015). Tropical rain forests
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have lower albedos, larger leaf and stem areas for

evapotranspiration, and larger heights than other vege-

tation types. Therefore, converting rain forest into bare

ground or grassland has three major effects on land sur-

face conditions: 1) a reduction in evapotranspiration,

2) an increase in surface albedo, and 3) a decrease in

surface roughness. The reduction in evapotranspiration

decreases the surface latent heat flux and leads to a sur-

face warming effect. The decrease in roughness reduces

the aerodynamic exchanges between the surface and

the atmosphere. Furthermore, the reduced roughness

alone may also increase surface pressure and subsi-

dence through land–atmosphere interactions. Although

the enhanced wind speed might mitigate this effect, the

net effect is a decrease in evapotranspiration (Maloney

1998). These two nonradiative processes contribute to

changes in the water and energy budgets, resulting in a

positive temperature response. Conversely, radiative

processes reduce the net incoming radiation (through the

increase in surface albedo) to produce a cooling effect.

Previous studies have indicated that nonradiative pro-

cesses are stronger in the tropics. As a result, warming is

the net response to tropical deforestation. This differs

from the temperate and boreal zones, where radiative

processes are more important and the overall result of

deforestation is a net cooling (Davin and de Noblet-

Ducoudré 2010; Malyshev et al. 2015).

The effects of tropical deforestation are highly de-

pendent on the spatial scales of deforestation, the nearby

environments, and the mean climates of the deforested

locations (e.g., Polcher and Laval 1994; Schneck and

Mosbrugger 2011; Lawrence and Vandecar 2015;

Spracklen and Garcia-Carreras 2015). The climate im-

pacts of large-scale (thousands of kilometers) tropical

deforestation have been studied using numerical climate

models and idealized scenarios, in which the deforesta-

tion was applied in the models throughout all tropical

rain forests or within the entireAmazon or Congo basins

(e.g., Sud et al. 1996; Voldoire and Royer 2004; Avissar

and Werth 2005; Ramos da Silva et al. 2008; Lawrence

and Vandecar 2015; Lejeune et al. 2015; Spracklen and

Garcia-Carreras 2015). These large-scale deforestation

experiments generally show a warmer and drier climate

locally over the deforested regions. The warming effect

is caused by a strong reduction in surface latent heat flux

that outweighs a weaker decrease in net surface radia-

tion, while the drying effect is caused by the reductions

in transpiration, which may contribute to the simulated

decreases in precipitation (e.g., Katul et al. 2012; Kumagai

et al. 2013). However, there are a few large-scale de-

forestation studies that do not show thesewarmer and drier

climate responses in the Congo basin and the Maritime

Continent (MC) (Polcher and Laval 1994; McGuffie et al.

1995; Zhang et al. 1996a; Findell et al. 2006). The differ-

ences may result from the different vegetation types used

to replace forests (e.g., grassland, scrubland, or bare

ground) or broader deforestation regions (not confined to

the tropics). Besides impacting local and regional climate,

large-scale deforestations can also induce remote cli-

mate impacts through changes in the large-scale circula-

tion (e.g., Hadley circulation or Walker circulation) and

Rossby wave propagation in the atmosphere (e.g.,

Henderson-Sellers et al. 1993; Sud et al. 1996; Zhang et al.

1996b; Snyder 2010; Lawrence and Vandecar 2015).

Mesoscale deforestation (on scales of tens to hun-

dreds of kilometers, up to 2000km in scale) in areas

surrounded by forest or ocean is a more realistic de-

forestation scenario than large-scale deforestation (e.g.,

Wang et al. 2009; Roy 2009; Hanif et al. 2016). Obser-

vational datasets and climate model simulations have

been used to investigate the climate impact of mesoscale

deforestation. Studies based on satellite observations

and mesoscale climate models in southwestern Brazil

have indicated that a heterogeneous land surface con-

dition, such as a ‘‘fish-bone’’ deforestation pattern, can

induce mesoscale atmospheric circulation under weak

synoptic-scale forcing that can enhance cloudiness and

rainfall (Wang et al. 2009; Negri et al. 2004; Roy 2009).

A regional climate modeling study revealed an increase

in precipitation at the edge of the forest in the Amazon

basin due to an enhancement of prevailing wind result-

ing from an increased land–sea heat contrast after de-

forestation (Ramos da Silva et al. 2008). Observational

studies have also suggested that mesoscale deforesta-

tion tends to increase local precipitation in western

Malaysia; the responsible mechanisms are not clear

(Hanif et al. 2016).

The Maritime Continent region has experienced

dramatic forest losses in recent decades (Gaveau et al.

2014; Austin et al. 2019), but these changes have re-

ceived less attention than the deforestation in the

Amazon and Congo basins. Based on Landsat satellite

data, the forest clearing rate in Indonesia was higher

than that in the Brazilian Amazon during the period

2000–12 (Margono et al. 2014; Hansen et al. 2013). The

forest area in Borneo was 55.8Mha in 1973. By 2015

about 33.4% of it had been deforested (Gaveau et al.

2016). Deforestation has also occurred in other parts of

the MC, such as Sumatra where the total forest area

decreased by about 25.6% during the period 1990–2000

(Gaveau et al. 2009). Because the MC is located within

the joint ascending region of the Hadley and Walker

circulations, the climate response to deforestation in this

region may influence other remote regions via changes

in the large-scale circulations (Mabuchi et al. 2005b;

Schneck and Mosbrugger 2011). Furthermore, van der
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Molen et al. (2006) have suggested that land use and

land cover changes can have greater impacts on

precipitation under maritime conditions than under con-

tinental conditions due to the higher sensitivity of the sea

breeze responses. It is possible that the MC deforestation

can induce strong atmospheric circulation responses.

Modeling studies on the MC deforestation are consis-

tent in finding a local warming effect of the deforestation

but disagree on the precipitation response (Table 2

summarizes these modeling studies). Some of them sug-

gested that deforestation can reduce precipitation in the

MC region by weakening surface latent heat fluxes

(Mabuchi et al. 2005a,b; Avissar and Werth 2005; Werth

and Avissar 2005; Mabuchi 2011; Kumagai et al. 2013).

However, the MC deforestation was found to intensify

extreme rainfall events (i.e., the maximum daily pre-

cipitation) in a regional climate model study (Tölle et al.

2017) and enhance convection over the surrounding

oceans in a fully coupled model as a weakening of up-

welling causes a warming of ocean surface, leading to

stronger convergence (Schneck and Mosbrugger 2011).

Some of these studies also found increased precipitation

under certain circumstances. For instance, Delire et al.

(2001) found increased precipitation over the land re-

gions in theMCusing amodel with prescribed sea surface

temperatures. In addition, Takahashi et al. (2017) showed

that, in the Weather Research and Forecasting Model,

precipitation increases after decreasing the maximum

stomatal conductance to one-fifth of its value in the con-

trol run, while the land cover remains the same (broadleaf

evergreen). Moreover, Schneck and Mosbrugger (2011)

showed that the changes in precipitation after deforesta-

tion are region-dependent. The precipitation decreases in

western Borneo, northern Sumatra, and some parts in In-

dochina, but increases in New Guinea.

As mentioned, there is not yet a clear consensus on how

precipitation responds to deforestation in the MC region.

In this study, we perform MC deforestation experiments

with the National Center for Atmospheric Research

(NCAR) Community Earth System Model version 1.0.3

(CESM) and the Abdus Salam International Centre for

Theoretical Physics (ICTP) Regional Climate Model ver-

sion 4.6 (RegCM4; Giorgi et al. 2012) to uncover the

mechanism that controls the precipitation response. The

possible factors that may contribute to the disagreement

amongmodels in the precipitation responses are discussed.

2. Methods

a. CESM setup for deforestation experiment

Two simulations were performed with the CESM: the

control run and the deforestation run. Both simulations

were run for 30 years and the last 25 years of the simu-

lations were used for analyses. The simulations were

performed with the ‘‘F_2000_CAM5’’ configuration of

CESM, which features the year 2000 greenhouse gas

emission forcing and couples the stand-alone Community

Atmosphere Model (CAM) using the CAM5 physics

(Neale et al. 2012) with the Community Land Model

version 4 (CLM4.0, Oleson et al. 2010; Lawrence et al.

2011). The model has a horizontal resolution of 0.98 3
1.258 and is prescribed with climatological (1982–2001)

sea surface temperatures and sea ice concentrations. In

CLM4.0, vegetation types are represented by the plant

functional types (PFTs) that describe vegetation proper-

ties such as leaf area index, stem area index, and canopy

height, and thus albedo and evapotranspiration effects

are varying throughout PFTs. In the deforestation ex-

perimental run, we replace the broadleaf evergreen

tropical trees and broadleaf deciduous tropical trees in

the MC region (between 108S–108N and 908–1508E) by
C4 grasses. Figure S1 in the online supplemental material

shows the changes in the spatial distributions of PFT.We

replace trees with C4 grass as a proxy for oil palm, which

is one of the major vegetation types occupying the MC

after deforestation (Carlson et al. 2012). Some of the

characteristics of C4 grass and oil palm are similar. For

example, the respiration rate of oil palm in the rainy

season is 38–75mgH2Om22 s21 (Radersma and de

Ridder 1996), and the respiration rate for one species of

C4 grass is 75.8809mgH2Om22 s21 (Snyman et al. 1997).

In addition, if the forest was not converted into oil palm,

C4 grass would still be the most probable vegetation type

growing in the tropics (Sage et al. 1999).

b. RegCM4 setup for deforestation experiment

To further confirm the deforestation response revealed

by the coarse-resolution CESM, we also performed the

control and deforestation experiments with the Regional

Climate Model version 4.6 (hereafter referred to simply

as RegCM4; Giorgi et al. 2012). The domain covers the

whole MC region including the regions where land use

type for CESM run was converted from the broadleaf

evergreen tropical trees and broadleaf deciduous tropi-

cal trees to warm C4 grasses. The horizontal resolution

is 50km with 60 (north–south direction: 12.00188S–
12.97818N) 3 160 (east–west direction: 89.92648–
160.0748E) grid points (see Fig. 1 for the RegCM4

domain used in this study), while 23 vertical levels are

used within the sigma coordinate. A buffer zone of eight

grid points is assigned to each lateral boundary. For the

basic configuration of RegCM4, we use the radiative

transfer scheme of the modified NCAR Community Cli-

mate Model version 3 (CCM3), the nonlocal planetary

boundary layer scheme of Holtslag (Holtslag et al. 1990),
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the ocean flux scheme of Zeng (Zeng et al. 1998), and the

Subgrid Explicit Moisture (SUBEX) scheme for the re-

solved scale precipitation, which are default schemes of

RegCM4 (Giorgi et al. 2012) or applied schemes for

RegCM4 simulations of the SoutheastAsia domain (Chung

et al. 2018).We also performed sensitivity experiments with

various cumulus schemes to decide that using the cumulus

scheme of Emanuel (1991) for land grids and the cumulus

scheme of Tiedtke (1996) for ocean grids produces the best

model performance. As for the land surface scheme,

CLM4.5 newly incorporated within RegCM4 is used.

Therefore, the land use distributions used for RegCM4

control and deforestation experiments are exactly the same

as those from CESM (in terms of the RegCM4 domain)

except for the discrepancy caused by the different resolu-

tion. The initial and lateral boundary conditions are ob-

tained from the European Centre for Medium-Range

Weather Forecasts (ECMWF) interim reanalysis (ERA-

Interim)with a resolution of 1.58 3 1.58 at 6-h intervals. The
sea surface temperatures (SSTs) are prescribed by ERA-

Interimwith a resolution of 1.58 3 1.58 at 6-h intervals. Both
simulations (deforestation and control experiments) span

23 years from January 1979 to December 2001. The first 3

years were used as the spinup period and were excluded in

the analyses. This spinup time is considered long compared

to many other studies that used regional climate models to

investigate impact of land-use change (e.g., Laux et al.

2017; Zhang et al. 2016; Wang and Cheung 2017). The

resulting 20-yr simulations cover the period of 1982–2001,

which is the period used to define the climatological SST

prescribed in the CESM experiments.

c. Observational data: Precipitation, near-surface air
temperature, and outgoing longwave radiation

We used four observation-based precipitation datasets

to evaluate the land precipitation over the MC region in

the simulations: the Global Precipitation Climatology

Centre (GPCC) dataset (Schneider et al. 2011) with a

horizontal resolution of 0.58 3 0.58; the National Oceanic

and Atmospheric Administration’s Precipitation Re-

construction over Land (PREC/L) (Chen et al. 2002)

with a horizontal resolution of 0.58 3 0.58; the Asian

Precipitation—Highly Resolved Observational Data In-

tegration Toward Evaluation of the Water Resources

(APHRODITE; Yatagai et al. 2012) with a horizontal

resolution of 0.258 3 0.258; and the GPCP One-Degree

Daily (1dd) data (Huffman et al. 2001) with a horizontal

resolution of 18 3 18. All datasets were constructed

from gauge-based precipitation, and GPCP has also in-

corporated the information from the satellite data. We

used two observational near-surface air temperature

(SAT) global land gridded products fromCRUTS v. 4.01

(Harris et al. 2014) and from the University of Delaware

(UoD) surface air temperature dataset (Willmott and

Matsuura 2001). The gridded monthly NOAA interpo-

lated outgoing longwave radiation (OLR) from NCAR

with temporal interpolation (Liebmann and Smith 1996)

was also used in this study.

d. Surface energy balance equation

We analyze the surface energy balance following Eq.

(1) of Chen and Dirmeyer (2016):

R
net

5 S
net

1LW
in
2 «sT4

s 5H1LE1G , (1)

where Rnet is the net radiation at the surface, Snet is the

net shortwave flux at the surface,LWin is the downward

longwave flux at the surface, and «sT4
s is the upward

longwave flux at the surface based on the Stefan–

Boltzmann law (the value of emissivity « depends on

surface cover type). For Rnet, Snet, andLWin, the down-

ward direction is positive. The net radiation at the surface

FIG. 1. The geographic domain for the RegCM4 model simulations. The dashed line is the

buffer zone of eight grid points assigned to each lateral boundary.
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is also equal to the net surface heat flux, where H is

surface sensible heat flux, LE is surface latent heat flux,

and G is ground heat flux. For H and LE, the upward

direction is positive, and forG the downward direction is

positive.

e. Moisture budget equation

To understand the mechanism that determines the

precipitation response to the MC deforestation, we di-

agnosed the moisture budget using the following verti-

cally integrated moisture budget equation:

�
›q

›t

�
5ET2P2 h= � (vq)i , (2)

where q is the specific humidity, ET is evapotranspira-

tion, P is precipitation, and v is the three-dimensional

velocity. Angle brackets (h i) denote mass integration

through the troposphere:

hXi5 1

g

ðpt
ps

Xdp , (3)

where g is the gravitational acceleration, pt is the pres-

sure at the tropopause (set to 100 hPa in this study), and

ps is surface pressure. Since the vertical velocityv is near

zero at the surface and tropopause (Tan et al. 2008), the

divergence of moisture flux can be estimated as

h= � (vq)i’ hv � =qi1
�
v
›q

›p

�
, (4)

where hv�=qi is the vertically integrated horizontal

moisture advection and hv(›q/›p)i is the vertically in-

tegrated vertical moisture advection. Since the long-

term averaged h›q/›ti is negligible, the anomalies of

vertically integrated moisture budget equation can be

written as (Chou and Neelin 2004; Chou et al. 2006)

P0 ’ET0 2 hv � =qi0 2
�
v
›q

›p

�0
, (5)

where the prime (0) represents the differences between

control simulation and deforestation experimental sim-

ulation. The changes in vertically integrated vertical

moisture advection can be further divided into two

components:

2

�
v
›q

›p

�0
’2

�
v
›q0

›p

�
2

�
v0›q
›p

�
, (6)

where (�) denotes the value from the control simulation

and ( )0 denotes the difference between control simula-

tion and deforestation experimental simulation. The first

term 2hv(›q0/›p)i is referred to as the thermodynamic

component, which is associated with changes in water

vapor. The second term 2hv0(›q/›p)i is the dynamic

component, which is associated with changes in con-

vection. Notice that we use Wm22 as the unit for the

terms in the water budget equations, including pre-

cipitation, which, divided by 28, is mmday21.

f. Moist static energy

To understand mechanisms that induce changes in

convection, we analyzed the vertical profile of moist

static energy (MSE) anomalies. The MSE is the sum of

sensible, latent, and potential energy and is defined as

MSE5C
P
T1Lq1 gz , (7)

where CP is the specific heat of air at constant pressure,

T is the temperature,L is the latent heat of vaporization,

q is the specific humidity, g is the acceleration of gravity,

and z is height.

3. Results

a. Validations of precipitation, near-surface air
temperature, and OLR

Figures 2a–c show the annual mean precipitation from a

25-yr CESM control simulation, a 20-yr (1982–2001)

RegCM4 control simulation, and four observational da-

tasets (GPCC: 1982–2001; PREC/L: 1982–2001; GPCP:

1997–2012; APHRODITE: 1982–2001). The pattern

correlation coefficients (r) and root-mean-square errors

(RMSEs) are also displayed in the title of each panel;

note that the r and RMSE are calculated at the CESM

model spatial resolution (0.98 3 1.258). The seasonal

comparisons are provided in the supplemental material

(Fig. S2A for both CESM and RegCM4). Figures 2a–c

show that the simulated land precipitation over the

MC region is reasonably close to the observations,

although the values are overestimated over New

Guinea in both CESM and RegCM4. CESM un-

derestimates the precipitation over central Borneo,

whereas RegCM4 does capture the local maximum

values over central Borneo.

However, the pattern correlation coefficient be-

tween the precipitation in the observation ensemble

and in RegCM4 is actually lower (0.14) than that be-

tween the observation ensemble and CESM (0.39). The

RMSE of precipitation in RegCM4 is also higher when

compared to the results in the CESM (12.27mmday21

for RegCM4 and 3.15mmday21 for CESM). This may

be partly due to the high spatial variation in the

RegCM4 simulations and the dry biases exhibited by
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the model in the coastal regions of Borneo and eastern

Sumatra. We also examine the spatial patterns of the

four observational datasets for the annual and seasonal

means (Fig. S2B). In general, GPCC, GPCP, and

PREC/L show similar spatial patterns (see Table S1;

for annual means, r between GPCC and GPCP is 0.68;

r between GPCC and PREC/L is 0.8; r between GPCP

and PREC/L is 0.74). APHRODITE shows different

spatial patterns from the others due to its higher spatial

resolution (0.258 3 0.258), which leads to higher spatial

maxima in precipitation. GPCP has a relatively lower

spatial resolution (18 3 18); thus, its pattern correlation

coefficients with the other three datasets are usually low

(seeTable S1; for the annualmeans, r betweenGPCP and

GPCC is 0.68; r between GPCP and PREC/L is 0.74;

r between GPCP and APHRODITE is 0.55).

The near-surface air temperatures are reasonably well

simulated in both models. In particular, the RegCM4

can capture a number of topographic effects very clearly

in central Borneo and New Guinea (Figs. 2d–f).

Therefore, the simulated SAT in RegCM4 has a rela-

tively higher pattern correlation coefficient and lower

RMSE (0.788 and 1.68C) than those in CESM (0.528 and
2.28C). In comparison to the observed OLR, the CESM

not only captures the spatial pattern with high pattern

correlation coefficients (0.74) but also produces a simi-

lar magnitude (Figs. 2g,h). Note that the OLR is not

available from the RegCM4 model at present so only

the CESM result is shown. The seasonal simulations

(Figs. S2c,d) have biases that are similar to those in the

annual-mean simulations despite having different mag-

nitudes and spatial patterns.

b. Local hydroclimate response to MC deforestation

To examine the local climate responses to the MC

deforestation, we compared the deforestation run to the

control run in CESM as well in RegCM4 on an annual

mean basis. The local climate responses during different

seasons usually have the same signs as that in the annual

mean response (except for the precipitable water in

SONandDJF, cloud cover in CESM, and the net surface

longwave radiation and sensible heat fluxes in RegCM4)

despite having different magnitudes and spatial pat-

terns. Therefore, we only show and discuss the annual

mean changes in Fig. 3 (from the CESM experiments)

and Fig. 4 (from the RegCM4 experiments) and Table 1.

The seasonal changes are provided in the supplemental

material (Figs. S3a–j and Tables S2 and S3).

The land surface temperatures in the deforestation

run are warmer than the control run by about 1K (with

p value, 0.05) when averaged over the entire MC land

in the CESM simulations (Fig. 3a). To understand the

temperature response to deforestation, we analyzed the

changes in surface radiation and surface heat flux in

Eq. (1). For the nonradiative fluxes, we find an increase

in the surface sensible heat flux (Fig. 3b) and a signifi-

cant decrease in the surface latent heat flux (Fig. 3c)

over the deforested area of the MC in the deforestation

FIG. 2. Annual mean precipitation (mmday21) from (a) the average of four observed precipitation datasets, (b) the CESM control run

(25-yr average), and (c) RegCM4 (20-yr average). Also shown are annual mean near-surface temperature (8C) from (d) the average of two

observed datasets, (e) CESM control run (25-yr average), and (f) RegCM4 (20-yr average), and annual mean top of atmosphere outgoing

longwave radiation (Wm22) from (g) the observation and (h) the CESM control run (25-yr average).
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run. It is clear from Figs. 3b and 3c that the decrease

in the latent heat flux (29.60Wm22, with p value ,
0.05) is larger than the increase in the sensible heat flux

(5.08Wm22, with p value , 0.05) in terms of abso-

lute changes. Deforestation leads to lower evapo-

transpiration and reduced roughness, which weaken

the aerodynamic exchanges. These two effects result

in a larger magnitude of latent heat flux reduction,

and the latter can also reduce the magnitude of the

sensible heat flux increase. Note that the increase

in surface latent heat flux in coastal regions is due to

the larger near-surface wind speeds (induced by the

FIG. 3. Difference between deforestation experimental run and control run (DEF minus CTR) in annual

mean (a) surface temperature (K), (b) surface sensible heat flux (Wm22), (c) surface latent heat flux (Wm22),

(d) net shortwave flux at surface (Wm22), (e) incoming longwave flux at surface (Wm22), (f) outgoing longwave

flux at surface (Wm22), (g) vertically integrated low cloud cover, (h) vertically integrated midcloud cover,

(i) vertically integrated high cloud cover, and (j) top of atmosphere outgoing longwave flux (Wm22). Dotted areas

indicate p , 0.05.
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warmer land surface and reduced roughness) there af-

ter deforestation.

Furthermore, there are increases in midlevel (2.02%,

with p value , 0.05) and high-level (0.86%, with

p value , 0.05) cloud cover but decreases in low level

cloud cover (21.02%, with p value , 0.05) as revealed

by the vertical changes in cloud cover over theMC land

regions (Figs. 3g–i and Table 1). The decrease in low

cloud cover is consistent with the more stable envi-

ronment in the low atmosphere due to decreases in

near-surface water vapor after deforestation. The de-

creased low clouds also correspond to more incoming

downward solar radiation but also less downward long-

wave radiation at the surface. The increased mid- and

high-level clouds are associated with less incoming

downward solar radiation butmore downward longwave

radiation. Therefore, the changes in net cloud forcing at

the land surface are minimal.

Regarding the surface radiation budget, the increase

in surface albedo (1.38%, with p value , 0.05) from the

FIG. 4. As in Fig. 3, but for the results in RegCM4.

Note that the top of atmosphere outgoing longwave

flux is not available in RegCM4.
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deforestation and the increase in total cloud cover

(0.38%, with p value , 0.05) would together reduce

the net shortwave radiation at the surface (Fig. 3d;

21.88Wm22, with p value , 0.05). As for the surface

longwave radiative flux, we find an increase in the net

longwave (Fig. 3e; 3.81Wm22, with p value , 0.05).

The enhanced net longwave may be a result of the

increases in surface temperature. To compensate for

the reduced surface flux, which was mainly due to a

decrease in the latent heat flux, the upward longwave

flux at the surface must increase (Fig. 3f; 6.32Wm22,

with p value , 0.05), accompanied by a rise in surface

temperature according to the Stefan–Boltzmann law

(Fig. 3a). Our results on these local near-surface re-

sponses are consistent with previous studies suggesting

that the nonradiative processes usually have a stronger

influence than radiative processes in determining the

deforestation impacts on surface temperature in the

tropics (Davin and de Noblet-Ducoudré 2010; Malyshev

et al. 2015).

The responses in the RegCM4 are in general similar to

those in the CESM (except the net shortwave radiation),

but with a higher spatial heterogeneity (Fig. 4), which

is expected because of the higher spatial resolution of

the regional model. For example, changes in surface

temperature are similar to those in the CESM, with an

increase of approximately 1K on average for the MC

land region, but the magnitude of the changes in the

RegCM4 is larger in some regions (central Borneo and

NewGuinea coastal regions). A similar tendency can be

found in the responses of outgoing longwave radiation at

the surface (Figs. 3f and 4f and Table 1). The sensible

heat flux response in the RegCM4 is heterogeneous

(Fig. 4b) and does not always increase as in the CESM.

For example, the RegCM4 deforestation experiments

show significant decreases in northern Borneo and

eastern Sumatra. The sensible heat flux response aver-

aged over the entire MC land regions is close to zero in

the RegCM4. The responses in latent heat fluxes of the

RegCM4 and CESM simulations are mostly similar

(significant decreases after deforestation, 27.28Wm22,

with p value, 0.05), but there are increased latent heat

fluxes in northern Sumatra and parts of northern Borneo

in the RegCM4.

Moreover, the decrease in low cloud cover in the

RegCM4 simulations is much larger (23.79%, with

p value , 0.05) than that in CESM so the total cloud

cover also decreases in the RegCM4 (20.78%, with

p value , 0.05). The total cloud cover changes are dif-

ferent in the CESM andRegCM4. However, the tendency

of changes in the vertical structure (increase in middle to

high cloud and decrease in low clouds) is the same in

CESM and RegCM4 (Figs. 3 and 4 and Table 1). Because

of the decrease in total cloud cover in theRegCM4, the net

surface shortwave radiation flux increases significantly

(5.56Wm22, with p value, 0.05), which is opposite to the

results obtained with CESM.

c. Precipitation response to MC deforestation in
CESM

We next examine the precipitation response to theMC

deforestation by calculating the precipitation changes

between the control run and the deforestation run

(Fig. 5a) in the CESM. The figure shows that simulated

precipitation increases over the land and coastal areas of

the MC. Over the deforested areas, the precipitation in-

creased by about 16.5Wm22 (i.e., 0.59mmday21, with

p value , 0.05), which was 6.6% of the mean precipita-

tion in the control run. Our result differs from those of

some previous studies that find precipitation decreases

in response to deforestation in the MC (Avissar and

Werth 2005; Mabuchi et al. 2005a,b; Werth and Avissar

2005; Mabuchi 2011; Kumagai et al. 2013).

TABLE 1. Effects of Maritime Continent deforestation in the

CESM and RegCM4 at annual basis (DEF minus CTR) with

boldface values indicating statistically significant differences at p,
0.05. Percentage changes are also shown below each anomaly.

Variable Units ANN-CESM ANN-RegCM4

Net surface shortwave

radiation flux

Wm22 21.88 5.56

% 21.36 13.57
Net surface longwave

radiation flux

Wm22 3.81 0.07

% 13.91 0.03

Surface sensible heat

flux (H)

Wm22 5.08 0.17

% 41.50 0.67

Surface latent heat

flux (LE)

Wm22 29.60 27.28

% 29.99 25.62

Surface temperature

(Ts)

8C 1.04 1.07

% 0.35 0.36
Precipitation mmday21 0.59 1.30

% 6.64 13.74

Wm22 16.5 36.4
% 6.64 13.74

Precipitable water kgm22 0.23 0.19

% 0.49 0.42

Outgoing longwave

radiation (OLR)

Wm22 22.06 20.34
% 20.97 20.13

High-level cloud cover 0.86 1.09

% 1.22 2.34

Midlevel cloud cover 2.02 1.40
% 4.46 7.62

Low cloud cover 21.02 23.79

% 22.13 27.34
Total cloud cover 0.38 20.78

% 0.45 21.54

Upward longwave flux

at the surface

Wm22 6.32 5.31

% 1.41 12.72
Surface albedo 1.38 5.52

% 11.63 48.90
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Equation (5) indicates that the precipitation response

to the MC deforestation is a combined result of the re-

sponse from the surface evapotranspiration (ET0), hor-
izontal moisture advection (2hv�=q0i), and vertical

moisture advection [2hv(›q/›p)i0]. We show in Figs. 5b–d

the changes in the three right-hand side terms in Eq. (5)

between the control run and the deforestation run. The

figure indicates that the horizontal moisture advection

(Fig. 5c) changes little after the deforestation, whereas

the latent heat flux term (Fig. 5b; same as Fig. 3c but in

different color scales), which represents the surface

evapotranspiration effect, decreases after the de-

forestation. Neither term can explain the precipitation

increase in the deforestation run (Fig. 5a), which can

only be explained by the large increase in the vertical

moisture advection term (Fig. 5d with the MC’s land

average of 25.5Wm22; the difference is significant with

p value , 0.05). Our results suggest that the local

precipitation response to deforestation in the MC re-

gion is determined not directly by changes in surface

evapotranspiration but rather indirectly via the vertical

advection of moisture.

Deforestation can affect the vertical moisture advec-

tion term by changing the amount of moisture q or the

intensity of the vertical velocity v. To further understand

how the deforestation affects the vertical moisture ad-

vection, wedivide this term into its dynamic (2v0h›q/›pi)
and thermodynamic components [2hv(›q0/›p)i].Wefind

that the MC deforestation affects the vertical advection

term primarily through the dynamic component (Fig. 5e)

but not the thermodynamic component (Fig. 5f). The

considerable increase in the dynamic component of ver-

tically integrated vertical moisture advection (v0dq;
27.5Wm22, with p value , 0.05) compensates for a de-

crease in the latent heat flux term (29.60Wm22, with

p value , 0.05) and is most responsible for the pre-

cipitation increase in the deforestation run (cf. Figs. 5a,e).

The results reveal that the dynamic component, which is

related to the anomalous ascending motion, played a

crucial role in the increase in local precipitation.

d. Precipitation response to MC deforestation in
RegCM4

The precipitation changes and the corresponding

vertically integrated water budget in the RegCM4 sim-

ulations are also examined (Fig. 6) and found to be

consistent with the results found in the CESM simula-

tions. The dynamic component of the vertically in-

tegrated vertical moisture advection (hv0dqi 38.9Wm22,

with p value, 0.05; Fig. 6e) also plays a major role in the

FIG. 5. As in Fig. 3, but for annual mean (a) precipitation, (b) surface latent heat flux, (c) vertically integrated

horizontal moisture advection, and (d) vertically integrated vertical moisture advection, and the (e) dynamic

component and (f) thermodynamic component of vertically integrated vertical moisture advection. All the units are

in Wm22. Note that all the values in (f) are multiplied by 10.
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precipitation increase [36.4Wm22 (i.e., 1.30mmday21,

with p value, 0.05)]. The horizontal moisture advection

(2hv�=qi0) (Fig. 6c) in the RegCM4 decreases in central

Borneo and western Sumatra, which is not found in the

CESM (Fig. 5c). Moreover, similar to the local hydro-

climate response, the responses to deforestation in the

water budget terms (Figs. 5c–f) have a smoother spatial

structure in the CESM simulations than in the RegCM4

simulations (Figs. 6c–f).

e. The dynamic effect of the MC deforestation

To understand the mechanism that induces the pre-

cipitation changes, we examine the changes in the ver-

tical profile of the dynamic component of the moisture

advection term (i.e., the ascending motion changes

weighted by specific humidity) over the land area of the

MC between the control run and the deforestation run

(Fig. 7a for CESM and Fig. 7b for RegCM4). The most

obvious feature in the figure is that the ascendingmotion

is intensified by the deforestation in both models, which

is consistent with the increased precipitation mentioned

earlier. The vertical profiles indicate that the largest

increase in the ascending motion occurs around 850 hPa.

Next the relationships among the vertical moist static

stability, convection, and precipitation are further ex-

plored in the theoretical framework of Neelin and Held

(1987), in which they showed that an increase in the

MSE in the lower to middle troposphere has a tendency

to increase the precipitation. In the deforestation sim-

ulations, the land surface forcing is prescribed, which

leads to higher surface temperatures and provides a

thermodynamic source to trigger the instability in the

atmosphere. The convection also leads to vertical mix-

ing of the MSE. Thus, we examine the vertical profile of

the differences in MSE between the control run and the

deforestation run (Fig. 7c for CESM and Fig. 7d for

RegCM4). The lapse rate of theMSEdifference becomes

more negative at approximately 850hPa in CESM ex-

periments (Fig. 7c) and 950 to 850hPa as well as above

600hPa in the RegCM4 experiments (Fig. 7d) in the de-

forestation simulations than in the control simulations.

The more unstable atmosphere is consistent with the

vertical profile of anomalous ascending motions shown

in Figs. 7a and 7b.

We also examine the changes in the vertical profiles of

the three terms of the MSE, namely the sensible, latent,

and potential energy in Eq. (7). As shown in Figs. 7c

and 7d, deforestation induces two competing effects in

the MSE at low levels (below 850hPa in the CESM

experiments and below 800hPa in the RegCM4 exper-

iments). These two effects are related to the sensible

energy (CpT
0) and the latent energy (Lq0) components

of theMSE. Deforestation reduces the specific humidity

near the surface resulting in a positive lapse rate of the

FIG. 6. As in Fig. 5, but for the results in RegCM4. Note that all the values in (f) are multiplied by 10.
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latent energy in the lower atmosphere. This latent en-

ergy part of the MSEmakes the lower atmosphere more

stable. The lower atmosphere is less stable in the

RegCM4 due to the reduced drying effects near the

surface (Fig. 7d) compared to the CESM (Fig. 7c), but

such a stable tendency in the RegCM4 is up to 600 hPa

(Fig. 7d). At the same time, deforestation warms the

surface and induces a negative lapse rate of the sensible

energy. This sensible energy component of the MSE

tends to make the lower atmosphere more unstable.

However, above 800 (700)hPa for the CESM (RegCM4),

the sensible energy component of the MSE becomes

minor, and the MSE is dominated by the latent energy

component, whose lapse rate becomes negative. It is this

latent energy component of the MSE that tends to make

the atmospheremore unstable and leads to the intensified

ascendingmotion in the deforestation run. The long-term

average MSE gradient between 850 and 1000 (600 and

1000)hPa is approximately 0.7 (0.5) kJkg21 for CESM

(RegCM4). Such relatively small gradients indicate

strong MSE mixing by convection. Thus, we conclude

that convection tends to release the instability gener-

ated by deforestation so there is a tendency to have

more convection, and therefore precipitation tends to

be higher.

The latent energy term, which is the change of specific

humidity induced by deforestation multiplied by the

latent heat of vaporization, is shown in Figs. 7c and 7d.

The profile indicates that the deforestation decreases

the water vapor amount over the land areas of theMC in

the lower atmosphere (from the surface to 900 hPa) but

increases the water vapor amount above 900hPa. The

FIG. 7. Profile of difference between deforestation simulation and control simulation (DEF minus CTR) in the

dynamic component of vertical moisture advection (J kg21 s21) over land for (a) CESM, and (b) RegCM4, and in

MSE (kJ kg21) for (c) CESM and (d) RegCM4. The shaded area represents the region within 95% confidence

intervals for annual mean.
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moisture increase above the lower atmosphere is likely a

result of the increased low-level moisture convergence

induced by deforestation (Fig. 8a for CESM and Fig. 8b

for RegCM4). We further look into the vertical cross

section (averaged between 108S and 108N) of water

vapor and meridional wind over the MC region to study

how they change from the control run to the de-

forestation run only in CESM. The result shown in

Fig. 8c confirms that the intensified ascending motion

over the MC above 900 hPa is located right over the

region where the moisture convergence from the Indian

Ocean and the Pacific Ocean is enhanced. Such an

anomalous circulation caused by deforestation over the

MC may contribute to changes in the large-scale circu-

lation and trigger remote climate impacts.

f. Possible mechanisms for the different precipitation
responses among models

Figure 9 illustrates the key physical processes

controlling the changes in precipitation due to de-

forestation. Potential processes that contribute to a

reduction in rainfall are indicated by black arrows while

mechanisms leading to an enhancement of precipitation

are indicated by green arrows. As shown in Table 2,

evapotranspiration and roughness decrease in the de-

forested region and are accompanied by increases in

surface albedo. To strike a balance in the surface energy

budget, the deduction in latent heat flux results in the

increases in the other components (i.e., sensible heat

flux and upward longwave radiation, which is also con-

sistent with higher surface temperature). This re-

partition in the surface energy budget is also suggested

in Takahashi et al. (2017) and Tölle et al. (2017). Our

study shows that an increase in the surface sensible heat

flux induces low-level heating and destabilization

through its impact on the MSE. The moisture conver-

gence and convection triggered by this bring moisture

into the deforested region from the surrounding ocean.

This moisture convergence further destabilizes the at-

mosphere and results in an anomalously wet condition in

the middle to high levels. The combined effect of in-

creased surface temperatures and low-level moisture

convergence further destabilizes the atmosphere, in-

tensifying ascending motions over the MC. Therefore,

the low-level moisture supply and strengthened ascend-

ing motions constitute a positive feedback and pre-

cipitation tends to increase in spite of the reduction in

evapotranspiration.

This mechanism is consistent with the results found in

the coupled ocean climatemodel simulations of Schneck

and Mosbrugger (2011) and the noncoupled ocean

simulations of Delire et al. (2001). Both of the studies

show an enhancement in the convergent winds over the

adjacent ocean that leads to an increase in latent heat

flux andmoisture transport and, as a result, precipitation

increases in the deforested region. The wet anomaly

is accompanied by an increase in cloud cover and re-

duction in net surface solar radiation, but the effect of

cloud cover is rarely discussed in the previous studies.

Nevertheless, it is implied in Takahashi et al. (2017) that

the impact of cloud cover is not strong enough to lead

to a reduction in energy received by the surface. They

employed the Weather Research and Forecasting

(WRF)Model to explore the change in the diurnal cycle

of precipitation. However, Kumagai et al. (2013) argued

that there is a higher ratio of recycling from terrestrial

evapotranspiration into the precipitation over Borneo

and that deforestation can decrease this recycling pro-

cess, leading to less precipitation.

The competition between the processes controlling

the precipitation impacts in Fig. 9 provides a clue for

the inconsistency between different studies. One of the

components crucial in determining the tendency in

precipitation is the change in net radiation. The bal-

ance in the energy budget is the factor leading to low-

level warming and instability. Albedo and cloud cover

play a critical role in this balance. Previous studies did

not emphasize the impact of cloud cover, but several of

them mentioned the importance of surface albedo. In

tropical regions, for example, the response to de-

forestation is manifested mostly through the changes

in evapotranspiration, yielding warmer and drier

conditions near the surface. If the albedo becomes

much higher, the warming effect of the reduced latent

heat flux can be compensated for the cooling associ-

ated with the reduction in absorbed solar radiation.

As a consequence, outgoing longwave radiation and

surface temperature may increase slightly, which

implies a weaker warming effect compared to that in

the absence of albedo changes. For example, the al-

bedo reduction is larger in the experiment of con-

verting forest to bare ground compared to that in the

experiment of changing the maximum stomatal con-

ductance (Takahashi et al. 2017). The available radi-

ation energy decreases more in the bare ground

experiment leading to smaller surface temperature

increases, which in turn lead to a decreased convective

available potential energy. In the end, the bare ground

experiment with more substantial albedo decrease

shows a decrease in precipitation, while the stomatal

conductance experiment with no change in albedo

shows an increase in precipitation.

Since the decrease in latent heat flux from the can-

opy is a direct effect of deforestation, an increase in

moisture convergence from the surrounding regions

is a key component leading to a wet anomaly (the
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FIG. 8. Annual mean low-level moisture convergence (Wm22) with

950-hPa wind (m s21) anomalies (DEF minus CTR) for (a) CESM in-

tegrated from 950 to 850 hPa and (b) RegCM4 integrated from 925 to

850 hPa. (c) Cross section along the equator for CESM annual mean

water vapor (shaded; g kg21) and wind (arrow; m s21) anomalies (DEF

minus CTR) averaged between 108S and 108N (the area of the blue box in

the above map).
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black arrows in Fig. 9). Two situations, which could

contribute to each other, might lead to this condition:

either there is not enough convergence to bring in the

moisture, or the convergent anomaly exists without

moisture provided.

If the local evaporation rate and the influx of moisture

from the surrounding deforested area do not increase, the

precipitation decreases in the deforested regions (Delire

et al. 2001;Werth andAvissar 2005; Takahashi et al. 2017).

On the other hand, in the areas with anomalous low-level

convergence but without moisture supply, a dry

anomaly may be present, resulting in anomalous di-

vergence and weaker convection. Deforestation through-

out the Amazonian basin instead of deforestation with

‘‘fish-bone’’ patterns could be one of the examples (Pitman

et al. 1993; McGuffie et al. 1995; Sud et al. 1996; Zhang

et al. 1996a; Lean and Rowntree 1997) showing whether

the environment near deforested areas can provide

sufficient moisture from the canopy breezes. Katul

et al. (2012) indicated that the rainfall rate increases or

decreases depending on whether the vertical motion

reaches the lifting condensation level (LCL). De-

forestation on small scales is generally accompanied by

moist canopy breezes, leading to a lower LCL. Hence,

deforestation on small scales could lead towet anomalies.

Large-scale deforestation, on the other hand, which

brings dry breezes to the adjacent deforested region, re-

sults in a dry anomaly. To summarize, the warming effect

of deforestation initially induces low-level convergence.

If the deforested area is surrounded by ocean (e.g., the

MC) or forest (e.g., deforestation with so-called fish-bone

patterns in the Amazon), the moisture supply offsets the

FIG. 9. Schematic diagram of how deforestation can influence local precipitation. The

detailed description of Eq. (1) is in the methodology. The numbers and references within the

orange box correspond to the references in Table 2. The green arrows indicate the results of

the present study.
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drying effect of deforestation (Schneck and Mosbrugger

2011; Takahashi et al. 2017).

Furthermore, if the roughness is reduced and the

aerodynamic exchanges after deforestation are conse-

quently lower, surface sensible and latent heat fluxes are

reduced, resulting in an enhanced drying effect. In the

studies of Mabuchi et al. (2005a,b), the roughness sig-

nificantly decreases in the deforestation experiment

(vegetation was changed into C4 grass). Consequently,

the surface latent heat flux and sensible heat flux are

reduced. The surface latent heat flux decreases by

4.28Wm22 in Mabuchi et al. (2005a) and by 3.59Wm22

in Mabuchi et al. (2005b), which is smaller in magnitude

than the decrease in the present study (decreases by

9.60Wm22 in CESM experiments and by 7.28Wm22 in

RegCM4 experiments). The surface sensible heat fluxes

inMabuchi et al. (2005a,b) both decrease by 8.79Wm22.

As shown in Fig. 9, the reduced latent heat flux enhances

the drying effect and the reduced sensible heat flux

weakens the warming effect, both of which contribute

to a decrease in precipitation. In general, once the dry-

ing effect has suppressed the warming effect, pre-

cipitation can decrease in response to deforestation

(gray double arrow in Fig. 9).

In conclusion, precipitation variations after de-

forestation are the result of a competition between low-

level heating and drying. The drying prevents low-level

MSE from increasing and suppresses the increase in

convection through the processes represented by the

black arrows in Fig. 9. The heating might lead to in-

stability in the deforested region and lead to local

convergence and convection. Once the moisture con-

vergence compensates for the decrease in water vapor

by deforestation, the convection and convergence

would lead to a wet anomaly through the mechanisms

represented by the green arrows in Fig. 9. Another

example supporting this theory is the green-less ex-

periments of Mabuchi et al. (2005a,b). These experi-

ments show a reduction in latent heat flux but an

increase in sensible heat flux, resulting in a wet anom-

aly over the MC.

4. Discussion

The results from the CESM deforestation experi-

ments presented here indicate that changes in vertical

motion are key factors in determining the precipitation

response to MC deforestation. To confirm that this re-

sult is not model dependent and is not sensitive to dif-

ferent physical parameterizations among models, such

as the specific cumulus schemes, we also performed

control and deforestation simulations using a regional

climate model, the RegCM4. The RegCM4 experiments

produce climate responses to MC deforestation similar

to those in the CESM experiments. This result supports

the robustness of the climate response to deforestation

over the MC region, as there is a consistent pattern in

both the regional and global models. Note that CESM

uses CLM version 4 (Lawrence et al. 2011) andRegCM4

uses CLM version 4.5 (Oleson et al. 2013), and the

major change in CLM4.5 compared to CLM4 is the

biogeochemical cycle component of the model. In par-

ticular, we note that the local responses in near-surface

temperatures (considered the most critical response

in this study since it can induce the low-level lateral

convergence) to the deforestation are very similar.

Specifically the RegCM4 deforestation run produces a

reduction in surface latent heat flux of 27.28Wm22

(averaged for all land regions in MC) and increases in

surface temperature of 1K and precipitation of

1.30mmday21, which are in line with the results from

CESM: 29.60Wm22, 1 K, and 0.59mmday21 for the

surface latent heat flux, surface temperature, and pre-

cipitation, respectively. In contrast to the agreement of

the sign of changes in precipitation, the spatial distri-

butions with a stronger response and statistical signifi-

cance are different. The RegCM4 shows very strong

enhancement along the high mountainous regions (e.g.,

western Sumatra Island, central Borneo Island), which

are not shown in the CESM responses due to its coarse

resolution. However, the RegCM4 experiments still

produce climate responses to MC deforestation similar

to those in the CESM experiments.

It is interesting to note that the deforestation-induced

increase in annual mean upward motions in the MC

region is comparable to that associated with La Niña
events. It is well known that LaNiña events can intensify
the Walker circulation, increasing upward motions over

the western Pacific including theMC region (e.g., Chang

et al. 2004; Qian et al. 2010). We demonstrate the

comparable impact of MC deforestation and La Niña
(including the 1983/84, 1984/85, 1988/89, 1995/96, 1998/99,

1999/2000, 2000/01, and 2007/08 La Niña events) by an-

alyzing changes in the 500-hPa omega in the ERA-

Interim dataset. We used ONI (the oceanic Niño index,

based on the 3-month-running mean of Niño-3.4 SST)

as the threshold to identify La Niña events listed above.

Figure 10 shows the anomalies in 500-hPa omega from

the climatology averaged for all these La Niñas from
July of the La Niña developing year to June of the

following year. The results show that the annual

mean anomaly in 500-hPa omega over the MC is ap-

proximately20.0032 Pa s21 (average for the whole MC

domain, including ocean and land) during the La Niña
years. The magnitude of the omega change is about the

same order as that produced in the MC deforestation
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experiments, which is about 20.0016 and 20.0024Pa s21

for the CESM and RegCM4, respectively. Therefore,

MC deforestation impacts the strength of the Walker

circulation to the same degree as La Niña events. This

circulation change may enable the MC deforestation to

impact the climate in the central-to-eastern Pacific. For

example, the trade winds in the central equatorial Pa-

cific may be enhanced because of the stronger Walker

circulation.

Finally, we review the local responses to the re-

placement of original rain forest with oil palm planta-

tions. Oil palm plantations usually have lower and less

dense canopies than forests. Thus, the surface temperature

can increase from 18 to 68C accompanied by drier condi-

tions (Hardwick et al. 2015; Drescher et al. 2016; Sabajo

et al. 2017; Meijide et al. 2018; McAlpine et al. 2018).

Replacing forests with C4 grass as in this study results in

similar responses: higher surface temperature and drier

conditions. However, Manoli et al. (2018) found that

young oil palm trees can decrease evapotranspiration

(compared to forests) but older oil palm trees (age .8–

9yr) may transpire more than the forests do. Increased

surface temperature is also observed in young oil palm

plantations in both model and satellite data. However, the

annual average surface temperature in mature oil palms is

similar to that in the original forests (Y. Fan 2018, personal

communication). Therefore, it will be critical to further

explore the age-dependent responses in oil palm planta-

tions using the CLM-Palm model (Fan et al. 2015), in-

cluding more precise PFT phenology and associated water

and energy cycles for modeling oil palm in the MC.

5. Conclusions

In this study, we used both a global (CESM) and a

regional climate model (RegCM4) to study the impacts

of deforestation in the MC region. By comparing the

experimental runs that replace forest with grassland

with control runs, we find that deforestation tends to

increase surface temperatures and precipitation over the

land regions in the MC. The surface warming effect

resulted from decreases in evapotranspiration and

roughness that result in more low-level moisture,

which can lead to stronger convection and increased

FIG. 10. (a) 500-hPa omega difference between La Niña composite

and climatology averaged between July of the developing year and

June of the decaying year from ERA-Interim, and 500-hPa omega

difference between control and deforestation simulations (DEF minus

CTR) for (b) CESM and (c) RegCM4. All the units are in Pa s21.
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precipitation. This process can be analyzed via the

vertically integrated moisture budget. This analysis

revealed that the dynamic component (i.e., convection

term) dominates. By analyzing the MSE profile, we find

that the combined effect of higher midlevel specific

humidities and temperatures rendered the atmosphere

in the deforested areas more unstable than in the control

run. The induced intensification of ascending motion

leads to an increase in precipitation. The accompanying

low-level moisture convergence from the surrounding

warm oceans further increases specific humidities.

Through these positive feedback processes, the MC

deforestation results in greater precipitation over the

deforested areas. Moreover, the similar results shown

in both CESM and RegCM4 simulations enhance our

confidence in using the CESM to explore the remote

impacts of MC deforestation in future studies.

In this study, we presented a possible climate response

to deforestation in the MC and explored several pro-

cesses that may have resulted in inconsistency in the

precipitation responses in previous studies. One of the

major factors is the competition between the warming

effect and the drying effect after deforestation in the

simulations as shown in Fig. 9. The different ways in

which deforestation is achieved and/or the differing

parameterizations used in the models, such as larger

albedo and roughness changes, may strengthen the

drying effect and further reduce the precipitation. For

deforestation modeling studies in other regions, the

differing environments adjacent to the deforested areas

(e.g., ocean, forest, or deforested continent) influence

the low-level moisture supply and can result in different

precipitation responses to deforestation.

The main focus of this study was to explore the in-

teractions between land and atmosphere after de-

forestation in theMC, so we have not included the ocean

responses in the current experiments. However, these

responses can alter the local effects in more important

ways and warrant further investigation in future work on

this topic. Furthermore, an uncertainty in this study is

that our deforestation simulations might overestimate

the deforestation response in ocean evaporation as it

uses prescribed climatological sea surface temperatures

and sea ice concentrations. Delire et al. (2001) used the

coupled Fast Ocean Atmosphere Model (Jacob 1997)

and showed that ocean upwelling induced by deforestation

would cool the sea surface and reduce ocean evaporation.

In addition, Schneck and Mosbrugger (2011) also sug-

gested weakened upwelling of cold ocean water, leading

to an increase in sea surface temperature as a consequence

of deforestation. Ma et al. (2013) also demonstrated

that a significant change in the hydroclimatological re-

sponse to afforestation in China when including the ocean

feedbacks. Coupled atmosphere–land–ocean model ex-

periments could be used to address this issue in future

studies.
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to the GEWEXGlobal Precipitation Climatology Project,

and can be downloaded from https://precip.gsfc.nasa.gov/.

APHRODITE data are downloaded from https://

climatedataguide.ucar.edu/climate-data/aphrodite-asian-

precipitation-highly-resolved-observational-data-integration-

towards. Interpolated OLR data are provided by the

NOAA/OAR/ESRL PSD, Boulder, Colorado, from

their website at https://www.esrl.noaa.gov/psd/. The

surface air temperature climatology used are CRU TS

v4.01 data (https://crudata.uea.ac.uk/cru/data/hrg/)

and UDel land-only SAT data (https://www.esrl.noaa.gov/

psd/data/gridded/data.UDel_AirT_Precip.html). The

European Centre for Medium-Range Weather Fore-

casts (ECMWF) provided the ERA-Interim data

(http://apps.ecmwf.int/datasets/). J.-Y. Yu was sup-

ported by NSF Grants AGS-1505145 and AGS-

1833075.
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