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Abstract: Southeast Asia (SEA) is a deforestation hotspot. A thorough understanding of the
accompanying biogeophysical consequences is crucial for sustainable future development of the
region’s ecosystem functions and society. In this study, data from ERA-Interim driven simulations
conducted with the state-of-the-art regional climate model COSMO-CLM (CCLM; version 4.8.17) at
14 km horizontal resolution are analyzed over SEA for the period from 1990 to 2004, and during El
Niño–Southern Oscillation (ENSO) events for November to March. A simulation with large-scale
deforested land cover is compared to a simulation with no land cover change. In order to attribute
the differences due to deforestation to feedback mechanisms, the coupling strength concept is applied
based on Pearson correlation coefficients. The correlations were calculated based on 10-day means
between the latent heat flux and maximum temperature, the latent and sensible heat flux, and the
latent heat flux and planetary boundary layer height. The results show that the coupling strength
between land and atmosphere increased for all correlations due to deforestation. This implies a strong
impact of the land on the atmosphere after deforestation. Differences in environmental conditions
due to deforestation are most effective during La Niña years. The strength of La Nina events on the
region is reduced as the impact of deforestation on the atmosphere with drier and warmer conditions
superimpose this effect. The correlation strength also intensified and shifted towards stronger coupling
during El Niño events for both Control and Grass simulations. However, El Niño years have the
potential to become even warmer and drier than during usual conditions without deforestation.
This could favor an increase in the formation of tropical cyclones. Whether deforestation will lead
to a permanent transition to agricultural production increases in this region cannot be concluded.
Rather, the impact of deforestation will be an additional threat besides global warming in the next
decades due to the increase in the occurrence of multiple extreme events. This may change the type
and severity of upcoming impacts and the vulnerability and sustainability of our society.

Keywords: deforestation; agricultural production; oil palm; Southeast Asia; land–atmosphere
coupling; ENSO; land use/cover change; Regional Climate Model; sustainability, vulnerability, society;
tropical cyclones

1. Introduction

Ongoing climate change is a global problem [1]. Anthropogenic changes in atmospheric gaseous
components and land-use changes are the main drivers leading to climate change [2]. Forests play a
particular role in land-use changes as they sequester carbon, influence the hydrological and energy cycle,
and contribute to floral and faunal diversity. Deforestation occurs all over the world and disturbs the
balance. While the forested area has stabilized or is even increasing over Europe and North America [3],
deforestation is still ongoing at a fast pace in some areas of South America, Africa, and Southeast
Asia [4–7].
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Southeast Asia (SEA) is a deforestation hotspot [8], and is currently one of the regions with the
highest transformation rate of land surfaces for agricultural use and urban development. Vast areas of
cleared land over Indonesia or Malaysia has been transformed into industrial oil palm plantations
over the past few decades. For example, about 50% of the deforested land on the Borneo island has
been planted with oil palms since 2000 [9]. About 877,000 acres are lost each year. Replanting cleared
land by oil palms requires enormous amounts of water [10], which increases the competition for
water resources. The impact of this extensive deforestation for agricultural use on SEA’s climate is still
uncertain. In addition, whether this will lead to a permanent transition to agricultural production,
as anticipated in this region, is not clear.

Deforestation modifies the land surface properties, resulting in alterations to surface fluxes such as
moisture, heat, and momentum, which directly affect the temperature and ultimately the atmospheric
boundary layer [11,12]. These effects are known as biogeophysical impacts acting on local and regional
scales. Biogeochemical effects occur via changes in carbon dioxide fluxes, trace gases, and aerosols
affecting mainly the global scale. Many studies have shown that these effects interact in a complex way
over a range of different temporal and spatial scales, influencing weather and climate [12–19].

The vulnerability of the Southeast Asian region is additionally to extensive deforestation modified
by strong climate variability. The South Asian Monsoon and Asian-Australian Monsoon dominate
the annual cycle of rainfall, and thereby influence the environmental conditions over large areas of
SEA. Monsoon rainfall is important for water supply, agriculture, and natural ecosystems. The South
Asian Monsoon and the Asian-Australian Monsoon develop, respectively, during boreal and austral
summers through substantial rearrangement of the large-scale atmospheric circulation, which results
in a rapid increase in precipitation.

El Niño–Southern Oscillation (ENSO) circulation amplifies the monsoon climate. This can result
in drought or flood events [20] depending on the strength of the ENSO phenomenon. However, it is not
clear what impact large-scale deforestation may have on ENSO events and if the modified biophysical
processes due to ongoing vast deforestation could potentially enhance or dampen the strength of
ENSO. The large extent of deforestation in the Southeast Asian region in recent decades, and the
projected increase in temperature and drought events in coming decades, increases the importance
of quantifying the potential impact of deforestation on local and regional climate also during ENSO
events. This importance is highlighted by the fact that ENSO periods influence the annual fluctuations
and the intensification rate of tropical cyclones, which are recurring phenomena in the Southeast and
East Asian regions [21,22]. El Niños phases are characterized by the formation of stronger and longer
lasting typhoons compared to La Niña phases [23]. El Niño events have resulted in an increase in
typhoons by more than 40% in previous decades [24]. La Niña events have resulted in a 29% decrease
in the number of strong typhoons. Thus, future changes in ENSO as a response to anthropogenic
global warming [25] could have significant socioeconomic consequences [26] and unprecedented
environmental impacts affecting health, productivity, crop yield, and disease outbreaks for the growing
population in the coastal areas of SEA [27].

A regional climate modelling study of large-scale deforestation over SEA in the recent past
showed an increase/decrease of temperature/precipitation over the region [28]. It was found that
precipitation events have become more intense, and extreme temperatures have become higher
after large-scale land clearing. A study based on observational records over the island of Borneo
found a strong relationship between forest loss and the increase in temperature and reduction in
precipitation [29]. Regional temperature increases differ in magnitude from global warming due to the
feedback processes. Changes in regional temperatures on land have been much greater than changes
in the global mean temperature [30]. Therefore, quantification of the impact of land cover changes
on regional to local climates are relevant for regional land use planning and climate mitigation and
adaptation strategies [31]. Thus, changes in feedback processes over land due to forest loss play an
essential role, and they depend on the coupling strength between the land and the atmosphere [32].
Hence, the state of the land surface and land–atmosphere feedback could potentially modulate and
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amplify extreme climatic events in SEA, and more importantly, during ENSO events. The strength of
this coupling might determine the impact the land cover change in the Southeast Asian region.

Earlier studies used land–atmosphere coupling metric for evaluation purposes on air temperature,
evapotranspiration flux, and soil moisture [32]. The coincidence metric concentrates on the bivariate
dependence structure of two variables, and is insensitive to biases in the means or variances. Here,
we use this approach to quantify the change in the land–atmosphere coupling due to deforestation,
and during ENSO events. We apply this method to a different set of data alighning with extreme
environmental conditions. We consider correlations between maximum air temperatures and latent
heat flux, which addresses the soil–moisture–temperature feedback [30], and the feedback into the
atmosphere [33]. In the case that the land is covered by vegetation, this metric additionally accounts
for the moisture flux capability of the vegetation layer. For example, the water transpiration capability
of grass is smaller than that of tropical forest. Correlations are calculated between the sensible and
latent heat fluxes as they show the process of the flux partitioning change due to the available energy
at the surface. In order to account for the impact of deforestation to the atmospheric boundary layer,
we consider the correlations between latent heat flux and height of the planetary boundary layer.

The impact of deforestation on the land–atmosphere coupling strength is studied by analyzing
ERA-Interim–driven simulations of the state-of-the-art regional climate model COSMO-CLM during
the period from 1990 to 2004 for November to March. Major forest loss occurred in the SEA in this
period [34]. Moreover, this study examines the impact of land clearing during ENSO events and
provides necessary information for regional land use planning and climate mitigation and adaptation
strategies. Section 2 outlines the data and methods used. In Section 3, the results are presented,
and Section 4 concludes the study.

2. Data and Methods

2.1. Study Region

The analysis domain in this study was similar to the domain of the Coordinated Regional
Downscaling Experiment (CORDEX) of SEA in order to make the present investigation relevant within
a wider context. This study domain covered the whole of the maritime continent of SEA, spanning from
~14◦ S to ~15◦ N and ~93◦ E to ~138◦ E (see Figure 1), with 450 × 240 grid points at a 14 km horizontal
resolution. The study area belongs to the maritime equatorial climate region. Seasonal variation in the
intertropical convergence zone dominates the regional circulation system characterized by seasonal
patterns in precipitation (seasonal monsoon). Further, the region is characterized by variations in
the Walker circulation, which occur periodically, potentially resulting in ENSO events. The region is
bordered by the Indian Ocean to the west and the Pacific Ocean to the east. The northern part of the
study domain belongs to the Indochinese Peninsula, and the south is part of the Northern Territory of
Australia. These regions belong to the sub equatorial area with tropical monsoon climate showing a
wet and a short dry season.

2.2. Model Data

In order to analyze changes in land–atmosphere coupling due to deforestation and during ENSO
phases, data were taken from simulation experiments for SEA with the state-of-the-art regional climate
model COSMO-CLM. It is a non-hydrostatic limited-area atmospheric climate model used in its version
4.8.17. The COSMO model [35] was originally developed by the German Weather Service for weather
forecast applications and is used in climate mode [36] by the CLM-community. COSMO-CLM was
driven by observed climate forcing based on the reanalysis product of ERA-Interim [37] as initial
and lateral boundary conditions. The simulations were performed over the period from 1984 to 2004.
The first six years of the simulation allows the model to spin-up for balanced soil moisture conditions.
Tölle et al. [19] describes the configuration of the model and experiment set-up in detail. Simulation
experiments included a control simulation over the SEA domain with current land cover, and a
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deforestation simulation, where the forest cover over SEA was replaced by grassland. The control
simulation with no land cover change was denoted as Control in this study. The deforestation simulation,
named Grass, consisted of grassland and covered the period from 1990 to 2004. The simulation for
grassland started from a point at which the climate model was in a dynamic equilibrium. Therefore,
it is performed as a restart from the Control simulation in 1990, but with alternative land cover and
vegetation parameters accounting for grass. Here, all forest grid cells with plant coverage of more
than 80 percent in a grid cell were converted to grassland. Since lateral boundary conditions were not
changed, simulated changes could be explained by land cover change.
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Figure 1. Elevation map of Southeast Asia ranging from 0 m to 3000 m. The area spanning from 14◦ S to
15◦ N and 93◦ E to 138◦ E is the region for analysis of this study. Blue color corresponds to water points.

2.3. Coupling Concept and Analysis Method

The coupling strength concept was adapted from Sippel et al. [32] and Knist et al. [33] to
our study to provide a useful measure of land–atmosphere coupling behavior based on Pearson
correlations between the two variables. The coupling concept of this study is exemplified for maximum
air temperature, latent heat flux, and soil moisture deficit, as shown in Figure 2, for positive and
negative couplings.

1. Positive or “weak” coupling—wet regime where the atmosphere impacts the land: If sufficient
soil moisture is available, the maximum air temperature dominates the near-surface atmospheric
humidity and latent heat flux and with that the soil moisture. This results in positive correlations
between the air temperature and latent heat flux, as well as between latent heat flux and the soil
moisture deficit. Here, the atmosphere influences the land, as the soil moisture deficit is not high
enough to dominate via soil moisture latent heat flux feedback.

2. Negative or “strong” coupling—dry or transitional regime where land impacts the atmosphere:
If sufficient soil moisture is not available, latent heat flux and also near-surface atmospheric
humidity is limited by this moisture deficit, resulting in a negative correlation. If latent heat
flux decreases, the maximum air temperature increases due to the lower amount of evaporative
cooling, resulting in a negative correlation between the two variables. In addition, air temperature
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and sensible heat flux increase due to the response to increasing radiation. In this case, the land
affects the atmosphere via a decrease in latent heat flux and increases in air temperature and
sensible heat flux.
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We considered correlations between the maximum air temperature and latent heat flux to address
the soil–moisture–temperature feedback [30] and the feedback into the atmosphere [33]. In cases where
land is covered by vegetation, this metric accounts for the moisture flux capability of the vegetation
layer. For example, the water transpiration capability of grass is smaller than that of tropical forest.
Correlations were calculated between the sensible and latent heat fluxes, as they show the process
of the flux partitioning change due to the available energy at the surface. In order to account for the
impact of deforestation on the atmospheric boundary layer, we considered the correlations between
latent heat flux and the height of the planetary boundary layer.

The coupling correlations were calculated for both the Control and Grass simulations from 10-day
mean values of maximum air temperature, latent and sensible heat flux, and planetary boundary
layer height from November to March for the full period (1990 to 2004). We chose the period from
November to March since this season is less correlated with sea surface temperature patterns [38] and
thus is advantageous for a deforestation impact study. In addition, changes in the correlations due
to deforestation based on the differences between the Grass and Control simulations (Grass minus
Control) were calculated. Correlations were calculated for the strongest El Niño events that occurred
during 1991/92, 1994/95, 1997/98, and 2002/03, and for the strongest La Niña events that occurred during
1995/96, 1998/99, 1999/00, and 2000/01. Furthermore, the change in the land–atmosphere coupling due
to ENSO events was calculated for the Grass and Control simulations. This was done by calculating
the difference in correlations between maximum temperature and the latent heat flux between El Niño
and non-El Niño years, and between La Niña and non-La Niña years.

The difference in the surface evaporative fraction of the Grass and Control simulations was
calculated in order to attribute the changes in maximum temperature due to deforestation to
the changes in the turbulent fluxes. A non-parametric regression method (LOESS) was applied
to the changes in surface evaporative fraction and the changes in maximum temperature due
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to deforestation. LOESS combines linear least squares regression with the flexibility of nonlinear
regression. Simple models are fitted to localized subsets of the data to build up a function that describes
the deterministic part of the variation in the data.

The analysis of this study was conducted over land grid points only.

3. Results

3.1. Land–Atmosphere Coupling

The spatial distribution of Pearson correlation coefficients over Southeast Asia is shown in Figure 3
for the period from 1990 to 2004 for November to March. The correlations were calculated based on
10-day means. They describe the latent heat flux and maximum temperature feedback (Figure 3a),
the latent and sensible heat flux correlation (Figure 3b), and the latent heat flux and planetary boundary
layer height correlation (Figure 3c) for the Control (upper row) and deforestation (Grass) simulations
(lower row). The coupling strength between land and atmosphere increased (negative correlations)
for all correlations due to deforestation. The coupling strength over the mainland was found to be
strongest (Pearson correlation coefficient up to −0.8 and −1). The impact was less pronounced over the
maritime islands (Pearson correlation coefficients between −0.2 and −0.8), where the signal due to
deforestation is mixed with the influence of the ocean.

The correlations over Sumatra, West of Borneo, and the Northern part of New Guinea were
positive in the Control simulation (Figure 3 upper row). These are mainly forested regions in the
Control simulation, for which positive correlations were obtained (Pearson correlation coefficient
~0.8). The reason for this is that the latent and sensible heat fluxes are both of high value over forested
areas [28], which resulted in positive correlations between these turbulent fluxes. Therefore, correlations
between the latent heat flux and maximum temperature were also positive. Due to the lower albedo of
forests, more radiation is absorbed and transformed via evapotranspiration to latent heat fluxes and via
heat conduction to sensible heat fluxes. The increased radiation and sensible heat fluxes increase the
temperature over forested areas, and with that, the maximum temperature increases. Increased heat
fluxes over forested areas influence the planetary boundary layer, which was also found to increase [39],
leading to positive correlations.

The correlations over Sumatra, West of Borneo, and the Northern part of New Guinea switched
from positive to negative correlations over most of these areas for the Grass simulation as compared
to the Control simulation (Figure 3 lower row). The latent heat flux decreased after land clearing,
reducing the evaporative cooling potential and thereby increasing the maximum temperatures (Figure 3a
lower row, and Figure 4b). Further, the increase in sensible heat flux due to deforestation (Figure 3b
lower row) induced higher temperatures and heat extremes (also see Figure 4b). The increase in
maximum temperature in the Grass simulation [19] was accompanied by a decrease in the latent
heat flux due to deforestation, leading to negative correlations. The deepening of the boundary layer
increases as less water is added to the atmosphere by evaporation and transpiration, as shown by the
negative correlation between latent heat flux and the planetary boundary layer height.

Maximum temperature was warmer after deforestation by 0.4 to 1.8 ◦C (Figure 4a). The increase
in maximum temperature after land clearing is accompanied by decreases in the surface evaporative
fraction (Figure 4b). The magnitude of change in extreme temperature due to deforestation depends
on the former coupling strength over the region (Figures 3 and 4). The rise in extreme temperatures
due to deforestation has occurred mainly over the mainland, where the coupling strength was the
strongest (Figure 3a,b). The impact has been less pronounced over the maritime islands due to the
oceanic influence, suggesting that the regional-scale impact of deforestation depends on the coupling
strength before land clearing. Please note that the analysis is during austral summers where the
Asian-Australian Monsoon develops in the southern region of the domain. This is the reason why
maximum temperature differences are less pronounced in the south.
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Figure 3. Spatial distribution of Pearson correlation coefficients describing (a) the latent heat flux (LE)
and maximum temperature (TMAX) feedback, (b) the latent (LE) and sensible heat flux (H) correlation,
and (c) the latent heat flux (LE) and planetary boundary layer height (HPBL) correlation of the Control
simulation (upper row) and Grass simulation (lower row) for the period from 1990 to 2004 for November
to March. The correlation was calculated based on 10-day means. The analysis was done on land
points only.
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Figure 4. (a) Spatial distribution of the maximum temperature (TMAX) differences in degree Celsius
between the Control and Grass simulation over Southeast Asia for the years 1990 to 2004 from November
to March based on 10-day mean values. (b) Scatterplot of the change in surface evaporative fraction
versus the change in maximum temperature. The non-parametric regression line is in blue with 95%
confidence region in grey. The analysis was conducted on land points only.

3.2. Coupling Change during El Niño

The spatial distribution of Pearson correlation coefficients between the latent heat flux and
maximum temperature are shown for non-El Niño years (Figure 5a) and the strongest El Niño years
(Figure 5b) over Southeast Asia for the years from 1990 to 2004. The correlations were calculated based
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on 10-day mean values of the latent heat flux and maximum temperature from November to March.
The strongest El Niño events occurred in 1991/92, 1994/95, 1997/98, and 2002/03. The upper row of
Figure 5 shows the Control simulation, which was compared with the Grass simulation (lower row in
Figure 5). The box plot with a kernel density plot rotated and surrounding it on each side was used to
quantify the change in correlation between El Niño and non-El Niño years for the Control simulation
(grey) and the Grass simulation (dark red, Figure 5c).

The correlation between maximum temperature and the latent heat flux had stronger coupling for
the Grass simulation as compared to the Control simulation (Figure 4a). While maximum temperature
increased, the latent heat flux decreased due to deforestation, resulting in more correlations that are
negative. The correlation strength intensified and shifted towards stronger coupling during El Niño
events for both Control and Grass simulations.
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Figure 5. Spatial distribution of the Pearson correlation coefficient for November to March 10-day
means of the latent heat flux (LE) and maximum temperature (TMAX) over Southeast Asia for the years
1990 to 2004 from November to March. (a) The first column presents the correlation of the variables
for the Control and Grass simulations. (b) The second column shows the correlations for the Control
and Grass simulations during El Niño events. (c) The box plot with a kernel density plot rotated and
surrounding it on each side quantifies the change in correlation of LE and TMAX between El Niño and
non-El Niño years for the Control simulation (grey) and the Grass simulation (dark red). The strongest
El Niño events occurred in 1991/92, 1994/95, 1997/98, and 2002/03. The analysis was conducted on land
points only.

The box plot shows that the change in correlation due to El Niño phases towards strong
coupling was more pronounced for the Control simulation than for the Grass simulation (Figure 5c).
This demonstrates that the magnitude in correlation change between maximum temperature and
the latent heat flux due to El Niños was higher for the Control simulation as compared to the Grass
simulation. The effect of an El Niño phase with drier and warmer conditions than usual did not change
the environmental conditions in the Grass simulation as much as in the Control simulation. The reason
is that the climate conditions for the Grass simulation were already drier and warmer than for the
Control simulation.
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3.3. Coupling Change during La Niña

Figure 6 shows the spatial distribution of Pearson correlation coefficients of 10-day means of the
latent heat flux and maximum temperature for the years 1990 to 2004 from November to March during
non-La Niña (Figure 6a) and the strongest La Niña years (Figure 6b). The upper row of Figure 6 shows
the Control simulation, which was compared to the Grass simulation (lower row in Figure 6). The box
plot with a kernel density plot rotated and surrounding it on each side was used to quantify the change
in correlation between La Niña and non-La Niña years for the Control simulation (grey) and the Grass
simulation (dark red, Figure 6c). The strongest La Niña events occurred in the years 1995/96, 1998/99,
1999/00, and 2000/01.
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Figure 6. Spatial distribution of the Pearson correlation coefficient of 10-day means of latent heat
flux (LE) and maximum temperature (TMAX) over Southeast Asia for the years 1990 to 2004 from
November to March. The first column presents the correlation of the variables for the Control and
Grass simulation. The second column shows the correlations for the Control and Grass simulations
during La Niña events. The box plot with a kernel density plot rotated and surrounding it on each side
quantifies the change in correlation of LE and TMAX between La Niña and non La Niña years for the
control simulation (grey) and the grass simulation (dark red). The strongest La Niña events occurred in
1995/96, 1998/99, 1999/00, and 2000/01. The analysis was conducted on land points only. (a) The first
column presents the correlation of the variables for the Control and Grass simulation. (b) The second
column shows the correlations for the Control and Grass simulations during La Niña events. (c) The
box plot with a kernel density plot rotated and surrounding it on each side quantifies the change in
correlation of LE and TMAX between La Niña and non La Niña years for the control simulation (grey)
and the grass simulation (dark red).

The correlation strength reduced and shifted towards weak coupling (positive correlations) during
La Niña events for both the Grass and Control simulations (Figure 6a,b). The change in the correlation
between La Niña and non-La Niña years towards weak coupling was more pronounced for the Control
simulation than for the Grass simulation (Figure 6b,c).
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3.4. Coupling Change Due to Deforestation

The changes in coupling between the maximum temperature and latent heat flux due to
deforestation during the full time period from 1990 to 2004, during El Niño and La Niña events
for November to March, are presented in Figure 7 as a box plot with a kernel density plot rotated
and surrounding it on each side. Deforestation changed the correlation towards stronger coupling as
shown for the full time period. During La Niña events, changes were the most dramatic, leading to
a dry regime, as indicated by the change towards negative correlations and by the change in the
mean correlation by 40%. The coupling change due to deforestation during La Niña events was the
strongest. The land–atmosphere coupling became stronger due to deforestation. The colder and wetter
conditions during La Niña events were shown to be less effective for turning the coupling into a
wet regime. The coupling in the Control simulation was weaker over most of the maritime islands,
and became even weaker during La Niña events as compared with the Grass simulation. The coupling
change during El Niño events was weaker among the three cases (Full period, El Niño, La Niña).
Environmental conditions are already drier after land clearing. That is the reason why the effect of
El Niño that is associated with warmer temperatures and less rain has only a marginal additional
effect on the coupling strength. It is suggested that the impact of deforestation is much stronger than
the impact of climate variability in this region. The state of the land surface and land–atmosphere
feedback modulate and amplify climate variability.
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Figure 7. Change in the Pearson correlation coefficient between the maximum temperature (TMAX)
and latent heat flux (LE) due to deforestation quantified as a box plot during the full period (green),
during the strongest El Niño years (red), and during the strongest La Niña years (blue) from 1990
to 2004 for November to March over Southeast Asia. Shown is a box plot with a kernel density plot
rotated and surrounding it on each side. The mean change rate of the Pearson correlation coefficient as
a percentage is displayed above each box plot. The analysis was conducted on land points only.

4. Summary and Conclusions

Southeast Asia’s deforestation is occurring at a fast pace due to an increase in use of land for
agriculture and urban development. The impact of deforestation on the land–atmosphere coupling
strength was assessed in this study by analyzing ERA-Interim-driven simulations of the state-of-the-art
regional climate model COSMO-CLM during the period from 1990 to 2004 for November to March.
The impact of land clearing during ENSO events was examined as well.
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The coupling strength concept helps to determine whether the land surface conditions affect the
atmosphere via evapotranspiration processes (strong coupling/negative correlations) or whether the
atmosphere affects the land surface by temperature and radiation (weak coupling/positive correlations).
This is useful information that also relates to climate change. Furthermore, this concept could be used in
land cover change studies to determine the impact of deforestation on the climate and climate variability.

Pearson correlations between two variables were calculated to represent the coupling strength
from 1990 to 2004, during El Niño and La Niña events. Pearson correlations and correlation changes
due to deforestation and ENSO were calculated between the latent heat flux and maximum temperature,
the latent and sensible heat flux, and the latent heat flux and the planetary boundary layer height.
The coupling strength between land and atmosphere was shown to increase, leading to stronger
coupling (negative correlations) among all correlations due to deforestation. This implies a strong
impact of the land on the atmosphere after deforestation.

Differences in environmental conditions due to deforestation are most effective during La Niña
years. Generally, environmental conditions in SEA during La Niña events are wetter and colder than
usual. Deforestation has a strong effect by changing the environmental conditions in this time period
to drier and warmer conditions than usual [19]. Maximum temperatures increase due to deforestation,
which depends on the coupling strength of the maximum temperature and the latent heat flux over the
region. The change in coupling (correlation) is a movement toward negative coupling (strong) due to
deforestation. The wet and cold conditions due the atmospheric circulation during La Niña phases
are superimposed by the impact of the land on the atmosphere. This reduces the strength of La Niña
events on the region.

The correlation strength intensified and shifted towards stronger coupling during El Niño events
for both Control and Grass simulations. The change in correlation due to El Niño phases towards strong
coupling was more pronounced for the Control simulation than for the Grass simulation. El Niño years
have the potential to become warmer and drier than during usual conditions without deforestation.
This study showed that deforestation amplifies the strength of El Niño events on the region.

The changed conditions due to deforestation could favor an increase in the formation of tropical
cyclones. The physical mechanism that leads to an increase in tropical cyclones is mainly vertical
wind shear. Wind shear only weakly develops during El Niño events in the tropical Pacific [23],
which favors the formation of tropical cyclones. Such an outcome of deforestation could lead to
significant socioeconomic consequences [26] and unprecedented environmental impacts affecting
health, productivity, crop yield, and disease outbreaks for the growing population in the coastal areas
of SEA [27].

Whether deforestation will lead to a permanent transition to agricultural production in this region
cannot be concluded. Rather, deforestation in the Southeast Asian region increases the vulnerability
to droughts and heat extremes. This can potentially lead to additional forest loss and decreases in
agricultural productivity. The use of large-scale deforestation as the maximum possible deforestation
scenario in this study changed the land–atmosphere coupling from an atmosphere-dominated coupling
to a land-dominated one. Deforestation modifies the land surface properties, resulting in alterations to
surface fluxes such as moisture, heat, and momentum, affecting the atmospheric boundary layer [40].
The consequences of deforestation are a drier climate regime in the Southeast Asian region through
positive feedback processes, which amplifies climate variability [41,42]. The magnitude of change in
environmental conditions due to deforestation depends on the coupling strength before land clearing.

Last but not least, deforestation for agricultural production in the Southeast Asian region
significantly increases CO2 emissions, directly contributing to global warming, of which soil microbial
processes have the greatest contribution [42]. Rising temperatures due to deforestation have the potential
to decrease net primary production, given the need to increase fertilizer application to stabilize crop
production. This approach additionally releases nutrients to the ocean, increasing eutrophication or
nitrous oxides released into the atmosphere, the latter acting as greenhouse gases. Besides nutrients,
crops also need water, but water stress onset might become more frequent with deforestation.
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Although the analysis is based on an idealized case study of a regional climate model with rather
coarse horizontal resolution of 14 km, it shows the potential trends in environmental conditions if
current deforestation rates continue.

Thus, the impact of deforestation will be another threat in addition to global warming in the
next decades due to the increase in the occurrence of multiple extreme events [43]. This may change
the type and severity of upcoming impacts on the vulnerability and sustainability of our society.
Further regional climate modelling studies, including land management, are needed to strengthen the
results and to quantify the impact for the longer term in the future.
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