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Abstract

The impact of tropical deforestation on clouds and precipitation remains uncertain due to complex interactions between land
surface changes and atmospheric processes on convective and mesoscales. Here, we examine the impact of deforestation over
Borneo in Southeast Asia using a pair of high-resolution large eddy simulations. Replacing tropical forest with oil palm
plantations reduces surface roughness thereby making surface-atmosphere exchanges less efficient, leading to warmer land but
a cooler near-surface atmosphere. In this moist environment, evapotranspiration can compensate for the added surface heating,
thereby increasing local moisture availability. To examine how this impacts cloud formation, we identify and track tens of
thousands of clouds to quantify shifts in the distribution of tropical convection across the diurnal cycle. Overall, deforestation
suppresses shallow-to-deep convective development, though the shallow cumuli which do form start raining earlier in the day
due to increased low-level moisture. However, this reduction in shallow cloud cover is not spatially uniform: in areas where
the deforestation gradient is strong, midday shallow cumuli are enhanced by mesoscale vegetation breezes. Deforestation
also weakens sea breeze-driven moisture convergence, leading to the relative enhancement of terminal congestus over deep
convection and a shift in the onset of deep convection and precipitation towards later in the evening. Our findings emphasize
that deforestation impacts can vary diurnally depending on cloud type and interactions with mesoscale phenomena, as well as
spatially depending on the location relative to deforested regions. This variability should be incorporated when considering the

overall impact of deforestation on clouds, rainfall, and climate.
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Key Points:

e Vegetation shifts from forest to oil palms lowers sensible heating and raises latent heating
as evapotranspiration offsets surface warming.

e Deforestation decreases shallow cloud cover but enhances cloudiness along deforestation
boundaries via vegetation breezes.

e Deforestation weakens the moisture convergence driving sea breeze deep convective
rainfall but shallow cumuli rain earlier in the day.
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Abstract

The impact of tropical deforestation on clouds and precipitation remains uncertain due to
complex interactions between land surface changes and atmospheric processes on convective and
mesoscales. Here, we examine the impact of deforestation over Borneo in Southeast Asia using a
pair of high-resolution large eddy simulations. Replacing tropical forest with oil palm plantations
reduces surface roughness thereby making surface-atmosphere exchanges less efficient, leading
to warmer land but a cooler near-surface atmosphere. In this moist environment,
evapotranspiration can compensate for the added surface heating, thereby increasing local
moisture availability. To examine how this impacts cloud formation, we identify and track tens
of thousands of clouds to quantify shifts in the distribution of tropical convection across the
diurnal cycle. Overall, deforestation suppresses shallow-to-deep convective development, though
the shallow cumuli which do form start raining earlier in the day due to increased low-level
moisture. However, this reduction in shallow cloud cover is not spatially uniform: in areas where
the deforestation gradient is strong, midday shallow cumuli are enhanced by mesoscale
vegetation breezes. Deforestation also weakens sea breeze-driven moisture convergence, leading
to the relative enhancement of terminal congestus over deep convection and a shift in the onset
of deep convection and precipitation towards later in the evening. Our findings emphasize that
deforestation impacts can vary diurnally depending on cloud type and interactions with
mesoscale phenomena, as well as spatially depending on the location relative to deforested
regions. This variability should be incorporated when considering the overall impact of
deforestation on clouds, rainfall, and climate.

Plain Language Summary

Deforestation is widespread in the tropics. Though we know changes to the land surface can
impact the atmosphere above it, we still do not fully understand how these changes affect
different types of clouds throughout the day. Here, we use an atmospheric model to simulate
clouds over Southeast Asia. We explore how deforestation impacts cloud formation by
comparing simulations with the same atmospheric conditions but using pre- and post-
deforestation land cover. Most crucially, we find deforestation can have contrasting impacts on
cloudiness depending on the time of day and spatial scale. Deforestation slows the transition of
shallow clouds into deep convection. However, it locally increases cloudiness close to the
deforestation boundary by driving breezes between the forest and deforested areas. The impacts
of deforestation on rainfall are similarly complex, with increases in area covered by weak rain
but a large decrease in rainfall amounts overall. These findings show that the impact of
deforestation on clouds and rainfall is not simple. The atmospheric response to forest loss
depends on many competing processes that need to be considered if we want to accurately
predict how deforestation impacts freshwater availability, precipitation extremes, and the climate
and hydrology of tropical regions.

1 Introduction

Anthropogenic activities drive widespread deforestation in the tropics (Kim et al., 2015;
Winkler et al., 2021). Southeast Asia—particularly the island of Borneo—is a hotspot of tropical
deforestation, with extensive forest clearing in recent decades driven primarily by oil palm and
rubber plantations (S. Chen et al., 2024; Jamaludin et al., 2022; Parker et al., 2024). It is widely
accepted that these changes to land surface properties impact the atmosphere through their
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effects on fluxes of heat, moisture, and momentum between the surface and atmosphere
(Mahmood et al., 2014; Santanello et al., 2018). However, how this translates to impacts on
convective clouds and rainfall remains uncertain (Gentine et al., 2019).

The coupling between land surface properties and clouds involves simultaneous changes
to the surface energy budget, and boundary layer moisture and temperature responses. At times,
thermodynamic changes act in opposition: switching from a vegetated surface to bare ground
leads to low-level warming and drying, which have opposite impacts on convection (C.-C. Chen
et al., 2019). The net impact of these contrasting feedbacks appears to depend on the background
meteorology (Findell & Eltahir, 2003) and cloud type (Baidya Roy & Avissar, 2002; Cioni &
Hohenegger, 2017), both of which vary across the course of the day. Changes in clouds caused
by land cover changes in turn drive shifts in the energy budget. Moreover, the surface energy
budget itself changes over the day as the balance between radiation, turbulent fluxes, and surface
heating is repartitioned in response to diurnal changes in insolation. These interactions between
the surface and convection further complicate the cloud response to deforestation, particularly
since this land-atmosphere coupling evolves on diurnal timescales.

Recent satellite-based estimates suggest deforestation in Southeast Asia locally enhances
cloud cover (Xu et al., 2022; Leung et al., 2024), though the magnitude of the cloud response
appears to depend on background meteorology and time of day. Although such observational
quantifications are essential, it is challenging to extract information about the mechanisms
driving cloud responses from these long-term estimates. This observational work must thus be
complemented with process-oriented modeling studies.

Most modeling-based investigations of deforestation impacts over Southeast Asia have
used global or regional climate models, which allow for long integration times to assess the
climatic implications of these widespread changes in land cover (Werth & Avissar, 2005;
Schneck & Mosbrugger, 2011; Takahashi et al., 2017; Toélle et al., 2017; C.-C. Chen et al., 2019;
H.-C. Chen & Lo, 2023). However, disagreements remain about the sign of deforestation impacts
on cloud cover. This is perhaps to be expected, given that processes driving convection
(especially shallow clouds) are not explicitly resolved in large-scale models and are thus
sensitive to how models parameterize convective responses to these compensating deforestation
impacts on moisture and temperature (C.-C. Chen et al., 2019). This uncertainty highlights the
need to improve our understanding of land surface-convection interactions at scales where
convective processes can be more accurately resolved, especially in regions like Southeast Asia
where most convection is driven by diurnally reversing mesoscale flows (e.g., sea breezes,
terrain flows) that are sensitive to surface properties (Qian, 2008; Yang & Slingo, 2001).

Despite these challenges in quantifying cloud responses to forest loss, doing so is
essential to fully characterizing deforestation impacts on weather, hydrology, and the Earth’s
energy balance (Pielke Sr., 2001; Boysen et al., 2020; Lagué et al., 2021). Such impacts may also
vary between different types of convection (Gentine et al., 2019). Thus, we must understand how
different cloud types and associated precipitation rates respond to changes in the land surface.

This research aims to quantify the impacts of deforestation on a range of tropical
convection morphologies, as well as elucidate the physical mechanisms driving these impacts.
Specifically, we address the following two science questions: (1) how does deforestation impact
different cloud types across the diurnal cycle? and (2) what is the impact of those cloud
responses on surface precipitation? We address these questions using cloud object-tracking
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techniques applied to a pair of high-resolution simulations with forested and deforested land
cover, described in Section 2. We quantify how these land surface changes impact the surface
energy budget and near-surface atmosphere in Section 3. In Section 4, we quantify impacts of
the initiation of tracked cloud objects across the diurnal cycle. We discuss how these
deforestation-driven shifts in the cloud distribution impact precipitation in Section 5. Finally, we
summarize our findings and discuss broader implications of this work in Section 6.

2 Methods
2.1 Model description and configuration

We conducted large eddy simulations (LES) using the Regional Atmospheric Modeling
System (RAMS version 6.3.04) (Pielke Sr. et al., 1992; Cotton et al., 2003; Saleeby & van den
Heever, 2013). Full information about the model settings is provided in Table 1, but we describe
key aspects of the simulation design and model set-up below.

Table 1. RAMS model parameters

Model aspect Description
Grid Arakawa-C grid

2150 x 2230 points, Ax= Ay=150m

106 vertical levels, Az=50-300m with a stretch ratio of 1.04
Timestep At=1.5s

Output every 5 minutes

Integration time

6 hours spin-up time (excluded from analysis) + 72 hours (3 diurnal cycles)

Initialization Initialized from ERA-5 (Hersbach et al., 2020)
Boundary Nudged with hourly ERA-5 data at lateral (25 grid points from side) and
conditions top (above 22km) boundaries with nudging timescale = 900s (15 mins)

Surface scheme

Land Ecosystem-Atmosphere Feedback (LEAF-3) (Walko et al., 2000)

Land cover taken from HILDA+ (Winkler et al., 2021) matched to LEAF-3
land cover classes

Soil classes taken from UN FAO dataset (FAO United Nations, 1974)

11 soil layers extending to 0.5m below the surface, with soil moisture and
temperature initialized from ERA-5

Turbulence Smagorinsky (1963) with modifications from Lilly (1962) and Hill (1974)
scheme

Microphysics RAMS two-moment bin-emulating microphysics (Meyers et al., 1997;
scheme Saleeby & Cotton, 2008)

Radiation RTE-RRTMGP (Pincus et al., 2019)

scheme Radiation tendencies updated every 5 minutes

Aerosol Aerosol number concentration = 600 cm™ at surface, exponentially
treatment decreasing with height with scale height of 7km

Fixed aerosol concentrations (no sources, sinks, or advection)

Aerosol-radiation interactions are represented

Our simulations are designed to reproduce the diurnal cycle of convection (Figure 1),
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123 including the daytime transition from shallow to deep convection during synoptically benign

124 conditions, when convection is primarily driven by local thermodynamics rather than large-scale
125 forcing. The simulation domain (Figure 2) encompasses a large area (~322x334km) in

126  northwestern Borneo, around Kuching, Malaysia. This region experienced extensive land cover
127 changes over the past few decades (Section 2.2). The morphology, timing, and distribution of
128 clouds in our simulations are similar to observed cloud patterns (Figure 1). We note, however,
129 that we analyze these simulations in a statistical manner to examine land-convection interactions
130 in the region, rather than as a case study recreating specific meteorology from a specific day.
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Figure 1. Simulations reproduce the observed diurnal cycle and distribution of
convection, shown for 11:00a.m. (a-c) and 4:00p.m. (d-f) on 17 September 2019. Advanced
Himawari Imager (AHI) true color imagery (left) compared to integrated condensate from the
VEG2019 simulation (center). Black (a,d) and white (b,c,e,f) contours show coastline and
500m a.s.l. Red boxes (a,b,d,e) indicate the region in (c,f) used to demonstrate the fobac cloud
identification approach, including cloud object centers (red circles), trajectories (red lines), and
outlines of the cloud masks (gray contours).

131 To adequately resolve fine-scale atmospheric features driving the initiation and

132 development of shallow cumuli, we used a fine spatiotemporal resolution (Ax= Ay=150m,

133 Az=50-300m, At=1.5s). This, in combination with our large model domain integrated over three
134 diurnal cycles (72 hours, 17-20 September 2019) allowed us to extensively sample the trimodal
135 distribution of tropical convection (Johnson et al., 1999). Our simulation period was directly

136 before the transition from southwest to northeast monsoon (Reid et al., 2023). We initialized and
137 nudged the lateral boundary conditions using ERA-5 reanalysis (Hersbach et al., 2020), which
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constrained the synoptic scale environment while ensuring that convective and mesoscale
features evolve freely in the domain.

Two-way land-atmosphere exchanges were parameterized using the Land Ecosystem
Atmosphere Feedback (LEAF-3) (Walko et al., 2000) surface model. LEAF-3 represents
turbulent and radiative exchange between the soil/ground, vegetation, and a canopy layer, which
then exchanges energy, water, and momentum with the lowest atmospheric layer.

2.2 Experiment set-up

We conducted two simulations constrained with the same atmospheric initial boundary
conditions but different land cover. Using identical large-scale atmospheric forcing allowed us to
compare how land-atmosphere interactions impact local convective development.

Land cover was taken from the Historic Land Dynamics Assessment+ (HILDA+) dataset
(Winkler et al., 2021), which combines remote sensing and long-term statistical datasets to
estimate land cover (Ax,y=1km) from 1960-2019. HILDA+ land cover classes do not directly
correspond to those in LEAF-3. Thus, we adapted HILDA+ land cover for use in our simulatiosn
by identifing which HILDA+ categories most closely matched the observed spatial patterns in
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2019 land cover from MODIS (Friedl et al., 2002) and the default RAMS land cover. Land
surface properties key to this study used in the numerical experiments are shown in Figure 2.

(a) VEG1960 Land Cove (b) VEG2019 Land Cove
‘ o ‘
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Figure 2. Model land cover set-up for (a) VEG1960 and (b) VEG2019. Black contours show
coastline and 500m a.s.l. topography. Legend shows land surface properties in LEAF-3 relevant
to this study.

We ran one simulation with land cover from 1960 (VEG1960) and one with land cover
from 2019 (VEG2019) (Figure 2). By using a realistic distribution of land cover rather than total
deforestation (Werth & Avissar, 2005; Takahashi et al., 2017) or an idealized checkerboard-type
pattern (Rieck et al., 2014), we can examine the effects of realistic scales of deforestation and
patterns of landscape heterogeneity.

The primary land cover change between 1960 and 2019 is a widespread shift from
“evergreen broadleaf forest” representing intact tropical rainforests to “wooded grassland” and
“cropland” representing plantations of oil palm, rubber, and other agricultural uses. Increases in
“urban surface” are also evident. We refer to these three predominant non-forest land cover types
as “deforested”. Compared to intact rainforests, deforested land has a lower surface roughness /
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shorter canopy height and larger albedos (Figure 2). Deforested areas also have lower
evaporative resistance, since forest vegetation retains more water for a given temperature
increase.

It is important to note that unlike other modeling studies examining deforestation in
Southeast Asia that replace forest with C4-type grass (Tolle et al., 2017; C.-C. Chen et al., 2019),
forest is primarily replaced by “wooded grassland” in our simulations. This surface type best
matches observations of oil palm and rubber plantations in terms of land surface properties
including vegetation height (June et al., 2018) and evaporative resistance (Giambelluca et al.,
2016). In contrast to regions like the Amazon where deforestation is primarily driven by
conversion to cropland or pastureland, transitions from tropical forest to palm oil and rubber
plantations in Southeast Asisa are unique in that they do not necessarily reduce
evapotranspiration (Spracklen et al., 2018).

2.3 Cloud object identification and tracking

We tracked convective clouds across their lifecycles using the Tracking and Object Based
Analysis of Clouds (tobac version 1.5) algorithm (Heikenfeld et al., 2019; Sokolowsky and
Freeman et al., 2024). Below is a brief description of how we used fobac. We direct readers to
the cited papers for details of the tobac algorithm.

First, we identified updrafts as contiguous three-dimensional regions with local vertical
velocity maxima >1 m s™ (with additional thresholds every 2 m s™! between 2 and 50 m s™! to
separate updrafts of varying intensities) and volume >64 grid points (0.072-0.432 km?,
depending on vertical location) depending on vertical location). Second, we connected updrafts
temporally by linking their projected trajectories in time. Any updrafts with lifetimes <15
minutes were excluded from our analysis to ensure we only analyze clouds that are well-captured
across their life cycle. Third, we used watershedding to identify contiguous regions around each
updraft that have vertical velocities >1 m s and cloud condensate mixing ratios >0.01 g kg™!.
Regions with collocated updraft and condensate are considered “clouds”. Thus, we separate
cloudy updrafts from dry boundary layer thermals. Finally, we calculated key properties for each
cloud object, including cloud lifetime, cloud base height (CBH), cloud top height (CTH), CTH
growth rate, and mean precipitation rates.

The large dataset of identified clouds (>75,000 per simulation) allows for robust
statistical assessment of a range of cloud modes, each of which may be coupled to the land
surface via different processes. We required that all clouds initiate from within the boundary
layer (with their updraft centroid at the time of first detection <2.5km). We excluded high clouds
originating offshore or outside our domain from our analysis. While high cirrus is ubiquitous in
the region, the origin of such clouds offshore or outside our domain are not directly impacted by
the surface perturbations we test here. The specific thresholds utilized here are ultimately
subjective, but testing of these parameters showed qualitatively similar results. fobac-tracked
cells account for >80% of the total surface precipitation in the domain, adding confidence that
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our methods capture most of the convective clouds of interest to our science questions. Examples
of cloud masks and tracks generated using fobac are shown in Figure 1c,f.

3 Deforestation impacts on the surface energy budget

We begin by examining the surface energy budget, diurnally averaged over land (Figure
3). It is important to note that we use a sign convention of negative values indicating terms which
cool the surface (energy transferred from surface to atmosphere or ground). The magnitude of
radiative and turbulent heat fluxes in our simulations compare favorably with flux measurements
over rainforests and oil palm plantations in Borneo (Fowler et al., 2011; Takanashi et al., 2010;
Tang et al., 2019). The magnitude of latent heat fluxes (LHF) is larger than that of sensible heat
fluxes (SHF), due to the abundant moisture in the soil and vegetation canopy. Prior to the onset
of clouds, the mean Bowen ratio (B=SHF/LHF) ranges from 0.3-0.5 between 7-9a.m. (here and
throughout the text, times are local time, i.e., UTC+S).

Deforestation from VEG1960 to VEG2019 (solid versus dashed lines; Figure 3a) drives
robust shifts in the surface energy budget (Figure 3b). Positive changes in Figure 3b indicate
deforestation leads to more energy transfer info the surface (or less transfer out of the surface).
Similar trends are evident across all simulation days.

Changes to the surface energy budget between the two simulations are dominated by SHF
impacts (red lines; Figure 3). Deforestation reduces energy transfer from the surface to the
atmosphere via SHF (a decrease in SHF magnitude). This is driven by the reduced surface
roughness associated with changes from tall rainforest to shorter palm oil plantations. The
smoother deforested surface in the latter is less efficient at transmitting energy into the
atmosphere through turbulent fluxes.

As aresult of the less efficient turbulent exchange in the deforested regions, more energy
accumulates at the surface and is used in heating the vegetation canopy and the ground (gray
lines; Figure 3). We confirm this by examining vegetation canopy and near-surface (~25m a.g.l.)
air in Figure 4. Indeed, the increased energy storage results in warmer land surface temperatures
and warmer air at canopy level throughout the day (Figure 4c¢), consistent with satellite-based
observations (Sabajo et al., 2017; Crompton et al., 2021) and field measurements (Hardwick et
al., 2015). However, this energy is not efficiently transmitted from the smooth surface into the
atmosphere, resulting in a more modulated near-surface temperature diurnal cycle in VEG2019
compared VEG1960 (Figure 3b). Rather than transferring energy through turbulent fluxes, the
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234 smooth deforested surface radiates more energy as outgoing longwave radiation (OLR) (green
235 lines; Figure 3c¢).

(a) Surface Energy Budget (SEB)
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Figure 3. Diurnal evolution of the surface energy budget. (a) Mean surface energy budget,
where positive terms heat the surface and negative terms cool the surface. Solid lines are

VEG1960, and dashed lines are VEG2019. Differences between VEG2019 and VEG1960 are
shown as (b) instantaneous and (c) cumulative changes. Gray shading shows nighttime hours.

236 The warmer canopy air in VEG2019 enhances evapotranspiration (ET), with most of the
237  energy stored in the canopy going into latent heating. The deforested areas have lower
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238 evaporative resistance, meaning for a given temperature, they release more moisture into the
239 atmosphere than forested regions. Deforestation thus moistens canopy air (Figure 4c¢). LHF, like
240  SHF, depends on the efficiency of turbulent surface-atmosphere exchange and is hampered by
241  the smoother deforested surface. However, since there is a larger moisture source due to
242 enhanced ET, LHF is enhanced in the deforested scenario after 9a.m. (blue lines; Figure 3) once
243 the canopy heats up sufficiently for ET to counteract reduced turbulence. This response reflects
244 deforestation in moist, tropical environments where forests are primarily converted to oil palms
245 or other agricultural lands that retain high soil moisture (van der Molen et al., 2006)—if
246  deforestation instead converted the forested area to bare soil (or moisture-limited vegetation)
247  LHF would likely differ (C.-C. Chen et al., 2019; Drager et al., 2020; H.-C. Chen & Lo, 2023).
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Figure 4. Diurnal evolution of air in (a) the vegetation canopy and (b) at the lowest near-
surface atmospheric level for temperature (black) and dewpoint (blue). Solid lines are
VEG1960, and dashed lines are VEG2019. Differences between VEG2019 and VEG1960 are
shown for (c¢) canopy and (d) near-surface air. Gray shading shows nighttime hours.
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Changes in the surface energy budget following deforestation are dominated by non-
radiative properties (surface roughness and evaporative resistance) rather than radiative
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properties (albedo) (Figure 3), which is consistent with past research for the tropics (Davin & de
Noblet-Ducoudré, 2010; Duveiller et al., 2021). We observe <1% decrease in the magnitude of
early morning (7-9a.m.) net shortwave (SW) flux following deforestation due to the more
reflective surface. Once clouds develop after 9a.m., there is a bigger deforestation impact on SW
(yellow line; Figure 3). However, changes due to reduced cloud cover (more downwelling SW)
and increased albedo (more upwelling SW) act in opposite directions, such that the SW
contribution to surface energy budget changes is secondary compared to changes in SHF.

4 Cloud responses to deforestation
4.1 Overview of cloud evolution

Our simulations capture the trimodal convection distribution (Johnson et al., 1999) and
shallow to deep convection transition in the Maritime Continent (Renggono et al., 2001; Argiieso
et al., 2020; Marzuki et al., 2022). Figure 5 demonstrates the mean distribution of cloud number
and area binned by CTH across the diurnal cycle. We show mean cloud development (white
arrows; Figure Sa,b), calculated as the mean change in CTH over five-minute intervals for all
cells within a given bin.

The surface heats up after sunrise (6:15a.m.) until shallow cumulus develop around 9a.m.
These shallow cumuli (1km<CTH<3km) are mostly non-precipitating and organize in cloud
streets. By 12p.m., the sea breeze has propagated onshore, and congestus (4km<CTH<10km)
have formed along the convergence zone ahead of the sea breeze. These convective cells
precipitate more strongly than cells that develop earlier in the day, and produce cold pools that
collide, creating areas of low-level convergence. Some collisions result in deeper cumulonimbus
(CTH>10km) from 4-6:30p.m., while other less favorably located congestus only reach
maximum CTHs of ~8km before dissipating. This division between congestus which eventually
become deep convection (transient congestus) and those which do not (terminal congestus) (Luo



manuscript submitted to JGR Atmospheres

274 etal., 2009; Leung & van den Heever, 2022) is evident as the bifurcation in the mean cloud
275  development (white arrows; Figure 5a,b).
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Figure 5. Diurnal cycle of total cloud number and area. Color contours show total (a) number
and (b) area of fobac-tracked clouds for each joint hour of day and cloud top height (CTH) bin in
VEG1960. Height of arrows indicate the mean change in CTH for a given (hour of day, CTH)
bin, while the length of arrows is uniform and arbitrary. Difference between VEG2019 and
VEG1960 is shown for cloud (c) number and (d) area, with gray contours from (a,b) for
comparison. Gray vertical lines indicate sunrise and sunset.

276 4.2 Mean shallow cloud response

277 Deforestation-driven changes in surface-atmosphere interactions manifest as shifts in the
278  cloud distribution (Figure 5¢,d). Due to weaker SHFs (Figure 3), there are fewer dry boundary
279  layer thermals, and the planetary boundary layer (PBL) deepens more slowly in VEG2019 than
280  in VEG1960. The lifted condensation level (LCL) is lower following deforestation (Figure

281  6a,c), meaning parcels lifted from the surface should form clouds at lower altitudes. However,
282 the weakened SHFs limit the ability of thermals to penetrate the LCL and form clouds.
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283 Deforestation thus shifts the peak in the cloud diurnal cycle to later in the day, once the PBL is
284  sufficiently developed.
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Figure 6. Diurnal evolution of lifted condensation level (LCL) and level of free convection
(LFC). (a) LCL height in purple and LFC height in green. (b) mean skew-T profile at 12p.m.,
with temperature (black) and dewpoint (blue). Solid lines are VEG1960, and dashed lines are
VEG2019. Differences between VEG2019 and VEG1960 are shown for (¢) LCL/LFC evolution
and (d) atmospheric profile. Gray shading (a,c) shows nighttime hours.

285 The cloud response to lower SHFs following deforestation is counteracted by increased
286  LHFs and evapotranspiration (Figure 3). Although the near-surface atmosphere is moister in the
287  deforested scenario (Figure 6b,d), this moisture is not transported vertically given the limited
288 turbulent mixing over smoother deforested surfaces. The lower LCL in VEG2019 coincides with
289  an increased distance between the LCL and the level of free convection (LFC) around midday,
290  meaning enhanced convective inhibition (Figure 6a,c¢). Even if parcels reach the LCL more

291  easily in VEG2019, they are not positively buoyant and less likely to become active shallow

292 cumuli (Stull, 1988; Gentine et al., 2013).

293 4.3 The role of mesoscale circulations

294 Mesoscale circulations locally impact cloud frequency in Figure 7, which shows the

295  deforestation-driven change in amplitude of the diurnal cycle of cloud initiation. We calculate
296  the mean cloud diurnal cycle based on the number of clouds occurring in each 6x6km box at
297  each time of day (15-minute increments). We tested other averaging windows in space (1.5—

298  15km) and time (5—60 minutes), and found the results were qualitatively similar; we select these
299  parameters for clarity of visualization. For each location, we find the diurnal peak in the number
300  of clouds and compare this peak for VEG2019 and VEG1960. Figure 7 thus accounts for
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temporal offsets in the diurnal cycle (e.g., if cloud development peaks later / earlier in the day).
For most regions, there is a decrease in peak cloud number, consistent with our earlier findings
that deforestation suppresses shallow cumuli (Figure Sc). However, there are some areas where
cloudiness is enhanced following deforestation (red points; Figure 7a). In these regions, cloud
number and cloud fraction are greater at midday following deforestation (Figure 7c,e).
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Figure 7. Spatial heterogeneity in cloud response to deforestation. (a) Difference in the
amplitude of the diurnal peak in cloud formation between VEG2019 and VEG1960, as described
in text. Gray contours show 25% (dashed) and 50% (solid) forest loss between VEG1960 and
VEG2019. Black contours show coastline and 500m a.s.l. Circles represent top (red) and bottom
(blue) decile of points in terms of the change in the cloud diurnal peak, used for averaging in (b-
). Mean diurnal cycle of cloud (b) number and (d) fraction are shown for the top / bottom decile
of points, with the VEG1960 simulation in solid lines and VEG2019 simulation in dashed lines.
Changes are shown as the difference between VEG2019 and VEG1960 for cloud (c¢) number and

(d) fraction. Gray shading (b-e) shows nighttime hours.

The spatial pattern of deforestation-induced cloud changes comprises dipole structures of
cloudiness aligned along regions of forest loss from VEG1960 to VEG2019. Regions where
cloudiness is enhanced tend to be located on the side of the deforestation boundary with less
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forest loss, suggesting the influence of mesoscale solenoidal circulations. Figure 8 shows that
regions of enhanced cloudiness coincide with areas where turbulent heat fluxes and near-surface
virtual potential temperature are enhanced relative to area means. Local enhancements in
cloudiness along the interface between pristine and perturbed land cover regions are driven by
the ascending branch of these circulations on the warmer, drier side of the gradient. These
mesoscale circulations—referred to as vegetation breezes (Saad et al., 2010; Khanna et al., 2017,
J. Chen et al., 2023)—transport low-level moist air from more deforested regions (where LHFs
are higher) to less deforested regions where air is positively buoyant and the circulations provide
the lift for cloud formation. This results in local increases in forced cumuli around the
deforestation boundary (Ascher et al., 2025; Falk et al., 2025).
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Figure 8. Mesoscale solenoidal circulations are driven by gradients in surface heat flux and
buoyancy. Maps of (a) mean turbulent heat flux (sensible + latent) and (b) perturbation heat flux
(perturbation from spatiotemporal mean for given hour) from 10:30-11:30a.m., prior to the peak
in daytime convection. (c) and (d) show the same for the near surface virtual potential
temperature. Gray contours show 25% (dashed) and 50% (solid) forest loss between VEG1960
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and VEG2019. Black contours show coastline and 500m a.s.l. Data are aggregated to 3x3km,
then smoothed with a 21x21km rolling window.

4.3 Impacts on sea breeze and deep convection

Across the domain, there is a reduction in deep convection following deforestation
(Figure 5b,d). In part, this follows from reduced shallow cumuli earlier in the day (Section 4.1).
Even once the decrease in midday shallow cumuli is accounted for, we still observe a further
decrease in the proportion of clouds that develop into deep convection after deforestation. Taking
the relative proportion of cloudy area between 4p.m. and 8p.m. (the peak of deep convective
activity), 10% more cloudy area in VEG2019 is associated with terminal congestus when
compared to VEG1960. These differences are due to differences in the large-scale moisture
convergence associated with changes in the sea breeze.

The SSTs in the simulations are nearly identical. However, there is a near-surface cooling
over land in VEG2019, which leads to a weakening of the sea breeze compared to VEG1960.
Figure 9 shows the diurnal average of low-level moisture flux convergence (MFC; vertically
integrated from the surface to 1km a.s.l) as a function of distance from the coastline. The sea
breeze does not penetrate as far inland (~2km closer to the coastline) and generally fluxes less
moisture inland (maximum MFC is ~1 kg m? hr! lower) following deforestation. This is
consistent with past research on surface roughness and evapotranspiration impacts on sea breeze
strength and propagation (Gero & Pitman, 2006; Grant & van den Heever, 2014).

As a result of the reduced onshore moisture flux following deforestation, fewer deep
convective cells initiate in the late afternoon (Figure 5d) along the sea breeze front (black
contours; Figure 9a,b) in VEG2019 compared to VEG1960. Also, the development of the fewer
deep convective clouds in VEG2019 is shifted to later in the evening (Figure 7¢).
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Figure 9. Hovmoller plot showing sea breeze propagation and associated moisture flux
convergence (MFC) and cloud cover for (a) VEG1960, (b) VEG2019, and (c) the difference
between VEG2019 and VEG1960. Color shading in (a) and (b) shows integrated MFC (surface—
lkm a.g.l.), as a function of distance from the coastline and hour of the day. Black contours show

a cloud fraction of 3% and 3.5%. Gray lines show the location of peak MFC for each time in
VEG1960 (solid) and VEG2019 (dashed).
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5 Implications for precipitation

The changes to convection across the diurnal cycle caused by widespread deforestation
have substantial implications for precipitation at the surface. Figure 10 shows changes in the
diurnal cycle of clouds across the domain, as in Figure 7, but only for clouds with appreciable
rainfall at the surface (rain rate > 0.01mm hr!). The area with positive changes (i.e., more
raining clouds) is more evenly distributed across Figure 10a compared to Figure 7a. Although
mesoscale circulations support increased convection along the deforestation boundary, the
change in raining cumuli is more spatially uniform. This suggests the increase in shallow
cumulus rainfall is driven by domain-wide changes in low-level moisture rather than lifting
driven by surface heterogeneities, though these may still play a secondary role. Fewer active
shallow cumuli form in VEG2019, but those which do have access to more near-surface moisture
and trigger the onset of precipitation earlier in the day (Figure 10b,c and Figure 11a,c).
Although these precipitating shallow cumuli comprise a small number and a limited integrated
contribution to the overall water budget, these deforestation-driven changes happen during a time
of day when little precipitation generally occurs. Thus, any shifts have a large relative
contribution to when and where rainfall occurs (8% increase in raining area and 20% increase in
rain amount from shallow cumuli between 9a.m.—3p.m.).
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Figure 10. Spatial heterogeneity in raining cloud response to deforestation. As in Figure 7,
but only for precipitating clouds (rain rate>0.01 mm hr!).
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359 In contrast to the aforementioned changes in rainfall from shallow cumulus, we find that
360  deforestation suppresses deep convection associated with sea breeze convergence, thereby

361  leading to a decrease in the magnitude of the diurnal rainfall peak (Figure 11d). A majority of
362 rainfall is driven by deep convection that forms after 3 p.m. (Figure 11b), and thus the net

363  deforestation impact is a decrease in overall precipitation.

364

(a) Raincloud Number (VEG1960) (b) Rain Amount (VEG1940)

17.5 80 17.5 400
__15.0 70 __15.0 350
E E
=125 60 =125 300
- -

':E: 10.0 50 g 10.0 250

= Ao 5 200 2

& 75 & 75

T o 30 T so 150

2 5 .

3 20 5 100
2.5 10 2.5 50
0.0 0 0.0 0

0 5 10 15 20 0 5 10 15 20
Hour of Day (LT) Hour of Day (LT)

(c) Change in Raincloud Number (d) Change in Rain Amount

(VEG2019 - VEG1960) (VEG2019 - VEG1940)

17.5 1 ! i 20 17.5 . 100
_15.01 i i 15 _ 1501 i 80
E | | E &0
=3 =3
- 1. ] = 12.5
-E., 12.5 0 :_t:_” 2.5 I 40
& 100 5 , 21007 N 20 o

< _op &

& 75 -5 8 751 ; 20

- 10 2 L —40

3 501 , , 0 3 501 4D

° | | -5 Y ) -80

: ! -20 R4 -100

0.0 —L T T L 0.0 T T T T

4] 5 10 15 20 0 5 10 15 20
Hour of Day (LT) Hour of Day (LT)

Figure 11. Diurnal cycle of (a) number of raining clouds and (b) total rain amount. As in
Figure 5, but only for precipitating clouds (rain rate>0.01 mm hr!). Total rain amount (b,d) is
integrated over cloud area.

365 6 Conclusions

366 Accelerating deforestation in many regions of the world, including Southeast Asia,

367  motivates an urgent need to understand what impact such land cover changes have on clouds and
368  precipitation. Global and regional climate models disagree about the sign of deforestation-

369  induced cloud feedbacks, which demonstrates a gap in our understanding of the convective and
370  mesoscale processes involved. In this study, we use a set of high-resolution large eddy

371  simulations with varied land cover but identical atmospheric initial and boundary conditions to
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elucidate the mechanisms by which deforestation impacts clouds over Borneo. We focus on how
land surface-convection interactions are influenced by changes to mean thermodynamics and
mesoscale features like vegetation breezes and sea breezes. Figure 12 illustrates the major
processes governing these interactions.

onset of light rain
_earlier due to
moister low-levels
; ] ;
| I vegetation breeze

locally enhances
shallow cumuli

0 weaker turbulent fluxes
suppress convective
development across region

o weaker sea breeze
moisture convergence

hinders deep convection
and rainfall

~all

Figure 12. Schematic of major processes impacting the cloud response to deforestation over
Borneo. As intact tropical rainforest is replaced by palm oil plantations, turbulent exchanges
between the land and atmosphere are reduced across the region, which suppresses convective
development overall (1). However, along the border of deforested areas, vegetation breezes can
locally enhance midday shallow cumuli (2). Due to the moister low-level atmosphere, shallow
cumuli which do form after deforestation tend to rain earlier in the day (3). The large-scale
changes to the near-surface atmosphere over land weaken moisture flux convergence by the sea
breeze, which hinders the development of deep convection in the evening (4).

Overall, we find deforestation induces robust changes to the surface energy budget and
thermodynamic responses in the near-surface atmosphere. The shift from rainforest to palm and
rubber plantations reduces surface roughness and makes turbulent land-atmosphere exchanges
less efficient. This leads to a decrease in sensible heat fluxes that is primarily compensated for by
a warming of the ground and vegetation canopy. Unlike in other tropical forest regions, where
the conversion of forest to pasture or bare soil decreases latent heat fluxes, we find that under
these moisture-rich conditions deforestation enhances evapotranspiration due to warmer canopies
and weaker evaporative resistance. This unique surface response is consistent with observations
(Fowler et al., 2011; Giambelluca et al., 2016; Spracklen et al., 2018), but has typically been
neglected in climate modeling studies for this region (Takahashi et al., 2017; Télle et al., 2017;
C.-C. Chen et al., 2019). These changes to the surface energy budget lead to a cooler and moister
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near-surface atmosphere, and increases in convective inhibition following widespread
deforestation, thereby changing the thermodynamic environment convection develops in.

Despite these clear energetic shifts, we find deforestation impacts on clouds are not
homogeneous: changes to convection vary spatially and diurnally. Deforestation drives a
decrease in late morning shallow cloudiness across the region via reduced sensible heat fluxes
and enhanced convective inhibition. Yet we find shallow cloudiness is locally enhanced by
vegetation breezes around areas with substantial forest loss. Local and regional deforestation
impacts can therefore be in opposition. Quantifying the net deforestation impact on shallow
clouds—which have strong radiative implications for climate (Gentine et al., 2019)—may
depend on how extensive these vegetation-driven mesoscale circulations are, and thus on the
spatial pattern of deforestation and the degree of land surface heterogeneity. Furthermore, we
find that despite this region-wide suppression of shallow cumuli, the increased low-level
moisture drives more of the shallow cumuli that do form to start raining earlier in the day. This
leads to shifts in the diurnal timing and coverage of shallow precipitation, which motivates the
need for further observational validation that disaggregates deforestation impacts on clouds and
rainfall at different times of day (Leung et al., 2024; Ruijsch et al., 2025)

Deep convection is strongly impacted by deforestation-induced changes in large-scale
moisture flux convergence. Deforestation dampens the land-ocean contrast in low-level
temperatures, thereby weakening the sea breeze. This reduces moisture advection and limits
development from shallow to deep convection, resulting in proportionally more clouds remaining
as terminal congestus (4km<CTH<10km) instead of developing into deep convection
(CTH>10km). The deep convection that does develop under the deforested scenario tends to now
occur beyond sunset, with corresponding shifts in the diurnal precipitation maxima. Changes to
diurnal timing may impact the net radiative effects of deep convective clouds and their anvils
(Jones et al., 2024).

Compared to better-studied deforestation hotspots like the Amazon, the region of
Southeast Asia we focus on here is unique both in terms of the prevailing land use (with the
transition to oil palm and rubber plantations meaning evapotranspiration remains relatively high)
and background meteorology (highly moist, with strong mesoscale influences on convection).
We speculate the processes we discuss here are broadly applicable to other tropical deforestation
regions with nearby moisture sources (e.g., Central America, coastal West Africa) (Kim et al.,
2015; Taylor et al., 2022). That said, the net deforestation response is highly dependent on
relative contributions from the local and regional processes we elucidate in this paper and thus
may vary across regions and even seasons. For example, mesoscale breezes might become
relatively more important compared to regional mean changes in boundary layer cloud
development during the dry season (Leung et al., 2024). Deforestation impacts may further be
modulated by other properties like aerosol emissions from forest clearing-related biomass
burning (as visible in smoke in Figure 1a,d, but not included in our simulations). Such aerosol—
land surface—cloud feedbacks have been shown to impact mesoscale circulations like the sea
breeze (Grant and van den Heever 2014; Park and van den Heever 2022) and are the subject of a
future set of planned investigations.

In conclusion, we demonstrate in this work that shallow and deep convection are
coupled to the land surface through processes acting on different spatiotemporal scales. Shallow
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convection is more sensitive to deforestation-induced regional changes in thermodynamics and
local changes in vegetation breezes, while deep convection is more sensitive to changes in
moisture convergence associated with the sea breeze. There are strong diurnal structures and
mesoscale heterogeneities in the signal of deforestation-driven changes in clouds and
precipitation. Though typically unresolved in large-scale models, our findings emphasize that
these convective and mesoscale processes must be carefully incorporated into assessments of the
impacts of land cover changes on clouds, hydrology, and climate.
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