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ABSTRACT

Changes in land use and land cover in the Amazon rainforest, whether due to natural or anthropogenic
causes, are occurring at increasingly rapid rates, with potential implications for regional climate.
Therefore, studies aiming to understand the effects of deforestation on the Amazon basin are becoming
highly necessary. The main objective of this study was to understand, through regional numerical
modeling, how deforestation has been affecting and may affect in the future the spatial pattern of
precipitation and temperature in the Amazon basin during the rainy season. To achieve this, data from
numerical experiments with different spatial scales of deforestation in the Amazon were used. These
data were generated by the regional ETA model forced by the HadGEM2-ES model for a 30-year period.
The analyses were performed in the form of climate anomalies. For the current climate, the results
indicate that a scenario of partial deforestation would lead to significant increases in temperature and
a slight local increase in precipitation in the Arc of Deforestation region. On the other hand, a scenario
in which the entire Amazon Forest is removed showed more prominent increases in temperature and
reductions in precipitation throughout the Amazon basin.

Keywords: Deforestation; Regional modeling climate; Climate changes

RESUMO

Mudancas no uso e na cobertura do solo da floresta Amazbnica, seja por causas naturais ou
antropogénicas, estao ocorrendo a taxas cada vez mais crescentes, podendo afetar o clima regional.
Assim sendo, estudos que visam compreender os efeitos do desflorestamento sobre a bacia Amazénica
tornam-se cada vez mais necessarios. O presente estudo teve como objetivo principal entender, por meio
de modelagem numérica regional, como o desflorestamento tem afetado e podera afetar futuramente
0 padrao espacial da precipitacdo e da temperatura na bacia Amazénica durante o periodo chuvoso.
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Para tanto, foram utilizados dados de experimentos numéricos com distintas escalas espaciais de
desflorestamento na Amazdnia. Estes dados foram gerados a partir do modelo regional ETA forcado a
partir do modelo HadGEM2-ES para um periodo de 30 anos. As analises foram realizadas em forma de
anomalias climaticas. Para o clima atual, os resultados indicam que um cenario de desflorestamento
parcial ocasionaria mudancas intensas do aumento da temperatura e um pequeno aumento local da
precipitacao na regido do Arco de Desflorestamento. Por outro lado, um cenario no qual foi removida
toda a floresta Amazdnica mostrou mudancas mais intensas do aumento da temperatura e da reducao
da precipitacdo sobre toda a area da bacia Amazonica.

Palavras-chave: Desflorestamento; Modelagem regional do clima; Mudancas do clima

1 INTRODUCTION

The Amazon region comprises a set of ecosystems with rich biodiversity and
intense convective activity, with an average precipitation of around 2,300 mm.year-'
(Marengo, 2006). Located in the tropics, the Amazon rainforest is considered the
largest continuous expanse of tropical rainforest ecosystem on the planet (Durieux et
al., 2003). The region plays an important role in the exchange of heat, moisture, and
momentum at the surface-atmosphere interface, which is crucial for maintaining the
dynamic and thermodynamic balance between climate and vegetation (Nobre et al.,
1991). Furthermore, the Amazon forest acts as a global climate regulator by balancing
water, energy, and biogeochemical processes (Alves et al., 2017).

Despite its intense hydrological cycle, the region is vulnerable to variability and
changes in the components of the climate system, whether due to natural causes or
human activity (Correia et al., 2008; Marengo & Espinoza, 2016). Any changes in land
cover or vegetation can alter the fluxes of heat, moisture, and momentum that affect
the pattern of atmospheric circulation (Shukla et al., 1990), the hydrological cycle (Alves
etal., 2017), energy and carbon balances (de Brito Gomes et al., 2020), and the average
temperature of the Amazon basin (Nobre et al., 2007).

The conversion of forest cover to pasture and agricultural crops is occurring at
alarming rates, with particular emphasis on the expansion of degraded pasture for

livestock and soybean production (Rocha et al., 2014). According to estimates from the
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Satellite Monitoring of Deforestationin Legal Amazon Project- PRODES (INPE, 2022), the
intensity of clear-cut deforestation has significantly increased since 2015. The PRODES
data also revealed that the accelerated rate of deforestation in the Amazon reached
approximately 11,568 km2 in 2021, representing a reduction of 11.27% compared to
the deforestation rate corresponding to 2020, which was approximately 13,038 km>.
In light of these findings, conducting research aimed at understanding the effects of
deforestation on regional climate is becoming increasingly necessary.

Numerical modeling studies on the climate of the Amazon basin reveal that
changes in forest surface impact the regional climate by directly altering the average
regional values of temperature and precipitation (Costa & Pires, 2010; Artaxo et al.,
2014). Several studies (Lean & Warrilow, 1989; Shukla et al., 1990; Dickinson & Kennedy,
1992; Nobre et al., 1991; Lean & Rowntree, 1997; Costa & Foley, 2000; Sampaio et
al., 2007; Eiras-Barca et al., 2020; Sampaio et al., 2020) have used global numerical
models to assess the effects of deforestation on the climate of the Amazon basin. In
general, the results have shown similar effects for scenarios where the Amazon forest
is replaced by degraded pasture, such as increased surface temperature, decreased
evapotranspiration, and reduced precipitation.

Other studies have also observed similar effects on the climate of the Amazon
basin using regional numerical models (Correia et al., 2008; Lejeune et al., 2015;
Silva et al., 2016; Llopart et al., 2018). Eltahir and Bras (1994) found that small-scale
deforestation (~250 km) reduced surface net radiation, evaporation, and precipitation,
resulting in increased surface temperature. The results from Gandu et al. (2004)
demonstrated that partial deforestation impacts on the climate of the eastern portion
of the Amazon basin led to negative latent heat anomalies and positive sensible heat
anomalies during the dry season. Consequently, the authors observed reductions in
moisture convergence and precipitation, as well as an increase in surface temperature

for the same season.
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Thus, numerical modeling studies aiming to assess the impacts of deforestation
on the climate of the Amazon basin have enabled the quantification of imbalances,
magnitudes, and damages that deforestation can cause to Amazonian ecosystems,
primary sectors of agriculture, the economy, and vulnerable communities in the region
(Doughty et al., 2015). They also help establish concrete measures to reduce the more
severe consequences associated with ongoing deforestation in the coming decades.
Therefore, the present study aims to understand, through numerical modeling, how
deforestation has affected and may further affect the spatial pattern of precipitation

and temperature over the Amazon basin, specifically during the rainy season.

2 METHODS

2.1 Description of the Study Area

The study area corresponds to the region of the Amazon River basin, which has
a drainage area of approximately 6.1 million km? (figure 1) and an average annual
precipitation of 2,300 mm (Salati et al., 1979; Marengo, 2006). The precipitation regime
in the region is strongly influenced by meteorological systems of different spatial
and temporal scales, such as the Intertropical Convergence Zone, South Atlantic
Convergence Zone, Bolivian High, lines of instability, convective clusters, among
others (de Oliveira & Fitzjarrald 1994; Mota & Souza, 1996; Reboita et al., 2010). The
rainy season spans from December to May, while the dry season corresponds to the
period from June to November (Ananias et al., 2010). The climate classification is of the
humid tropical type, and the average annual temperatures range from 24 °C to 26 °C

(Limberger & Silva, 2016).
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Figure 1 - Map of the Amazon basin boundary
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Source: Authors' private collection (May 2022)

2.2 Numerical models used

In the present study, data from numerical experiments using the mesoscale
ETA model forced by initial and boundary conditions from the global HadGEM2-ES
model were utilized through the technique of dynamic downscaling. To understand
how the spatial scale of deforestation affects and may alter the future spatial pattern
of precipitation and temperature during the rainy season in the Amazon basin, three
numerical simulations were conducted with the ETA model: one controlled experiment

and two sensitivity experiments.
2.1.1 Global model HadGEM2-ES

The Hadley Centre Global Environmental Model Version 2 (HadGEM2-ES) is
a coupled atmosphere-ocean numerical model of the Earth system. This model
was developed by the UK Met Office to understand and simulate climate aspects in

conjunction with biological factors, in order to obtain better simulations of various
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processes within the climate system (Collins et al., 2011). The Earth System components
of this model (“ES”) incorporate atmospheric chemistry and the terrestrial and oceanic
carbon cycles (Bellouin et al., 2011).

The atmospheric component of the model has a spatial resolution of
approximately 1.875° (longitude) by 1.25° (latitude), with 38 vertical levels extending
over a height of more than 39 km. The oceanic component uses a horizontal grid of
0.33°x0.33°, with a spacing of 1° and 30° between the poles. The grid is gradually
refined to 1/3° and 1x1° at latitudes above 30° and has 40 vertical levels (Collins et al.,
2011). The land carbon cycle is modeled using the TRIFFID (Top-down Representation
of Interactive Foliage Including Dynamics) vegetation dynamics, as described by Cox
(2001). Over the ocean, the Diat-HadOCC ocean biology model (Palmer & Totterdell,
2001) represents the carbon cycle. The atmospheric chemistry is based on the UKCA
(UK Chemistry and Aerosols) tropospheric chemistry scheme (O'Connor et al., 2014).
The model incorporates atmospheric chemical processes such as organic carbon from
fossil fuel, ammonia nitrate, dust, and biogenic organic aerosols (Bellouin et al., 2011).
HadGEM2-ES distinguishes five types of plants, including trees with broad and thin
leaves, C3 and C4 type grasses, and shrubs. The model uses a 30-minute time step
for the atmospheric and surface components, and a 1-hour time step for the oceanic
component. Detailed descriptions of the second version of the HadGEM2-ES model
can be found in Bellouin et al. (2011).

This model has been applied in studies assessing the impacts of climate change
in the Amazon (Rocha, 2016; Rocha et al., 2019) by using emission scenarios and
land use changes regionalized for South America through the use of the ETA regional

climate model.
2.1.2 Regional climate model ETA/CPTEC

The ETA model is a regional atmospheric model developed by the National

Center for Environmental Prediction (NCEP) and the University of Belgrade, and has
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been improved since 1996 by researchers at the Center for Weather Forecasting and
Climate Studies of the National Institute for Space Research (CPTEC/INPE) (Mesinger
et al.,, 2012). The model is used to simulate the evolution of the atmospheric field at
various spatial and temporal scales for weather forecasting and climate studies. ETA
is a grid-point model based on the ETA vertical coordinate (n), which is sensitive in
mountainous areas, making it suitable for studies in regions with steep topography
such as the Andes mountain range in South America (Mesinger, 1984). Currently, it is
one of the models used to quantify the impacts of deforestation and greenhouse gas
emissions on the climate of the Amazon and South America (Rodriguez et al., 2014;
Fonseca et al., 2017; Brito et al., 2019; de Brito Gomes et al., 2020).

The physical parameterizations used in the model were as follows: the turbulent
diffusion scheme in the Planetary Boundary Layer, described by Mellor and Yamada
(1974); shortwave and longwave radiation schemes according to Fels and Schwarzkopf
(1975) and Lacis and Hansen (1974), respectively. Precipitation in the model was
parameterized by the cumulus schemes proposed by Betts-Miller (Betts & Miller, 1986),
and cloud microphysics followed the scheme proposed by Zhao et al. (1997). Surface
processes were parameterized using the NOAH scheme (Ek et al., 2003), which includes
4 soil layers (surface to the deepest layer: 10, 30, 60, and 100 cm) for temperature and
humidity, and distinguishes 12 vegetation types and 7 soil types.

In this study, simulations with the ETA model were conducted for a continuous
30-year period (00 UTC on January 1, 1974, to 18 UTC on December 31, 2004). Due to
the model's spin-up effect, the first year of the simulations was discarded, resulting
in an evaluation period of 29 years. The model was configured with a resolution of 40
km, 38 vertical levels, and a top level at 50 hPa. The integration domain covered South

America and parts of Central America (50°S-27.8°N; 100°W-29°W), but only the area
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of interest for this study was analyzed. The model was also adapted to assimilate sea
surface temperature (SST) data derived from monthly averages of the HadGEMZ2-ES

model.
2.3 Description of the numerical experiments

For the control experiment, a vegetation map without deforested areas (FLOR)
was considered, representing an intact forest area of the entire Amazon biome (Sestini
et al., 2002). The first sensitivity experiment, referred to as DF15, was characterized
by the current deforestation condition in the Amazon according to the deforestation
scenario relative to the year 2015 (Sestini et al., 2002). The second sensitivity
experiment, named DFTOT, was based on a total deforestation condition estimated
for the year 2100 (Sestini et al., 2002). As analyzed in other studies (Eltahir and Bras,
1994; Gandu et al., 2004; Correia et al., 2008; Silva et al., 2016; de Brito Gomes et al.,
2020), deforestation in this study was established by replacing forested areas in the
Amazon basin with degraded pasture areas (grasses) in the numerical integrations
with the ETA model.

Thevegetation mapsforthe FLOR, DF15,and DFTOT experiments were generated
using the DINAMICA model (1x1 km resolution) from the ProVeg Project (Sestini et
al., 2002) with data from the Project for the Estimation of Gross Deforestation in the
Amazon - PRODES-DIGITAL (Sestini et al., 2002; INPE, 2017; de Brito Gomes et al., 2020).
The DINAMICA landscape model is a simulation model that captures the dynamics
of land use and land cover changes in the Amazon basin (Soares-Filho et al., 2004).
The three vegetation maps are presented in figure 2. The scenario for the year 2015
(figure 2b) indicates a region in the eastern portion of the Amazon where deforestation
expansion is more significant for degraded pastureland (black square; latitudes: 1°S to
9°S, longitudes: 42°W to 53°W).

The results were evaluated in terms of climatic anomalies by determining the

difference between the sensitivity and control experiments (DF15-FLOR and DFTOT-
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FLOR). In the analysis, the rainy season corresponds to the months of December to May
(DJFMAM). The spatial fields of net radiation and energy fluxes anomalies (sensible and
latent heat) at the surface were assessed to understand temperature-related changes.
On the other hand, water budget components (evapotranspiration and moisture
convergence flux) were analyzed to understand changes in the precipitation field. The
spatial anomaly fields presented in the results section, corresponding to the difference
between the DF15-FLOR experiments, also highlight the domain indicated by a square

in the eastern portion of the Amazon (indicated by a red square).

Figure 2 - Maps of vegetation cover used in the simulations with the ETA model.
(@) Vegetation cover map for the FLOR control experiment, (b) Current vegetation
map for the 2015 deforestation scenario in the DF15 sensitivity experiment, and (c)

Deforestation map for the year 2100 used in the DFTOT sensitivity experiment
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Legend: Colors green (forest), yellow (savanna), blue (water), and red (degraded pasture). The black square
represents the delimited area where the expansion of deforestation in the vegetation cover map for the 2015
scenario is greater for degraded pasture cover
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3 RESULTS

3.1 Climate anomalies for a partial deforestation scenario on the Amazon basin

climate

3.1.1 Surface net radiation and surface energy fluxes

The spatial fields of net radiation anomalies and sensible and latent heat fluxes
at the surface for the rainy season are presented in figure 3. Negative anomalies
(ranging from -1 to -10 W.m-2) for the net radiation are observed in the southern,
southeastern, and eastern sectors of the Amazon basin, with some areas of positive
anomalies distributed in the western sector of the region (figure 3a). Positive anomalies
in the sensible heat flux are also observed at certain points distributed among the
southern, southeastern, and eastern sectors of the Amazon basin (figure 4b). Areas
in the eastern portion of the Amazon and between the states of Rond6nia and Mato
Grosso show regions of negative anomalies in the latent heat flux (figure 3c).

According to these results, the replacement of forest by degraded pasture areas in
the extent of the Arc of Deforestation reduced the net radiation during the rainy season
in this region. One explanation for this is that the decrease in surface roughness length
and the increase in surface albedo associated with the forest-to-pasture conversion
are factors that can reduce the net radiation, as observed by Correia et al. (2008) and
Eiras-Barca (2020). However, other factors such as greater loss of longwave radiation at
the surface and reduced cloudiness (not shown) can also contribute to the reduction in
surface net radiation. Additionally, the reduction in surface roughness length and the
drier surface condition result in a decrease in average latent heat flux and an increase in

average sensible heat flux in degraded pasture areas (Gandu et al., 2004).
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Figure 3 - Anomalies between the DF15-FLOR experiments for the rainy season
(DJFMAM): (a) surface net radiation (W.m-2), (b) surface sensible heat flux (W.m-2), and

(c) surface latent heat flux (W.m-2)
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Source: Authors' private collection (May 2022).
Legend: The red square represents the delimited area where the expansion of deforestation in the vegetation cover
map for the 2015 scenario is greater for degraded pasture soil

3.1.2 Temperature

The temperature anomaly fields (figure 4) for the rainy season in the Amazon
basin are presented in this section. More intense positive temperature anomalies
at the surface occur in the eastern sectors of the Amazon (red square) and between
the states of Rondbnia and Mato Grosso, with an average increase of 1° C to 4° Cin

the eastern, southern, and southeastern sectors of the Amazon (figure 4a). Positive
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anomalies in 2-meter temperature are observed over the Amazon basin area (figure
4b), with fluctuations around 1° C to 2° C in the eastern portion of the Amazon
(red square). Positive anomalies in maximum and minimum temperatures are also
observed with broader coverage and intensity in the Arc of Deforestation region
(figures 4c and 4d). The average temperature increases in the field are associated
with changes in the availability of soil energy and are directly influenced by surface
physical processes. The reduction in surface roughness length for the current scenario
of Amazon deforestation dominates the observed changes in surface net radiation
and energy fluxes, resulting in average positive temperature anomalies (at 2 meters)
of up to 4° C (3° Q). The reduction in surface net radiation and soil moisture deficit
(not shown) in degraded pasture causes a portion of the available surface energy to
be used for heating the boundary layer over the Arc of Deforestation region. As a
result, the increase in terrestrial radiation emission (not shown) contributes to the
increase in sensible heat flux and consequently the average temperature in the Arc
of Deforestation region. The reduction in latent heat flux leads to a warmer and drier
atmosphere (Eiras-Barca et al., 2020).

On the other hand, the increase in sensible heat flux also contributes to the
average temperature increase, further accentuated by the energy exchange between
the land surface and the atmosphere. Therefore, the warming effect observed in the
Arc of Deforestation region is consistent with the reduction in surface roughness length
in the region, as surface roughness plays a fundamental role in determining energy
fluxes and exchanges of heat and moisture between the surface and the atmosphere.
Similar impacts on temperature in the southern, southeastern, and eastern sectors
of the Amazon basin have also been observed in climate numerical modeling studies

(Sampaio et al., 2007; Gandu et al., 2004; Correia et al., Silva et al., 2016).
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Figure 4 - Anomalies between the DF15-FLOR experiments for the rainy season
(DJFMAM): (a) surface temperature (°C), (b) temperature at 2 meters (°C), (c) maximum

temperature (°C), and (d) minimum temperature (°C)

BOwW T5W ToW B5W BOW 55W 50W 45W A0W

Source: Authors' private collection (May 2022)
Legend: The red square represents the delimited area where the expansion of deforestation in the vegetation cover
map for the 2015 scenario is greater for degraded pasture soil

Moreover, studies such as da Silva et al. (2023) have also demonstrated an
increase in surface temperature intensity and maximum temperature in the southern
and eastern sectors of the Amazon, based on satellite data, as effects of the expansion
of deforestation observed in recent years in areas typically allocated for agricultural
production. Other studies (Chaddad et al., 2022; Butt et al., 2023) have also verified
through remote sensing that continuous forest loss over the past two decades in the
Amazon biome has led to an increase in surface temperature in the southern and

eastern portions of the Amazon (Arc of Deforestation) and in some areas with the
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presence of intactforestintheregion. Similar effects of regional warming were observed
in the study by Gash and Nobre (1997) through observed data from climatological
measurements of experimental sites located in the Brazilian Amazon. In this study, the
authors observed changes in the surface radiation and energy balance in degraded

pasture areas, resulting in high surface temperatures.
3.1.3 Water budget components

Figure 5 presents the average fields of evapotranspiration (ET) and moisture
convergence(estimatedasthedifferencebetween precipitationand evapotranspiration,
P-ET) anomalies during the rainy season. Small areas of negative ET anomalies are
observed over Bolivia and between the states of Ronddnia and Mato Grosso, with
spatially distributed patterns (figure 5a). However, prominent negative ET anomalies
are not observed in the eastern sector of the Amazon region (red square). Regarding
the spatial distribution of moisture convergence anomalies, small areas of positive
anomalies are observed in the Arc of Deforestation region, with limited distribution in
the eastern sector of the Amazon (figure 5b).

The negative ET anomalies are a result of reduced surface roughness length and
shallower root depth in degraded pasture soils with moisture deficits (de Brito Gomes
etal., 2020). However, the average reduction in ET observed in figure 5a is compensated
by the average increase in moisture convergence in the Arc of Deforestation region
(figure 5b). Similar effects were observed by Correia et al., 2008, who found that the
atmosphere acted to mitigate the effects of reduced ET through increased moisture

convergence in a scenario of partial deforestation in the Amazon basin.
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Figure 5- Anomalies between the DF15-FLOR experiments for the rainy season (DJFMAM):

(a) evapotranspiration (mm.day-') and (b) moisture convergence flux (mm.day-)
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Source: Authors’ private collection (May 2022)
Legend: The red square represents the delimited area where the expansion of deforestation in the vegetation cover
map for the 2015 scenario is greater for degraded pasture soil

3.1.4 Precipitation

In terms of local effects, small areas of positive and negative precipitation
anomalies are observed over the Amazon basin (figure 6). A slight increase in
precipitation is noticeable in localized areas where deforestation rates are higher, such
as in the Arc of Deforestation region. The reduction in evapotranspiration balanced by
the increase in moisture convergence, discussed in the previous section, resulted in
a small increase in precipitation (~0.5 mm.day-") in distributed areas within the Arc
of Deforestation region. However, da Silva et al. (2019) demonstrated a reduction in
precipitation in deforested regions over the past two decades in their analysis of spatial
variability of precipitation in the Brazilian Amazon using satellite data. Remote sensing
studies (Aragao et al., 2008; Leite-Filho et al., 2019; Mu et al., 2022) have also shown the
impacts of deforestation on the climate of the Brazilian Amazon, with the intensifying
of droughts and delays in the onset of the rainy season in regions with increasing rates
of clear-cutting intensity (Arc of Deforestation). Leite-Filho et al. (2020) also showed,

based on observed data from rain gauge stations, that the effects of land use changes
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and Amazon forest cover on precipitation seasonality can lead to intense alterations
in the amount of energy available for convection and, consequently, a reduction in
precipitation during the rainy season in the southern and southeastern portions of
the Amazon. Other studies using rain gauge data have also shown similar impacts of
continuous deforestation in the Amazon biome on precipitation (S. Debortoli et al.,

2015; Debortoli et al., 2016; O'Connor et al., 2021; Moreira et al., 2024).

Figure 6 - Precipitation anomaly (mm.day-") (DF15-FLOR) for the rainy season (DJFMAM)
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Source: Authors' private collection (May 2022)
Legend: The red square represents the delimited area where the expansion of deforestation in the vegetation cover
map for the 2015 scenario is greater for degraded pasture soil

Ontheotherhand, de Oliveiraetal.(2018) observed anincreasein precipitationin
small areas of deforested sectors of the Amazon biome and intense reductions in larger
deforested areas based on a combination of remote sensing data and meteorological
stations. Correia et al. (2008) also observed localized precipitation increases in the

study for a scenario of partial deforestation in the southern, southeastern, and eastern
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portions of the Amazon. Therefore, the atmosphere acted to mitigate the effects of
partial deforestation in specific areas of degraded pasture by increasing moisture
transport, compensating for the reduced local contribution of evapotranspiration to

precipitation in deforested areas.
3.1.5 Means of climate anomalies for a partial deforestation scenario

The absolute means of surface net radiation anomalies, surface energy fluxes,
temperatures, water budget components, and precipitation are shown in table 1.
Average values are presented for the entire Amazon basin area and for the region of
interest defined by the red square in the spatial anomaly fields between the DF15 and
FLOR experiments. Therefore, it is possible to understand how partial deforestation
in the region spatially affects the current climate of the Amazon basin and the current
climate of a smaller area in the eastern portion of the Amazon with degraded pasture

cover during the rainy season.

Table 1 - Absolute means of anomalies between the DF15-FLOR experiments for surface
variables of the partial deforestation scenario. Values in parentheses correspond to the

mean for the area delimited by the red square in the spatial fields of climate anomalies

SURFACE VARIABLES RAINY SEASON
Surface net radiation (W.m-2) -0.44 (-1.74)
Sensible heat flux (W.m-2) 0.67 (2.03)
Latent heat flux (W.m-2) -1.62 (-4.55)
Surface temperature (°C) 0.24 (0.80)
Temperature at 2 meters (°C) 0.21 (0.65)
Maximum temperature (°C) 0.23 (0.51)
Minimum temperature (°C) 0.20 (0.71)
Evapotransporation (ET) (mm.dia-") -0.06 (-0.16)
Moisture convergence (P-ET) (mm.dia-") 0.02 (0.16)
Precipitation (mm.dia-") -0.01 (0.03)

Source: Authors’ private collection (May 2022)
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In general, average changes in surface net radiation are larger for a deforested
region (table 1). Itis noted that the surface net radiation underwent a smaller reduction
when considering the entire spatial scale of the Amazon basin (-0.44 W.m-2) compared
to the region where all vegetation was replaced by degraded pasture (-1.74 W.m-2).
Due to the reduction in surface net radiation, the average changes in sensible and
latent heat fluxes were also more prominent for the region with degraded pasture
cover in the eastern Amazon (2.04 W.m-2 and -4.55 W.m-?, respectively). The average
surface temperature (at 2 meters) during the rainy season was +0.80 ° C (+0.65 ° Q)
in the delimited area in the eastern portion of the Amazon in terms of anomaly. Over
the Amazon basin area, the expansion of deforestation for the year 2015 resulted in
absolute average anomalies of surface and 2-meter temperatures of +0.24 ° C and
+0.21 ° C, respectively.

Table 1 also shows that the average reduction in ET was compensated by the
average increase in moisture convergence (P-ET), mainly in the delimited region for
analysis in the eastern portion of the Amazon. Thus, the distinct thermal conditions in
the eastern sector of the Amazon between the forest and degraded pasture induced a
mesoscale circulation that transported moisture to the deforested region. As a result,
the average increase in precipitation was 0.03 mm.day-" for the same region in terms of
anomaly. However, the results presented in this section of absolute anomaly averages
for the Amazon basin area (forest and degraded pasture areas) are relatively small, as

the roughness length is reduced only for degraded pasture areas.

3.2 Climate anomalies for a complete deforestation scenario on the Amazon
basin climate

3.2.1 Surface net radiation and surface energy fluxes

The spatial fields of net radiation anomalies and sensible and latent heat fluxes
at the surface for the rainy season are presented in figure 7. Prominent regions of

negative surface netradiation anomalies are observedinthe state of Amazonas (ranging
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from -10 to -30 W.m-2) and in the southern and southeastern sectors of the Amazon
basin (figure 7a). Some areas of positive surface net radiation anomalies are observed
in the extreme northeast of the state of Amazonas and in the eastern portion of the
Amazon basin. An average increase in sensible heat flux occurs between the western
and eastern sectors of the Amazon basin, with areas of maximum positive anomaly
between the states of Amazonas, Roraima, and Para (with variations between 40 and
80 W.m-?) (figure 7b). Average reductions in latent heat flux (negative anomalies) are
observed in the Amazon basin area (figure 7c), except for specific areas in the western

portion that do not exhibit anomalous variations.

Figure 7 - Anomalies between the DF15-FLOR experiments for the rainy season
(DJFMAM): (a) surface net radiation (W.m-2), (b) surface sensible heat flux (W.m-2), and

(c) surface latent heat flux (W.m-2)
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Source: Authors' private collection (May 2022)
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Thedecreaseinsurfaceroughnesslengthandtheincreaseinalbedofordegraded
pasture soil reduces the surface net radiation during the rainy season in the Amazon
basin. Similar effects of reduced surface net radiation have been observed in climate
numerical modeling studies of the Amazon (Shukla et al., 1990; Nobre et al., 1991).
However, factors associated with increased solar radiation incidence at the surface
due to reduced cloudiness (not shown) and increased longwave radiation emitted by
the surface (not shown) may outweigh the albedo increase in reducing the surface net
radiation (Dickinson & Kennedy, 1992). Greater losses of longwave radiation emitted
by the surface may accentuate positive anomalies in sensible heat flux in the case of
complete deforestation of the Amazon basin. The lower leaf area index (not shown)

and soil moisture deficit can lead to a decrease in latent heat flux (negative anomalies).
3.2.2 Temperature

Spatial fields of temperature anomalies for the rainy season in the Amazon
basin are presented in this section. Positive anomalies of surface temperature,
temperature at 2 meters, maximum and minimum temperatures are observed across
the spatial scale of the Amazon basin with average variations ranging from 1° C to
6° C (figure 8). More prominent changes in surface temperature occur between the
states of Amazonas, Roraima, and Para, with variations between 4° C and 6° C (figure
8a). Positive anomalies of temperature at 2 meters also range from 4° C to 6° Cin the
northeastern portion of the Amazon basin (figure 8b). Positive trends in maximum
and minimum temperature anomalies are also observed for the scenario of complete
deforestation of the Amazon basin during the rainy season (figure 8c and 8d).

The average temperature increases presented in this section (positive anomalies)
indicate that changes in surface energy fluxes can lead to temperature increases of up
to 6° C across the entire Amazon basin during the rainy season. Despite the reduction in

surface net radiation, part of the available surface energy is used to increase the sensible
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heat flux and, consequently, the projected temperature increase for the condition of
complete deforestation of the Amazon basin. The reduction in latent heat flux and
evaporative cooling contribute to the enhanced warming in the region. Similar effects
on temperature in the Amazon basin have been observed in climate modeling studies
with complete replacement of forest by degraded pasture soil in numerical experiments
(Lean & Warrilow, 1989; Shukla et al., 1990; Nobre et al., 1991; Lean & Rowntree, 1993;
Sampaio et al., 2007; Correia et al., 2008; da Silva et al., 2008; Llopart et al., 2018).

Figure 8 - Anomalies between the DF15-FLOR experiments for the rainy season
(DJFMAM): (a) surface temperature (°C), (b) temperature at 2 meters (°C), (c) maximum

temperature (°C), and (d) minimum temperature (°C)

Source: Authors’ private collection (May 2022)
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3.2.3 Water budget components

Figure 9 presents the average spatial fields of ET and P-ET (moisture convergence)
anomalies for the rainy season. Negative trends of ET anomalies are spatially distributed
over the eastern portion of the Amazon (figure 9a), with maximum negative anomalies
primarily located in the southern region of the Amazon basin. Intense positive
anomalies of moisture convergence are observed in areas of the southern sector of
the Amazon basin, ranging from 1.5 mm.day-' to 2 mm.day-" (figure 9b).

The observed changes in the spatial fields of ET and P-ET anomalies for the
rainy season indicate that, in a scenario of complete deforestation of the Amazon
basin, the atmosphere can act to mitigate the effects of reduced evapotranspiration
by increasing the moisture convergence. Thus, the regions with maximum negative
ET anomalies correspond to the areas of projected average increase in P-ET for the

condition of complete deforestation of the Amazon basin (figure 9).

Figure 9 - Anomalies between the DF15-FLOR experiments for the rainy season
(DJFMAM): (a) evapotranspiration (mm.day-') and (b) moisture convergence flux (mm.

day-")
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3.2.4 Precipitation

The spatial field of precipitation anomaly for the rainy season is presented
in figure 10. Over the Amazon basin, areas with west to east negative precipitation
anomalies are observed, ranging from -0.2 mm.day-" to -1 mm.day-". It is noteworthy
that despite the increase in P-ET in figure 9, said increase is not significant enough
to balance the reduction in ET, resulting in decreased precipitation over the region.
The increase in moisture convergence was only sufficient to cause a small increase
in precipitation (0.5 mm.day-") in localized areas of the Amazon basin. Although
precipitation is reduced in the scenario of complete deforestation of the region, its
decrease is much smaller than the reduction in ET during the rainy season. Therefore,
the significant reduction in ET may lead to a decrease in precipitation over the Amazon
basin. Systematic errors of positive anomalies over the Andes are also observed in
figure 10, indicating that the ETA model has limitations in simulating precipitation in

steep regions.

Figure 10 - Precipitation anomaly (mm.day-') (DF15-FLOR) for the rainy season
(DJFMAM)
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3.2.5 Means of climate anomalies for a complete deforestation scenario

The absolute means of surface net radiation anomalies, surface energy fluxes,
temperatures, water budget components, and precipitation are presented in table
2. The average values are shown for the complete deforestation spatial scale of the

Amazon basin during the rainy season.

Table 2 - Absolute means of anomalies between the DFTOT-FLOR experiments for

surface variables of the complete deforestation scenario

SURFACE VARIABLES RAINY SEASON
Surface net radiation (W.m-2) -7.57
Sensible heat flux (W.m-2) 18.82
Latent heat flux (W.m-2) -27.09
Surface temperature (°C) 4.09
Temperature at 2 meters (°C) 3.35
Maximum temperature (°C) 3.29
Minimum temperature(°C) 3.27
Evapotranspiratiion (ET) (mm.dia-") -0.96
Moisture convergence (P-ET) (mm.dia-") 0.60
Precipitation (mm.dia-") -0.35

Source: Authors' private collection (May 2022)

The surface net radiation experienced an average reduction in negative
anomaly of approximately -7.57 W.m-2. As discussed earlier, factors such as reduced
roughness length, increased albedo, decreased cloudiness, and greater losses of
longwave radiation balance (not shown) are potential causes for the average reduction
in surface net radiation (negative anomalies). This reduction led to an average increase
in sensible heat flux (18.82 W.m-2) and an average decrease in latent heat flux at the
surface (-27.09 W.m-2). These changes in soil energy availability resulted in an average

temperature increase across the entire Amazon basin. The surface temperature
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(2 meters) experienced an increase of approximately 4.09 ° C (3.35 ° C) in terms of
absolute anomaly means.

Table 2 also indicates that the average increase in P-ET, approximately 0.60
mm.day-', was not sufficient to compensate for the reduction in ET (-0.96 mm.day-")
in the Amazon basin area. Thus, the increased moisture transport to the region did
not lead to an increase in precipitation during the rainy season. The absolute mean
anomaly of precipitation for the considered season was -0.35 mm.day-". Although the
absolute mean reduction in precipitation is small over the complete deforestation
area of the Amazon basin, at local scales, the reduction in precipitation ranged from
-0.2 mm.day-' to -1.5 mm.day-" (figure 10). Therefore, the complete replacement of
the Amazon forest with degraded pastureland may result in a drier atmosphere with
reduced rainfall volume for the climate, under complete deforestation conditions

during the rainy season in the region.

4 CONCLUSIONS

The impacts of deforestation on the climate of the Amazon basin, considering
two distinct deforestation scenarios, were evaluated using numerical simulations
with the regional ETA model forced with initial, and boundary conditions from the
global HadGEM2-ES model. Numerical integrations were performed for each scenario
over a continuous 30-year period. The simulations were presented as climatological
anomalies between the sensitivity experiments DF15 and DFTOT and the control
(FLOR) for the rainy season.

It was observed that the replacement of forest with degraded pasture in
the Arc of Deforestation area reduced the surface net radiation in the region. The
sensible heat flux increased in some areas, while latent heat flux decreased due to the
reduction in roughness length for the same region. Furthermore, changes in the net

radiation and energy fluxes at the surface led to an average temperature increase in
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the region where deforestation expansion in 2015 was most intense compared to the
entire Amazon basin area (including forest and degraded pasture). Regarding changes
in precipitation for the partial deforestation condition of the Amazon basin (DF15),
small local increases in precipitation were observed in some sectors of the Arc of
Deforestation. The increase in P-ET balanced the reduction in ET in local areas within
the same region, but it was not sufficient to result in significant precipitation increases.

For the complete deforestation scenario of the Amazon basin (DFTOT), the
results showed a reduction in surface net radiation and latent heat flux. With the
complete removal of the Amazon forest in the numerical integrations for the climate
under this scenario, an increase in the surface sensible heat flux was also observed.
These changes led to an average temperature increase across the entire Amazon basin
during the rainy season.

The observed increase in moisture flux transport over the entire deforested
Amazon basin was not sufficient to compensate for the intense reduction in
evapotranspiration and resulted in an increased precipitation during the rainy season.
However, a small increase in precipitation was observed in local areas of the northwest
and south sectors of the basin with positive anomalies.

Therefore, overall, it was found that a partial deforestation scenario cannot cause
significant changes in the current climate of the rainy season across the entire Amazon
basin. The partial deforestation scenario indicated intense changes in temperature
increase and a small local precipitation increase only in the deforested region - the
Arc of Deforestation. On the other hand, the complete deforestation scenario showed
changes that are more prominent in temperature increase and precipitation reduction
over the Amazon basin area for the rainy season. Thus, the results of this study indicate
that a large-scale deforestation scenario for the Amazon basin can establish drier
conditions with less precipitation during the rainy season in the region if deforestation

rates continue to increase continuously.
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