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Abstract

This study investigates the impacts of deforestation within the influence area of
the BR-319 highway on local climate conditions following its planned recon-
struction. High-resolution climate modeling indicates that mean air tempera-
ture may increase by up to 0.7°C under the paved-road scenario (BAU_2) by
2100, with local increases exceeding 2.5°C in deforested regions during the dry
season. Precipitation is projected to rise by an average of up to 0.5 mm-day!,
with local increases above 2.5 mm-day™ in fragmented landscapes. However,
this effect is likely temporary and may shift to declining rainfall as deforestation
consolidates into large continuous areas. These effects are driven by reduced
evapotranspiration, increased surface temperatures, and changes in atmos-
pheric circulation patterns. Such alterations result in greater moisture conver-
gence over deforested zones, thereby influencing the regional hydrological cycle.
The comparison of different deforestation scenarios underscores the significant
influence of highway development on local climate. The results highlight the
importance of incorporating climate projections into environmental assess-
ments to inform public policy decisions regarding infrastructure projects in
the Amazon.
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1. Introduction

The Amazon rainforest is widely recognized as a critical environmental asset at
local, regional, and global scales [1]. It plays a fundamental role in maintaining
the climate system through processes such as carbon storage and absorption, trace
gas and aerosol transport, and the recycling of water and nutrients [2]-[4]. Addi-
tionally, it contributes to sustaining atmospheric circulation, hydrological re-
gimes, and the conservation of water resources, essential for climate regulation
and biodiversity maintenance [5]-[8].

Conversely, deforestation and forest fires have emerged as critical challenges in
the Amazon over recent decades, encroaching on large areas of preserved forest and
causing substantial environmental and social impacts [9] [10]. These land-use and
land-cover changes disrupt the exchange processes of energy, mass, and momentum
between the surface and the atmosphere and contribute to global climate change
through increased greenhouse gas emissions [11] [12]. Such changes can signifi-
cantly affect regional and local scales, disturbing the hydrological cycle and intensi-
fying extreme events such as droughts and floods [13]-[15].

Several studies have assessed the impacts of Amazonian land-cover changes on
local climate, as well as their influence on regional and global systems [16]-[19].
Overall, these studies have shown that deforestation in the Amazon leads to sig-
nificant changes in energy, water, and carbon balances, resulting in increased air
temperature, reduced precipitation, lower evapotranspiration rates, and greater
surface runoff at the regional scale.

To understand and mitigate these impacts, numerical climate modeling has be-
come an essential tool. It allows the simulation of deforestation effects on climate
and provides a detailed analysis of how land-cover changes influence meteorolog-
ical variables and affect sectors such as agriculture, water resources, food security,
and public health. This modeling forms a robust foundation for long-term plan-
ning and decision-making [20] [21].

Global and regional climate models have advanced significantly in recent years,
particularly in the representation of physical, chemical, and biogeochemical pro-
cesses, as well as in spatial and temporal resolution [22]-[24]. These advances,
supported by technological progress and increased computational power, have
made climate models more accurate and detailed, enabling the assessment of var-
ious deforestation scenarios.

While global circulation models (GCMs) are valuable for capturing macro-scale
trends, they operate at coarse spatial resolutions. In contrast, regional climate
models (RCMs) provide more detailed representations of climatic conditions by

downscaling GCM projections, particularly those related to anthropogenic effects
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In recent decades, studies using climate models to examine deforestation im-
pacts on the Amazonian climate have identified significant disruptions to energy,
water, and carbon cycles, along with changes in atmospheric circulation, affecting
ecosystems and the forest’s carbon storage capacity [16]-[19]. These models sug-
gest that deforestation increases temperature and alters precipitation patterns,
with the magnitude of impact varying according to deforestation extent [27]-[35].
In smaller deforested areas, precipitation may increase due to changes in air cir-
culation; however, as deforestation expands, rainfall tends to decline, particularly
in the “arc of deforestation” in the southern and eastern Amazon [7].

It is important to note that in the early phases of deforestation, especially when
shaped by road-driven ‘fishbone’ patterns, forest fragmentation may lead to local-
ized increases in precipitation. This is due to enhanced mesoscale circulations
generated by surface heterogeneity. However, this effect is temporary, as further
consolidation of deforestation into large continuous clearings typically results in

reduced rainfall. Our study explores this transitional phase in detail.

-65.000 -60.000 -55.000 -50.000 -45.000
L 1 1

T
000°S

T
0000

000°S-

0000L-

000°GL-

T T T
-65.000 -60.000 -55.000 -50.000 -45.000

Figure 1. Map of the Brazilian Legal Amazon region showing the BR-319 highway (connecting the cities of Manaus in

Amazonas and Porto Velho in R

onddnia), along with other major highways and the spatial distribution of cumulative de-

forestation from 1988 to 2022. Map produced by the authors. Data source: [45].
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In Brazil, the planned reconstruction and paving of the BR-319 highway, a long-
distance road linking Manaus and Porto Velho across 885 km in the western Ama-
zon (Figure 1), has become a subject of debate. Even prior to the road’s reconstruc-
tion, mere announcements of paving and improvements have triggered irregular
land occupation and increased deforestation along the route. These activities in-
clude agriculture expansion, extensive cattle ranching, logging, land speculation,
and illegal land grabbing in the southern part of Amazonas state [36]-[39].

Effective governance is required to counter these pressures. However, histor-
ical evidence suggests that environmental programs often fail to prevent the
massive impacts associated with Amazonian highways [40] [41]. A notable ex-
ample is the failed attempt to control deforestation and illegal occupation along
the BR-163 (Santarém-Cuiabd) highway, which sought to halt forest destruction
[42]-[44].

The reconstruction of the BR-319 highway may significantly alter the current
deforestation pattern by shifting the arc of deforestation! northward into the
Western Amazon, reaching northern Amazonas state, Roraima, and extending to
the Venezuelan border [36] [37] [46]. Furthermore, it would open access to forests
in the western part of Amazonas state through the construction of state roads con-
nected to BR-319 [47] [48].

Illegal land occupation and environmental degradation resulting from road re-
construction and paving may drive deforestation further into the Amazon Basin
and, consequently, trigger disruptions in the regional climate [47] [49]-[51].
Therefore, understanding the impact of physical environmental changes on the
climate, and how these changes in climatic processes may influence biodiversity
and local livelihoods, should be a priority for informing measures aimed at miti-
gating the environmental consequences of human activity.

Considering the ongoing plans to reconstruct and pave the BR-319 highway
and the potential impacts of changes in land use and land cover, a key question
has emerged within the scientific community: To what extent might the deforesta-
tion induced by the reconstruction of BR-319 alter the climate within its area of
influence? To address this question, the present study aims to evaluate the poten-
tial climatic impacts of deforestation driven by the reconstruction of the BR-319

highway.

2. Materials and Methods

This section presents the methodological approach adopted to evaluate the cli-
matic impact of the reconstruction of the BR-319 highway in its area of influence.
The Eta regional climate model was used to perform five numerical experiments

simulating different deforestation and road paving scenarios for the years 2050

'"The “arc of deforestation” is a vast area in the Amazon that has been altered for the establishment of
agriculture and cattle ranching. Originating in the eastern and southern portions of the Brazilian Am-
azon, it is expanding into the southwestern Amazon. In addition to extensive deforestation, this region
also has the highest number of land conflicts [52].
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and 2100. The model was configured with a horizontal resolution of 3 km and
driven by ERA5 reanalysis data along with updated climatological information.
Model validation was carried out by comparing the simulations with precipitation
and temperature estimates from the Climate Hazards Group InfraRed Precipita-
tion with Station data (CHIRPS) and the South American Mapping of Tempera-
ture (SAMeT), respectively.

2.1. Study Area

The study area is based on the investigation proposed by [48], which encompassed
the entire state of Amazonas. However, considering the need to use the highest
possible spatial resolution and the limitations of computational capacity and pro-
cessing time, the focus was narrowed to the BR-319 highway and its associated
access roads (existing and planned). This configuration was selected to better rep-
resent the climatic impact within the largest feasible area for high-resolution sim-
ulation. Therefore, the study domain was defined between the geographic coordi-
nates 67°W to 59°W and 8°S to 2°S (Figure 2).
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Figure 2. Study area coverage, BR-319 highway, and adjacent existing and planned road network around BR-319, including
Federal and State Conservation Units, Indigenous Lands, Federal Settlement Projects, and Military Areas. Map created by
the authors. Data sources: [54]-[57].

The study focuses on the impact of the reconstruction of the BR-319 highway,
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which is located between the Madeira and Purus river basins, connecting the cities
of Manaus and Porto Velho. BR-319 is the main terrestrial access route to the
municipal seats of Careiro, Manaquiri, Careiro da Varzea, and Autazes, and it also
facilitates access to Humaitd, Labrea, and Manicoré. It serves as the only land con-
nection to the communities of Vila Realidade (a district of the municipality of
Humaita) and Igapd-Aqu (a district of Borba). BR-319 also provides road access
to Roraima state via the BR-174 highway, and to Pard state via BR-230 (Transama-
zon Highway).

The currently existing network of official roads in Amazonas state connected
to the 885 km of BR-319 totals 1934 km, comprising the federal highways BR-230
(827 km from Labrea-AM to the border with Pard), BR-174 (85 km section be-
tween BR-319 and Manicoré), and the state highways AM-254 (94 km from BR-
319 to Autazes) and AM-354 (43 km from BR-319 to Manaquiri). Additionally,
the Amazonas state government has proposed new roads connecting BR-319 to
the municipalities of Tapaud, Tefé, Jurua (via AM-366), and Coari (via AM-343),
advancing into the area west of the Purus River. This would facilitate deforestation
in one of the most pristine forest areas in the state, known as the “Trans-Purus”
region [53], which was also included in our modeling framework.

The dominant vegetation types in Amazonas state include dense ombrophilous
forest, campinarana (in the far north), open ombrophilous forest, and savanna in
the south [54]. In the northern part of the Purus-Madeira interfluve, lowland
dense ombrophilous forest predominates, while in the southern part, lowland
open ombrophilous forest is more common [54]. The study area features an equa-
torial rainforest climate (Af) and monsoon climate (Am), according to the Ko-
ppen-Geiger classification [58]. The central and western portions experience ex-
tremely humid conditions with no dry season, whereas the southern portion has
a humid climate with 1 to 3 dry months in the east and south [54]. Due to the high
solar radiation received throughout the year, air temperature shows little seasonal
variation, except in the far south where frontal systems occur. The mean annual
air temperature is approximately 27°C, and annual rainfall is around 2000 mm [2]
[59].

2.2. Deforestation Dynamics Model

The simulated deforestation maps used in this study were generated by Santos et
al. (2023) and cropped to match the spatial extent proposed here (Figure 3). These
maps were produced using the DINAMICA-EGO platform (Environment for Ge-
oprocessing Objects) [60].

The modeling approach considered the historical trends of land occupation ex-
pansion by different local groups, reflecting the dynamics of land use and conflicts
that influence landscape changes along road networks (Business as Usual, BAU)
[40] [42] [44]. Therefore, the projections did not assume improved environmental
governance or land management practices.

Two environmental forecast scenarios were developed starting from the year
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2021, with projections for the years 2050 and 2100: Scenario 1 (BAU_1): BR-319
without asphalt paving (current condition, assuming the reconstruction and pav-
ing process remains unapproved); Scenario 2 (BAU_2): BR-319 with paving (as-
suming paving is authorized and begins in 2025). For additional methodological
details, see [48].

= Forest

m Deforestation

= Non-forest

H+ BR-319 highway
— Other highways
--- Planned highways

Figure 3. Land-use and land-cover maps used in the climate simulations for the BR-319 highway area of influence: A) control
year 2021; B) Scenario 1 (BAU_1-2050), without paving; C) Scenario 1 (BAU_1-2100), without paving; D) Scenario 2
(BAU_2-2050), with paving; and E) Scenario 2 (BAU_2-2100), with paving [48].
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2.3. Regional Climate Model Eta

For the climate simulations, the Eta Regional Climate Model from the National In-
stitute for Space Research (INPE) was employed [26] [61]. The Eta model is a lim-
ited-area atmospheric model originally developed at the University of Belgrade in
collaboration with the Hydrometeorological Institute of Yugoslavia in 1993 [62].

An enhanced version of the model, known as Eta-CPTEC, was developed by
the Center for Weather Forecast and Climate Studies (CPTEC) at INPE. This ver-
sion incorporated significant modifications to improve the representation of cli-
mate change interactions in South America [26] [61] [63] [64]. The principles,
parameterizations, and configuration settings of the model are described in Ap-
pendix A.

2.4. Climate Integration Strategy

In this study, five numerical experiments were performed using the Eta re-
gional climate model, named as follows: CNT-2021, BAU_1-2050, BAU_1-2100,
BAU_2-2050, and BAU_2-2100. The control experiment (CNT) used vegetation
cover data for the Legal Amazon region from the National Institute for Space Re-
search (INPE) and deforestation data from the PRODES project for the baseline
year 2021 (INPE, 2021). The other experiments employed deforestation scenarios
developed by [48], projected for the years 2050 and 2100, respectively.

Each Eta model experiment consisted of one continuous 10-year integration
(120 months), starting at 00:00 UTC on November 1, 2011 (wet season). Each
experiment included a spin-up period of one year (12 months).

Initial and boundary atmospheric conditions were derived from ERA5 reanal-
ysis data produced by the European Centre for Medium-Range Weather Forecasts
(ECMWE) [65]. These reanalyses have a horizontal resolution of 0.25° x 0.25° and
cover the domain from 57°S to 79.5°N and from 180°W to 180°E, encompassing
all continents except Antarctica. The data are available at:

https://www.ecmwf.int/en/forecasts/datasets/browse-reanalysis-datasets.

The model assimilated the reanalysis fields every six hours via dynamic
downscaling. Sea surface temperature (SST) values were derived from monthly
ECMWE reanalysis means and were updated daily using linear interpolation. In-
itial soil moisture and surface albedo conditions were based on monthly climatol-
ogy for the first month of integration and on seasonal climatology, respectively.

For this study, the Eta-ERA5 model was configured with a horizontal resolution
of 3 km, 38 vertical layers, a timestep of 10 seconds, and a spatial domain from
67.0°W to 59.0°W and from 8.0°S to 2.0°S. During the numerical integrations, the
atmospheric CO, concentration in the model was held constant at the mean value
of 414 ppmv, since the primary focus was to analyze climate changes resulting

specifically from the BR-319 highway project.

Validation of the Eta Regional Model
To assess the performance of the Eta regional model in simulating the climate of
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the study area, rainfall estimates from CHIRPS (Climate Hazards Group InfraRed
Precipitation with Station data) [66] and temperature data from SAMeT (South
American Mapping of Temperature) [67] were used. The validation was based on
mean seasonal fields for the wet season (austral summer: December-January-Feb-
ruary, DJF) and the dry season (austral winter: June-July-August, JJA). For the
quantitative evaluation of the Eta model performance, the following statistical

metrics were applied: bias and root mean square error (RMSE).

3. Results and Discussion

The results presented here aim to assess the potential climate impacts of defor-
estation associated with the reconstruction of the BR-319 highway within the
study area. In environmental impact assessments for large-scale infrastructure
projects, environmental forecasting plays a critical role by examining hypothetical
scenarios to predict the potential consequences of either implementing or not im-
plementing the proposal [68].

We analyzed the potential impacts of the reconstruction versus non-recon-
struction of the BR-319 highway. The climate simulations considered differences
in mean fields of 2-meter air temperature, precipitation, evapotranspiration,
moisture convergence, and surface runoff during both the wet season (December-
January-February, DJF) and dry season (June-July-August, JJA).

3.1. Evaluation of the Eta Regional Climate Model

The performance evaluation of the Eta regional climate model in representing cli-
mate patterns was carried out for the year 2021. The evaluated components were
air temperature and precipitation. Figure 4 presents the observed mean air tem-
perature from the SAMeT dataset and the simulated data from the Eta model for
the wet (DJF) and dry (JJA) seasons in 2021. In addition, model performance was
assessed using bias and Root Mean Square Error (RMSE).

The Eta model successfully reproduced the spatial variability of air temperature
across the study area during both wet and dry seasons. When comparing the sim-
ulated values to observed data, the mean temperature difference for the wet season
(DJF) was 0.003°C, while for the dry season (JJA) it was —0.29°C. These differ-
ences correspond to 0.01% and —1.08% relative to the observed temperatures for
each respective season. Regarding RMSE, lower values were observed during DJF
(0.19°C), whereas greater discrepancies were found during JJA (0.39°C). Despite
these differences, the values were close to the annual mean variation, indicating
that the model reasonably captured the seasonal temperature patterns. Therefore,
the results suggest that the Eta model was effective in simulating air temperature
in the region.

Figure 5 shows the observed precipitation data from CHIRPS and the simulated
precipitation fields produced by the Eta regional climate model for the wet season
(DJF) and dry season (JJA) of the year 2021. Additionally, bias and root mean

square error (RMSE) metrics were calculated to assess model performance.
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Figure 4. Evaluation of the Eta climate model in representing 2-m air temperature (°C) for the wet season (DJF): (a) Ob-
served SAMeT 2021, (b) Simulated Eta Model 2021, (c) Bias (°C), (d) RMSE (°C); and the dry season (JJA): (e) Observed
SAMeT 2021, (f) Simulated Eta Model 2021, (g) Bias ("C), (h) RMSE (°C).
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Figure 5. Evaluation of the Eta regional climate model performance in simulating precipitation (mm-day) for the wet season
(DJF): (a) observed CHIRPS 2021; (b) simulated Eta Model 2021; (c) bias (mm-day); (d) RMSE (mm-day); and for the dry
season (JJA): (e) observed CHIRPS 2021; (f) simulated Eta Model 2021; (g) bias (mm-day'); (h) RMSE (mm-day ™).

Opverall, the Eta model successfully reproduced the spatial variability of precip-
itation in both seasons across most of the study area. However, it systematically
underestimated precipitation values, with an average deviation of —37.5% in DJF
and -5.7% in JJA compared to the observed data. This underestimation may be
attributed to limitations in the model’s physical parameterizations of precipitation
or to the numerical integration period, which may have been insufficient for the
model to reach dynamic equilibrium. Furthermore, as noted by [69], the Eta
model generally tends to underestimate precipitation over large portions of South
America.

It should be noted that the Eta model systematically underestimates precipita-
tion, particularly during the wet season (by —37.5%). This bias affects the absolute

values of rainfall, but it does not compromise the model’s ability to capture spatial
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patterns and seasonal contrasts. Consequently, the simulated changes in precipi-
tation across deforestation scenarios should be interpreted as robust in terms of
direction and relative magnitude, although the absolute values may be somewhat
underestimated.

Regarding the residual error, similar RMSE values were observed for both sea-
sons: 0.17 mm-day™* for DJF and 0.15 mm-day™* for JJA. Despite the underestima-
tion during DJF, the simulated values captured the seasonal variation pattern of
annual precipitation. Therefore, the model is considered to have performed satis-
factorily in representing precipitation behavior and is suitable for investigating
the climate impacts associated with deforestation.

Detailed statistical parameters used for model evaluation (bias and RMSE) are
provided in the Supplementary Material (Appendix B, Tables A2-A3), along with
a comparison of the seasonal cycles of observed and simulated air temperature
and precipitation (Appendix B, Figure Al).

3.2. Impact on Air Temperature (2 m)

Figure 6 shows an increase in air temperature during both the wet season (DJF)
and the dry season (JJA) when comparing the BAU_1 scenario (unpaved BR-
319 highway) and the BAU_2 scenario (paved BR-319 highway) to the current
climate baseline (reference year 2021). Relative to the current climate, the
BAU_1 scenario projects an average temperature increase of 0.1°C in both wet
and dry seasons by 2050. In the BAU_2 scenario, the average increase by 2050
is 0.1°C during the wet season and 0.5°C during the dry season. For the year
2100, the temperature increase reaches 0.3°C (wet season) and 0.5°C (dry sea-
son) in BAU_1, and 0.4°C (wet season) and 0.7°C (dry season) in BAU_2. As
illustrated in Figure 6, local temperature increases may exceed 2.5°C in some
deforested regions during the dry season.

The increase in air temperature in deforested areas is related to various factors
associated with vegetation removal, particularly changes in surface energy and
water balance. Alterations in soil and vegetation parameters, such as porosity, leaf
area index, roughness length, and stomatal conductance, modify the surface en-
ergy and water flux components, consequently affecting the regional climate in
deforested areas. In this study, reduced latent heat flux (evapotranspiration) and
increased sensible heat flux over deforested regions contributed to the rise in air
temperature, especially during the dry season.

During the wet season, the experiment indicated an increase in latent heat flux
and a decrease in sensible heat flux, which acts in the direction opposite to that of
the temperature increase. The increase in latent heat flux may have partially miti-
gated local air warming but did not entirely reverse it. This phenomenon might be
linked to changes in surface energy availability. A similar result was reported by [70]
in studies on the climatic impacts of deforestation in central Amazonia, which sug-
gested that surface temperature increases, alongside reduced sensible heat flux, can

be explained by a reduction in the modeled temperature gradient.
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Figure 6. Impact on air temperature (*C) at 2 m above the ground in 2050 and 2100 resulting from the land-use change scenarios
BAU_1 (unpaved BR-319) and BAU_2 (paved BR-319), compared to the current climate (CNT-2021), for the wet season (DJF panels
b, ¢, d, e) and dry season (JJA panels g, h, 1, j).

Figure 7 illustrates the impact of paving the BR-319 highway (BAU_2) on air
temperature at 2 m, relative to the unpaved scenario (BAU_1). The greatest im-
pact is observed over deforested areas in the northern portion of BR-319 and the
central region of the maps, notably around the AM-366 highway, where new de-
forestation patches are emerging within the forest. Temperature increases are pre-

sent throughout all analyzed periods, reaching nearly 1.0°C during the wet season
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a) Effect on Temperature - DJF - 2050

and 1.5°C during the dry season in deforested regions.
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Figure 7. Impact on surface air temperature (°C) at 2 m above the ground in 2050 and 2100, resulting from the comparison
between scenarios BAU_1 (unpaved BR-319 highway) and BAU_2 (paved BR-319 highway), for the wet season (DJF: panels
a, d) and dry season (JJA: panels c, d).

A limitation of our approach is that atmospheric CO, concentration was held
constant in all experiments to isolate the effects of land-use change. However, it is
well known that rising CO, interacts with vegetation physiology and structure in
complex ways. Higher CO, concentrations tend to reduce stomatal conductance
and evapotranspiration, intensifying regional warming and drying, but may also
stimulate biomass growth and leaf area expansion, partly mitigating these impacts
[71] [72]. These aspects suggest that the combined effects of land-use change and

increasing CO, are likely to produce more complex climate responses.

3.3. Impact on Precipitation

Figure 8 presents the impact on precipitation under scenarios BAU_1 and BAU_2
during the wet (DJF) and dry (JJA) seasons for the study area. An increase in pre-
cipitation is observed, especially in areas of new “fishbone” deforestation patterns,

where deforestation has intensified due to the reconstruction of the BR-319 highway
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and the opening of new connecting roads. Comparing the simulated scenarios for
2050 with the current climate, there is an average increase of 0.1 mm-day™ in both
the wet and dry seasons for scenarios BAU_1 and BAU_2. By 2100, scenario BAU_1
shows an average increase of 0.4 mm-day ' during the wet season and 0.3 mm-day*
during the dry season, while scenario BAU_2 exhibits an increase of 0.5 mm-day™
and 0.4 mm-day™ for the wet and dry seasons, respectively. As illustrated in Figure
8, precipitation increases exceeded 2.5 mm-day in some deforested regions. We
note that throughout the simulated period the deforestation is in the fishbone pat-
tern, and that, as has occurred on other Amazonian frontiers, it will later be “con-
solidated” into vast expanses of cleared land. The increase in precipitation in the
intermediate deforestation phase represented in the simulation is as expected, but,
with progressive consolidation of the deforested landscape, the effect will change to
greatly decreased rainfall [73]. The high spatial heterogeneity, here in the form of
the “fishbone” pattern, can have an effect at least as important as the area of defor-
estation in forming the anomalous circulations that led to our simulated precipita-
tion increases during the time span of our study [74]. This effect is temporary, and
various conservative assumptions in the deforestation simulation [48] may mean
that decreased precipitation begins sooner than the simulated climate implies.

Although it is well established that advancing deforestation results in local
warming, impacts on precipitation remain uncertain and continue to be the sub-
ject of extensive study [73] [75]. Generally, the literature points to a reduction in
precipitation as a consequence of deforestation. However, some studies, such as
[18] [28] [30]-[34], report contrasting results. They suggest that in certain areas,
precipitation may increase due to forest fragmentation and the dominance of local
and mesoscale circulations driven by surface heterogeneity, which is determined
by the extent of deforestation. This implies that in areas of smaller-scale defor-
estation, heterogeneity in sensible and latent heat fluxes can generate intense
mesoscale circulations, affecting the planetary boundary layer structure and influ-
encing cloud formation and precipitation patterns [29] [35] [76].

Figure 9 illustrates the impact of paving the BR-319 highway (scenario BAU_2)
on precipitation by 2050 and 2100 compared to the unpaved scenario (BAU_1). The
greatest impact occurs in the areas influenced by the BR-319 and AM-366 highways,
where new deforested areas are opening. The impact intensifies through 2100 in
both seasons, with an average increase of 0.1 mm-day™* for the study area. Notably,
larger discrepancies are observed during the wet season, with precipitation increases
exceeding 1.5 mm-day in deforested regions, alongside reductions in precipitation
within surrounding forest patches and in areas where deforestation becomes more
extensive, particularly in the southeastern portion of the study area.

The results corroborate previously mentioned studies indicating that, as defor-
estation expands beyond the early “fishbone” phase, an overall decrease in precip-
itation occurs. The scenario comparisons suggest that increasing deforestation
leads to diminished rainfall and heightened regional aridity due to reduced mois-

ture availability and altered atmospheric dynamics.
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By 2100, the simulated landscape still represents a transitional stage where both
fragmented fishbone deforestation and more consolidated clearings coexist. In areas
where deforestation is already extensive, precipitation decreases are evident,
whereas in regions with relatively smaller fragments rainfall increases are still ob-
served. It is important to emphasize that 2100 does not represent the endpoint of
deforestation in the Amazon, but rather a temporal snapshot under the Business as
Usual scenario. As deforestation continues to expand and consolidate beyond 2100,

precipitation trends are expected to shift toward significant long-term declines.
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Figure 8. Impact on precipitation (mm-day™) in 2050 and 2100 resulting from land-use change scenarios BAU_1 (unpaved
BR-319 highway) and BAU_2 (paved BR-319 highway), compared to the current climate (CNT-2021), during the wet (DJF)
panels b, ¢, d, e) and dry (JJA) panels g, h, i, j) seasons.
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Figure 9. Impact on precipitation (mm-day™) in 2050 and 2100 resulting from the comparison between scenarios BAU_1
(unpaved BR-319 highway) and BAU_2 (paved BR-319 highway), for the wet (DJF) panels a, d) and dry (JJA) panels c, d)
seasons.

3.4. Impact on Evapotranspiration

Figure 10 illustrates the impact of the scenarios on evapotranspiration, showing an
increase in evapotranspiration effects in both scenarios during the wet season (DJF),
and a reduction during the dry season (JJA). It is evident that during the wet season,
evapotranspiration increases, as represented by the rise in latent heat flux.

Evapotranspiration encompasses both soil and surface water evaporation and
plant transpiration, which is explained by the increase in latent heat flux. Defor-
estation reduces transpiration due to the removal of trees and other vegetation
that previously performed this function. Consequently, the amount of water vapor
released into the atmosphere decreases significantly.

Conversely, results indicate an increase in evapotranspiration during the wet
season (DJF), which can be attributed to enhanced local precipitation. This mod-
ifies water vapor availability, since forest removal compromises water recycling
via evapotranspiration and intensifies direct evaporation from exposed soil sur-
faces or water bodies. This process may increase local humidity, promote cloud

formation, and potentially enhance rainfall occurrence, particularly during wet
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periods [77] [78]. Additionally, stomatal resistance is lower in pasture areas than

in forests, contributing to increased evaporation in non-forested patches [79].
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Figure 10. Impact on evapotranspiration (mm-day™) in 2050 and 2100 resulting from land-use change scenarios BAU_1
(unpaved BR-319 highway) and BAU_2 (paved BR-319 highway), compared to the current climate (CNT-2021), during the
wet (DJF) panels b, ¢, d, e) and dry (JJA) panels g, h, i, j) seasons.

The increase in latent heat flux can also be explained by intensified wind speeds
over fragmented areas and the effect of turbulent mixing over wet surfaces in the
Amazon [70] [80]. From a micrometeorological perspective, trees at forest edges
tend to transpire more than those in the forest interior [81]. This suggests that, at

a local scale, forest fragmentation may lead to increased evapotranspiration, par-
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tially offsetting reductions caused by deforestation [35].

During the dry season (JJA), evapotranspiration decreases while precipitation
increases. This pattern results from mesoscale circulations induced by landscape
heterogeneity. According to [31], these processes enhance moisture convergence,

which outweighs the reduction in evapotranspiration and consequently increases

precipitation.
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Figure 11. Impact on evapotranspiration (mm-day ') in 2050 and 2100 resulting from the comparison between scenarios BAU_1
(unpaved BR-319 highway) and BAU_2 (paved BR-319 highway), for the wet (DJF) panels a, d) and dry (JJA) panels c, d) seasons.

Figure 11 depicts the impact of paving the BR-319 highway (scenario BAU_2)
on evapotranspiration compared to the unpaved scenario (BAU_1). The most
pronounced impact is observed in deforested areas in the northern portion of the
BR-319 and central parts of the maps, particularly near the AM-366 highway,
where new deforestation patches have formed within the forest matrix. In these
deforestation islands influenced by road development, increases in evapotranspi-

ration may exceed 0.5 mm-day™.

3.5. Impact on Moisture Convergence

Figure 12 shows an increase in moisture convergence within the study area
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across all scenarios compared to the control experiment, particularly over newly

deforested regions. This result aligns with the previously presented data, indi-

cating that the increase in precipitation is a consequence of enhanced moisture
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Figure 12. Impact on moisture convergence (mm-day ') in 2050 and 2100 resulting from land-use change scenarios BAU_1
(unpaved BR-319 highway) and BAU_2 (paved BR-319 highway), compared to the current climate (CNT-2021), during the
wet (DJF) panels b, ¢, d, e) and dry (JJA) panels g, h, i, j) seasons.

It is noteworthy that during the dry season (JJA), the impacts on moisture con-

vergence and evapotranspiration acted in opposite ways. The increase in moisture

convergence over deforested areas was sufficiently strong to compensate for the
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reduction in evapotranspiration. This rise in precipitation can be explained by
changes in local circulation, as alterations in surface heterogeneity due to defor-
estation generate mesoscale circulations, favoring increased moisture conver-
gence and, consequently, enhanced precipitation over deforested regions [18] [31]
[82].

Figure 13 presents the impact on moisture convergence from the comparison
between the two analyzed scenarios. The greatest impact is observed along the
highways, with a reduction in moisture convergence (positive sign) in the eastern
portion of the BR-319 highway and an increase in convergence (negative sign) in
deforestation islands, especially considering the opening of new roads such as the

AM-366, located more centrally in the maps.
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Figure 13. Impact on moisture convergence (mm-day™') in 2050 and 2100 resulting from the comparison between scenarios
BAU_1 (unpaved BR-319 highway) and BAU_2 (paved BR-319 highway), for the wet (DJF) panels a, d) and dry (JJA) panels

¢, d) seasons.

3.6. Impact on Surface Runoff

Figure 14 presents the mean total runoff simulated by the Eta model for the wet
(DJF) and dry (JJA) seasons. During both seasons, runoff values were positive

(Precipitation > Evapotranspiration) across most of the study area, with higher
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values (>1.5 mm-day™) observed in deforested areas during the wet season.

a) Surface runoff DJF - CNT-2021 b) Effect on Surface runoff DJF - BAU1-2050
1.5
1.2
6 0.9
5 Ho.6
2 - 2 ] Ho.3
] 3 3
3 3 -] b M
z b T
o} 2 L 3 H-0.3
1 H-0.6
o 0.9
=82
1.5
8¢ 25X S 4
67W 66W 650 640 630 620 610 60W 590 67W 66W 650 640 630 620 610 60W 590 67W 66W 650 64N 630 620 G 60W 590
Longitude Longitude Longitude
d) Effect on Surface runoff DJF - BAU2-2050 e) Effect on Surface runoff DJF - BAU2-2100
5 W
X R
35
4s
3 3
3 s
b B s
g
65
75
(3 R T TR T TR T T R TR TR TR T
Longitude
f) Surface runoff JJA - CNT-2021 g) Effect on Surface runoff JJA - BAU1-2050
1.5
1.2
3 0.9
5 Ho.6
2 B 2 2 i
] ] 2
= 3 £ = Ho
T z T
= 2 & L] H-0.3
1 H-0.6
0 -0.9
1.2
-1.5
67W 66W 650 640 630 6210 610 600 590 67W 66W 650 64w 630 620 610 600 590 670 66W 650 640 630 620 GO 600 590
Longitude Longitude
i) Effect on Surface runoff JJA - BAU2-2050
e @
3 3
] ]
b =
b b
3 3
OW  GoW W GaW W 60 6IW 6o 5oW

Longitude Longttude

Figure 14. Impact on surface runoff (mm-day™) in 2050 and 2100 resulting from land-use change scenarios BAU_1 (un-
paved BR-319 highway) and BAU_2 (paved BR-319 highway), compared to the current climate (CNT-2021), during the wet
(DJF) panels b, ¢, d, e) and dry (JJA) panels g, h, i, j) seasons.

The increase in surface runoff was primarily driven by the increase in precipi-
tation within the study area. Conventionally, the conversion of forests to agricul-
ture or pasture increases surface runoff partly due to reduced evapotranspiration
[83], which was observed during the dry season (JJA) of the experiment. However,
during the wet season (DJF), the increased rainfall resulted in a proportional in-

crease in surface runoff. This water availability favored an increase in latent heat
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a) Effect on Surface runoff DJF - 2050

flux, which is responsible for water evaporation, and a reduction in sensible heat
flux [84].

Figure 15 shows the impact of paving the BR-319 highway (BAU_2) on surface
runoff compared to the unpaved scenario (BAU_1). An average increase in sur-
face runoff of 0.1 mm-day™ was observed across the study area for both seasons
until 2100. In some deforested areas, runoff values may exceed 1.0 mm-day™ in
both the wet and dry seasons by 2100, following the same pattern observed for

precipitation.
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Figure 15. Impact on surface runoff (mm-day™) in 2050 and 2100 resulting from the comparison between scenarios BAU_1
(unpaved BR-319 highway) and BAU_2 (paved BR-319 highway), for the wet (DJF) panels a, d) and dry (JJA) panels c, d)

seasons.

4. Conclusions

Our simulations show a warming signal across all deforestation scenarios, with
the most intense response associated with the paving of the BR-319 highway by the
end of the century, particularly during the dry season, when mean air temperature
increases approach 0.7°C. At the local scale, deforested areas exhibit stronger anom-
alies, in some cases exceeding 2.5°C.

Changes in precipitation also occur: on average, increases of about 0.5
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mm-day ' were simulated across the study area, with local increments above 2.5
mm-day’. These effects are linked to changes in local circulation, as surface
heterogeneity induced by deforestation favors mesoscale processes that en-
hance regional moisture convergence. However, this effect is transitional and
tends to shift toward rainfall decline as deforestation consolidates into large
continuous clearings.

Warming over deforested areas results from alterations in the surface energy
and water balance. Although an increase in latent heat flux may exert a localized
cooling effect, it is outweighed by the overall warming induced by forest loss. Our
results also indicate that intensified deforestation contributes to the drying of ad-
jacent forests and exacerbates existing climatic challenges in the Amazon, such as
rising temperatures and the intensification of dry seasons.

These findings provide important insights for decision-making on road infra-
structure projects in the Amazon, such as BR-319 and AM-366. The climatic con-
sequences of large-scale road development need to be considered in the planning
and approval processes for such projects.

Based on our results, we recommend the incorporation of high-resolution re-
gional climate modeling into Strategic Environmental Assessments (SEAs) of gov-
ernmental Policies, Plans, and Programs (PPPs) for road infrastructure projects
in the Amazon. This approach is essential to assess the local impacts of road ex-
pansion on deforestation and to ensure that public policy decisions are guided by

the best available scientific evidence.
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Appendix A

A.1. Eta Regional Model

The Eta regional model was adapted to perform long-term integrations (Pesquero
et al, 2010; Chou et al, 2014a, b). Due to the higher resolution of the Eta regional
model, it is possible to simulate mesoscale phenomena in greater detail, such as
frontal systems, orography, sea breeze, severe storms, squall lines, and organized
mesoscale systems (Chou, 1996). The dynamics of the regional model are
developed using a vertical coordinate (7) in the form of discrete steps (Mesinger,
1984).

Py P

sfc

P-P
77:[ - ]*nsfc (1)

where:

I:)ref (Zref )_ Pt

Py (0)-P, @

Mste =
where, 7, is the conversion from the sigma vertical coordinate (which follows

the terrain) to the Eta coordinate (in the form of discrete steps); P, is the

t
pressure at the top of the domain; P, and Z.rare the pressure and elevation at
the lower boundary of the model, respectively. The reference pressure (P, ) is a
function of the height above mean sea level.

The physical parameterizations included in the model are:

1) Turbulent processes in the atmosphere, represented by the Mellor-Yamada
(1974) scheme, updated with the parameters of Nakanishi & Niino (2009), which
calculates turbulent kinetic energy and vertical fluxes;

2) Turbulent energy diffusion in the surface planetary boundary layer
(PBL), determined using the Mellor-Yamada 2.0 scheme (Mellor & Yamada,
1974);

3) The shortwave radiation scheme is based on the model by Lacis & Hansen
(1974);

4) The longwave radiation scheme follows the model of Fels & Schwarzkopf
(1975);

5) Precipitation in the model is produced by cumulus parameterization
schemes proposed by Betts-Miller-Janjic (Janjic, 1994);

6) Cloud microphysics follows the approach described by Zhao et al (1997);

7) The surface layer over land is resolved using the Monin-Obukhov scheme
with stability functions from Paulson (1970), while the surface layer over the
ocean uses the Charnock (1955) scheme;

8) Biosphere-atmosphere interaction processes are represented by the NOAH
land surface scheme (Ek et al, 2003), which distinguishes 16 vegetation types, 15
soil classes, and eight soil layers with roots extending to a depth of up to 12 meters
(Pilotto et al., 2023).
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Table Al. Parameterizations included in the Eta-CPTEC regional model.

Parameter Reference
Turbulent diffusion in the PBL Mellor & Yamada (1974)
Shortwave radiation Lacis & Hansen (1974)
Longwave radiation Fels & Schwarzkopf (1975)
Cumulus parameterization Betts-Miller-Janjic (Janjic, 1994)
Cloud microphysics Zhao et al. (1997)
Surface layer (over land) Monin-Obukhov-Paulson (Paulson, 1970)
Surface layer (over ocean) Charnock (1955)
NOAH land surface scheme Ek et al (2003)

The land use and land cover map is derived from the ESA-CCI-LC (European
Space Agency - Climate Change Initiative Land Cover) for the year 2000. The
soil map is from STATSGO/FAQ (State Soil Geographic/Food and Agriculture
Organization) (Miller & White, 1998), with a spatial resolution of 1 km.

The model will be configured with 38 vertical levels, with the model top defined
at 25 hPa. Time integration uses the split-explicit technique. The terms adjusted by
inertial gravity waves are integrated separately from the advective terms. A forward-
backward scheme handles the terms responsible for this adjustment (Janjic, 1979),
while a modified Euler-backward scheme is applied to the horizontal and vertical
advection terms (Janjic, 1984). The prognostic variables are: air temperature, specific
humidity, horizontal wind, surface pressure, turbulent kinetic energy, and cloud
hydrometeors. These variables are distributed on an Arakawa E-grid (Arakawa &
Lamb, 1977), in which the distance between adjacent mass or wind points is used to

define the model’s horizontal resolution.

Appendix B

B.1. Bias

Bias indicates the systematic tendency of the simulations. In other words, if the
bias is greater than zero, the forecasts are, on average, overestimated; whereas if it

is less than zero, the forecasts are underestimated.

b 13
_ﬁ§|¢i_l//i|

B.2. Root Mean Square Error (RMSE)

The root mean square error (RMSE) method will also be used to assess the
accuracy of the simulations, where high RMSE values indicate high levels of
discrepancy between the simulations (¢) and the observed and reanalysis data ().
The RMSE formula is given by:

1 2 V2
[0
i1
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Table A2. Monthly average values observed and simulated by the Eta model for Temperature
(SAMeT) and Precipitation (CHIRPS) for the year 2021, and monthly observed averages for
the period 2012 to 2021.

Temperature (°C) P(r;cri;)‘gia:_i?)n
| SAMeT 2021 Model2021 00 - SRS vodel 2021

JAN. 26.11 25.68 25.74 9.75 12.50 5.89
FEB. 26.08 25.82 26.02 10.17 12.88 6.67
MAR. 26.23 25.51 26.02 10.89 12.47 6.70
APR. 26.23 26.14 2591 10.06 11.52 6.12
MAY 26.3 26.25 25.84 7.28 6.12 5.09
JUN. 26.18 25.77 25.89 3.56 5.05 3.18
JUL. 26.2 26.14 25.96 2.68 2.67 2.51
AUG. 27.04 27.35 26.56 2.67 2.74 2.71
SEP. 27.26 27.01 26.65 4.24 5.18 3.50
OCT. 27.01 27.23 26.58 5.32 5.95 4.37
NOV. 26.79 26.39 26.29 8.06 8.52 4.85
DEC. 26.28 26.23 25.98 9.29 12.53 5.67

Table A3. Values found for bias and root mean square error for average temperature (°C)
at 2 m above ground level (SAMeT) and precipitation (mm-day™') (CHIRPS) in the
simulation of the Eta regional model for the area influenced by highway BR-319.

DJF JJA ANUAL 2021 ANUAL 2012-2021
BIAS - SAMeT 0.003 -0.287 -0.173 -0.356
RMSE - SAMeT 0.189 0.379 0.351 0.144
BIAS - CHIRPS -3.267 -0.171 —3.405 -2.225
RMSE - CHIRPS 0.150 0.171 3.561 1.596
a) 29 b) 14 )
CHIRPS (interval 2012-2021)
285 12 -#-CHIRPS (average 2012-2021)
28 —+CHIRPS 2021
275 ’g 10 ~+NModel 2021
) E
o 27 c g
S265 §
§ 26 § 6
§25'5 SAMeT (interval 2012-2021) L 4
25 ~a-SAMeT (average 2012-2021
245 —+—SAMeT 2021 2
) -+ Model 2021

2‘}JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

J?AN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

Figure Al. Seasonal cycle of (a) air temperature ("C) at 2 m above ground level and (b) precipitation (mm-day™). The black
lines correspond to the Eta model simulation (Model 2021); the lilac shaded area represents the standard deviation (2012-

2021 observed climate range); the blue line is the mean (2012-2021 observed climate average); and the red line is the monthly

observed mean for the year 2021.
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