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Abstract: This research aimed to analyze the relationship between deforestation (DFT) and climatic
variables during the rainy (CHU+) and less-rainy (CHU —) seasons in the Tapajos River basin. Data
were sourced from multiple institutions, including the Climatic Research Unit (CRU), Center for
Weather Forecasts and Climate Studies (CPTEC), PRODES Program (Monitoring of Brazilian Ama-
zon Deforestation Project), National Water Agency (ANA) and National Centers for Environmental
Prediction/National Oceanic and Atmospheric Administration (NCEP/NOAA). The study assessed
anomalies (ANOM) in maximum temperature (TMAX), minimum temperature (TMIN) and precipi-
tation (PREC) over three years without the occurrence of the El Nifio—Southern Oscillation (ENSO)
atmospheric-oceanic phenomenon. It also examined areas with higher DFT density using the Kernel
methodology and analyzed the correlation between DFT and climatic variables. Additionally, it
assessed trends using the Mann—Kendall technique for both climatic and environmental data. The
results revealed significant ANOM in TEMP and PREC. In PREC, the highest values of ANOM were
negative in CHU+. Regarding temperature, the most significant values were positive ANOM in
the south, southwest and northwestern regions of the basin. Concerning DFT density, data showed
that the highest concentration was of medium density, primarily along the highways. The most
significant correlations were found between DFT and TEMP during the CHU— season in the Middle
and Lower Tapajos sub-basins, regions where the forest still exhibits more preserved characteristics.
Furthermore, the study identified a positive trend in TEMP and a negative trend in PREC.

Keywords: rainfall; air temperature; deforestation

1. Introduction

Deforestation (DFT) raises significant concerns worldwide among researchers and
society due to its adverse impacts on the environment, climate and health [1,2]. The
commitment to climate-related studies resulting from deforestation is driven by the ongoing
occurrences of extreme events on the planet, such as floods, severe droughts, heatwaves
and cold spells [34].

Research has concluded that the increase in extreme heat in North America and Europe
is associated with the effects of DFT [5]. As a consequence of degradation in the Amazon,
future simulation studies conducted in South America show an increase in air temperature
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(TEMP), a decrease in precipitation (PREC) in the region and a significant reduction in
forested areas [6,7].

The Amazon is globally renowned for its forests, abundant freshwater resources and
mineral wealth. However, over the past few decades, the region has undergone significant
transformations that have led to the degradation of a substantial portion of its forest [8,9].

The combination of land-use activities and the diverse forms of land alteration cover
across the entire Amazon River basin territory (encompassing 6,403,450.74 square kilome-
ters, including Brazil and the Andean countries) has raised various questions regarding
its impact on regional water balance, its interaction with global systems and the resilience
capacity of ecosystems in the face of changing conditions [10]. For example, research
conducted by [11,12] indicates that deforestation can lead to an increase in flood runoff and
a reduction in base flow in the region.

These transformations have sparked growing environmental concerns, particularly
regarding the Amazon rainforest, due to the environmental services it provides, its bio-
diversity, water cycling and carbon storage [13,14]. The Amazon rainforest plays a vital
role in maintaining the regional Amazonian climate, as well as other regions of the country,
through the atmospheric transport of moisture [15].

An example of these transformations can be seen in the Tapajos River basin, which
has experienced degradation in recent decades due to the pressure primarily caused by
the expansion of agribusiness, including the increase in exports of agricultural and agro-
industrial products [16]. Simultaneously with deforestation for agribusiness, highways
are being constructed to create new routes to transport grains to the Port of Itaituba [17].
Additionally, the basin faces other issues such as the construction of hydroelectric dams,
mining activities and logging.

The degradation is more pronounced in the Upper Tapajos (center-south of the basin)
due to a higher concentration of activities (livestock farming, agriculture) and thus more
pronounced deforestation in this portion of the basin. On the other hand in the Lower
Tapajos (north of the basin), degradation has been increasing, as is the case in the northwest
of the basin, where a significant portion of conservation units have seen a reduction in their
boundaries due to degradation from mining and hydroelectric dam construction in the
region [18]. The basin faces socio-environmental conflicts due to land disputes in many
municipalities, such as Santarém, Itaituba, Novo Progresso and Sinop—located in the states
of Para and Mato Grosso, which drive deforestation in the region. [19].

The discussions regarding the consequences of massive forest conversion into pas-
tures, leading to a decrease in rainfall in the Amazon and neighboring regions is another
example [20], as well as in the southern part of the continent [21]. This transformation also
contributes to increased temperature, severe droughts and floods [22]. Another measure
is the substantial quantity of particles and gases emitted by wildfires, which profoundly
affect regional and global climates [23,24].

As a result, this study aims to analyze the relationship between DFT and the variability
of air temperature and precipitation and the climate in the CHU+ and CHU— seasons
of the Tapajos River basin region, representing 7.7% of the Amazon River basin territory.
Additionally, it seeks to assess the increases in DFT indices, their correlation with CHU+ and
CHU- and determine if there is a statistical pattern between deforested areas, temperature
(TEMP) and the amount of rainfall in the region.

The Tapajos basin exhibits significant contrasts in its natural resources, particularly
regarding water and climate, which are subject to impacts due to disordered land use
and land cover. Thus, possible changes in the studies of meteorological variables are
suggested due to the degradation of the region, indicating a trend of increasing temperature
and decreasing precipitation, especially in the portion of the basin that still has more
preserved forest.
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2. Materials and Methods

Located in the central Brazilian Amazon, the Tapajos River basin (Figure 1) covers
an estimated area of 492,115.88 km?2. It spans the states of Mato Grosso (MT) (58%) and
Para (PA) (38%), with smaller portions in Amazonas (AM) (3%) and Rondodnia (RO) (1%).
This region holds significant socio-environmental importance. Not only is the Tapajos
River the most significant tributary along the direct margin of the Amazon River, but it
also serves as a contested space for territory and natural resources among indigenous
communities, livestock farmers, timber extractors and settlers. The northern part of the
basin is characterized by the Protected Areas. The Environmental Protection Area (APA) of
Tapajos is located near the municipality of Itaituba and the Indigenous Lands. These lands
occupy almost 25% of the territory in the state of Para [18].
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Figure 1. (A) Location of the Tapajos River basin in South America and (B) states of the Brazilian
Amazon that make up the basin.

The Tapajos River basin plays a significant role as a contributor to the Amazon River
basin, providing an average flow of 1400 m?/s, ranking the Tapajos River among the world’s
top 20 rivers in terms of discharge [25]. This context conflicts with the trend established in
recent decades, marked by an economy focused on agribusiness [26-29], associated with
the transportation of grains from the central region of the country, traveling along BR-163
to the Port of Santarém-PA [30].

This basin (Tapajos) holds several specificities, namely environmental and soil diver-
sity, complex topography and vegetation consisting of two biomes (Figure 1A): the Amazon
rainforest, which covers regions from the State of Para to the north of Mato Grosso and
the cerrado (savanna region in South America), located in the southern part of the basin.
This landscape is associated with high average annual precipitation values (exceeding
1470 mm, sometimes reaching close to 2500 mm), with a gradual increase from the head-
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waters towards the mouth, characterizing two seasons: a dry season (CHU—) from May
to September and a rainy season from October to April, with May and October serving as
transitional periods [31].

Regarding landscape characterization, the region exhibits high reliefs in the cerrado of
the state of Mato Grosso and floodplain lands in the region of the state of Para, demonstrat-
ing a significant altimetric difference with quite rugged terrain in the southern and central-
eastern portions of the basin and an alluvial plain in the northern part (Figure 2A) [32].
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Figure 2. (A) Position of the squares in the regions of the Tapajos River basin and (B) deforested area
in the three sub-basins: Lower, Middle and Upper Tapajos.

Cumulative PREC (precipitation) and average TMAX (maximum air temperature)
and TMIN (minimum air temperature) data were used, seasonally (from November to
April and May to October) obtained from the Climate Research Unit (CRU), derived from
satellite estimates and in situ stations, were utilized. The data had a spatial resolution of
approximately 21 km? (in TIF format) and were obtained from the WorldClim platform, a
global weather and climate database, covering the period from 2000 to 2018. This dataset
enabled the evaluation based on ANOM (anomalies) and the seasonality of CHU+ (rainy
period) and CHU— (less rainy period).

Additionally, annual data on DFT from PRODES Program (Monitoring of Brazilian
Amazon Deforestation Project) were utilized, available at (http://terrabrasilis.dpi.inpe.br/
(accessed on 05 September 2022)). The chosen years 2010, 2013 and 2015 for PPRODES’s
sample are representative of the deforestation.

Initially, the ANOM [33] was calculated according to Equation (1) for the CHU+ (2011-
12, 201415 and 2016-17, November to April) and CHU— (2012, 2015 and 2017, May to
September) seasons. The selection of these years is linked to the absence of influence from
the ENSO phenomenon (El Nifio-Southern Oscillation—El Nifio and La Nifia) in the data
available in (http://enos.cptec.inpe.br/ (accessed on 30 November 2022)):

X;— X 1)

where X; represents the collected value and X the average value.
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To calculate the ANOM, the arithmetic mean was first calculated (quotient of dividing
the sum of the variable values by their numbers) via Equation (2). This result was added to
the ANOM calculation (Equation (1)):

X

n

X = 2)
and standard deviation (which indicates how much each element of a series deviates from
the series’ mean), via Equation (3):

o=\ ==L )

where (0) is the standard deviation, (x;) elements of the set, (X) the mean of the set and (n)
the number of elements in the set.

Afterward, centroid maps were generated to illustrate areas with higher DFT density,
for the years 2010, 2013 and 2015, using the Kernel density estimator [34]. Based on
the concentration of DFT, the reclassified data defined three density levels: low (green),
medium (yellow) and high (red).

The following steps were taken to investigate the degree of association/dependence
between DFT and meteorological variables: Quantum GIS open-source software was used
to extract the pixel grid from precipitation and air temperature data, with each grid cell
within the basin measuring approximately 21 km? (Figure 2):

(1) From this grid, time series of data were extracted pointwise at each grid cell, thus
allowing for the creation of tables and the performance of statistical calculations. The
sampling aimed for the greatest uniformity of the internal landscape of each grid cell,
allowing the relationship to have a more direct correspondence with the dominant
land cover (deforested area).

(2) After selection, the total DFT value, accumulated PREC and average TMAX and
TMIN for the CHU+ and CHU— stations were calculated for each grid cell from
2008 to 2018 (11 years). Microsoft Excel was used along with Pearson’s correlation r
tests (the quotient between covariance and the product of their standard deviations),
Equation (4) and the coefficient of determination—R? (a measure (in percentage) of
the amount of variation in one variable explained by the other; this is the square of
Pearson’s correlation coefficient) were applied to the tabulated data, which were then
applied to the values of these variables [30,35]:

COV(X,Y
rxyYy = covix.Y) 4)
0x0y
where COV represents covariance; X, Y represent the variables in question; and o,
oy the standard deviation of the variable.

Additionally, the non-parametric Mann—-Kendall test (applicable in cases where the
values of the data X; from a time series can be assumed as follows in Equation (5)) was
applied to the tabulated data [36] for analyzing trends in PREC, TMAX and TMIN, CHU+
and CHU— stations (from 2000 to 2018) and DFT (from 2008 to 2020):

Xi=f(ti) +e (5)

where f(t) is a continuous temporal function, either monotonically increasing or decreasing,
and the residue ¢; has the same distribution with zero mean, assuming that the variance of
the distribution is constant over time.
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3. Results
3.1. Climatological Normal and Precipitation and Temperature Anomaly

Figure 3 shows the average annual and seasonal (CHU+ and CHU—) PREC values
for the period from 2000 to 2018. In the annual period, between 1700 and 2500 mm of
precipitation are observed in the basin, with the highest values in the central regions of the
basin and the lowest in the southwest. The CHU+ season shows higher PREC values in the
east and central regions of the basin, with amounts exceeding 2000 mm. The lowest values
are located in the north and southwest (between 1500 and 1700 mm). It can be seen that the
basin’s CHU — has the lowest PREC values in the center-south, with values below 300 mm.
On the other hand the maximum PREC is found in the north, with a value of over 500 mm.

A) B) : 9]

[ Tapajos Basin B8 700—900 = 1700—1900
PREC (mm) N 900—1100 B= 1900—2100
<= 300 B 1100—1300 == 2100—2300
= 300—500 I 1300—1500 == 2300—2500
= 500—700 N 1500—1700 == > 2500

Figure 3. Average annual and seasonal values (CHU+ and CHU—) of PREC (2000 to 2018): (A) PREC
annual, (B) CHU+ season and (C) CHU— season, respectively.

Figure 4 shows average annual and seasonal (CHU+ and CHU—) TMAX values for
the period 2000 to 2018. The average annual temperature values are between 29 and 34 °C
and above, with higher values in the central-eastern and western regions and lower values
in the south. At CHU+, the average values are higher (between 31 and 32 °C) in the central-
eastern and northwestern regions of the basin and lower (29 °C) in the northeastern and
southwestern regions. The CHU — station shows values between 31 and over 34 °C, with
the highest values in the central region of the basin and the lowest values in the extreme
southern regions.

Figure 5 shows average annual and seasonal (CHU+ and CHU—) TEMP values for
the period from 2000 to 2018. Average annual TEMP values are between 16 and 34 °C, with
higher values in the north-central regions and lower values in the south of the basin. In
CHU+, they are between 18 and over 24 °C, with the lowest values in the south and the
highest in the north-central regions of the basin, especially in the northwest. In CHU—, the
values are between 16 and 23 °C, with the lowest values in the far south and the highest in
the central, northern and northwestern regions of the basin.
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{

Figure 4. Average annual and seasonal (CHU+ and CHU—) TMAX values (2000 to 2018): (A) TEMP
annual, (B) CHU+ season and (C) CHU— season, respectively.
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Figure 5. Average annual and seasonal (CHU+ and CHU—) TMIN values (2000 to 2018): (A) TEMP
annual, (B) CHU+ season and (C) CHU— season, respectively.
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The highest positive TMAX anomalies during the CHU+ season (Figure 6a—c) occurred
from 2014 to 15 (Figure 6b) with values up to 1.0 °C in the southwest of the basin, a region
located within the deforestation arc. Conversely, in 2011-12, negative anomalies of up to
0.4 °C were observed in the southeast and northeaster regions (Figure 6a), while positive
anomalies of up to 0.6 °C were recorded in the southeast (Figure 6c).

o))
ANOM - TMAX
(] TAPAJOS BASIN BOUNDARY
M >-13
B -12to-1
Bl -1to-0.8
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Figure 6. Maximum temperature seasonal anomaly for CHU+ (November to April) and CHU— (May
to September) stations: (a—c) correspond to the CHU+ season of 2011-12, 2014-15 and 2016-17 and
(d—f) correspond to the CHU— season of 2012, 2015 and 2017, respectively.

In the CHU— season (Figure 6d-f), negative ANOM values occurred across almost the
entire basin in 2012, reaching up to 0.6 °C (Figure 6d) in the southeast. In 2015 (Figure 6e),
positive ANOM values were noticeable across most of the basin, exceeding 1.3 °C in the
southwestern region, except in the far north, where negative values were observed. The
same ANOM value were observed in the northern region in 2017 (Figure 6f), with positive
values of up to 0.4 °C in other areas, particularly in the southernmost part of the basin.

Table 1 shows the descriptive statistics (mean and standard deviation) of PREC and
temperature for CHU+ and CHU—. Furthermore, the highest average TMAX occurred
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during the 2014-2015 period in both seasons, while the lowest PREC was observed in
the same period. Conversely, the lowest temperature was recorded during 2011-2012
(Table 1). The most significant variation in TMAX was observed between the CHU—
periods, reaching 0.7 °C when comparing the average of the CHU— season in 2012 with
that of 2015. In the CHU+ season, this increase was 0.5 °C. Regarding the standard deviation
of TMAX, it remained at 0.4 in all three periods of the CHU+ season and averaged 1.0 in
the CHU— season.

Table 1. Descriptive statical analysis of the season variability of the CHU+ (2011-2012, 2014-2015 and
2016-2017) and CHU— (2012, 2015, 2017) states of the Tapajos River basin.

PREC TMAX TMIN
CHU+ CHU—- CHU+ CHU- CHU+ CHU-
Year 2011-2012 (CHU+)/2012 (CHU—)
Average 1835.6 2429 30.8 33.2 20.9 19.0
Standard deviation 131.3 111.7 0.4 1.0 1.4 24
Year 2014-2015 (CHU+)/2015 (CHU—)
Average 1816.8 237.8 31.3 33.9 21.3 19.7
Standard deviation 206.7 116.8 0.4 0.9 1.3 2.0
Year 2016-2017 (CHU+)/2017 (CHU—)
Average 1897.6 246.2 31.1 335 21.2 21.2
Standard deviation 126.2 111.3 0.4 1.0 1.4 1.4

Like TMAX (Figure 6), TMIN also exhibits a positive ANOM value predominance
(Figure 7). Positive anomalies are observed in the CHU+ season (Figure 7b,c) in the
southeast, southwest and northwestern regions (in all three periods) with values up to
0.8 °C. However, during the CHU+ season in 2011-2012, anomalies ranging between
—2°Cand 0 °C were observed in a large part of the basin, reaching as low as —0.4 °C in
the southeast.

In the CHU — season, the region with negative anomalies (Figure 7d) was reduced
compared to the CHU+ season in the southeast. In other areas, especially in the northwest-
ern region, positive anomalies were prevalent. During the CHU— seasons of 2015 and 2017,
there was a considerable increase in anomaly values, particularly in the southern and north-
western regions, exceeding 1.0 °C (Figure 7e) in 2015. In 2017, the value approached 3.0 °C
in the west and reached 4.0 °C in the southeastern and southwestern regions (Figure 7f).

Overall, the basin exhibited negative PREC anomalies (Figure 8). Only negative
anomalies were observed during the CHU+ season of 2011-12 (Figure 8a), particularly
in the southern region, with values reaching up to 90 mm. In the subsequent period
(Figure 8b), despite the southeastern region showing positive anomalies (around 90 mm),
the southwestern region had negative anomalies exceeding 300 mm. In 2016-17 (Figure 8c),
positive anomalies were noted in the basin, with values reaching up to 270 mm in the
southwestern region. However, other areas show negative anomalies, with the highest
value in the northern part of the basin. The opposite occurs regarding the ANOM in the
CHU- season (Figure 8d—f). The basin mainly exhibits positive anomalies, with higher
values in the southwestern region, reaching up to 60 mm (Figure 8d—f).
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Figure 7. Minimum temperature seasonal anomaly for CHU+ (November to April) and CHU— (May
to September) stations. (a—c) correspond to the CHU+ seasons of 2011-12, 2014-15 and 201617 and
(d—f) correspond to the CHU— seasons of 2012, 2015 and 2017, respectively.

3.2. Integrated Analysis between Deforestation and Meteorological Variables

The variability of DFT data, grouped according to Kernel density, along the highways
(Figure 9) indicates that the highest concentration is in the central and northeastern part of
the basin in all three years, with some high-density areas in the northern portion.

In 2010, the most frequent DFT densities were low and high (Figure 9A), with high
densities mainly occurring in the central and northeastern parts of the basin. In other words,
medium-density areas were less prevalent. In 2013 and 2015 (Figure 9B,C), medium-density
DFT areas increased, especially in the basin’s northeastern and far northern parts. Addi-
tionally, there has been an overall increase in DFT density since 2010; most of this region
had low-density DFT. Generally, deforestation predominantly occurs in the headwaters of
the basin, concentrating from the mid-course (central portion) to the upper course, affecting
areas with higher ANOM in the CHU— season (Figure 8).
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Figure 8. Precipitation seasonal anomaly for CHU+ (November to April) and CHU— (May to
September) stations. (a—c) correspond to the CHU+ seasons of 2011-12, 2014-15 and 2016-17 and
(d—f) correspond to the CHU— seasons of 2012, 2015 and 2017, respectively.

The correlation results (r) and coefficient of determination (R?) between PREC x DFT,
TMAX x DFT and TMIN x DFT for the selected grid cells in the Lower, Middle and Upper
Tapajos regions are presented in Table 2.

The most significant correlation values were found in the Middle-Lower Tapajos
region for the correlations between DFT and TMAX, as well as TMIN, in both seasons
(CHU+ and CHU—). Some grid cells showed mostly moderate and inverse correlations,
ranging from 0.75 to —0.62. These values indicate changes of approximately 56%, 49%, 43%,
40% and 39%, respectively, in TMAX and TMIN due to DFT. In contrast, the correlation
values between DFT x PREC were less significant.

In the Upper Tapajos region, the correlation results were also the inverse; however,
the values are lower when compared to the Middle-Lower Tapajos: 0.56 (31%), —0.49
(24%), —0.48 (23%) for the correlation between DFT x TMAX and TMIN, suggesting a
weak correlation between DFT x PREC in this area. The more efficient response was
associated with temperature and less with PREC due to the basin’s spatial variability
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and distinct physiographic characteristics, particularly between the Upper—-Middle and
Middle-Lower regions.

58.0°W 54.0°W

A) 2010 B) 2013

8.0°S 4.0°S

12.0°S

DEFORESTATION DENSITY

I Low
AVERAGE
Bl HIGH
] TAPAJOS BASIN BOUNDARY
— HIGHWAYS

Figure 9. DFT density in the Tapajés River basin for the years 2010, 2013 and 2015.

Table 2. Results of the correlation (r) and coefficient of determination (R?) between DTF and TMAX,
DTF and DTF and PREC for the CHU+ and CHU— station, calculated in the selected grid cells of the
Tapajos River sub-basins for the period from 2008 to 2018.

TMAXCHU+ TMAXCHU-— TMINCHU+ TMINCHU-— PRECCHU+ PRECCHU—
Sub-Basins  Squares
r R2 r R2 r R2 r R2 r R2 r R2
C26 0.37 0.14 0.10 0.01 0.03 0.00 —-0.21 0.04 0.13 0.02 0.39 0.15
Low J24 -030 0.09 —-028 008 —-058 034 —-051 0.26 0.34 0.11 —0.02 0.00
L28 —-034 0.11 —-0.66 043 —-043 019 -070 0.49 0.19 0.04 —0.22 0.05
N22 —0.28 0.08 0.11 0.01 —0.04 0.00 0.37 014 —-0.19 0.03 0.41 0.17
Q22 —0.14 0.02 0.19 0.03 —0.08 0.01 0.10 0.01 —0.60 0.37 0.43 0.19
V13 0.28 0.08 0.75 0.56 0.40 0.16 0.47 022 -0.19 0.04 —-0.17  0.03
Average 720 0.44 0.20 0.05 0.00 0.44 0.19 0.18 0.03 —-0.10 0.01 0.00 0.00
Y26 —-062 039 —-063 040 —-0.63 040 —-0.61 0.37 0.00 0.00 —-0.32 0.10
AG26 -045 020 -014 002 -045 020 —-014 002 -0.01 0.00 —-0.24 0.06
AL10 —-0.01 0.00 -020 0.04 -0.01 0.00 —0.2 0.04 —-0.03 0.00 —0.11  0.01
AM18 0.16 0.03 0.25 0.06 0.16 0.02 0.25 0.06 —0.19 0.04 —-0.16  0.03
High AP10 —-049 024 —-024 006 —-048 023 —-0.24 0.06 0.08 0.01 0.01 0.00
AS30 -043 019 —-006 000 -043 019 —-0.06 0.00 0.12 0.02 0.18 0.03
BH19 0.12 0.02 0.56 0.31 0.12 0.02 0.56 0.31 —0.16 0.02 0.08 0.01

The results of the Mann-Kendall test (Table 3) show significant statistical values. In the
CHU - season, the S value is negative and the p-value is below 0.05, indicating a negative
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trend in PREC. In the CHU+ season, the S value is positive, indicating a positive trend
in PREC.

Table 3. Results of the Mann—Kendall test for PREC, TMAX, TMIN and DFT of the CHU+ and
CHU- station in the basin are shown below: PRECCHU+ (precipitation of the CHU+ station
during the rainy season), PRECCHU— (precipitation of the CHU— station), TMAXCHU+ (maximum
temperature of the CHU+ station during the rainy season), TMAXCHU— (maximum temperature
of the CHU— station), TMINCHU+ (minimum temperature of the CHU+ station during the rainy
season) e TMINCHU — (minimum temperature of the CHU— station).

Mann Kendall Test
Variable Statistic S Var (S) Tau p-Value Alpha
PRECCHU+ 4320 2,896,013 0.099 0.01115 0.05
PRECCHU—- —4670 2,925,206 —0.106 0.00634 0.05
DFT 2600 268,666 0.333 0.1272 0.05
TMAXCHU+ 4597 1,639,297 0.167 0.0003 0.05
TMAXCHU—- 2615 2,590,038 0.072 0.1043 0.05
TMINCHU+ 8049 2,706,214 0.211 0.0000 0.05
TMINCHU— 17,580 2,797,603 0.441 0.0000 0.05

The temperature shows a positive trend, except for TMAX in CHU—, where the p-
values are significant (below 0.05). TMIN in CHU— stands out with a tau value of 0.44.
Regarding DFT, there was no significant trend result, which could be due to the period used.

4. Discussion

The seasonal climate in the basin exhibits temperature and precipitation anomalies,
with a notably high positive anomaly in TMIN (close to 4.0 °C) observed in the southern
region of the basin during the CHU— season in 2017.

Although the study took place in years without the influence of the ENSO phe-
nomenon, except for the CHU— season in 2015, the first two months coincided with the
onset of the El Nifio phenomenon (August and September), as CPTEC/INPE includes
August of one year in the calculations up to July of the following year. Moreover, [37]
considered the 2015-16 El Nifio the third most intense in modern history. Considering
that ENSO caused an intense dry season that significantly impacted the Amazon, it can
be inferred that it likely influenced the results observed in the TMIN during the CHU—
season in 2017.

In addition to the influence of natural phenomena such as El Nifio, the impact of
human activity in the region is noteworthy [38—43]. These authors have documented
various factors that assess land use and land cover changes in the region, highlighting a
rise in air temperature in the Amazon, reaching up to 3.0 °C due to deforestation. They
argue that the temperature increase could reduce evapotranspiration and increase latent
heat flux, among other effects.

One of the regions that experienced a considerable positive anomaly in air temperature
was the northwestern part of the basin. This area is marked by significant mining activity in
the state of Para, encompassing the municipalities of Itaituba, Jacareacanga, Novo Progresso
and Trairdo [18,44], with a high concentration of gold extraction. Deforestation caused by
mining leads to increased soil exposure, contributing to higher sensible heat flux in the
region and altering the energy balance at the surface [45,46].

Regarding the results obtained in precipitation (PREC), it is worth mentioning the
negative anomaly observed in various regions of the basin, especially the significant value
exceeding 300 mm observed during the rainy season of 2014-15. Precipitation in the
Tapajos basin, particularly in the Middle and Lower Tapajos, is directly associated with
cloud bands of the Intertropical Convergence Zone (ZCIT) from March to May, while
the Middle and Upper Tapajos are associated with the South Atlantic Convergence Zone
(ZCAS) from October to February [47]. Therefore, for the purpose of discussion, the
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following data were used: Information on the behavior of the Intertropical Convergence
Zone (ZCIT) and the South Atlantic Convergence Zone (ZCAS) from the Technical Bulletins
of CPTEC/INPE [48], data from the Meridional Mode of the Atlantic (MMA) [49], acquired
from the NCEP/NOAA website and River flow data obtained from the Hydrological
System (http://www.snirh.gov.br/hidrotelemetria/ (accessed on 25 January 2023)) of
ANA. The activity of the main precipitating phenomena present in the CHU+ season of
the basin, namely the South Atlantic Convergence Zone (ZCAS) and the Intertropical
Convergence Zone (ZCIT), was analyzed. Since the ZCIT is associated with the inter-
hemispheric gradient (Atlantic Dipole), responsible for modulating (north-south) this
phenomenon over the Atlantic Ocean, the performance of the positive (unfavorable for
precipitation) and negative (favorable for precipitation) phases of the dipole was evaluated.

From the analyses of these phenomena’s occurrences (episodes), it was observed that
the displacement of the Intertropical Convergence Zone (ZCIT) to the northern region
of the basin happened discretely when comparing the number of episodes in which the
phenomenon shifted to the southern hemisphere (mostly reaching 1°S) to the episodes
where it reached 3°S (extreme northern region of the basin). This was justified by the
positive dipole effect (result found using the Meridional Mode of the Atlantic) during the
three studied rainy periods, contributing to an unfavorable condition for the descent of the
ZCIT over the Amazon and northeastern Brazil [50].

Regarding the behavior of ZCAS, it was observed in the technical reports from
CPTEC/INPE [48] that there were months when the phenomenon had no episodes (for
example, November 2011, October and December 2014, October, November and December
2016). In some episodes, the rainfall volumes may have been higher in the coastal and
oceanic regions (located in southeastern Brazil and the South Atlantic Ocean, respectively)
of the ZCAS, as the phenomenon is more active in years when ENSO occurs in its cold
phase [51]. These factors may have influenced the negative PREC anomaly (327 mm) in
the southwestern region of the basin in 2014-15 (a region that constitutes the Amazonian
ZCAS). Furthermore, the ANOM of the flow rate in the same period (2014-15) was verified
at two river gauge stations in the basin. The obtained values indicated a negative flow rate
ANOM in the rainy season, both at the headwaters and at the mouth, corroborating the
PREC result.

The positive PREC anomaly in the rainy season of 201415 in the southeastern region
and in 2016-17 in the southern region of the basin may have been influenced by the action
of other phenomena that affect the rainy period, such as the Upper-Level Cyclonic Vortex
(VCAN), the Bolivian High (AB), the Moisture Convergence Zone (ZCOU) and Mesoscale
Convective Systems (CCM) [49].

Anthropogenic activities might have also contributed to the negative findings, as
deforestation has a direct relationship with increased temperature and decreased precipita-
tion, leading to reduced evapotranspiration [52]. Ref. [53] demonstrated in their studies
that deforestation in the tropics reduces precipitation in the Amazon and increases tem-
perature. [54] concluded that precipitation in the Xingu River basin decreased by 245 mm
in the last 40 years, reducing rainy days associated with high deforestation rates in the
southeastern Amazon.

The results of negative ANOM of PREC, in the northwest of the basin align with
the region where conservation units are located (Amazon National Park, Itaituba I and II
National Forests, Crepuri National Forest and Tapajos Environmental Protection Area) that
have been shrinking due to degradation from mining and hydroelectric construction in the
Tapajos basin [18,55].

As for the density of DFT in the basin region for the years 2010, 2013 and 2015, it was
observed that in 2010, the values were low, experiencing an increase in the last two years,
primarily concentrated along the highways.

In the Tapajos basin region, there is the BR-163 highway, which was built to provide
access to the interior of the Amazon, enabling the flow of people and goods. Today,
its significance lies in transporting soybean production from the north-central region of
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Mato Grosso to the port of Santarém, passing through preserved and indigenous areas,
causing severe environmental issues [27,28]. Additionally, the basin faces other problems
such as, the construction of hydroelectric dams, mining activities, logging and extensive
cattle ranching.

Without asphalt, the highway has already caused significant environmental damage.
With paving, the impact on the surrounding area greatly increases, accelerating the destruc-
tion of the forest not only near the highway but also in the areas under its influence [56].
The discourse of the state, aiming to bring development and sustainability through the
construction of this highway, is debated in the study by [19] for the municipalities of
Santarém, Itaituba, Novo Progresso (Pard states) and Sinop (Mato Grosso). In their study;,
the authors illustrate the hardships caused by this construction.

The correlation results showed more significant values in the Lower and Middle
Tapajos, especially between DFT and temperature, which are directly related. It is worth
noting that the geographical expansion of the agribusiness frontier is focused on Northern
Mato Grosso, being a valid option for grain transportation, with ports like Itacoatiara (AM),
Santarém (PA) and Vila do Conde-PA [57].

The comparative evaluation between Upper, Middle and Lower Tapajos, showed
more negative correlations than positive ones, especially between DFT and PREC. In the
Amazon region, several studies have obtained similar results. For instance, Ref. [58] found
a negative correlation between DFT and PREC in the municipality of Colider, in the state of
Mato Grosso (South of the Amazon—the municipality is located within the Tapajos basin),
indicating that the higher the deforested area, the lower the observed rainfall rate. Ref. [59]
concluded that there is a negative linear relationship between PREC and the extent of DFT
in the Amazon. Refs. [20,30] correlated PREC and DFT variables in the southern Amazon
region and found significant results.

In the correlation results between DFT and PREC, it is observed that there were more
significant results in the less rainy period. During this period, meteorological phenomena
have no influence, unlike the rainy season, when these phenomena can interfere with the
relationships between variables. Therefore, preserving the Amazon rainforest, as well as
all forests, is of utmost importance for the proper and balanced functioning of ecosystems
and the maintenance of biological diversity. Additionally, the forest serves significant
functions such as erosion control, desertification prevention, water quality maintenance
and atmospheric carbon sequestration.

Understanding the transformations that anthropogenic actions can cause in surface-
atmosphere physical interactions allows for the development and creation of preservation
actions, management and public policies to reduce impacts and maintain the natural
services of the Tapajos River basin. Preservation studies of watersheds are essential in
the global context of preservation and reducing risks and vulnerabilities associated with
climate change, as replicating this analysis for other basins enables the creation of a climate-
environmental scenario with greater accuracy for the Amazon region, a key biome on the
agenda of major panels focused on mitigating global climate change.

5. Conclusions

In closing, the results of this study highlight the relationship between deforestation
and seasonal climate in the Tapajos River Basin. Deforestation mainly occurs along the
highways constructed in the region and the increase in average deforestation density can
make the climate more vulnerable. These consequences are due to the crucial role of the
forest in regulating the hydrological cycle and the environment.

In the research on precipitation and temperature anomalies, the results showed a
negative anomaly in precipitation, being more significant in the rainy season and the
opposite in the less rainy season with more discreet values. In temperature, the positive
anomaly presented more significant values, especially in the basin’s southern, southwestern
and northwestern regions.
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The results of the correlation between deforestation (DFT) and meteorological vari-
ables showed more significant values towards the north of the basin, confirming historical
concerns. In other words, the accelerated deforestation in the Upper Tapajos has been
spreading in recent decades to other sub-basins, especially those regions with environ-
mental preservation areas. The basin exhibited a negative trend in precipitation (PREC) in
the CHU— season and positive trends in maximum temperature (TMAX) and minimum
temperature (TMIN).

It is recommended that further investigations be conducted with more regional sam-
pling points. The basin has its particularities, such as a drainage area more extensive than
490,000 km?, topographic variations, diverse climatic variables following the north-south
axis of the basin, environmental fragmentation (with various altered areas alternating with
forest cover) and a dense hydrographic network covering the region. Therefore, specific
studies are suggested, as deforestation can negatively impact the local climate, as well as
areas that rely on the atmospheric pumping performed by the forest.
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