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Abstract: Impact studies have contributed to a better integrated scientific understanding of the
climate and environment of the Amazon, in the present, past, and future. This work aims to describe
the regional impacts of human-induced landcover changes on the RAINY (January to April) and
DRY (July to November) regime of the Metropolitan Region of Belém (MRB), the first frontier of
Amazonian occupation. Furthermore, a dynamic downscaling (RegCM4 driven by HadGEM2-ES
under the RCP8.5 scenario) was performed to investigate future global climate change impacts. A
present climate (1985/2020) quantitative analysis showed that the disorderly urban enlargement
in Belém and the forest suppression that led to the uncontrolled expansion of pasture/agriculture
area over MRB has conditioned a local warmer climate with a significant increasing air temperature
trend in both seasonal regimes. Another clear piece of evidence was the systematic intensification
of the precipitation during the RAINY period. RegCM4 simulations indicate that the region will
be impacted by the global climate change, such that warmer conditions in the DRY and intensified
rainfall in the RAINY regime are expected to persist in the coming decades (2021/2045). Our findings
for the MRB (area 3565 km2 for a population about 2.5 million inhabitants) are relevant and should
be considered in the tasks of long-term planning and elaboration of advanced strategies to mitigate
future climate-related risks and urban disaster management.

Keywords: global climate change; urban climate; Amazon; climate modeling; landcover impacts

1. Introduction

Multiple anthropic activities have been systematically altered the natural landscape
along the Brazilian Amazon and the consequent climate impacts arise at a variety of
spatial and temporal scales [1–3]. Due the density of the in situ stations network along
the Amazonian territory being the lowest in Brazil with the availability of few historical
series [4], a complicating factor to characterize the regional climate [5], the numerical
modeling tool has contributed greatly to the integrated scientific understanding of climate
and environment of the region. Since the pioneering work by [6] that simulated a large-scale
deforestation of the Amazon, several authors have conducted global and regional modeling
experiments to evaluate the impacts of landuse and landcover (LULC) changes on the
Amazon climate during the last decades. Consensual results indicate that the conversion of
the forest into pasture/agriculture areas directly affects the regional energy balance with
lower latent and higher sensible heat flux that explains the basin-wide increase in surface air
temperature [7–9]. However, the effects on the water balance are spatially heterogeneous,
with signs of increase and decrease in precipitation along the region [10,11]. The Regional
Climate Model (RegCM4) simulations carried out by [12] under a scenario of Amazon
deforestation (replacing broadleaf evergreen trees with grass) indicated robust results of
higher air temperature (up to 2 ◦C) and a zonally dipole pattern response in the rainfall
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with a reduction over the west (7.9%) and an increase over the east (8.3%). Such opposite
changes during Amazonian wet season are consistent with the findings of [13] and the
rainfall intensification in eastern South America, including the Amazon region, was also
simulated by [8].

Moreover, of particular importance is the global climate change as a critical factor
in determining rainfall and air temperature in tropical South America, especially in the
Amazonian region in the near- and long-term future [2,3]. An assessment and synthesis
of ensemble projections of multiple global and regional models evaluated in the Fifth
(CMIP5, [14]) and Sixth (CMIP6, [15]) Phase of the Coupled Model Intercomparison Project,
under different future global emissions scenarios, was described by [16]. Overall, models
project a very likely persistent air temperature increase over South America ranging from
1 to 6 ◦C by the end of the 21st century, so that the largest warmings are expected over
the Amazon basin and central Andes. On the other hand, the climate projections show a
general increase pattern in annual rainfall over southern South America and decrease in
northern South America (including the Amazon), considering all global emissions scenarios
over the coming decades [17,18].

Another noteworthy factor is the urbanization process which, acting synergistically
with LULC changes and global climate change [1,3], can exacerbate socio-environmental
impacts [19]. The disorderly urbanization is the most radical form of transformation of
the natural landscape, generating an eminently anthropized environment [20]. Becker [21]
demonstrated that in the Amazon, the urban development reached relevant proportions
from the early 1990s onwards, when a major structural modification took place in the
regional peopling that started to happen predominantly along the highways (and no longer
along the rivers, as in the past). In the official 2000 Census data, 70% of the population of
the Brazilian Amazonian states was in urban nucleus; thus, the author of [21] launched the
denomination of “urbanized forest”.

Amid the considerable scientific advances mentioned above, regarding regional/global
impacts particularly on the Amazon environment, attention to the issue of urbanization
impacts on climate has been somewhat limited. In this context, the present work has
two main objectives: (1) to describe the regional impacts of human-induced landcover
changes on the seasonal climate regimes of the Metropolitan Region of Belém (MRB), the
first frontier of Amazonian occupation; (2) to investigate the future global climate change
impacts on MRB seasonality based on dynamic downscaling performed with the RegCM4
driven by a global model under the RCP8.5 scenario.

2. Material and Methods

Figure 1 illustrates the study area, the MRB located in northeast of the state of Pará
in eastern Amazon (see reference map). The MRB encompasses seven municipalities that
include Belém (the state capital), Ananindeua, Benevides, Castanhal, Marituba, Santa
Bárbara, and Santa Isabel, whose total metropolitan area is 3566.3 km2. The 2020 land-
cover map shows the urban sprawl (red areas) encompassing most of Belém and adjacent
municipalities of Ananindeua, Marituba, and Benevides, characterizing the conurbation
process. Other urbanized centers are concentrated along the highway easterward, over
municipal seats of Santa Isabel and Castanhal, as well as to the north in Santa Barbara and
in the far north coastal strip of Belém. Concerning other landcover classes, it is possible
to distinguish the spatial predominance of extensive areas of pasture/agriculture (yellow
areas) over most of the central and eastern MRB. Some forest remnants (green areas) are
observed over northern and southernmost areas.

We used the monthly precipitation (PREC) and surface air temperature (TEMP) data
from in situ measurements of the conventional meteorological station in Belém, provided
by the Instituto Nacional de Meteorologia (INMET). The station location (latitude −1.436,
longitude −48.437, and altitude 7.13 m) is given by the triangle in Figure 1 (magenta
symbol) and the data were available from January/1985 to December/2020. In addition,
three observational gridded databases retrieved from satellites estimates merged with
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stations data were also used: the Climatic Research Unit (CRU) version 4 compiled by [22],
the Climate Hazards group Infra-Red Precipitation with Stations (CHIRPS) described
in [23], and the Climate Prediction Center Morphing technique (CMORPH) compiled
by [24]. CRU has the variables PREC and TEMP, while CHIRPS and CMORPH contain
only PREC, with time availability from 1985 to 2020, except CMORPH that is 1998 onwards.
The high horizontal resolutions (CRU with 0.04◦ or 4.4 km; CHIRPS with 0.05◦ or 5.5 km;
and CMORPH with 0.07◦ or 7.7 km) are suitable for regional climate studies, allowing to
analyze the spatial PREC and TEMP patterns over the study area.
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and meteorological station, and the main highway crossing the region.

The environmental data were extracted from the MapBiomas platform (https://
plataforma.brasil.mapbiomas.org, accessed on 2 December 2021), with data available at the
municipal scale covering the historical series from 1985 to 2020 (Collection 6 published in
August 2021). The Mapbiomas methodology is detailed in [25]. In summary, this multi-
institutional initiative of groups of scientists generated annual landcover/landuse maps
in matrix format (spatial resolution of 30 m) over Brazilian territory, from a pixel-by-pixel
classification of a historical set of satellites images from Landsat 5, 7, and 8. The entire pro-
cess was completed with extensive machine learning algorithms through the Google Earth
Engine platform that offers high digital processing capacity in the cloud. For the present
work, the thematic landcover maps were extracted for the MRB domain, considering five
classifications that represent forest (FOR), non-forest (NFO), pasture/agriculture (PAG),
urbanization (URB), and water bodies (WB). Thus, the annual digital data of FOR, NFO,
PAG, URB, and WB in units of area in hectares (ha) on a municipal scale were obtained for
the seven municipalities of the MRB during years 1985–2020.

Total population data for the years 1985–2020 for the seven MRB municipalities were
obtained from Instituto Brasileiro de Geografia e Estatística (IBGE), which is the official
organization in Brazil responsible for counting and estimating the population.

Several statistical and quantitative analyses were employed. Initially, descriptive
statistics were calculated for the 1985–2020 historical series of Belém station PREC data,
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including the analysis of the annual cycle through the boxplots that graphically illustrate
the main statistical parameters (mean, median, and quartiles). The monthly climatological
percentages (relative to the annual total) of PREC from January to December were used to
define the seasonal regimes. The consecutive months that present percentages above 10%
were defined as the rainy regime (RAINY), while the successive months with percentages
below 5% comprise the dry regime (DRY).

Climatological means (1985–2020) for RAINY and DRY regimes were obtained for
observational databases to investigate the spatial PREC (CRU, CHIRPS, and CMORPH)
and TEMP (only CRU) patterns along the MRB. The time series of PREC in both regimes
for the three bases were extracted over Belém gridpoint, and also for the entire MRB (we
used a computational routine that averages all grid points within the shapefile of the MRB)
in order to verify what one best represents in situ and observational data. For this, we
used the calculation of bias, correlation coefficient (r), and normalized standard deviation
(σn) between the station and each observational base, then the Taylor diagram [26] was
plotted to synthesize and interpret all statistical results for data comparison and validation.
The gridded database with the best validation result will be used in the PREC and TEMP
analyses for the entire MRB.

With the information derived from the MapBiomas, the annual sums of seven munici-
palities for each class of FOR, NFO, PAG, URB, and CA areas were computed to obtain the
index for the whole MRB, aiming to evaluate the dynamics of human-induced landcover
changes during the last three and a half decades. Visual inspection of the color-imaged
maps that represent the surface cover classes was important in the spatiotemporal under-
standing of how the conversions and transformations from FOR to PAG or URB occurred
throughout the region. To investigate the effects and impacts of the expansion of PAG and
URB areas on MRB climatic seasonality, Pearson’s correlations were calculated between
the series of PREC and TAR in the RAINY and DRY and the series of the landcover classes,
with sample size n = 36 (1985 to 2020) and emphasizing the results with statistical sig-
nificance given by p-value < 0.05. The scatter plots with the variations in the landcover
classes and the PREC and TAR variables helped in these analyses, whose approach was
conducted individually for the municipality of Belém and for the entire MRB. Furthermore,
as a form of quantitative evidence the long-term trends in seasonal regimes during the
present climate, the nonparametric Mann–Kendall test [27] was used, considering the null
hypothesis Ho of non-existence of trend (series are randomly ordered in time), against the
alternative hypothesis H1 that there is a monotonic tendency of increase or decrease in the
variable. The test provides Kendall’s τ whose positive or negative sign indicates increasing
or decreasing trend, and the p-value is calculated at the 5% level to accept or reject the
alternative hypothesis.

To achieve the second objective of this work, a dynamic downscaling over the MRB
domain was performed using version 4.7.1 of RegCM4 (source code available at https://
github.com/ictp-esp/RegCM, accessed on 10 March 2020), which is the fourth generation of
the regional modeling system developed at the International Center for Theoretical Physics
(ICTP). This latest updated version includes multiple choices of different physical processes
and new convective parameterization schemes, as detailed in [28]. As the approach of this
work is in a metropolitan area, requiring simulations in high horizontal resolution, RegCM
was compiled with the non-hydrostatic core using the Biosphere–Atmosphere Transfer
Scheme (BATS, [29]) to describe land surface processes. Global databases describing land
cover features with 30s spatial resolution are from GLCC [30] and digital terrain topography
and elevation (GTOPO) were provided by USGS. The initial and lateral boundary conditions
every 6 h (variables: SST, relative humidity, geopotential height, air temperature, zonal
and meridional wind) required to run the RegCM4 downscaling were taken from Hadley
Centre Global Environmental Model version 2 (HadGEM2-ES), an earth system model
considered state-of-the-art in global climate simulations with representation of terrestrial
ecosystems, dynamic vegetation, oceanic circulation, and tropospheric chemistry including
the processes of greenhouse gases and aerosols and the carbon cycle [31]. HadGEM2-ES

https://github.com/ictp-esp/RegCM
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produced global outputs with lon-lat resolution of 1.875◦ × 1.25◦ (see Figure 2a, left map)
corresponding to CMIP5 under the IPCC/AR5 emissions scenario named as RCP8.5, which
is considered the most extreme in terms of future impacts of global climate change [32].
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Figure 2. (a) HadGEM2-ES global model (topography); (b) RegCM4 domain over MRB with the
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The RegCM4 domain was defined over the MRB (56 × 44 points in longitude and
latitude, with a central point at 1.3◦ S and 48.3◦ W) considering a grid spacing of 0.045◦

(5 km horizontal resolution) and 23 vertical sigma-p levels. Then, we ran the RegCM4 rou-
tine to generate the grid domain with the soil and surface data (topography and landcover
classes). We found that the default landcover in the study area showed some discrepancies
(especially the absence of urban areas) compared to the current data generated by Map-
biomas. Thus, we used the version of the BATS code within RegCM4 that was updated
by [33] in which the new landcover class that represents urban coverage was introduced, so
that albedo values, roughness and soil characteristics simulate changes in energy balance
specific to urbanized centers. Figure 2b shows the regional domain and updated landcover
map configured in RegCM4 with the MRB situated in the northeast of the state of Pará in
eastern Brazilian Amazon. This map shows the URB areas covering Belém and municipal-
ities eastward (dark red grid points), as well as the extensive PAG (in yellow) areas and
remaining FOR (in green) cover, in accordance with the 2020 landcover map generated by
MapBiomas (see Figure 1).

Three experiments using RegCM4 with different convective parameterizations were
conducted, the Emanuel scheme (EMA) [34], the Kain–Fritsch scheme (KFR) [35], and the
Tiedtke scheme (TIE) [36]. All simulations were performed for a continuous integration
starting on 1 January 2005 and ending on 31 December 2045 (41 years long run), with the
first year being discarded, considered a spin-up period. The RegCM4 simulations were
conducted using high-performance computing technology and parallel processing in a
cluster containing a total of 112 processors. The PREC and TAR patterns in the RAINY
and DRY regimes simulated by RegCM4 were compared with the observational databases
(CRU, CHIRPS, and CMORPH). The verification of the best configuration of the model
(EMA, TIE, and KFR) in relation to the in situ Belém data was carried out, based on the
statistics, and plotting of the Taylor diagram (method already mentioned above). For the
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purpose of model validation (in terms of the spatial patterns over the study area), the bias
between the TAR and PREC simulated by RegCM4 and the CRU and CHIRPS observational
data was calculated considering the 15-year statistics, 2006–2020, that is the coincident
period between observations and simulations. Finally, the bias correction method was
applied to the results of future simulations generated by RegCM4, aiming to demonstrate
the differences between the near-future (next 25 years, 2021–2045) and the present climate
(last 35 years, 1986–2020). In these comparative analyses, the two-tailed Student’s t-test
with a level of 5% (p-value < 0.05) will be considered to confirm whether the difference
between the future and present means is statistically significant.

3. Results
3.1. Annual Cycle and Seasonal Regimes

Figure 3a shows a very well-defined annual cycle in Belém, with the first four months
of the year presenting PREC above 10 mm/day and TEMP below 26.6 ◦C (rainier and
less hot period), while in the second semester, mainly between July and November, the
PREC decreases for values below 5 mm/day and TEMP rises above 27 ◦C (less rainy and
warmer period). The quantitative values of the other parameters obtained in the descriptive
statistics can be found in Table A1 (see Appendix A). Monthly percentages in Figure 3b
reveal that the RAINY regime occurs in the consecutive months from January to April
(percentages > 10%), while the DRY regime (DRY) occurs successively between the months
of July and November (percentages < 5%). Thus, all the results of this work refer to the
seasonal means of the four months in the RAINY and the five months in the DRY regime.
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3.2. Observed and Simulated PREC and TEMP in the Present Climate

Figures 4 and 5 show the respective climatological patterns of the observed (CRU,
CHIRPS, and CMORPH) and simulated (EMA, TIE, and KFR schemes) PREC over MRB
in the RAINY and DRY regimes, considering the present climate. For the RAINY, the
three observed databases exhibit similar spatial patterns with rainfall increasing towards
the north of the region, reaching above 13.5 mm/day. The central and south sectors
encompassing Belém, Ananindeua, Marituba, Santa Isabel, and Castanhal present PREC
between 12 and 13 mm/day (Figure 4a). The three RegCM4 convective schemes did
not reproduce well the maximum rainfall to the north of the region in the RAINY, but
the TIE shows a PREC pattern along the central and southern MRB with values around
12–13.5 mm/day like the intensity verified in the observed data. The EMA restricts PREC
in Belém, while the KFR simulates generalized PREC over the entire domain that are much
higher than the observed pattern (Figure 5a). On the other hand, the DRY (Figure 4b) is
characterized by the presence of an approximately rounded area with maximum PREC
(values 4–5 mm/day) centered in Belém and a gradual decrease towards the edge of the
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area, along the municipalities to the eastern MRB. This configuration appears most clearly
in the CRU and CHIRPS data. CMOPRH has a slightly different pattern. Examining the
patterns simulated by RegCM4 in the DRY regime (Figure 5b), it was found that the EMA
and KFR schemes differ from the observed pattern, while the TIE can better capture the
rounded area of PREC, similarly to the CRU and CHIRPS results.
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The CRU TEMP is consistent with the in situ Belém data (see Figure 3a), with milder
(less hot) conditions during the RAINY and much warmer in the DRY regime, whose
patterns are reproduced by RegCM4 simulations. An interesting pattern in both seasonal
regimes is the presence of a zonal thermal gradient over the metropolitan area, with higher
values to the western (Belém) and a gradual decrease to the municipalities located east of
the MRB. In the RAINY (Figure 6a), the CRU shows higher TEMP in the municipality of
Belém (western portion) reaching 27.4 ◦C and in the areas further east the values decrease
to 27.2 and 27.0 ◦C. An overestimation is noted in the KFR simulation, but EMA and TIE
capture well the CRU observed pattern, although the model shows a zonal band of heating
along the highway. In the DRY regime (Figure 6b), CRU exhibits TEMP above 28.6 ◦C in
the western and lower values between 27.8 and 28.2 ◦C in the eastern portion. RegCM4
again simulated overestimated TEMP in the KFR scheme, but the EMA and TIE are closer
to the observed patterns.
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Figure 6. CRU observed and RegCM4 simulated TEMP (◦C) using EMA, TIE, and KFR schemes for
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Concerning the variable precipitation, the verification of what is the best observational
database and the best RegCM4 configuration, in relation to the in situ Belém data, is based
on statistical results listed in Table A2 (Appendix A) and the Taylor diagrams shown in
Figure 7. The best statistical scores for the RAINY regime were found for CRU with r = 0.91
and R2 = 0.82, while the TIE simulation obtained r = 0.36 and R2 = 0.14. For the DRY regime,
the highest values were obtained for CHIRPS (r = 0.86 and R2 = 0.74) and TIE (r = 0.5 and
R2 = 0.30). In the Taylor diagram, the positioning of the results over the region containing
the smallest errors (lines in green) and largest correlations (lines in blue) demonstrates that
the best observational basis is CRU for the RAINY and is CHIRPS for the DRY regime, and
the TIE is the best RegCM4 simulation for both seasonal regimes (Figure 7).

3.3. Landcover Changes and Impacts on Seasonal Regimes during the Present Climate

The integrated historical analysis (1985–2020) of landcover (MapBiomas) and climate
data, both on a municipal scale, allowed us to establish the multitemporal dynamics of
environmental transformations on the landscape and their effects or impacts on climate
seasonality considering the entire MRB (regional scale), as well as only the municipality of
Belém (local scale).
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First, we present the results for the regional perspective, through the temporal se-
quence of the thematic landcover maps (Figure 8a), the percentages by classes (Figure 8b)
specifically in the years 1985, 1995, 2005, 2015, and 2020, as well as the complete annual
series of FOR, PAG, and URB areas (Figure 8c–e). In the percentage graphs and annual
series, it is verified that the FOR (results in green) fluctuated from 205,241 ha in 1985 (57.6%
of the total area) to 141,414 ha in 2020 (decrease to 39.7% of the total area). Conversely, the
PAG (results in yellow) ranged from 62,879 ha in 1985 to 114,950 ha in 2020, a proportion
increasing from 17.6% to 32.2% of the total area. It is visually perceived in the landcover
maps that the FOR was significantly suppressed especially over the central and eastern
portions, whose areas were exactly where the PAG enlargement took place. The other
class with significant changes was the URB (results in red), ranging from 21,806 ha (6.1%
of the total area) in 1985 to 35,832 ha (10% of the total area) in 2020, corresponding to a
3.9% growth in the urban areas built over the region. Such a systematic increase in URB is
seen in the maps preferably in the northernmost portions together with some areas along
the highway that zonally crosses the region. The two remaining classes of WB and NFL
showed significantly smaller changes, so they will not be emphasized in the analyses.

We analyzed the landcover changes for Belém on a municipal scale (Figure A1,
Appendix A). We evidenced that the greatest transformations of the landscape in Belém
were processed in the classes of FLO and URB. FLO cover ranged from 33,828 ha (31.9%) in
1985 to 28,911 ha (27.3%) in 2020, signaling a vegetation suppression of 4.6%. URB areas
expanded from 11,418 ha (10.8%) in 1985 to 16,063 ha (15.2%) in 2020, representing an
increase of 4.4%. The PAG areas had a positive variation from 2704 ha (2.6%) in 1985 to
4226 ha (4.0%) in 2020, corresponding to an intensification of 1.4%. The coverage of WB,
which occupies over half of the total area (53.3%) reduced by only 0.1% in recent decades.
NFO areas decreased by 1.0% in the period, with 1386 ha (1.3%) in 1985 and 283 ha (0.3%)
in 2020.

Figure 9a summarizes the most relevant anthropic transformations in the landscape
of MRB (brown bars) and Belém (green bars) between 1985 and 2020 (the last three and a
half decades). The vegetation cover area of the MRB was systematically reduced along the
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municipalities of the central-eastern portion (−17.9% FLO), whose conversion occurred pri-
marily to areas destined for agriculture and pasture activities associated with cattle raising
(+14.6% PAG) and to a minor extent for expansion of urbanized areas (+3.9% URB). On the
other hand, the continental Belém experienced a vegetation suppression of forests (−4.6%
FLO), whose conversion was mainly due to the enlargement of urban areas (+4.4% URB) to
the northernmost portion and, to a lesser extent, for pasture/agriculture areas (+1.4% PAG).
Such environmental changes are directly linked to the intensified human occupation in the
last three decades, as according to IBGE estimates illustrated in Figure 9b. The MRB showed
a significant growth in the total population from 1,360,160 in 1985 to 2,529,178 inhabitants
in 2020, totaling a positive variation of 85.9%, while Belém varied from 1,120,777 in 1985 to
1,499,641 inhabitants in 2020, totaling a population growth of around 33.8% in the period.
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As intense anthropism has induced deep long-term changes in the landscape, the
triggering of impacts on climate seasonality is consequently assumed, whose understanding
was approached through the calculations of Pearson’s correlations between the annual
series (1985 to 2020) of FLO, PAG, and URB and the TEMP and PREC series for the RAINY
and DRY regimes. In the case of the TEMP variable, the effects resulting from landcover
changes are direct (alteration of the energy balance and partition of latent/sensible heat
fluxes by regulating the surface air temperature), while the PREC variable, although it
has some direct signal, the most dominant effect is indirect (remote climate mechanisms
and external precipitating meteorological systems). Table 1 shows the results emphasizing
significant correlations with p-value < 0.05 for TEMP (direct effect) and p-value < 0.10 for
PREC (non-direct effect). Results for TEMP in Belém in both RAINY and DRY showed
significant negative correlations with FLO and positive correlations with URB. For TEMP
in MRB in both seasonal regimes, significant correlations were observed with a negative
sign for FLO and positive for PAG and URB.

Table 1. Pearson’s correlations between the landcover class areas and the TEMP and PREC in the
RAINY and DRY regimes. Time series in the period 1985–2020.

FOR PAG URB

RAINY DRY RAINY DRY RAINY DRY

TEMP Belém −0.68 1 −0.86 1 0.42 0.55 0.72 1 0.88 1

TEMP MRB −0.67 1 −0.79 1 0.64 1 0.75 1 0.68 1 0.86 1

PREC Belém −0.46 2 −0.22 0.42 2 0.34 0.37 0.11
PREC MRB −0.33 −0.01 0.31 0.02 0.42 2 −0.03

1 p-value < 0.05 for TEMP. 2 p-value < 0.10 for PREC.

The scatterplots in Figure 10 help to interpret the results of the significant correlations
particularly for the variable TEMP. For Belém (Figure 10a), the expansion of the URB area
explained the systematic increase in TEMP with a more intense impact in the DRY (R2 0.78)
than the RAINY regime (R2 0.51). Considering the entire MRB (Figure 10b), the joint spatial
enlargement of the PAG and URB areas is strongly related to the continuous increase in
TEMP with greater effect in the DRY (R2 0.56 for PAG and 0.73 for URB) and lower impacts
in the RAINY regime (R2 0.41 for PAG and 0.46 for URB).
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An additional quantitative analysis was conducted to demonstrate long-term trends
in seasonal TEMP and PREC patterns. The results of the Mann–Kendall test applied on the
original time series of TEMP and PREC in Belém and MRB in both seasonal regimes are
shown in Table 2. The TEMP in Belém showed a slope of Sen and positive τ with values
of 0.52 and 0.66 in the RAINY and DRY, respectively. For the TEMP in MRB, the trend
test indicated an increasing Sen slope and a positive τ 0.70 (the most intense of all results)
for the DRY and τ 0.48 for RAINY regime. For PREC, significant positive trends were
evidenced only for the RAINY regime in Belém and MRB, with a positive slope and τ of
0.37 and 0.31, respectively.

Table 2. Mann–Kendall test with the values of τ, p-value, and Sen’s slope for the series (1985–2020) of
TEMP and PREC in Belém and MRB in the RAINY and DRY regimes.

Kendall τ p-Value Sen’s Slope

RAINY DRY RAINY DRY RAINY DRY

TEMP Belém 0.527 1 0.663 1 <0.0001 <0.0001 0.031 0.045
TEMP MRB 0.480 1 0.701 1 <0.0001 <0.0001 0.046 0.073
PREC Belém 0.371 1 0.114 0.002 0.334 0.110 0.018
PREC MRB 0.316 1 −0.019 0.009 0.881 0.098 −0.003

1 statistically significant value.

3.4. Projections of Future Scenarios Associated with Global Climate Change

The future projections generated by dynamic downscaling (RegCM4 nested to HadGEM2-
ES) are presented only for the results using the TIE scheme (best configuration of the
regional model for the study area). The geographic domain of the MRB within RegCM4
contemplates the current 2020 landcover (URB, PAG, and FOR remnants) which was kept
constant throughout the simulation. Therefore, the primary forcing of future climate is
related to climate change induced by the most extreme global warming scenario (RCP8.5).

The bias correction method (2006 to 2020 statistics between simulated and observed
data) was applied on the results of RegCM4 simulations. With this, it was possible to
quantitatively compute the changes in seasonal patterns of PREC and TEMP for the future
climate (next 25 years, 2021–2045) relative to the present climate observed data (last 35 years,
1986–2020). Such results are plotted in Figure 11 with the changes patterns of TEMP in ◦C
and PREC in percentages (%). The future climate conditions simulated by RegCM4 indicate
the continuation of the widespread warming trend of the near-surface atmosphere over
MRB, with the increase in TEMP in the RAINY regime varying from 0.98 ◦C in the western
to 1.1 ◦C in the eastern portion of the region, while in the DRY more intense impacts are
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expected, with an increase in TEMP of 1.6 ◦C in the western and 1.72 ◦C in the eastern
MRB (Figure 11, left panel). On the other hand, future changes in the spatial PREC patterns
(Figure 11, right panel) point to a progression of intensification of the RAINY regime, i.e., an
increase of about 20% in the western portion to 30% in the easternmost municipalities
of MRB. In the DRY regime, a heterogeneous pattern is predicted with signs of a weak
increase in PREC up to 5% in the southern Belém and Santa Isabel and northern Castanhal,
while in the rest of the municipalities, notably in the central (Ananindeua, Marituba, and
Benevides) and north portion (northern Belém and Santa Bárbara) there are indications of
decreased PREC up to −5%.
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To complement the understanding of climate change, observed and simulated TEMP
and PREC data were extracted for the entire MRB (regional scale) and for the municipality of
Belém (local scale) and plotted in the form of boxplots to better summarize the visualization
and comparison of present and future climate. The TEMP boxplots clearly illustrate the
change in behavior of the statistical parameters (mean, median, 1st and 3rd quartiles) of
future climate compared to present climate (Figure 12a). Figure 12c emphasizes the increase
in TEMP that in the DRY regime reaches 1.5 ◦C in the MRB and 1.3 ◦C in Belém, while in
the RAINY regime it reaches 1 ◦C in the MRB and 0.9 ◦C in Belém. On the other hand, it is
not possible to notice major differences in the behavior of the PREC boxplots of the DRY
regime in the periods considered (present and future). However, as already mentioned,
the RAINY regime reveals significant changes in the statistical parameters of PREC for the
future climate compared to the present climate. Figure 12d summarizes the percentage
changes in PREC that in the RAINY increase by around 25% in MRB and around 14% in



Atmosphere 2022, 13, 1077 14 of 19

Belém. In the DRY regime, the predicted changes are a decrease in PREC of around 5%
in MRB and 3% in Belém. The statistical verification whether the differences between the
means of future and present climate are significantly consistent is based on the calculation
of Student’s t-test at the 5% level (p-value < 0.05), whose results are shown in Table A3
(Appendix A). As expected, the differences for TEMP in MRB and Belém in both seasonal
regimes are statistically significant, as well as the PREC in MRB and Belém only for the
RAINY regime.
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4. Discussion and Conclusions

Based on comprehensive quantitative analyses integrating high-resolution observa-
tional climate measurements (in situ and satellite) with environmental data (LCLU mapping
using advanced remote sensing techniques) during the last three decades (1985/2020), con-
sidered as the present climate, we evidenced the following key results:

• Considering the local/municipal scale of Belém, the disorderly enhanced urban sprawl
conditioned a warmer local climate with statistically significant positive trends in
surface air temperature in both seasonal regimes, being much more intense in the
DRY season;

• Taking into account the regional scale of the entire MRB, the forest vegetation suppres-
sion primarily led to the uncontrolled expansion of pasture/agriculture areas, whose
environmental changes explained the monotonic increase trend in air temperature in
the two seasonal regimes, with greater intensity in the DRY regime;

• In Belém and the entire MRB, there were no changes in the rainfall of the DRY period;
however, a systematic intensification of the precipitation during the RAINY regime
was clearly evidenced.
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Our results contributed to improving regional climatological knowledge particularly
for the eastern Amazon and are consistent with previous studies that considered broader
aspects related to the observed and simulated LULC impacts on the Amazon climate [12].
Concerning the mean air temperature over the Amazon region, observational studies
have detected an increase of the order of 0.7 ◦C in the last 40 years, with several data
sources indicating that the last two decades (2000s and 2010s) were the warmest [3,37].
Therefore, the basin-wide warming trends over the Amazon are unequivocal as a result
of the synergistically integrated impacts related to LULC changes and ongoing global
climate change [2,12,38,39]. Here, we demonstrate that the effect of urbanization in an
eastern Amazon metropolis also explains the significant trend of atmospheric warming
on a local/municipal scale. On the other hand, there are numerous works focusing on
precipitation trends. Although most studies have reported that there is no systematic
unidirectional trend for the twentieth century [40,41], some statistical calculations applied
in different updated databases have indicated significantly drier conditions in the southern
and wetter in the northern Amazon [42]. In particular, the persistent signal of increased
precipitation observed in the present study for the MRB (near the mouth of the Amazon
basin), during the peak of the rainy regime, is in agreement with [41,43,44] who documented
positive trends individually for pluviometric series of the Belém station.

Finally, we conducted a climate modeling study (RegCM4 driven by HadGEM2-ES
under the scenario RCP8.5 considered more extreme in the emissions of greenhouse gases
that exacerbate future global warming) for the MRB in a 5 km domain with the inclusion of
the urban cover class in the processes of the surface model, which allowed the generation
of the following main results:

• Warmer climate conditions are expected to persist in the coming decades, with pro-
jections of an increase in mean air temperature reaching 1.5 ◦C in MRB and 1.3 ◦C
in Belém during the DRY and 1 ◦C in the MRB and 0.9 ◦C in Belém during the
RAINY regime;

• Regarding precipitation, the intensification of the RAINY season persists in the next
two decades, with an increase of about 25% in the MRB and 14% in Belém. Future
projections for the DRY regime do not point out significant changes.

The climate modeling approach of representing urban processes in densely populated
regions of the Amazon was pioneered in the present work, giving robustness to the climate
projections on a regional scale for the entire MRB and on a local scale for Belém. The
projections obtained for our study area are generally in accordance with some previous
global and regional simulations for the Amazon [17,18].

The 1.5 ◦C increase predicted to occur in the MRB in the next two decades, before the
mid-21st century, has worrying implications, as it is precisely this threshold established by
the Glasgow Climate Pact [45] that the global temperature should not exceed. Likewise,
the projection of an intensification of around 25% in the MRB rainy period is closely
related to the increased frequency of extreme precipitation events [46], with high potential
of aggravation of urban flooding, that in turn provokes serious socioeconomic damage
to the local population. In a long-term field study aimed at the application of climate
perception questionnaires to the residents of Belém’s neighborhoods, it was indicated that
the population is perceiving a warmer climate with the heavy rainfall events more frequent
over the years, in such a way that these conditions already reflect the local climate change
due to urbanization [47].

Therefore, considering the aforementioned scientific knowledge and supported by
our observational/modeling findings, we conclude that, taken together, suppression of
forest areas with intense alteration/degradation of landcover for use mainly in cattle rising,
the intensification of urbanization, as well as global climate change, we have a set of
regional/global factors that can result in even faster significant climate and environmental
changes in some parts of the Amazon, such as the metropolitan region studied here.

Moreover, our findings for the MRB (area 3565 km2 for a population about 2.5 million
inhabitants) are relevant and considering them is essential in government actions for urban
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policy, as they can help in the tasks of long-term planning and elaboration of advanced
strategies to mitigate future climate risks. Additionally, these results should be used to
improve urban disaster management.
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Appendix A

Table A1. Descriptive statistic calculated for the 1985–2020 historical series of Belém station PREC.

Statistics Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

1st Quartile 11.4 12.8 13.6 13.5 8.5 4.6 3.8 3.0 3.2 3.3 3.2 6.7
Median 12.7 15.0 15.4 15.3 9.6 7.1 5.1 4.3 4.3 4.4 4.3 8.5

3rd Quartile 14.3 16.5 18.2 17.2 13.2 8.6 6.3 5.8 5.1 5.3 6.3 11.3
Mean 12.7 15.6 16.0 15.4 10.2 6.8 5.2 4.4 4.4 4.3 5.1 9.0

Variance 8.7 14.6 12.5 8.1 10.8 5.8 4.8 3.9 4.0 3.5 9.3 10.3
Stand. deviation 2.9 3.8 3.5 2.8 3.3 2.4 2.2 2.0 2.0 1.9 3.0 3.2
Coeff. variation 0.23 0.24 0.22 0.18 0.32 0.35 0.42 0.44 0.45 0.43 0.60 0.36

Table A2. Bias, correlation coefficient r, coefficient of determination R2, and normalized standard
deviation σn in RAINY and DRY regimes calculated between PREC station data and the observational
bases (CRU, CHIRPS, and CMORPH) and RegCM4 simulations (EMA, TIE, and KFR).

Bias r R2 σn
RAINY DRY RAINY DRY RAINY DRY RAINY DRY

CRU 1.01 0.10 0.91 0.84 0.82 0.70 0.91 0.60
CHIRPS 1.85 0.36 0.77 0.86 0.59 0.74 0.72 0.92

CMORPH 2.49 0.98 0.38 0.83 0.15 0.69 0.83 1.01
RegCM4 EMA 6.51 1.61 0.16 0.35 0.05 0.12 0.37 0.26
RegCM4 TIE 3.43 0.75 0.36 0.55 0.14 0.30 0.68 0.33
RegCM4 KFR 3.57 0.39 0.31 0.48 0.10 0.23 0.93 0.75

Table A3. Differences between the means of future (2021/20245) and present (1985/2020) for TEMP
and PREC in the RAINY and DRY for Belém and MRB, and the p-value obtained in Student’s t-test.

Differences between the Means
of Future and Present p-Value

RAINY DRY RAINY DRY

TEMP Belém (◦C) 0.90 1 1.32 1 <0.0001 <0.0001
TEMP MRB(◦C) 1.00 1 1.53 1 <0.0001 <0.0001

PREC Belém (mm) 2.071 1 0.15 <0.0001 0.498
PREC MRB (mm) 3.403 1 −0.19 <0.0001 0.322

1 statistically significant value.
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