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Abstract: This work contributes to the studies on landscape mapping induced by human pressure
directly related to the urbanization process, whose approach is based on the concept of hemeroby
adapted to the metropolitan area of Belém in the eastern Amazon. The mapping results using 1985
and 2021 Landsat satellite data indicated that the artificial coverage characterized as medium to the
high urban system (polyhemerobic and metahemerobic degrees) has increased by almost 17% toward
northern districts and Outeiro/Mosqueiro islands, while the natural vegetation cover suppression
(ahemerobic degree) was around 11%. In addition, we investigated the impacts of urban expansion
on seasonal (WET from January to April and DRY from July to November) surface air temperature
(minimum TN and maximum TX) patterns. From statistical comparisons between 18-year samples
(2004 /2021 to 1985/2002), we find evidence of a current significantly warmer climate, with a notable
indication of higher surface temperature over densely urbanized areas compared to lower values
over natural areas. In the TX climatology, particularly for the DRY regime, we identified a pattern
similar to the classic heat island model with concentric isotherms reaching a maximum center over
the more urbanized continental region of Belém and a thermal decrease at the edges. Therefore, the
findings of this work are convincing that Belém already faces the direct impacts of urbanization on

check for the local climate, so it is crucial to develop government strategies aimed at taking action to mitigate

updates socioenvironmental risks and threats to the well-being of urban populations.
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1. Introduction

Human actions on the environment, intrinsically linked to economic, social, and
Academic Editor: Aya Hagishima cultural factors, cause disturbances capable of altering the pre-existing ecosystem. The mul-
Received: 9 Octaber 2023 tiple human activities exerting pressure on natural landscapes, especially within metropoli-
Revised: 4 January 2024 tan areas, can be considered the most serious form of environmental anthropization due
Accepted: 9 January 2024 to the intense and systematic changes in land use and land cover (LULC) [1,2]. Among
Published: 9 February 2024 the most relevant anthropogenic effects during the urbanization process we can mention
the suppression of natural vegetation with loss of biodiversity, soil sealing, air and water

pollution, and the direct impact on local climate [3].
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into ecological components, dividing landscapes into four hemerobic degrees [6]; however,
the original approach required constraints linked to vegetation regulation capacity, which
in a certain way limited the application of the technique in urban areas. Thus, several
authors expanded the study of hemeroby within the scope of LULC, considering a broader
classification of seven to ten categories to evaluate the intensity of human interference in na-
ture [7-10]. The distance between an eminently natural landscape (without human impact)
and an artificial one (resulting from intense and systematic human impact) is indicated
by the land use class containing the lowest and highest hemerobic degree, respectively.
So, in regions presenting higher degrees of hemeroby, adverse effects on the natural flora
and fauna components and physical conditions are expected, such that hemeroby is an
important landscape mapping tool in studies of environmental changes [8].

In Brazil, the hemeroby technique was used as an environmental monitoring tool
to evaluate landscape units in a district of Fortaleza in the state of Ceara located in the
Northeast region [11], in a study to better understand the dynamics of the urban landscape
of the Pinhais municipality in the state of Parana in the South region [12], and in a multi-
temporal analysis of the naturalness loss of a watershed in the Cerrado biome near Sao
Carlos region in the state of Sao Paulo in the Southeast region [13]. For the North region,
which covers the Amazonian states, Gusmao [14] reported a landscape hemeroby study
in the Immediate Geographic Region encompassing fifteen municipalities in the state of
Para. Based on the geoprocessing of images provided by the MapBiomas platform [4,15],
these authors showed a moderate degree of human intervention in the landscapes of the
studied municipalities, such that pasture cover was the class that contributed most strongly
to soil changes in the comparison between 1985 and 2018 [14]. Also based on the analysis
of MapBiomas thematic maps, Gutierrez [16] investigated LULC changes in the domain of
the seven main cities belonging to the metropolitan region of Belém, whose specific results
for the Belém municipality indicated that, from 1985 to 2020, the greatest environmental
transformations were processed in the forest (decrease of 4.6%) and urban (increase of
4.4%) classes.

Here, we will conduct an application of hemeroby as a remote sensing mapping
technique to analyze the intensity of changes in the structure of the landscape resulting
from human activities over the municipality of Belém. This city is located at the mouth
of the Amazonian basin, where the first frontier of human occupation occurred in the
eastern Amazon. Belém is the second most populous city in the North region (after
Manaus in the central Amazon) and occupies the twelfth position out of 27 Brazilian
capitals [17]. This study aims to refine the LULC mapping studies with a focus on the
continental area of the municipality of Belém, seeking to answer the following research
questions: (1) In terms of landscape units, is it possible to extend the artificial classes of
urban coverage induced by human action? What is the direction and intensity of the spatial
expansion of these artificial classes? (2) What is the magnitude of the direct impact of
urban expansion on seasonal air temperature patterns (maximum and minimum) in recent
decades? Considering the interaction between climate and surface environment, do more
urbanized areas have linearly higher air temperature values compared to preserved natural
areas? To answer these relevant questions in the context of integrated scientific knowledge
of climate and environment within Amazonian territory, we use the hemeroby method,
which has two LULC classes (MapBiomas has only one) representing areas with urban
artificiality structure. Considering that the Amazon climate’s intrinsic and fundamental
characteristic is its pronounced seasonality [18], the climate impact study addresses the two
seasonal regimes that correspond to the rainy/milder air temperature and the dry/warmer
period throughout the year.

The literature is replete with studies of the effects or impacts of urbanization on the
local climate in cities of different sizes around the world [19,20], and usually, the works
were concerned with descriptions and findings based on empirical evidence and common
sense [21]. Despite the low density of meteorological station networks in Brazil that limits
the use of in situ historical data, the increasing availability of data estimated by various
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environmental satellites has allowed notable progress in quantitative scientific research on
urban climatology [22]. Since Lombardo’s [23] pioneering work for the megacity of Sao
Paulo, numerous studies have proven the systematic increase in surface air temperature
associated with the urbanization process triggered in most state capitals spread from
north to south of the Brazilian territory [24]. Likewise, here we report a contribution
to the studies on the spatiotemporal characterization of the urbanization process and
its impacts on seasonal thermal patterns along the metropolitan surface of Belém in the
eastern Amazon.

A list of acronyms and abbreviations is provided in Appendix A to help in reading
this work.

2. Materials and Methods

Figure 1 exhibits the study area encompassing the municipality of Belém, the capital
of the state of Pard in the Brazilian eastern Amazon (see reference maps on the right
in Figure 1). The geographic domain of the municipality is indicated by the red line in
Figure 1a, with a total area of 1059 km? for a population of about 1.3 million inhabitants
and a demographic density of 1230 inhabitants per km? [17]. Disregarding the extensive
hydrographic portion (the Guajara Bay and Guama river bordering the municipality from
north to south), the continental area (hatched area in Figure 1a), including smaller islands
to the south and the larger islands to the north, Cotijuba, Outeiro, and Mosqueiro, has a
dimension of approximately 509 km?. As already mentioned, the focus of this work will be
on Belém continental.
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Figure 1. (a) Study area in the municipality of Belém, (b) the state of Pard, and (c) in the Brazilian
eastern Amazon. The red hatched area indicates the continental portion and islands where the
analysis will be emphasized.
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We used the surface air temperature (minimum TN and maximum TX) data collected
in situ by the conventional meteorological station that was obtained from the Instituto
Nacional de Meteorologia (INMET) of Brazil through the data portal https:/ /bdmep.inmet.
gov.br (accessed on 1 November 2022). This is the only station in the study area with the
availability of complete meteorological data (all surface variables) and a consistent historical
series for climatological studies. The station location (latitude —1.436, longitude —48.437,
and altitude 7.13 m) is given by the orange symbol in Figure 1a, and the monthly data series
are available from January /1985 to December/2021. In addition, we used observational
TN and TX data derived from CRU-TS 4.06 (Climatic Research Unit gridded Time Series,
compiled by [25]) that were downscaled with WorldClim 2.1 [26] into a horizontal grid with
0.041° or 4.5 km spatial resolution that is suitable for spatial analyzes at the municipal scale.
CRU-TS was generated by the interpolation of monthly variables from extensive networks
of weather station observations over all land domains of the world. Monthly time series
from 1985 to 2021 (Geotiff data are available at www.worldclim.org/data/monthlywth.
html, accessed on 1 December 2022) were extracted for the study area.

The hemeroby analysis used in this work is based on adaptations of the evaluation
proposal formulated by [8] for regions with European landscapes (Germany), which were
adapted to the landscape of a metropolitan area located in the eastern Amazon. Thus,
the degree of anthropic impact on the continental landscape of the municipality of Belém
was assessed by using an ordinal scale ranging from the lowest degree (ahemerobic class,
indicating an area with zero or no human interference, i.e., a region considered natural)
to the highest degree (metahemerobic class, representing an intensely anthropized area
with maximum human interference, i.e., an artificial region), as described in Table 1. For
a better understanding and realistic visualization of the landscape associated with the
seven hemeroby degrees, Figure 2 illustrates the main surface environmental characteristics
present in the region, in which the LULC classes representing the human interference were
properly adapted to the study area (Table 1, last column on the right).

Table 1. Hemeroby degree and corresponding intensity of human interference, including environ-
mental descriptions of the European landscape that was adapted to the study area.

Adaptations to the Amazon

H D I ity of H Interf E L f 8 .
emeroby Degree ntensity of Human Interference uropean Landscape from [8] Metropolitan Landscape

Ahemerobic Natural: no or minimal human Rocks, glaciers, and perpetual Primary forest

impact Snow

Near natural: weak anthropic Forests, beaches, dunes, sands,
Oligohemerobic alteration and recovering lagoons, wetlands, sea and Secondary forest and wetlands

vegetation ocean

. Natural pastures, forest shrubs, . . .
. Semi-natural: moderate human - Ecological pioneer succession and

Mesohemerobic transitional forest, burned areas,

-Euhemerobic

o-Euhemerobic

Polyhemerobic

Metahemerobic

impact

Agricultural: disturbed area by
human action on a regular basis

Cultural: high impacts on the
natural system

Artificial: little natural presence
and irreversible changes

Totally artificial: completely
modified environment

and sparse vegetation

Urban green areas, pastures,
agriculture, watercourses

Sports and leisure facilities,
non-irrigated land, vineyards,
fruit trees, and cultivation
patterns

Discontinuous urban networks,
construction sites, public places,
and waste disposal and mining
industries

Continuous urban network,
railways, ports, and airports

small clearings

Pastures, plantations, farms,
urban green areas, and riverside
dwellings

Low-density urban areas and
public squares

Medium-density urban, mineral
extraction, and garbage disposal
sites

Dense urban system,
verticalization, industries,
highways
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Figure 2. Diagram with a realistic visualization of the main features of the landscape associated with
the seven hemeroby degrees for a metropolitan area in eastern Amazon.

The processing and georeferencing were executed in the software QGIS 3.30.1 [27],
adopting the Universal Transverse Mercator (UTM) projection system, the SIRGAS2000
Datum, and zone 22S. Land use dynamics were based on Landsat-5 (TM) and Landsat-8
(OLI) images with 30 m resolution, provided by the United States Geological Service (USGS)
for the years 1985 and 2021, respectively. Then, a GeoTiff 1 km mesh was created over the
Belém domain, and we carried out a multispectral composite of three RGB bands to classify
the land use typologies based on criteria of texture, tone, and context of the satellite images
collected in those two years. After computational training and supervised classification of
the images, each polygon of surface cover was related to a previously hierarchical level of
LULC class, according to the seven hemeroby degrees described in detail in Table 1 and
Figure 2. To improve our LULC classification, some random validation points were made
through fieldwork, expert judgment, and computational tools with Google Earth. In the
end, the Kappa coefficient was calculated, which allowed us to evaluate the accuracy of
mapping results on a scale of 0 (no agreement) to 1 (perfect agreement). The choice of 1985
as the initial year and 2021 as the final year is justified by the intention to compare our
results with a similar study by [16]], who used the Mapbiomas platform. We reproduced
these LULC-themed maps of this platform, which has only four main coverage classes:
forest, non-forest natural formation, agriculture, and non-vegetated area [15].

Since seasonality in the Amazon is a relevant factor, to study the impact of urbanization
on climate, we calculated TN and TX temporal series for WET (consecutive months from
January to April) and DRY (successive months from July to November) seasonal means,
whose periods were defined in the climatological studies documented by [16,18]. TN and
TX data for in situ Belém station were statistically (calculation of Pearson correlations
and scatterplot with the coefficient of determination R?) compared to CRU data (nearest
gridpoint), with the purpose of validation and demonstrating that this gridded base is
consistent and suitable for the air temperature spatial patterns analysis throughout the
municipality of Belém.

The climatological maps (1985 to 2021 historical mean) of TN and TX were generated
for the WET and DRY seasons. We also consider separately the two 18-year averages
(1985/2002 and 2004 /2021) to calculate the difference between samples and to a subsequent
evaluation of spatial changes (in °C) in each seasonal regime. The gridded CRU data
were georeferenced to the 2021 hemeroby map, and thus, two distinct sets containing the
TN and TX time series representative of the gridpoints containing the urbanized artificial
class and the natural forest class were obtained. We established a set of twelve points
representative of the artificial areas and another set of seven points in natural areas (the
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map illustrating these grid points is shown in the results item). Descriptive statistics and
Boxplot plotting have been used in these specific data sets, aiming to conduct quantitative
analysis and ascertain whether most artificial districts and areas have significantly higher
air temperatures compared to natural areas in the continental Belém. In these comparative
analyses, the Student’s t-test with a level of 5% (p-value < 0.05) was considered to confirm
whether the difference between the artificial and natural areas is statistically significant.

3. Results
3.1. LULC Mapping Using Hemeroby Degree

In analyzing the accuracy of digital mapping through the kappa value, we obtained
0.928399 for the year 1985 and 0.950106 for 2021, indicating that the results presented
significant agreement and high quality in the hemeroby maps generated for the municipality
of Belém.

Figure 3 shows the hemeroby maps over the continental portion of Belém. In 1985,
the initial year of analysis, the southernmost continental area of Belém (first patrimonial
league) already had densely urbanized coverage, as indicated by the metahemerobic class.
In this period, the polyhemerobic and «-euhemerobic classes, which correspond to medium
and low urban density, respectively, are dominant in the central and northern portions of
the municipality and throughout the western coastal strip of the island of Mosqueiro in
the extreme north of the region. Concerning the areas of natural vegetation represented
by the oligohemerobic and ahemerobic classes, they stand out on the small islands to the
south and west, as well as in the southeastern continental portion of Belém and most of
the island of Mosqueiro (Figure 3a). Examining the hemeroby map for the year 2021 and
making a visual comparison with the 1985 map, we can notice a certain preservation of
natural coverage (primary forests, secondary vegetation, and wetlands) restricted to the
continental sector southeast of Belém in the small islands to the south and west, as well as
a large part of the island of Mosqueiro, where the ahemerobic and oligohemerobic classes
prevail. Particularly in the most preserved green area in southeast Belém, there were no
major long-term transformations due to the Para State government having created in 1993
the Utinga State Park Conservation Unit (USPCU) and the Environmental Protection Area
of the Metropolitan Region of Belém (EPAMRB). These protected areas are essential for
the public water supply to all municipalities in the metropolitan area [28]. Conversely,
the expansion of the metahemerobic class over the central and northern sectors of the
municipal seat is notable, indicating that the intense and disorderly process of urbanization
(completely artificial landscape) now occupies the entire continental area of Belém and the
adjacent island of Outeiro (Figure 3b).

The hemeroby mapping in the Belém region is consistent with the results of the LULC
dynamics conducted by [16] that used the MapBiomes database, reproduced in Figure Al
in Appendix A of the present work. Both the 1985 and 2021 maps show that the spatial
configuration of the areas with the artificial metahemerobic class indicating a dense urban
system (Figure 3) coincides with the areas of the MapBiomes urban infrastructure class in
Figure Al. Similarly, the areas highlighting the ahemerobic natural class in Figure 3 are
consistent with areas in the MapBiomes natural forest class in Figure A1.

The quantitative results of the environmental transformations denoted by the hemer-
oby mapping by comparing the years 1985 and 2021, over three and a half decades, are
shown in Figure 4, with pie charts showing the area in km? and respective percentage in
each class (Figure 4a), as well as the percentage changes observed in the period (Figure 4b).
The most significant changes were observed in the extreme classes representing natural
(ahemerobic) and totally artificial (meta-hemerobic) areas, i.e., the area with primary forest
cover varied from 322.44 km? (63.33%) in 1985 to 267.33 km? (52.49%) in 2022, while the
densely urbanized area expanded from 52.49 km? (10.31%) in 1985 to 116.41 km? (22.86%)
in 2021 (Figure 4a). Thus, a suppression of the ahemerobic class of 10.84% and an expansion
of the metahemerobic class of 12.55% was evidenced (Figure 4b). The polyhemerobic class
representing urban coverage with medium intensity also increased from 38.11 km? (7.48%)
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in 1985 to 59.39 km? (11.66%) in 2022, signaling an enlargement in the period of 4.18%.
The a-euhemerobic class (urban coverage with low intensity) fluctuated negatively from
45.07 km? (8.85%) in 1985 to 14.02 km? (2.75%) in 2022, with a variation in the period
of —6.10%. The areas with the remaining classes 3—euhemerobic, mesohemerobic, and
oligohemerobic indices showed smaller variations, with changes in the period of —1.50%,
2.07%, and —0.38%, respectively.
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Figure 3. Hemeroby degree maps over the continental portion of Belém for the years (a) 1985 and
(b) 2021. The classes are indicated in the legend.
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3.2. Spatial Patterns and Changes in Seasonal Air Temperature

Firstly, we analyzed the TN and TX seasonal data for the Belém in situ station and the
CRU (nearest grid point) in the period from 1985 to 2021. In Figure 5a, the scatterplot for
the TX variable reveals a positive linear relationship with high correspondence between
the data with R? 0.818 and a correlation of 0.91 in the DRY season and R? 0.820 and a
correlation of 0.90 in the WET season. For the TN variable, the high values of R? 0.669 and
correlation of 0.82 in the DRY season and R? 0.622 and correlation of 0.79 in the WET season
are also verified. Figures 5b and 6¢ show the time series from 1985 to 2021 of seasonal TX
and TN variables, in which the trend of systematic increase in both variables and seasonal
regimes is noticeable, and the CRU captures well the temporal variability of the seasonal
regimes throughout the period analyzed. Therefore, we have demonstrated that the CRU
data are consistent with in situ observations, and then we can coherently use this high
spatial resolution gridded data to analyze the spatial patterns over the whole metropolitan
area of Belém.
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o TXin WET 34
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Figure 5. (a) Scatter plot of 1985 to 2021 TX and TN for STATION and CRU data during WET and

DRY seasons, including respective R? and correlation values; Time-series from 1985 to 2021 of (b) TX
and (c) TN for STATION and CRU during WET and DRY seasons. The unit is °C.

(b) CRU TX climatology

DRY season WET season DRY season

Figure 6. CRU climatology (1985 to 2021 historical mean) of (a) TN and (b) TX in WET and DRY
seasons over the continental portion of Belém and neighboring areas. The air temperature isoline
interval is 0.1 °C. The background is the hemeroby map in the year 2021.
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WET season

The CRU climatological patterns (1985 to 2021 historical mean) of TN and TX variables
in the WET and DRY seasons over the continental portion of the municipality of Belém and
neighboring areas are shown in Figure 6. In these results, the hemeroby map was placed
in the background to emphasize that the air temperature is generally relatively higher in
artificial areas and lower in natural areas. The climatological conditions of TN are similar in
both seasonal periods, with relatively lower values (22.6 to 22.8 °C in WET; 23.6 to 23.8 °C
in DRY) in the easternmost portion of the region (southeast of the municipal seat and
western Mosqueiro island) and higher (22.8 to 23 °C in WET; 23.7 to 24 °C in DRY) in the
westernmost part that covers the most densely urbanized area of Belém and in the coastal
zone with medium intensity urbanization over the island of Mosqueiro (Figure 6a). On the
other hand, the climatology of TX displays an interesting configuration in both seasonal
regimes, with a circular-shaped area presenting a warmer center (reaching a maximum
value of 30.6 °C in WET and 31.6 °C in DRY) over the continental urban area of Belém, and
a gradual decrease in the northern and eastern edges, with values reaching around 30.1 °C
in WET and 31.2 °C in DRY season (Figure 6b).

In the point data for the Belém station, we already show evidence of a systematic
increase in air temperature (Figure 5) during the last decades. This warming trend is
confirmed spatially in the entire region, as shown in Figure 7, which contains the positive
changes in TN and TX given by the difference between the 2004,/2021 and 1985/2002
samples. In the TN map (Figure 7a) for the WET season, values of 0.45 to 0.5 °C are seen in
the portion with a predominance of artificial urbanization coverage in the center and south
and 0.4 °C in the northern area with a more natural surface, while the DRY season presents
values from 0.55 to 0.65 °C in the central-south sector (artificial cover) and values 0.5 and
0.55 °C in the northernmost sector (natural cover). In the TX map (Figure 7b), looking
particularly at the island of Mosqueiro to the north, a greater positive trend (0.75 °C in WET
and 0.95 °C in DRY station) is noticeable in the coastal strip with medium urbanization and
a smaller trend in the interior area where there is the presence of natural forest. In the more
urban southern continental area, the warming trend varies between 0.65 and 0.7 °C in WET
and reaches a maximum value of 1 °C in the DRY season.

(a) CRU TN change (b) CRU TX change

DRY season WET season DRY season

Figure 7. Change (difference between 2004 /2021 and 1985/2002) of (a) CRU TN and (b) TX in WET
and DRY seasons over the continental portion of Belém and neighboring municipalities. The air
temperature isoline interval is 0.05 °C. The background is the hemeroby map in the year 2021.
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The evidence of a warmer climate associated with urbanization in the metropolis of
Belém is confirmed quantitatively through the descriptive statistics presented in Table A2
(see Appendix A) and the boxplots in Figure 8. Except for variance and standard deviation
(with lower values), the statistical parameters of TN and TX in the period 2004/2021 are all
higher when compared to the values in the period 1985/2002 (Table A1), as shown in the
boxplots in orange with the position above the boxplots in blue (Figure 8a,b). The analysis
considering the set of gridpoints with natural and artificial hemeroby class (see the location
of gridpoints indicated in the map on the right in Figure 8) allowed us to verify that the
changes, i.e., the systematic increase in air temperature is relatively higher in areas with
urbanization when compared to areas with vegetation. The TN increment was 0.39 and
0.45 in the WET and 0.53 and 0.60 in the DRY season for the natural and artificial areas,
respectively (Figure 8c). The most expressive values were observed for TX, with an increase
of 0.58 and 0.62 in WET and 0.83 and 0.97 in the DRY season for natural and artificial areas,
respectively (Figure 8d).

(b) Boxplot TX CRU gridpoints
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0
X Mean horizontal resolution 0.041° ~ 4.5 km

1985 to 2002 ’

2004 to 2021

w0
[
}
< |
i

Il

T
X" ]
[]

CRU TX (°C)
@
[ X ]
X]
[ X ]
l
o

[
o
|
T

[
o
I I
T
amy

70.39

o__I

natural artificial
WET season

(c) TN changes

0.60
045 ‘i3 I

natural artificial
WET season

J | J 1 J J L J | ] T
natural artificial " natural artificial  natural artificial
DRY season WET season DRY season —
(d) TX changes N

Increase (°C)
o
(3, ]

17 14
0.83 ]
.
0.58 0.62 g
Gridpoints over areas with hemereby class
natural (primary forest)
O artificial (urbanization)
0L

natural artificial natural artificial natural artificial

DRY season WET season DRY season

Figure 8. Boxplots for (a) TN and (b) TX for WET and DRY seasons considering the set of CRU
gridpoints over natural and artificial areas (points indicated in the hemerobic map on the right) in the
periods 1985/2002 and 2004 /2021; Changes for (c) TN and (d) TX given by the difference between
2004/2021 and 1985/2002 means over natural and artificial areas. The unit is °C.

Finally, we report the results obtained in the statistical calculations of the difference
between the historical time series (1985 to 2021) of the CRU gridpoint sets selected for the
artificial and natural areas over continental Belém. Table 2 shows the values obtained in
the T-test, and Figure 9 illustrates the scattergrams in which it is possible to visualize the
distribution of sets of gridpoints for seasonal TN and TX. The TN variable did not pass
the test (difference close to zero); however, TX showed a statistically significant positive
difference with 0.27 °C in WET and 0.31 °C in the DRY season; thus we have proven that
urbanized districts and areas are significantly warmer than other regions of Belém. In other
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words, the expansion of the urban area in Belém directly contributes to the increase in
maximum temperature (afternoon period), especially in the July to November months.

Table 2. The Student’s T-test for the difference between the sets of TN and TX CRU gridpoints for
artificial and natural areas over Belém municipality in the WET and DRY seasons.

TN TX
WET DRY WET DRY
Difference (°C) 0.004 0.012 0.271 0311
Degrees of 415 491 498 496
freedom
p-value 0.538 0.617 <0.0001 <0.0001

! Statistically significant.

(a) TN 1985 to 2021

p-value = 0.617
WET 26 -+ DRY :
p-value = 0.538 25 L o
| =
§ 24 + T — x -
‘ [} 23 | :
e — °
— 22 +
artificial natural artificial natural
gridpoints gridpoints 21 + gridpoints gridpoints
X mean
(b) TX 1985 to 2021 7 e
p-value < 0.0001 p-value < 0.0001
WET , DRY
o 33 + am
@ 32 +
= 31 | X
- x - 30 +
CHE
o 29 1
artificial natural artificial natural
gridpoints gridpoints gridpoints gridpoints

Figure 9. Scattergrams of the sets of CRU gridpoints for artificial (urbanization) and natural (forest)
areas over Belém for (a) TN and (b) TX in WET and DRY seasons. The time series are 1985 to 2021,
and the unit is °C.
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4. Discussion

The hemeroby methodology in studies of anthropogenic changes in the landscape was
initially used in Europe [8,10]. In South America, Gutiérrez [29] investigated long-term
LULC changes by using hemeroby metrics in the Mucujun watershed of the Venezuelan
Andes and documented not only forest recovery but also urban area growth, intensified land
use and invasions by non-native species. Nino [30] used this technique to generate thematic
cartography and spatial analysis to support land use planning in the Colombian Orinoquia
at the foothills of the Andean Cordillera. Particularly for Brazil, there are examples of
applications in different landscapes over South, Southeast and Northeast regions [11-14].
The applicability of this remote sensing technique to a metropolitan region within the
Brazilian Amazon was conducted in the present work. Our findings concerning the degree
of artificiality induced by anthropogenic pressures on the municipality of Belem (Figure 3),
in addition to the mapping results being consistent with the MapBiomes product [16], are
in line with the LULC classification study using the Sentinel family products [31]. The
multi-temporal dynamic mapping in this municipality from 1985 to 2020 was investigated
by [16], with indications of significant population growth of around 34% (1,120,777 in 1985
to 1,499,641 inhabitants in 2020), such that the vegetation suppression of almost 5% of
the forest cover was converted primarily in urban areas (4.4% increase) and to a lesser
extent in pasture/agricultural areas. These authors reported a systematic and disorderly
urban sprawl occurred in the northern portion of the region, which results following our
hemeroby mapping (Figure 3) that indicated a present higher urbanization process now
occupying the whole central and northern portion of continental Belém, including Outeiro
island and the coastal zone of Mosqueiro island in the extreme north of the region.

According to previous regional modeling studies, the direct effect of LULC changes
resulting in the modification of the energy budget with a partition of the sensible heat
flux relatively higher than the latent heat flux is the plausible explanation for the surface
atmosphere to warm, thus yielding a warmer climate [32]. Such environmental impacts
on the local climate were addressed for the Belém region through integrated analyses of
heterogeneous landscape patterns (hemeroby mapping) and the corresponding spatial
configuration and intensity of air temperature. Our observational findings showed that the
regions where the conservation of primary forest vegetation prevailed (natural ahemerobic
degree) coincide with a relatively smaller increase in air temperature when compared to
the areas where the urbanization process predominates (artificial metahemerobic degree),
according to quantitative results in Table 2 and Figure 8. Silva [33] found a significant
positive correlation between surface temperature maps and the NDBI and NDBal indices
(spectral indicators of land cover in built-up areas and primary and secondary bare land)
generated by Landsat satellite images in the region metropolitan area of Belém.

The high spatial resolution gridded TN and TX air temperature data from the CRU
database, which were properly validated with in situ measurements from the Belém
station, presented seasonal patterns consistent with previous studies. A relevant result
was the approximately circular configuration of the climatological TX in both seasonal
regimes (Figure 6b), with a predominantly warmer center over the urbanized area and a
gradual thermal decrease in the more peripheral areas, whose pattern resembles the classic
urban heat island model [23,34]. Lola [35] carried out a field experiment with hourly air
temperature measurements during October 1995 in twenty different districts in the city of
Belém, producing geospatial maps in which the highest values were observed in the area
with the highest vertical density of constructions. These authors found the most intense
circular configuration of the heat island in the period between 01 and 03 PM local time,
with values exceeding 32 °C in the central town. Silva [36] expanded these data collection
campaigns and combined them with a historical series to calculate the heat index, with
results indicating a broad area of thermal discomfort centered on the metropolis of Belém.
On the other hand, [37] reported observational evidence of the heat island in the Manaus
region over the central Amazon, indicating that the urban environment creates a local
increase in air temperature and a decrease in relative humidity, mainly in the afternoon
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(between 3 and 5 PM local time). Similarly, the heat island phenomenon in the city of
Manaus was detected from the analysis of meteorological stations and surface temperature
patterns from the MODIS sensor of the Aqua environmental satellite, considering the
September 2009/2012 mean, with indications of strong warming reaching 40 °C in the
center urban [38].

5. Conclusions

The systematic and disorderly urbanization process is the most radical form of trans-
formation of the natural landscape, resulting in an eminently anthropized environment.
In this work, we reported a contribution to the studies of landscape dynamics induced by
human pressure directly related to the urbanization process, whose approach is based on
the concept of hemeroby applied to metropolitan areas in the Brazilian eastern Amazon.
Our first conclusion is that this remote sensing technique was successful in representing
LULC changes in the municipality of Belém, with robust observational evidence, and
consistent with previous studies, that the artificial urban coverage (polyhemerobic and
metahemerobic degrees that indicate an urban system with medium to high intensity) has
increased by almost 17% during the last three and a half decades, while vegetation suppres-
sion of primary forest cover (ahemerobic degree) was around 11% (comparison between
1985 and 2021 patterns). Thus, of 100% of the present municipal geographic domain, the
area with natural coverage of conserved forests is approximately 52% (restricted in an
environmental protection area located in the southeast continental portion, over the small
islands to the south and, in the interior of the largest island to the north sector), while the
artificially urbanized coverage occupies an area of around 35%, with a clear indication of
intense and disorderly expansion towards the central and northern continental portion and
along the coastal zone of the Mosqueiro island.

Based on statistical analyses (comparisons between 18-year samples, 1985/2002 and
2004/2021) integrating the climatological patterns and seasonal trends of CRU high spatial
resolution meteorological data with natural and artificial hemeroby maps over the study
area, we have our second conclusion: the urban expansion had a direct impact on the current
significantly warmer climate, with a notable indication of higher surface air temperatures
in the most densely urbanized areas, compared to values in other areas of Belém. The
increase in TN and TX was more expressive in the DRY season (July to November), when
large-scale external meteorological systems are absent, providing the preponderance of
local and regional physiographic effects, i.e., the effect of the city is more relevant at this
time of year. Particularly for the TX variable, we evidenced a climatological pattern similar
to the classic heat island model with concentric isotherms that reach a maximum center
over the more urbanized continental region of Belém and thermal decrease at the edges of
the region. As this pattern was not verified in the TN variable, therefore the phenomenon
of the urban heat island in Belém is manifested in the afternoon (the time at which the TX
is measured at the station), with higher intensity during the DRY season when the central
maximum reaches 31.6 °C and the periphery 31.1 °C, with a spatial variation of around
0.5 °C that is relevant for Amazonian humid tropical regions. This interesting finding
requires further studies, particularly using the regional modeling tool, as there is a lack of
meteorological data measured in situ.

Therefore, the findings of this work are convincing that Belém already faces the impacts
of urbanization on the local climate and, given the future climate change scenarios that
project worsening of atmospheric warming in cities, it is crucial to develop government
strategies aimed at taking action to mitigate and minimize the socioenvironmental risks
and threats to the well-being and health of the urban population.
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Appendix A

Table A1l. List of acronyms and abbreviations.

CRU-TS Climatic Research Unit gridded Time Series
DRY Dry season from July to November
EPAMRB Environmental Protection Area of the Metropolitan Region of Belém
INMET Instituto Nacional de Meteorologia
LULC Land Use and Land Cover
MODIS Moderate-Resolution Imaging Spectroradiometer
NDBal Normalized Difference Bareness Index
NDBI Normalized Difference Built-Up Index
OLI Operational Land Imager
QGIS Quantum Geographic Information System
R? Coefficient of determination
RGB Red, green, and blue
™ Thematic Mapper
N Minimum temperature
TX Maximum temperature
USGS United States Geological Survey
USPCU Utinga State Park Conservation Unit
UT™ Universal Transverse de Mercator
WET Wet or Rainy season from January to April
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Figure A1l. LULC maps based on MapBiomas over the continental portion of Belém for the years
(a) 1985 and (b) 2021. The classes are indicated in the legend.
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Table A2. Descriptive statistics of TN and TX for WET and DRY seasons considering the set of CRU
gridpoints over natural and artificial areas (points indicated in the map on the right in Figure 8) in
the periods 1985/2002 and 2004/2021. The unit is °C.

Minimum Maximum Qulalsrttile Median Qlf:iile Mean Variance S:;I;:taif)i

natural 1985 to 2002 22.0 23.8 223 22.8 23.0 22.6 0.19 0.44

WET artificial 2004 to 2021 22.3 23.8 22.8 23.0 23.3 23.0 0.10 0.32

natural 1985 to 2002 21.8 24.0 223 22.5 23.0 22.6 0.20 0.45

™™ artificial 2004 to 2021 22.3 24.3 22.8 23.0 23.3 23.0 0.12 0.34
natural 1985 to 2002 22.8 24.4 23.2 23.6 23.8 235 0.17 0.42

DRY artificial 2004 to 2021 23.0 24.6 24.0 24.0 24.2 24.1 0.07 0.26

natural 1985 to 2002 22.8 24.6 23.0 234 23.8 23.5 0.18 0.42

artificial 2004 to 2021 23.2 26.0 24.0 24.0 24.2 24.1 0.12 0.35

natural 1985 to 2002 29.0 31.0 29.5 29.8 30.3 29.8 0.17 0.41

WET artificial 2004 to 2021 29.8 31.3 30.3 30.3 30.8 30.4 0.15 0.39

natural 1985 to 2002 29.0 31.3 29.8 30.0 30.3 30.1 0.17 0.41

TX artificial 2004 to 2021 29.8 33.0 30.3 30.5 31.0 30.7 0.27 0.52
natural 1985 to 2002 30.0 31.6 30.6 30.6 31.0 30.8 0.15 0.38

DRY artificial 2004 to 2021 31.0 324 31.4 31.6 31.8 31.6 0.11 0.33

natural 1985 to 2002 30.4 32.0 30.6 30.8 31.2 30.9 0.16 0.41

artificial 2004 to 2021 31.2 33.0 31.6 31.8 32.2 319 0.16 0.40
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