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Abstract

Microclimates are sensitive to surface cover type. Changes in
vegetation cover modify energy distribution patterns, strongly
impacting essential variables such as temperature and relative
humidity. Regions with high vegetal cover density channel much of the
energy through evapotranspiration, thus promoting a tremendous
thermo-hydroregulating effect on the environment. The mapping of
climatological variables through remote sensing and geoprocessing
techniques can help in dimensioning this phenomenon and has become
a popular technique due to the high availability of data from orbital
satellite images and lower cost. This work uses images from the
Landsat 8 satellite from the United States Geological Survey to map
vegetation, urbanization and surface temperature in the urban area of
Coari, Amazonas - Brazil in two distinct periods (2015 and 2017),
seeking a quantitative evaluation of the influence of vegetation and
urbanization on the values of this temperature. This study also
attempts to estimate the importance of the atmospheric correction for
this estimate and the difference in general climate conditions
between the dates. The research shows that there is a considerable
influence of vegetation on temperature control, despite higher reflective
capacity (albedo) of urbanized areas. The urbanized regions showed
temperatures up to 7°C higher than densely vegetated regions.
Atmospheric correction in the temperature estimation is crucial,
otherwise values can be severely underestimated. Temperatures in
2015 were substantially higher on soil regions, but lower in the water
bodies, which is counterintuitive. Finally, this study may suggest a
greater commitment of the public power in the promotion of policies
aimed at the afforestation and vegetation of urban centers.
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INTRODUCTION

The Amazon rainforest provides various
environmental services, the most important
ones being maintaining biodiversity, water
cycling, and a large capacity to store carbon.
However, deforestation has increased
considerably in the last decades in the region
(FEARNSIDE, 2006). Although deforestation is
much smaller in the interior of the legal
Amazon, being more restricted to the southern
and western Amazon states (FERREIRA et al.,
2005), it is essential to recognize the local
impacts of urban expansion in the region,
which has advanced considerably in recent
decades (MOURAO, 2007; PAVAO et al., 2017).
The municipality of Coari, Amazonas, Brazil,
has gone through a period of rapid expansion.
The number of inhabitants went from 38
thousand in 1992 to more than 78 thousand in
2010 (IBGE, 2011). This growth has
significantly transformed land use
(GUILHERME et al., 2016), partly due to the
prospecting and exploration of oil and gas, but
also due to livestock and extractive expansion,
which resulted in the disfigurement of the
original forest matrix.

The regional microclimate is sensitive to the
surface cover and associated with the usage of
available energy for heating the soil and
atmosphere (sensitive heat) and
evapotranspiration (latent heat). Changes in
the vegetation cover modify the distribution
patterns of the available energy, changing
temperature and relative air humidity. Regions
with a high density of vegetation cover
dissipates most of the solar energy through
evapotranspiration, which acts as a thermo-
hydroregulator of the environment
(MEDEIROS et al., 2005; VAREJAO-SILVA,
2006; BIUDES et al., 2015). The effect of
urbanization in the Amazon region on the
surface temperature 1is a little-known
phenomenon.

Surface data collection techniques from
sensors 1n orbital satellites have become
increasingly common. These techniques allows
us to monitor several meteorological and
environmental phenomena on the surface, such
as weather forecasting, resource management,
and management and better understand the
effect of human activity on climate change
(CHEN et al.,, 2006; ALLEN et al.,, 2007;
SHALABY; TATEISHI, 2007). The main
advantages of remote sensing when compared
to measurements in loco are lower cost, smaller
operational difficulty, larger amount of

available data, and more extensive spatial
information, which becomes especially crucial
in geographically heterogeneous regions
(PAVAO et al., 2017). The research was done
using data from the Landsat 8 - the most
recent satellite in activity in the Landsat
program (started in 1972), of the United States
Geological Survey (USGS). It has excellent
spatial and temporal resolutions and free data
availability.

Landsat 8 images can be used to obtain
critical physical measurements after processing
using specific mathematical models. As an
example, we can use the land surface
temperature (LST), surface albedo (solar
radiation reflection coefficient of the surface)
and vegetation indexes (NDVI, SAVI, IAF and
coverage fraction  vegetation (Fc) to
quantitatively estimate vegetation and biomass
in a given region.

Several studies have shown that the surface
temperature in urban areas is significantly
higher than in vegetated areas (GARTLAND,
2010), which is of critical importance in regions
with naturally hot climates, such as the
Amazon. High  temperatures have a
tremendous negative impact, affecting people
in different ways, causing occasional minor
discomforts and damaging health (thermal
stress and reduced air quality, for example)
and even cognitive ability (GAOUA et al., 2011;
MCMORRIS et al., 2006). Additionally, high
temperature have a negative economic impact
for the population due to increased demand for
electricity and reduced productivity (ZANDER
et al., 2015; STERN, 2013; TAWATSUPA et al,
2013; TAMM et al, 2014; DARCAN; GUNEY,
2008; MADER et al., 2010).

Thus, the objective of our study is to
evaluate the spatial distribution of surface
temperature and vegetation in the urban area
of Coari, Amazonas Brazil, and its
surroundings. We also assessed the importance
of atmospheric correction of the surface
temperature to compare it on two dates, being
one of them a year of strong El Nifio (2015).
The results can bring about greater awareness
for residents of urban centers and even a new
orientation to the public system, in the sense of
promoting policies for the increase and
preservation of vegetated areas in the cities.

MATERIAL AND METHODS
Study Area Description

This study analyzes the urban area and its
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surroundings in the municipality of Coari,
Amazonas - Brazil (Fig. 1). The study area is in
the subarea regionaly known as the Médio
Solimées (AB’SABER, 2010), at approximate
4° S e 63° W. The region's climate is warm and

humid equatorial. The urban area is located
next to the Solimbes River between the Coari
and Mamia Lakes, with an average altitude of
46 m (IBGE, 2011).

Figure 1 - Location of the study area in the municipality of Coari, Amazonas, Brazil.
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Source: Org. by the Author, 2020.

Satellite Images Description

The Landsat 8 satellite was launched on 11
February 2013 and has two sensing
instruments, the Operational Land Imager
(OLI) and the Thermal Infrared Sensor (TIRS).
OLI has nine spectral bands ranging from 430
to 1380 nm, and TIRS has two bands of
thermal infrared from 10600 to 12510 nm.
Each image is formed by an 11-layer raster
image, in the form of a 185 km long square
(USGS, 2016).

The images used correspond to path 233 and
row 63 of Landsat 8 on 08/24/2015 and
06/26/2017, at 10:25 am (local time),
downloaded from the Global Visualization
Viewer (GLOVIS, 2019) of the United States
Geological Survey (USGS). Surface
reflectance’s corrected for atmospheric effects
were obtained from the USGS (ESPA, 2019).
The criterion for image selection used was the
almost total absence of clouds. Each spectral
band has its calibration coefficients, available
in a text file (metadata) with the downloaded

image.
Images Processing

The spectral radiance of each band was
calculated by Equation (1).

Lycroay = My Qcar + AL (1)

where L) o4y is the spectral radiance at the top
of the atmosphere (W/m-2 srad-! pm-) M, and
A, are tabulated rescheduling parameters for
calculating radiance and Q.4 1s the calibrated
and quantized digital number of the image.

The surface reflectance in each band is
symbolized by p, and has already been
corrected for the effect of the atmosphere and
elevation of the Sun. The quantitative
estimation of vegetation was done using the
vegetation indices. The Normalized Difference
Vegetation Index (NDVI) was calculated by
equation (2) to identify the density of green
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vegetation and its spatial distribution in the
study area (TUCKER, 1979).

Npyp =Ps P (&)
Ps t+ ps

where p, and ps are the surface reflectances of
the band 4 and 5 of the Landsat 8, which
correspond to the red and near-infrared bands,
respectively. NDVI can range from -1 to 1 and
indicate the vegetation cover of the study area.
The higher the index value, the greater the
presence of vegetation. The reason for using
these specific bands is due to the higher
absorbance in the red band and the greater
reflectance in the near-infrared band by the
vegetation cover. Another index that may be
more appropriate to help in the comparison of
the surface temperature images 1is the
vegetation fraction (Fc), calculated by equation
(3) (CARLSON; RIPLEY, 1997).

B ( NDVI — NDVIy;, )2 (3)
“=\Npvi,.. — NDVIL,,,

where NDVI,;, e NDVI,,, are the minimum
and maximum NDVI of the image, respectively.

The surface temperature must be corrected
for the effects of the atmosphere and the
emissivity of the surface since the temperature
without corrections is significantly
underestimated (PRICE, 1983). Thus, the
corrected thermal radiance is equivalent to
that of a blackbody at a given temperature. The
atmospheric  correction of the surface
temperature was carried out, according to
BARSI et al. (2003).

Lacroay — Ly — (L — &)Ly 4)

Lﬂ. =
T

where L, is the corrected thermal radiance, ¢ is
the surface emissivity, L, is the upwelling
radiance, L, is the downwelling radiance, and t
is the thermal atmospheric transmissivity. The
last three parameters can be obtained by the
algorithm developed by NASA's Goddard Space
Flight Center (GSFC, 2019). The emissivity of
the surface was calculated by equation (5)
(VALOR; CASELLES, 1996).

£ =¢g,Fc+e;(1—Fc)(1—0.74Fc) + 1.7372Fc(1 — Fc) (5)

where ¢, vegetation emissivity (g, = 0.985) and
g4 1s the soil emissivity (g5, = 0,960).

The surface temperature (LST; °C) was
calculated by equation (6), which is based on
the Planck equation.

K
LST = K—Z —273.15 ©)
In (L—; + 1)
where K, e K, are calibration constants

provided in the metadata file.

The surface albedo (a), which synthetically
consists of the reflective power of a surface, was
calculated according to the procedure described
by Silva (2016). Because the forest has high
radiation absorption power, albedo can be an
indicator of built-up areas or exposed soil. The
Normalized Difference Built-up Index (NBDI)
was calculated by equation (7) (ALHAWITI,
MITSOVA, 2016).

Ps —Ps (7
Pe T Ps

NDBI =

Data Analysis

With the LST histograms, we were able to
calculate the average temperatures in each of
the regions and form a preliminary idea of the
impact of vegetation on these values. A
supervised classification of land use (with
previous training for the algorithm) to assist in
the wvisual comparison of the surface
temperature was also carried out.

A comparison between Bright Temperature
(BT) (Temperature estimated  without
correction) and LST was made to measure the
importance of correcting the effect of the
atmosphere 1in the surface temperature
estimates.

Finally, in order not to base our discussions
solely on wvisual impressions, scatter plots
between the stretched values of a, LST, NDVI,
and NDBI were created and 1600 points were
defined at random in the study area to estimate
the values of each image (Fig. 2). The sample
points related to the bodies of water were
discarded, which reduced the sample to 1376

Bdints.
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Figure 2 - Location of 1600 random points in the study area.
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RESULTS AND DISCUSSION

Figures 3 and 4 present the maps of the
classification of land cover, surface albedo,
NDVI, NDBI, surface temperature (LST), and
the difference between the surface temperature
and the brightness temperature (LST-BT) in
the respective dates of 2015 and 2017. The
urbanized regions showed considerably higher
surface albedo than densely vegetated areas, as
presented in the NDVI map. The areas with
high surface albedo values presented higher
LST values, and regions with higher NDVI
showed lower LST values. This indicates that,
although urbanized regions have higher albedo,
that 1is, greater capacity to reflect solar
radiation, the small amount of water available
on the surface for the evapotranspiration
process (latent heat) prevails over the use of
the energy available for heating (sensitive
heat). In densely vegetated areas, despite solar
radiation being absorbed in a much higher
amount, LST is lower, which indicates that
most of the available energy was used as latent
heat. That is, to control the LST, the higher
surface reflection coefficient of urban areas is
less efficient than the greater availability of
water on the vegetation surface. dJenks's

natural intervals method (Jenks, 1967) was
used in the usual classification of the intervals
present in the legends of the last two maps. A
relevant observation is a difference of nearly
3°C between the temperature of the dark and
stationary water of Coari Lake and the flowing
and muddy water of the Solimées River (Fig. 1).

Scatter plots (Fig. 5 and 6) allow a few
conclusions in isolation. Although there is a
clear tendency to reduce LST with the increase
in NDVI and increase in LST with Albedo and
NDBI, these relationships are not linear (low
R? in general), but such a hypothesis cannot be
completely ruled out at a level of significance of
0.05. The correlations between these pairs can
be seen in Table 1, which illustrates the
moderate negative correlation between LST
and NDVI and the moderate positive
correlation between LST and Albedo and the
strong positive correlation between LST and
NDBI. This reinforces the superior role of
increased water availability in vegetation in
thermal control, compared to the surface
reflection coefficient. It is noteworthy that
these values were not sampled on bodies of
water, as we understand that this would distort
the results.
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Figure 3 - Classification of soil cover, surface Albedo, NDVI, NDBI, surface temperature (LST - with
the average temperatures of each region in parentheses) and the difference between surface
temperature and brightness temperature (LST -BT) on 24/08/2015, at 10:25 (local time) in Coari,
Amazonia, Brazil.
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Figure 4 - Classification of soil cover, surface Albedo, NDVI, NDBI, surface temperature (LST - with
average temperatures of each region in parentheses) and the difference between surface temperature
and brightness temperature (LST -BT) on 26/06/2017, at 10:25 (local time) in Coari, Amazonia,
Brazil.
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The effect of atmospheric correction on the
surface temperature must also be evaluated.
The most significant differences between LST
and BT occurred in less vegetated regions,
reaching 8°C. This shows how critical the use of
atmospheric correction are performed.

To compare LST on the analyzed dates, the
difference between temperatures in 2015 and
2017 (Fig. 7) was plotted. The LST in 2015 was
higher than in 2017, except in water bodies.
The higher values on bare soil in 2015 are

understandable, as August is the beginning of
the so-called Amazonian summer (hot and dry),
in addition to the exceptionally strong El Nifo
in 2015 (INPE, 2016). The lower LST in the
bodies of water, on the other hand, are at least
non-intuitive, as they coincide with an ebb
period when temperatures should be increasing
(SANTOS; RIBEIRO, 1988). This also suggests
that there is little influence of the LST of water
bodies on the LST of the adjacent bare soil
regions.

Figure 5 - Scatter plots between surface temperature (LST), surface albedo, NDVI, and NDBI in
Coari, Amazonas, Brazil, on 08/24/2015.
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Source: Org. by the Author, 2020.

Figure 5 - Scatter plots between surface temperature (LST), surface albedo, NDVI, and NDBI in
Coari, Amazonas, Brazil, on 26/06/2017.
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Source: Org. by the Author, 2020.

Table 1 - Correlation coefficient (r) and determination coefficient (R?) between surface temperature
(LST), surface albedo, NDVI, and NDBI in Coari, Amazonas, Brazil.

Data Coefficient LST x Albedo LST x NDVI LST x NDBI
r 0,303 -0,550 0,761
24/08/201 ’ ’ ’
08/2015 R? 0,092 0,303 0,579
r 0,546 -0,595 0,755
16/06/201 ’ ’ ’
6/06/2017 R? 0,298 0,354 0,570

Source: Org. by the Author, 2020
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Figure 7 - Difference between surface temperatures (LST) in Coari, Amazonas, Brazil, in 2015 and
2017. Except for a few clouds (and shadows), the only relevant regions that showed the coldest in
2015 are bodies of water.
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FINAL CONSIDERATIONS

There was a considerable influence of
vegetation in controlling surface temperature,
even 1n urbanized areas, than the surface
reflection coefficient (surface albedo).
Urbanized regions had surface temperatures
up to 7°C higher than densely vegetated areas.

The atmospheric correction of the surface
temperature is essential in urbanized areas, as
the values can be underestimated by 4 to 7°C
without its  application. The  surface
temperature in 2015 was substantially higher
on bare soil regions, but lower on bodies of
water.

Finally, this study shows the importance of
afforestation and vegetation in urban centers,
especially in the hot areas, as is the case in the
western Amazon.
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