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Abstract

Land use and land cover (LULC) transformations, due to urban growth and agro-forestry-pastoral
activities, have caused changes in the surface energy balance. In this context, the variation of Land
Surface Temperature (LST) in the Itapetininga municipality ltapetininga, Sdo Paulo State, from 2003
to 2023, was analyzed in relation to the Normalized Difference Vegetation Index (NDVI) and Land
Use/Land Cover, Data from the Moderate Resolution Imaging Spectroradiometer (MODIS) and the
MapBiomas Project were used. An increase of NDVI and a decline of LST were observed over the 21-
year period analyzed. The regulatory effect of vegetation on LST was confirmed by the Mann-
Kendall and Sen’s Slope trend tests, as well as by the Spearman and Mann—Kendall correlation
analysis. A statistically significant trend was observed only for NDVI (t = 0.1359; p < 0.001). The
relationship between the variables showed a negative and significant correlation (p = —0.50; t = —
0.36). The Shapiro—Wilk normality test indicated that the data distribution does not meet parametric
assumptions, justifying the use of nonparametric statistical methods. Furthermore, LULC changes
between 2003 and 2023 revealed the expansion of agriculture (8.86%), reforestation (6%), and
forest (0.69%), contributed, in part, to the decline in LST. Reforestation stood out as an important
thermal mitigator, although its isolated influence still depends on specific analysis. It is concluded
that the local thermal dynamics results from the interaction between climatic indicators and
anthropogenic changes, reinforcing the importance of integrated monitoring using orbital and
ground-based data to support territorial planning and climate adaptation strategies.
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Resumo

As transformacdes no uso e cobertura da terra (Land Use and Land Cover — LULC), impulsionadas
pela expansdo urbana e atividades agrossilvipastoris, tém provocado alteracdes no balanco de
energia a superficie. Neste sentido foi analisada a variacdo da Temperatura da Superficie Terrestre
(TST) no municipio de Itapetininga — SP no periodo de 2003 a 2023, associada ao Normalized
Difference Vegetation Index (NDVI) e LULC. Utilizou-se dados do Moderate Resolution Imaging
Spectroradiometer (MODIS) e do projeto MapBiomas. Verificou-se o aumento do NDVI e o declinio
da TST ao longo destes 21 anos. O efeito regulador da vegetacdo na TST foi confirmado pelos testes
de tendéncia de Mann-Kendall e Sen’s Slope e pelas analises de correlacdo de Spearman e Mann-
Kendall. Observou-se tendéncia estatisticamente significativa apenas para o NDVI (t = 0,1359; p <
0,001). A relacdo das variaveis apresentou correlacdo negativa e significativa (p = —0,50; t = —0,36).
O teste de normalidade de Shapiro-Wilk indicou que a distribuicdo dos dados nao atende aos
pressupostos paramétricos, ao justificar o uso de métodos estatisticos ndo paramétricos. Ainda, as
mudangas no LULC (2003 e 2023) mostraram a expansao da agricultura (8,86%), silvicultura (6%) e
floresta (0,69%), contribuindo, em parte, para o declinio da TST. A silvicultura destacou-se como
mitigadora térmica, embora sua influéncia isolada ainda dependa de andlises especificas. Conclui-se
gue a dinamica térmica local resulta da interagdo de indicadores climaticos e mudancas antrdpicas,
o que refor¢a aimportancia do monitoramento integrado de dados orbitais e terrestres, para auxiliar
estratégias de ordenamento territorial e adaptacdo climatica.

Palavras-chave:

Sensoriamento Remoto, Normalized Difference Vegetation Index, Eventos térmicos extremos.

l. INTRODUCTION

There is a strong increase on the use of geo-technologies to obtain information about the terrestrial
environment, through the use of urban climate indicators and Land Use and Land Cover (LULC) indicators, such
as Land Surface Temperature (LST) and the Normalized Difference Vegetation Index (NDVI) (Norton et al., 2015;
Hendges; Follador; Andres, 2020; Kara; Yavuz, 2025). These indicators can be determined with remote sensing
data, obtained by sensors on board satellites that operate in different regions of the electromagnetic spectrum,
such as thermal infrared, which is widely used for urban climate studies (Coelho; Corréa, 2013; Oke et al., 2017;
Porangaba; Amorim, 2019; Romero et al., 2020).

The urbanization process is one of the main factors impacting the local climate, as it is related to changes
in the LULC (Oke et al., 2017). The use of highly reflective structures and building materials (e.g. concrete,
asphalt, roof tiles) alters the propagation of incident solar radiation in urban areas, resulting in diverse

microclimates, potentially forming urban heat islands. (Mashiki; Campos, 2013). Most of these structures in
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cities have dark tones, so they reflect less and absorb more radiation compared to materials found in natural
environments (Hung et al., 2006; Oke et al., 2017).

Urban elements, along with the emission of heat, humidity, and pollutants, alter the exchange of energy
and moisture between the surface and the atmosphere (Hung et al., 2006; Sousa; Ferreira, 2012). Thus, in built
environments, indicators related to urban climate, such as surface temperature and air temperature (Tar), are
higher near the surface compared to the temperatures of neighboring natural areas (Flores; Pereira Filho;
Karam, 2016). Urban growth is one of the main factors in the suppression of forest areas in several regions of
the country (Amorim et al., 2017). In addition to the increase of urban centers, agricultural activities result in
alterations to natural vegetation and, consequently, an increase in LST (Amorim et al., 2017; Xiong et al., 2012;
Gavsker, 2023). Thus, the influence of LULC type on LST variation is consistently reported in studies conducted
in different locations (Romero et al., 2020; Flores; Pereira Filho; Karam, 2016; Kara; Yavuz, 2025).

Furthermore, the risk due to high temperatures in urban environments is closely linked to vulnerability
trends and exposure levels of the population (IPCC, 2023). The temperature of urban centers is generally higher
than the temperature of rural environments, with the predominance of asphalt pavement, vertical buildings,
and lack of vegetation cover (Santos; Teixeira; Almeida, 2019). Those most vulnerable to these negative effects
are the elderly, children, people with chronic diseases, low-income populations, and those who work outdoors
(Norton et al., 2015). In addition, extreme weather events correspond to conditions in which meteorological
variables (rainfall — PP and air temperature — Tar) show deviations from the expected climatological pattern for
a given region, in intensity and duration. These events include droughts, floods, and heat waves, frequently
linked to large-scale atmospheric circulation patterns, such as El Nifio and La Nifa (Dias, 2014).

Rao (1972) was the first to demonstrate that urban areas could be identified through analysis of thermal
infrared data acquired by a satellite. Similarly, Lombardo (1985) was a pioneer in Brazil to use NOAA/AVHRR
satellite images for the identification of the surface temperature in downtown Sao Paulo city. This author found
peaks of 25 °C in contrast to the densely vegetated adjacent areas. Recently, Kara and Yavuz (2025) observed
trends in surface temperature variation in S3o Paulo, with differences between the urban center and
neighboring regions, especially in the North of the State. These results highlight the influence of changes in the
LULC (Low Limit Temperature), associated with agricultural expansion and reduced vegetation cover.

Although several studies investigated the relationship between surface temperature (ST) and changes in
the local land use (LULC) in Sdo Paulo city and adjacent regions (Amorim, 2017; Porangaba; Amorim, 2019;

Romero et al., 2020; Milantoni; Toledo, 2022; Kara; Yavuz, 2025), there is a scarcity of works specifically focused
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on the Itapetininga municipality. In this context, a gap persists to understand how anthropogenic
transformations that have occurred over two decades, especially those linked to urban expansion, agricultural
activities, and forestry, have influenced the intensification or attenuation of local thermal dynamics. Therefore,
the challenge is to assess to what extent these spatial-temporal changes in the LULC were determinants for the
variation in LST in the study area. Thus, the objective of this article is to analyze the variation in LST and its

relationship with NDVI and LULC in the municipality of Itapetininga, S3o Paulo State, from 2003 to 2023.

Il. MATERIALS AND METHODS

Study Area

The study area is the Itapetininga municipality, in SW Sdo Paulo State (Geographical coordinates
23°35'08.0"S; 48°02'51.0"W), with a territorial area of 1,792,08 km?, of which 81.72 km? correspond to urban
area and 1,710,36 km? to the rural area. Itapetininga is localized in the transition zone between the interior of

S3o Paulo and the influence of the Serra do Mar/Parana mountain range (Figure 1).
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Figure 1 — Localization of study area — Itapetininga / Sdo Paulo State.

The municipality is located within the Upper Paranapanema Hydrographic Basin, at the Itapetininga

River. It borders the municipalities of Guarei and Tatui to the North, Capdo Bonito, Sdo Miguel Arcanjo, and Pilar
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do Sul to the South, Alambari, Capela do Alto, and Sarapui to the East, and Campina do Monte Alegre, Angatuba,
and Buri to the West (PMMAeC, 2023). Its estimated population is 164,256 inhabitants in 2025 (IBGE, 2025).
Itapetininga is the third largest municipality in the Sdo Paulo State regarding territorial extension. According to
the Koppen classification, the climate is humid subtropical (Cfa), with an average annual rainfall of 1,240 mm,
concentrated from October to March (spring-summer), and a drier period from April to September (autumn-
winter). Similarly, the average monthly temperature also shows a pattern throughout the year, with minimum
temperatures close to 15 °C in the months of April to September, and maximum values around 26 °C in the
months of October to March (PMDRS, 2025).

The municipality's elevation varies from 535 m to 797 m, with an average altitude of 670 m. The terrain
is characterized by hillocks, mountains, and floodplains, with straight, concave, or gently convex slopes,
frequently associated with headwater amphitheaters (CPRM, 2015). In this sense, among the municipalities of
Sdo Paulo State, it ranks 1%t in arable land, highlighting its great potential for growth in this sector (PMDRS,
2025). Agroforestry production is favored by crops such as eucalyptus, oranges, broiler chickens, potatoes,
sugarcane, corn, and cattle. Furthermore, the region has the Itapetininga Experimental Station, located in the
eastern part of the municipality, within the Protection and Reforestation Macrozone (PRM), which houses
experimental and commercial plantations of Pinus elliottii, with a total area of 6,706 ha, of which 3,026 ha
correspond to areas with native vegetation and 3.680 ha comprise areas of exotic Pinus elliottii trees (SEMIL,

2025).

Data and Methods

The study was divided in two stages: 1%t. Construction of a Database and Data Processing; and 2",
Statistics and Spatial-temporal Analysis, as shown in Figure 2. The first stage corresponds to obtain the data and
the products used for each variable, while the second one addresses the methods and statistics used to achieve

the result.
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Base and data processing

The spatial localization of the municipality was delimited based on data from the Brazilian Institute of
Geography and Statistics (IBGE), using the shapefile of municipalities in Sdo Paulo State, from which the layer
corresponding to the area of interest was extracted. The LST (Land Surface Temperature) was obtained from
the MODIS/061/MYD11A1 product, converting the original Kelvin (K) values to Celsius degrees (°C). The NDVI
(Normalized Difference Vegetation Index), used to identify the intensity of photosynthetic activity of the

vegetation, was determined by the normalized ratio of the reflectance bands from the near-infrared (NIR) and

|
\ and LULC /

_

Figure 2 — Material and methods used for the study.

|of LST in Relation to NDVI|

red (RED), whose data were extracted from MODIS/061/MYDO9GA (Renard et al., 2019).
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It is noteworthy that MODIS is aboard the Aqua satellite, with a temporal resolution of up to 2 days, and
a pass time around 13:30 (local time) (Parkinson, 2022). The spatial resolution of the LST product is 1 km, while
for surface reflectance data, used to determine NDV|, it is 500 m. Table 1 presents the equations and information
for the MODIS bands used to determine LST and NDVI. MODIS data are available on the Google Earth Engine
(GEE) platform, along with its quality control bands, which contain information about data collection conditions,
such as cloud cover and sensor performance (Latorre et al., 2022). For this study, the QC_Day (LST) and

state_1km (NDVI) bands were used.

Table 1 — Equations and information of MODIS bands (Aqua satellite) used to determine LST and NDVI.

Indicators Equation SF MODIS Bands A (nm)
LST LSTpay, ,, — 27315(°C) (1)  2x10? LST_Day_1_KM 1110'7778_'1121'2278
(B31 e B32) ) ’
NIR — RED sur_refl_b01 _
(NIR + RED) sur_refl_b02 841-876

LST = Land Surface Temperature; NIR = Near-Infrared; SF = Scale Factor; B = Band; A = Wavelength.

The time series of indicators was constructed with the median, a technique used to reduce the influence
of extreme values in remote sensing data (Cai et al., 2017). This procedure is particularly useful to attenuate
atmospheric interference or temporary sensor inconsistencies, as it is less sensitive to outliers than the mean
(Kara; Yavuz, 2025). The heterogeneity of the landscape in the study area (e.g., urban areas, agriculture, and
native vegetation) results in greater spectral and thermal variability of the pixels, reinforcing the need for this
type of filtering. Furthermore, the adopted method does not assume normality in the data distribution, a
condition verified by the Shapiro-Wilk (S-W) test (Shapiro; Wilk, 1965), which contributes to a stronger
consistency and representativeness of the results and makes it appropriate for this type of analysis (Hekimoglu;
Erdogan, 2013; Fernandes; Vicens; Furtado, 2018).

The LST values were evaluated in conjunction with the heat extremes observed in the study area. As a
complementary analysis, daily Maximum Air Temperature (TMaxAr) data, organized in a continuous time series,
were used. In the absence of the official climatological normal, the thermal extreme threshold was defined
based on the 90" Percentile (P90) of TMaxAr, calculated seasonally using 15-day moving windows (+7 days
around each day of the year), to represent the annual variability of the local climate. Extreme heat days were
identified when the daily TMaxAr exceeded the respective P90. Thus, heat waves were defined as sequences of

at least three consecutive days with TMaxAr above the P90, each sequence being considered a single event,
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regardless of its total duration. The monthly frequency of heat waves was determined based on the count of
the number of events initiated each month. Months without occurrences were explicitly considered to ensure
the temporal comparability of the results (Geirinhas et al., 2018; Oliveira et al., 2021).

For the spatial analysis of LULC changes associated with LST in the years 2003 and 2023, data from the
MapBiomas Brasil project (Collection 9.0) were used, produced from Landsat images and classified using the
Random Forest algorithm (Souza et al., 2020). These years were selected because they represent a 21-year time
interval, sufficient to highlight significant changes in both the LULC pattern and the LST dynamics. The data
processing, analysis, and integration steps used throughout the study were conducted on different
computational platforms. Data processing to obtain LST and NDVI was performed on the GEE platform,
developed for the storage, processing, and analysis of large geospatial data volumes. GEE offers a wide variety
of remote sensing products and is used for spatial-temporal analyses at different geographic scales (Gorelick et
al., 2017; Velastegui-Montoya et al., 2023). Statistical tests were conducted in the RStudio integrated
development environment (version 4.5.1) (Posit, 2025), while the spatial analysis of LULC and LST were

performed with the free QGIS software (version 3.34.5) (Dawson et al., 2025).

Statistical Analysis

The statistical and time series analysis (2003-2023) of the LST and NDVI indicators was performed after
identifying and removing outliers, based on the Interquartile Range (IQR) method. The exclusion of these values
aimed to minimize the influence of noise associated with residual atmospheric interference, cloud cover,
shadows, or point inconsistencies in the sensor, which can introduce artificial peaks in the analyzed series and
compromise the interpretation of spatial-temporal patterns. The IQR, defined as the difference between the
upper and lower quartiles (Equations 1 and 2), was used to establish statistical limits and identify values that
deviate from the typical dispersion of the data (Tukey, 1977). After applying this criterion, a visual analysis of
the corresponding images was performed to confirm the non-representative nature of these values and justify
its exclusion.

Equation 3: Lower Limit = Q1 — (1.5 X IQR)
Equation 4: Upper Limit = Q3 + (1.5 X IQR)

where: Q1 (1t Quartile) represents 25% of the data from the lower quartile; and Q3 (3™ Quartile) represents
75% of the data from the upper quartile; (1.5 x IQR) represents the “distance from the limit” to the lower and

upper limits of the data.
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Thus, the LST time series was compared to NDVI values to understand the joint intra-annual variation of
these indicators over the 21-year period. Initially, descriptive statistics were applied to verify the distributions
and variability of the data. The temporal dynamics of LST and NDVI in the study area were analyzed based on
simple linear regression, used to quantify the direction and magnitude of the indicators as a function of time.
The coefficient of determination (R?) was used to assess the fitness degree of this statistical model, which is
widely used for climate studies associated with changes in the LULC (Kaiser et al., 2022; Mehmood et al., 2024).

Afterwards, the annual average of the LST and NDVI (from 2003 to 2023) was determined, with
subsequent standardization within a range of 0 to 1. This procedure aimed to analyze the inter-annual variability
of the indicators regarding their long-term relationships. The identification of increasing or decreasing trends in
both daily time series and annual averages was performed using the Mann-Kendall (1) test, while the magnitude
of these trends was estimated with the Sen's Slope method. These non-parametric tests were selected because
they do not require normality of the data, as verified by the S-W test (Shapiro; Wilk, 1965). The distribution of
the data was also evaluated using frequency histograms. Additionally, the relation between LST and NDVI was
verified using Spearman's correlation coefficient (p) and the Mann-Kendall Tau test (t) (Mann, 1945; Bonnet;
Wright, 2000; Hauke; Kossowski, 2011), adopting a significance level of 0.05 (a = 5%).

Finally, a spatial analysis of the annual average surface temperature (ST) for the years 2003 and 2023
was performed. For this, five LST classes were defined based on the temperature range of 18 °Cto 30 °C: 1) < 24
°C; 1l) 24-26 °C; Ill) 26-28 °C; V) 28-30 °C; V) > 30 °C. This classification allowed each LST range to be associated
with different types of LULC (classes defined by the MapBiomas project), as well as to identify spatial changes

between 2003 and 2023, based on the difference in the total area occupied by each class.

I1l. RESULTS AND DISCUSSION
Temporal analysis of NDVI with LST

The LST time series (orange line) and NDVI (green line) obtained for the municipality of Itapetininga - SP
for the period 2003 to 2023, whose LST thresholds were below 17.3 °C and above 42.5 °C, is presented in Figure
3. In addition, it is possible to observe seasonal patterns of both indicators, which show an inverse relationship

over the years, based on linear regression (R2 NDVI = 0.0404; R? LST = 0.0001).
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Figure 3 — Temporal series of indicators (LST and NDVI) for Itapetininga (2003—-2023).

Table 2 presents the results of the descriptive statistics for LST and NDVI. NDVI maintained relatively

high values throughout the series, with a range of 0.44. The range of NDVI values (0.41 to 0.85) indicates that,

although there are areas with less vigorous vegetation, a scenario of stability in vegetation cover prevails,

corroborated by the low standard deviation (0.07) compared to LST. Despite the observed seasonal oscillations,

possibly associated with variations in water availability, there were no sharp drops in the values of this index,

indicating a certain stability of vegetation cover throughout the analyzed period. The joint analysis of the

indicators reinforces the influence of LULC in modulating local thermal dynamics. In this sense, the vegetation

represented by NDVI confirms its regulatory effect to attenuate LST.

Table 2 — Descriptive statistics of indicators obtained for Itapetininga.

Statistics LST (°C) NDVI
Mean 29.77 0.64
Median 29.64 0.66
Mode 28.85 0.71
Variation coefficient 0.147 0.118
Standard deviation 4.36 0.07
Amplitude 24.79 0.44
Minimum 17.64 0.41
Maximum 42.43 0.85

Source: Authors (2025).

The statistical analysis of the data reveals important contrasts of thermal dynamics with vegetation cover

in the study area. The surface temperature (ST) averaged 29.77 °C, with minimum values in winter (17.64 °C)

and maximum values in summer (42.43 °C), resulting in a high thermal amplitude (24.79 °C). This variation
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reflects the strong influence of temporal variability (seasonal and inter-annual) associated with regional
atmospheric conditions, such as the availability of solar radiation, the action of air masses, and cloud cover,
which play a predominant role in modulating the LST. In this context, the LULC (Low Surface Temperature) acts
as a complementary factor to the surface thermal response. The relatively high standard deviation (4.36 °C) also
reinforces the temporal variability of the LST in the municipality.

From Figure 4, it is possible to interpret the distribution of LST and NDVI values. The histograms reinforce
the results obtained by the descriptive statistics of LST and NDVI values. Thus, these values present defined
distributions without significant asymmetries. LST is mainly concentrated in the 25 °C to 30 °C range, with a
higher frequency around 29 °C, indicating moderate and relatively homogeneous thermal conditions in the
analyzed area. NDVI, on the other hand, shows a greater predominance of values in the range of 0.55 to 0.75,
with peaks near 0.65, suggesting moderate to high density vegetation cover. The S-W test indicated that both
indicators analyzed presented distributions significantly different from the normal distribution (LST: W = 0.9971,

p-value < 0.005; NDVI: W = 0.9804, p-value < 0.005), and justify the use of the non-parametric tests adopted.
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Figure 4 — Frequency histogram of LST and NDVI.

The LST time series showed no significant trend (t = -0.0052; p-value = 0.643), and the Sen’s Slope was
practically zero (-3.36 x 107®). In contrast, the NDVI time series showed a statistically significant increasing trend
(t =0.1359; p-value < 0.001), with a positive slope estimated by the Sen’s Slope method (1.50 x 107°). Overall,
an increase in NDVI values and a decline in LST values are observed during these 21 years of data, indicating
thermal stability in the evaluated period, while vegetation cover showed a slight continuous increase.

It is also noteworthy that the high variability of the surface temperature (ST) in the municipality is not
only linked to changes in the LULC (Low Limit Climate), but also to regional climatic factors. Figure 3 shows LST

peaks in different years of the time series (2003, 2004, 2006, 2007, 2011, 2019, 2020 and 2023). According to
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information regarding meteorological phenomena in Brazil, available in Technical Notes from the National
Institute of Meteorology (INMET, 2025), these elevations are also associated with extreme climatic events,
especially the occurrence of heat waves that affected the Sdo Paulo State. Figure 5 shows the frequency of
extreme thermal event occurrences in Itapetininga, based on TempMaxAr (Maximum Air Temperature). It is
observed that these events, which do not occur continuously throughout the analyzed period, exhibit strong
inter-annual variability, with years practically free of occurrences (e.g., 2004, 2005, 2008) and years with high
monthly recurrence (e.g., 2019, 2021, 2022, and 2023). Furthermore, an increase in the frequency of heat waves
is observed from 2014 onwards. In addition, the events show a seasonal distribution, predominantly

concentrated in the months of March to October.

2003 0 1 0 0 0 0 0 0 0 0 0 1
2004 0 0 0 0 0 0 0 0 0 0 0 0
2005 0 0 0 0 0 0 0 0 0 0 0 0
2006 1 0 0 0 0 0 0 0 0 0 0 1
2007 0 0 2 0 1 0 0 0 1 0 0 0
2008 0 0 0 0 0 0 0 0 0 0 0 0
2009 0 0 1 0 0 0 0 0 0 0 0 0
2010 0 0 0 1 0 0 0 0 0 0 0 0
2011 0 0 0 1 0 0 0 1 0 0 0 0 Eveiits
w2012 0 0 0 0 0 0 0 0 1 2 0 0 . ?

g 2013 0 0 0 0 0 0 0 1 0 0 0 1 2
2014 1 0 1 0 0 0 1 0 0 1 0 0 1
2015 (N2 0 0 0 0 0 0 0 1 0 0 0 0
2016 0 0 0 2 0 0 1 0 0 1 0 1
2017 0 1 0 0 0 0 0 0 0 1 0 0
2018 0 0 0 1 1 1 1 0 0 0 0 1
2019 2 0 0 1 1 0 0 0 2 0 1 0
2020 0 1 0 0 0 2 0 0 1 2 0 0

2021 0 0 2 0 1 1 0 1 - 0 0 0
2022 1 1 1 1 1 1 - 1 0 1 0 0
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Figure 5 — Frequency of occurrence from extreme thermal events in the Itapetininga municipality.
The relationship between average annual surface temperature values and NDVI for the study area was

evaluated using Spearman's (p) and Kendall's (t) correlation coefficients (Figure 6). The results showed a

statistically significant negative correlation (p =—0.50; T =—0.36; a < 0.05), meaning that although the intensity
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of this relationship is moderate to weak, there is a tendency for LST to decrease as NDVI increases. This indicates
that areas with greater vegetation cover presented milder surface temperatures, reinforcing the regulatory role

of vegetation on local thermal dynamics.
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Figure 6 — Histogram and correlation coefficients of the annual averages from the indicators.

In this context, the results obtained in Itapetininga are consistent with the literature on the role of
vegetation as a thermal regulator. Alavipanah et al. (2015), when analyzing the relationship between vegetation
and urban surface temperature in Munich, Germany, highlighted the cooling effect promoted by vegetation,
although a linear relationship is not established. Similarly, Zhang et al. (2020) observed that forest surfaces can
have temperatures 1 °C to 2 °C below pasture areas, which highlights the relevance of vegetation cover to
mitigate thermal extremes. According to the United States Environmental Protection Agency (EPA, 2025), urban
areas characterized by a high concentration of buildings and low vegetation cover have daytime temperatures
(0.5-2.1 °C) higher than peripheral areas. Thus, certain types of urban light-containing areas (LULC), such as

parks, wooded areas, and water surfaces, can provide environments with more moderate temperatures.

Spatial analysis of LST with changes of LULC

The spatial analysis of LST in association with LULC shows modifications, mainly in the forest, pasture,
agriculture, reforestation, and urbanized area classes. In 2003, the highest LST values were observed in the

pasture and urbanized area classes, with a higher concentration in the North-South direction. In 2023, although
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the spatial configuration predominates, a reduction of the pasture class and an expansion of the agriculture
class are observed (Figure 7). It is also noteworthy that, although LST values in the surrounding areas remain
lower than in other regions of the study area, the maximum values were concentrated in the urban area, which

expanded during the analyzed period.
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Figure 7 — Annual comparison of LST with LULC (2003 and 2023).

The results found corroborate the literature, such as those obtained by Aqdas et al. (2025), who analyzed
the LULC and heat islands in Ghaziabad, India. The authors concluded that, throughout the study period, there
was a decline in surface temperature within water bodies, vegetation, and agriculture, and a drastic increase in
built-up areas. The main catalyst for this expansion of built-up areas is the gradual transition from rural to urban
residential communities. Similarly, Gtowienka and Kucza (2025) concluded that from 1990 to 2018, the interior
of parks in Krakow, Poland, had, on average, temperatures 2 to 3 °C lower than the surrounding urbanized areas
during late spring and summer. On the other hand, the reduction in surface temperature in 2023 is associated
with the increase in areas classified as forest and reforestation, with an approximate decrease of 4 °C to 6 °C.

This effect can be explained, in part, by the presence of the Itapetininga Experimental Station, located in the
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eastern part of the municipality, intended for experimental and commercial plantings of Pinus elliottii. Tree
cover plays a fundamental role in thermal regulation by favoring shading and evapotranspiration (Coelho;
Corréa, 2013; Norton et al., 2015; Oke et al., 2017). This dynamic was also observed by Santos and Fialho (2024)
in Vicosa/Minas Gerais State, where forest and reforestation areas concentrated the lowest LST, in contrast to
pastures and consolidated urban areas.

Figure 8 shows the predominant classes of LULC and the difference between them (2003-2023). In 2003,
the composition of LULC was characterized by 18.42% forest formation (of which 0.9% is represented by savanna
formation) and 75.29% agro-pastoral (distributed in 39.26% pasture, 15.12% agriculture, 7.72% forestry and
13.19% other uses). While in 2023 there was an increase in the forest class, with 19.11% (comprising 0.7%
savanna formation) and a decrease in the agro-pastoral class, with 74.67% (represented by 15.62% pasture,
23.98% agriculture, 13.72% forestry and 21.35% mosaic of different land uses). In this sense, the suppression of

pasture gave way to forestry, soy and a mosaic of uses.

m2003 ©2023 mDifference
95.000
75.000 -
_ 55.000 -
x
=
= 35.000 4
]
£
< 15.000
2
= . N - . . :
T -5.000 A
-25.000 A
-45.000
2 & > = $ N S o & & > () & & N
& S & & & ) & ) Q & & XS S & L B
QQ'H\ Q\{\\\ F F & F WS A o“‘b\\ &\c}‘ QQ\O t>\> B ¥
S 7 F & @ & & & F & N S
AC' %‘)Q g_f\\ c;( & g‘ & 4\C’ N »\Q& ) N k\’(b
<& T & & @ ¥
Class LULC
1 2 3 4 5 6 y 8 9 10 11 12 13 14 15 16
Difference -42.298 -4.153 -967 -194 -140 -83 -17 -1 3 139 1.130  1.212 1914 10.740 14.596 18.120

Figure 8 — Area (ha) of LULC in 2003 and 2023 and the area difference (2023-2003).

Based on the results obtained, an expansion of 1,130 ha in urbanized areas was observed, accompanied
by an increase of 1,212 ha in forest formation over the 21-year period. Similarly, the agriculture and forestry
classes increased by 24,469 ha and 10,740 ha, respectively, while the pasture class showed a reduction of 42,298
ha. Regarding the LST obtained for the municipality of Itapetininga, a slight reduction of approximately 2 °C was

observed of its values over the years analyzed, which can be attributed to the increase in the forest and forestry
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classes in the central region of the study area, especially on the banks of the Itapetininga River (Norton et al.,
2015; Oke et al., 2017). This is visible when comparing the annual dynamics of LULC (Figure 6) with the time
series of LST (Figure 3). However, agricultural and pasture areas remained in the 26-30 °C range, so that
anthropic regions are characterized by high LST values (Maffioletti et al., 2021; Santos; Fialho, 2024).

Although Itapetininga shows accelerated growth in forestry, especially in the PRM area, a factor that
contributes to the reduction of local surface temperature, it is not possible to affirm that this trend stems
exclusively from the presence of this class. Other factors may also play a role in thermal regulation, such as
hydrography, native vegetation, land use practices, relief, and atmospheric conditions. This uncertainty
reinforces the need for studies that thoroughly evaluate the contribution of forestry to the local microclimate,

considering both the growth and suppression periods of exotic species and its impacts on surface temperature.

IV. CONCLUSIONS

The analysis of LST in the Itapetininga municipality, over a 21-year data period (2003 to 2023), indicated
a seasonal pattern in LST and NDVI values. Furthermore, an inverse and statistically significant correlation was
found between these variables, indicating the local thermal regulation of tree vegetation. Additionally, the
spatial distribution of LULC reinforces the importance of vegetation to mitigate the surface heat retention. In
this context, the increase in forest and reforestation stood out as a relevant component to attenuate the LST in
the years analyzed, although its specific contribution still requires more detailed investigation, especially due to
variations resulting from the growth and cut phases. The results confirm that the integrated monitoring of LST,
NDVI, and LULC is essential to understand the local thermal dynamics of climate change scenarios and LULC
transformations. Future studies should consider complementary variables, such as the emissivity of different
materials, topography, hydrography, and interaction with meteorological phenomena, to improve
understanding of the mechanisms that regulate temperature and support territorial planning strategies aimed

to mitigate the effects of climate change in the municipality.
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