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Abstract
This study analyzes the Surface Urban Heat Island (SUHI) effect and the spatial distribution of Land Surface Tempera-
ture (LST) during heatwaves in three climatically and geographically distinct Argentine cities: Posadas, Buenos Aires, 
and Neuquén. Leveraging high-resolution satellite imagery (MODIS, Landsat 8, Sentinel-2) and the Local Climate Zone 
(LCZ) classification, the research quantifies SUHI intensity and identifies fine-scale thermal patterns across urban, peri-
urban, and rural areas. Results show that all three cities experience significant SUHI effects, particularly at night, with 
urban areas consistently exhibiting higher LSTs than their surroundings. However, daytime patterns vary considerably. In 
Neuquén’s semi-arid plateau, a negative SUHI was observed, with rural areas reaching higher temperatures than urban 
centers. Densely built environments—especially compact zones—demonstrate elevated heat retention, exacerbating heat-
wave impacts. Conversely, areas with substantial vegetation, such as parks and river corridors, consistently show lower 
surface temperatures, underscoring their role in urban cooling. By integrating multi-source remote sensing data with the 
LCZ framework, this study provides a robust and transferable methodology for analyzing intra-urban thermal variability. 
The findings offer valuable insights for climate adaptation and urban planning, particularly in rapidly expanding cities 
facing increasing exposure to extreme heat.

Graphical Abstract
This study examines the effects of extreme heat in urban environments by analyzing the Surface Urban Heat Island (SUHI) 
phenomenon and the spatial distribution of Land Surface Temperature (LST) across three climatically diverse Argentine 
cities: Posadas, Buenos Aires (CABA), and Neuquén. The research integrates high-resolution satellite imagery (MODIS, 
Landsat, Sentinel) and Local Climate Zone (LCZ) classification to capture fine-scale thermal dynamics during heatwaves. 
The two main goals were: (1) to assess SUHI intensity in different urban contexts, and (2) to explore how surface tem-
perature varies within cities based on land cover and built environment characteristics. The results show that densely built 
zones, particularly compact LCZs, experience higher LSTs both during the day and at night. Vegetated and peri-urban areas 
consistently exhibit lower surface temperatures, confirming the cooling role of green infrastructure. In Posadas and CABA, 
the SUHI effect is strongest at night, while Neuquén presents a unique case of daytime negative SUHI, especially in semi-
arid rural plateaus with low vegetation and soil moisture. The findings highlight how local geography, urban morphology, 
and vegetation interact to shape heat exposure, emphasizing the need for spatially targeted heat mitigation strategies. These 
insights are particularly valuable for guiding urban planning and climate adaptation efforts in rapidly expanding cities facing 
growing risks from extreme heat events.
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1  Introduction

Cities are open systems that exchange energy and mass with 
their surroundings. This characteristic, combined with the 

growing risks of climate change, intensifies urban chal-
lenges (Oke et al. 2017). Urban populations have increased 
by more than 397  million people, with over 90% of this 
growth occurring in less developed regions. These numbers 
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are projected to reach 5 billion by 2050 (Dodman et al. 2022; 
OECD/European Commission 2020). Such rapid expansion 
heightens vulnerabilities to climate change impacts, includ-
ing extreme heat, flooding, and pollution, requiring effective 
adaptation and mitigation strategies.

Urban climate studies must adapt a comprehensive 
approach that includes urban, rural, and peri-urban zones 
due to their interconnected nature. Urban areas are charac-
terized by high population density and extensive infrastruc-
ture, while rural areas tend to have lower population density 
and are dominated by agricultural land use (Hutchings et al. 
2022a). Peri-urban zones located at the urban-rural inter-
face, experience rapid population growth and mixed land 
use, including agriculture, industry, and residential devel-
opment. These regions often suffer from fragmented gov-
ernance and uneven infrastructure development, which 
disproportionately affects vulnerable populations (Hutch-
ings et al. 2022a).

Extreme heat poses a major threat to urban residents, 
particularly in expanding cities. Variables such as radia-
tion, air temperature, humidity, and wind speed are essen-
tial to monitor, as they contribute to thermal stress on the 
human body. Under extreme heat, the body’s regulatory 
systems can struggle to maintain a stable internal tempera-
ture, potentially leading to hyperthermia (Oke et al. 2017). 
This condition is associated with cardiovascular complica-
tions (Cheng and Su 2010; Silveira et al. 2019), respiratory 
problems (Linares et al. 2015), and elevated mortality rates 
in urban areas.

The Urban Heat Island (UHI) effect refers to the tempera-
ture increase in urban areas compared to surrounding rural 
or suburban regions (Oke 1982; Voogt J.A. and Oke T.R. 
2003). This phenomenon is most intense during calm, clear 
nights when radiative cooling differences are amplified 
(Voogt J.A. and Oke T.R. 2003). The UHI effect worsens the 
impacts of global warming, particularly during heatwaves, 
posing serious health risks for city dwellers (Heaviside et 
al. 2017). The Surface Urban Heat Island (SUHI), measured 
via satellite imagery, quantifies the land surface tempera-
ture (LST) difference between urban and rural areas (Zhou 
et al. 2019). Surface urban heat island intensity (SUHII) is a 
crucial metric for assessing the magnitude of the urban heat 
island effect and its spatial and temporal variations (Liu and 
Zhang 2024; Peng et al. 2024).

Although typically more pronounced at night due to the 
thermal inertia of urban construction materials (Oke 1982; 
Santamouris et al. 2007; Tzavali et al. 2015), the UHI effect 
can also occur during the daytime, depending on the sur-
rounding environment. Peng et al. (2012) found a strong 
negative correlation between urban vegetation cover and 
daytime UHI intensity across 419 cities worldwide. Only 
a few cities, mainly in desert regions like Jeddah (Saudi 

Arabia) and Mosul (Iraq), showed negative daytime SUHI. 
Oke et al. (2017) also observed that UHI behavior varies 
with climate; cities in tropical, Mediterranean, and tem-
perate zones often show year-round positive UHI effects, 
whereas desert cities experience seasonal variations.

Understanding the influence of local urban context is 
vital for evaluating UHI intensity and planning appropriate 
responses. Effective UHI research must consider variables 
such as elevation, climate, urban morphology, vegeta-
tion cover, and urban form (Tzavali et al. 2015; Oke et al. 
2017). Urban density is especially important. Compact cit-
ies, while more energy-efficient in terms of transport and 
land use, may experience reduced ventilation, limited solar 
access, and elevated UHI effects due to lower green space 
availability. Martilli (2014) found that while compact cities 
are more energy-efficient in building consumption, interme-
diate densities tend to provide better outcomes for outdoor 
comfort and health. Despite these efficiencies, high urban 
density can have drawbacks, such as limited access to solar 
energy, restricted ventilation, reduced green spaces, and an 
intensified UHI effect (Oke et al. 2017). UHI exposure is 
closely tied to a city’s development patterns and the spatial 
distribution of its residents (Chakraborty et al. 2019).

Urban form also reflects a region’s socioeconomic devel-
opment. Cities in low-income countries typically have popu-
lation densities four times higher than those in high-income 
countries (OECD/European Commission 2020). A major 
concern in the Global South is the rise of informal settle-
ments, which often emerge in areas highly vulnerable to cli-
mate extremes (Revi et al. 2014). Informal settlements arise 
outside formal legal systems meant to regulate land owner-
ship, planning, and safety standards, often lacking proper 
infrastructure and services (Satterthwaite et al. 2020). As 
urbanization accelerates in low- and middle-income coun-
tries, the growth of these settlements has become a major 
factor in the concentration of climate risks in urban areas.

Urban management can play a key role in reducing 
the UHI effect. For example, maintaining and expanding 
urban green areas can lower surface temperatures, while 
nearby rural areas may act as ‘thermal sinks’ that absorb 
and dissipate urban heat (Yang et al. 2024). However, the 
cooling effect of vegetation varies by zone, influenced by 
factors such as shape, size, and connectivity of urban green 
spaces (Ke et al. 2021; Al-Saadi et al. 2020). Green areas 
are commonly identified using satellite-derived indices 
such as Normalized Difference Vegetation Index (NDVI), a 
widely recognized indicator of vegetation health and growth 
(Huang et al. 2021). NDVI typically shows a negative cor-
relation with surface temperature, although the strength of 
this relationship can vary depending on vegetation type and 
geographic location (Singh et al. 2024).
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Satellite imagery has become essential for analyzing 
surface temperature patterns and vegetation cover across 
extensive regions. These remotely sensed images offer 
critical insights not only into UHI phenomena but also into 
broader surface temperature variations, enabling research-
ers to monitor environmental changes effectively. Satellite 
sensors are capable of detecting electromagnetic radiation 
that is both emitted and reflected by the Earth’s surface, 
providing key datasets for environmental studies (Šalkovič 
and Pauditšová 2023). Satellite constellations can generally 
be classified into four major categories: global monitor-
ing (GM-), environmental monitoring (EM-), nanosatel-
lites, and civilian satellites. GM-satellites, such as MODIS 
Terra, operate in high orbits or geostationary positions and 
are characterized by their ability to deliver frequent tem-
poral data—ranging from daily to infra-hourly—albeit at 
coarse spatial resolutions exceeding 100  m. In contrast, 
EM-satellites like Landsat and Sentinel-2 offer a more bal-
anced approach by providing moderate spatial resolution 
(10–100  m), intermediate temporal resolution (every few 
days), and spectral resolution encompassing around ten 
bands. This combination makes EM-satellites particularly 
well-suited for detailed environmental monitoring appli-
cations. Furthermore, integrating data from multiple satel-
lite platforms can significantly enhance the robustness and 
effectiveness of environmental analyses, facilitating more 
precise and comprehensive achievement of research objec-
tives (Alvarez-Vanhard et al. 2021).

Understanding urban ecosystems and their distinct cli-
matic behaviors requires a clear differentiation between var-
ious types of land cover and urban morphology. To address 
this, Stewart and Oke (2012) introduced the LCZ classifica-
tion system, which provides a standardized framework for 
categorizing both urban and rural areas at the neighborhood 
scale. This system is based on a combination of key physical 
and anthropogenic variables, including surface cover, urban 
structure, building materials, and human activity patterns 
(Oke et al. 2017). The LCZ framework has become a valu-
able tool for urban climate research, particularly in the study 
of surface urban heat islands (SUHI), as it facilitates mean-
ingful comparisons among areas with similar surface and 
exposure characteristics. This standardization contributes to 
a more coherent interpretation of SUHI intensity and spa-
tial distribution (Stewart and Oke 2012). Numerous studies 
have successfully applied the LCZ classification to inves-
tigate SUHI effects in diverse urban contexts around the 
world, thereby demonstrating its versatility and scientific 
utility (Zhao et al. 2020; Yang et al. 2020; Anjos et al. 2020; 
Xia et al. 2022; Zheng et al. 2023; Milošević et al. 2058). 
Figure 1 illustrates the LCZ categories as defined by (Stew-
art and Oke 2012) highlighting the diverse types of built 

Urban vegetation plays a central role in shaping the 
thermal behavior of cities, particularly under extreme heat 
conditions. Building on the established correlation between 
NDVI and lower surface temperatures, vegetation acts as a 
natural regulator by providing shading, enhancing evapo-
transpiration, and reducing both surface and ambient tem-
peratures. This capacity to lower urban heat is especially 
important in compact, impervious areas, where cooling 
through natural means is otherwise limited. Interventions 
such as tree planting, green roofs, and vegetated surfaces 
have been shown to significantly reduce heat exposure and 
improve outdoor thermal comfort (Bowler et al. 2010; Wong 
et al. 2021), offering both climatic and health co-benefits.

The effectiveness of urban vegetation, however, is not 
uniform and depends strongly on its type, structure, and spa-
tial arrangement. As Gunawardena et al. (2017) emphasize, 
vegetation operates at multiple scales. At the microscale, 
individual trees can provide immediate shading and local 
cooling, while at the neighborhood or mesoscale, larger 
parks and vegetated corridors produce extended cooling 
effects through the formation of air temperature gradi-
ents—known as “park-breeze” effects. These cooling zones 
may extend several hundred meters from the source, espe-
cially under low-wind, high-heat conditions. The three-
dimensional characteristics of trees, such as crown size and 
canopy density, are critical in determining their capacity to 
intercept solar radiation and generate convective and evapo-
rative cooling. Furthermore, increased vegetation roughness 
can enhance mechanical turbulence, which is particularly 
relevant in humid environments where evapotranspiration 
alone may be less effective.

However, access to these benefits is not equally distrib-
uted. Socioeconomic disparities within cities often translate 
into unequal access to green spaces, resulting in dispropor-
tionate exposure to urban heat. Chakraborty et al. (2019) 
have shown that UHI intensity is frequently higher in mar-
ginalized communities with limited tree cover and poorly 
planned open space, exacerbating environmental injustice. 
This underscores the need for climate adaptation strategies 
that prioritize equity in the spatial distribution of vegetation 
and its associated benefits.

From a planning perspective, integrating green infra-
structure into urban development offers a multidimensional 
solution that addresses both thermal regulation and social 
vulnerability. As Norton et al. (2015) argue, green infra-
structure not only mitigates heat stress but also enhances 
biodiversity, improves air quality, and contributes to urban 
livability. To maximize its impact, vegetation must be 
embedded into the urban fabric in a strategic and connected 
manner, moving beyond isolated patches toward integrated 
networks that reflect climatic conditions, community needs, 
and urban growth patterns.
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destination, home to iconic sites like the Iguazú Falls, and 
a hub for agro-industrial activities such as yerba mate, tea, 
and tobacco production, the city combines high natural 
resource value with growing urban pressure. Buenos Aires, 
the capital and the largest urban agglomeration in the coun-
try, constitutes the political, financial, and industrial epicen-
ter of Argentina. Its coastal location, dense population, and 
expansive metropolitan area create a complex urban fabric 
that is highly susceptible to urban heat island (UHI) effects. 
In contrast, Neuquén stands out for its semi-arid climate 
and pivotal role in the national energy matrix, particularly 
through the exploitation of the Vaca Muerta shale forma-
tion. As the principal city in northern Patagonia, it is also 
experiencing rapid urban growth, making it an essential 
case study for exploring how emerging cities in dry regions 
respond to climate extremes.

The selected cities fall into two distinct Köppen-Geiger 
climate classifications—Temperate Hot Humid (Posadas 
and CABA) and Cold Desert (Neuquén)—which further 
broadens the analytical scope for comparing the thermal 

environments and land cover classes that are distinguished 
by their specific structural and material characteristics.

In Argentina, heatwaves have exhibited heterogeneous 
upward trends across the country, affecting both maximum 
and minimum temperatures (Cimolai and Aguilar 2024). 
However, cities do not experience these climatic extremes 
uniformly; their exposure and vulnerability vary according 
to geographical, climatic, and urban characteristics (Oke et 
al. 2017). To capture this diversity, the present study focuses 
on three major urban centers located in distinct regions of 
the country (Fig. 1): Posadas in the northeast, Buenos Aires 
(CABA) in the central region, and Neuquén in northern Pata-
gonia. This selection provides a representative cross-section 
of Argentina’s urban diversity, offering a unique opportunity 
to analyze how different environmental and socio-economic 
contexts shape urban thermal behavior.

Each city brings distinct geographical, economic, and cli-
matic attributes to the analysis. Posadas functions as a key 
commercial node within the Mercosur region, given its stra-
tegic proximity to Brazil and Paraguay. As a major tourist 

Fig. 1  Classification of the various Local Climate Zone (LCZ) categories. Made from Stewart and Oke (2012)
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Fig. 2  Geographical location of 
Posadas (Misiones Province), 
Buenos Aires City, and Neuquén 
City (Neuquén Province) within 
Argentina. The map was created 
using base layers from Natural Earth 
(2023) and administrative boundar-
ies from GADM (2023)
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environmental managers, and policymakers, especially in 
the context of climate resilience and sustainable develop-
ment. By identifying spatial patterns of heat accumulation 
and their correlation with urban form, the results inform tar-
geted interventions such as green infrastructure deployment, 
zoning strategies, and urban design adjustments. Ultimately, 
this work supports the creation of healthier, more adaptive 
cities by offering actionable knowledge on mitigating heat-
related risks in diverse urban settings.

To meet these objectives, the structure of this paper is 
as follows: Sect.  2 outlines the data sources and method-
ological framework used to calculate and interpret land sur-
face temperatures in relation to LCZ categories. Section 3 
presents the main findings from the thermal analyses. Sec-
tions 4 and 5 offer a discussion of the results, conclusions, 
and directions for future research aimed at enhancing urban 
resilience to extreme heat events.

2  Methodology

This study represents a significant methodological innova-
tion and, to the best of our knowledge, is among the first 
to combine multiple high-resolution satellite data sources, 
advanced downscaling techniques, and a tailored adapta-
tion of Local Climate Zones (LCZ) for analyzing urban 
temperatures during heatwaves. This methodology uniquely 
integrates data from MODIS, Landsat 8, and Sentinel-2 to 
provide a comprehensive and multidimensional analysis 
of urban thermal variations. All images used in this study 
were carefully selected from periods of heatwaves occur-
ring within the last decade. It is important to note that these 
heatwave periods were previously identified by Cimolai and 
Aguilar (2024).

Importantly, this methodology is not limited to the case 
studies presented here—it is broadly applicable to any urban 
or peri-urban setting. Its modular structure and reliance on 
globally accessible remote sensing data make it a transfer-
able tool for assessing SUHI effects and LST variability 
across diverse climatic, morphological, and socioeconomic 
contexts. As such, it offers valuable potential for replication 
in cities with limited ground-based climate data, particularly 
in rapidly urbanizing regions.

2.1  Data

To develop the study, different kind of data were used. 
Table  1 lists the satellites and datasets used in this study, 
accessed via the Google Earth Engine (n.d).

The MODIS datasets (MOD21A1N and MOD21A1D) 
provide daily global LST at a 1  km resolution, including 
3-band emissivity data. MOD21A1N focuses on nighttime 

impact of heatwaves across varying climatic zones (Beck 
et al. 2018). Additionally, their urban typologies range from 
a massive metropolis to medium-sized regional centers, 
allowing for a comprehensive exploration of how urban 
scale, density, and morphology affect heat distribution. This 
diversity of contexts enriches the analysis by enabling a 
nuanced investigation into how climatic stressors interact 
with urban form across the national territory.

This study aims to analyze the spatial distribution of 
surface temperatures during heatwave events in these three 
urban regions and their surrounding environments. Two 
main objectives are addressed: first, the identification and 
quantification of surface urban heat islands (SUHIs) using 
high-temporal-resolution satellite data, which captures both 
daytime and nighttime temperature variations across urban, 
peri-urban, and rural zones; second, the application of 
high-spatial-resolution imagery to assess land surface tem-
perature (LST) distribution at a finer scale. To deepen this 
analysis, the study incorporates the Local Climate Zones 
(LCZ) classification system to evaluate how differences in 
land use, vegetation cover, and built environment influence 
LST during heatwave conditions.

By integrating multi-source remote sensing techniques—
both high temporal and high spatial resolution—with LCZ-
based urban morphology analysis, this research offers a 
comprehensive framework for assessing urban thermal 
dynamics. Unlike studies that rely solely on coarse-resolu-
tion or single-timeframe satellite data, this approach allows 
for a multi-scale, multi-temporal examination of heatwave 
effects that is sensitive to both diurnal variation and intra-
urban heterogeneity. The methodological novelty lies in the 
simultaneous use of complementary remote sensing datas-
ets, enhancing the accuracy and applicability of the results 
for urban planning.

Beyond academic contribution, the findings have direct 
implications for urban policy and climate adaptation. 
This study provides critical insights for urban planners, 

Table 1  Satellites and datasets used in this study. Compiled from 
Google Earth engine (n.d.), U.S. Geological survey (2019), European 
space agency
Derived 
variable

Dataset Temporal 
resolution

Spatial 
resolution

Surface 
tem-
perature 
- night

MODIS - MOD21A1N Daily 1 km

Surface 
tempera-
ture– day

MODIS - MOD21A1N Daily 1 km

Surface 
tempera-
ture– day

LANDSAT - LANDSAT/LC08/
C02/T1_L2

16 days 30 m

NDVI SENTINEL - COPERNICUS/
S2_SR

5 days 10 m
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was poorly planned or unplanned, with minimal vegetation. 
Finally, LCZ 10 referred to zones where the built surface 
was almost entirely constructed, lacking vegetation and 
predominantly featuring construction materials such as con-
crete and sheet metal.

In Neuquén, the Open Mid-rise and Open Low-rise 
(LCZ 5, LCZ 6) categories were characterized similarly 
to those in CABA, where space between buildings and a 
greater presence of unconstructed surfaces were evident. 
In the case of Lightweight Low-rise (LCZ 7), these areas 
also exhibited poor or no planning; however, urbanization 
was more dispersed and typically featured a significant 
amount of unconstructed surface area in semi-arid regions. 
The Large Low-rise category (LCZ 8) was characterized by 
non-urbanized areas with low density and warehouse-type 
industrial buildings. Lastly, Sparsely Built areas (LCZ 9) 
also represented zones with little or no planning but were 
distinguished by their dispersed urbanization and significant 
unconstructed surfaces in irrigated zones, often accompa-
nied by associated vegetation. Overall, it can be observed 
that this area is predominantly inhabited by a segment of 
society with greater purchasing power compared to LCZ 7. 
This disparity is especially evident in the size of the resi-
dences and the quality of construction materials used.

2.3  Surface temperature analysis

Once the data were obtained and the LCZ classification was 
completed, the methodology necessary for analyzing sur-
face temperatures was applied. This approach enables the 
analysis of various urban areas and involves multiple steps 
using Google Earth Engine (n.d.) and RStudio (Fig. 3). The 
process begins by describing how daytime and nighttime 
temperature differences were detected among urban, peri-
urban, and rural areas in the studied cities. Next, the analysis 
of daytime temperature distributions was conducted using 
LCZ classifications. Surface temperatures were derived 
from Landsat 8 images, with downscaling methods applied 
to improve spatial resolution.

To identify differences in surface temperatures during 
the day and night, we used MODIS products for previously 
identified heatwaves. Images from over 25 periods were 
analyzed for each city (26 for Posadas, 30 for CABA, 30 
for Neuquén). The study areas were classified into urban, 
peri-urban, and rural zones based on land use, using sources 
like IDERA, municipal maps, and Google Earth (n.d.). The 
urban region included built-up city areas, peri-urban zones 
were adjacent areas with lower density, and rural zones con-
sisted mostly of natural or cultivated vegetation with mini-
mal built-up spaces. For Neuquén, there were subdivided 
peri-urban and rural zones into valley and plateau (locally 
known as “barda”) due to differences in soil and moisture 

observations, averaging LST for each grid cell using cloud-
free data with good accuracy, weighted by observation 
coverage. Similarly, MOD21A1D provides daytime obser-
vations. On the other hand, Landsat 8 offers a temporal 
resolution of 16 days, equipped with the Operational Land 
Imager (OLI) and the Thermal Infrared Sensor (TIRS). OLI 
has a spatial resolution of 15–30 m, while TIRS is resampled 
to match OLI bands at 30 m. We used Landsat 8 Collection 
2 Level-2 images, which include surface temperature mea-
surements from April 2013 onwards. Note that no nighttime 
surface temperature products are available for this dataset. 
Landsat Level-2 products are derived from Level-1 inputs 
and take about 14–16 days to process. Finally, the SENTI-
NEL COPERNICUS/S2_SR dataset was used. Sentinel-2 
provides multispectral imagery with a 10-meter resolution 
and a 5-day revisit frequency, offering higher spatial resolu-
tion than Landsat but lacking thermal infrared data.

2.2  Classification of urban areas and LCZ

The study involved visually identifying pilot zones belong-
ing to each LCZ for each of the cities examined. These pilot 
zones were used as training areas used to define the LCZ 
categories with to the LCZ Generator tool developed by 
Demuzere et al. (2021). Given the social, economic, geo-
graphical, and structural differences between the cities, there 
may be variations in the characterizations of LCZ categories 
among them. Therefore, it is pertinent to highlight some of 
the characteristics for Posadas, Buenos Aires (CABA), and 
Neuquén. It’s important to note that not all categories were 
determined in every city.

In Posadas the LCZ 2 category was characterized by a mix 
of tall buildings (more than five stories) and low-rise struc-
tures without presenting homogeneous zones. This same 
characteristic was observed for this category in Neuquén. 
The Open Low-rise (LCZ 6) zone was defined by neigh-
borhoods consisting of low houses with gardens, which 
are typically covered with vegetation. In the case of Open 
Mid-rise (LCZ 5), areas were identified with buildings up to 
nine stories high that did not have adjacent constructions, 
allowing for visible space between the buildings. In CABA, 
the Compact High-rise (LCZ 1) category was marked by a 
predominance of buildings exceeding nine stories, although 
lower structures and trees may also be found within the 
blocks. For LCZ 2, there was a prevalence of buildings 
ranging from two to eight stories, with some taller build-
ings present in certain blocks. The Open categories (LCZ 
4, LCZ 5, and LCZ 6) included various heights of buildings 
that featured spaces between them and a greater presence 
of unconstructed surfaces, with or without additional green 
areas. The Lightweight Low-rise category (LCZ 7) encom-
passed areas characterized by very dense urbanization that 
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statistical methods, such as the Kruskal-Wallis test and 
Dunn’s post-hoc test, are selected because surface tempera-
tures do not follow a normal distribution.

To address the high variability of LST in urban areas, 
images are statistically downscaled. Downscaling is based 
on both Landsat 8 and Sentinel-2 data (COPERNICUS/
S2_SR), which offers high-resolution, multispectral imag-
ery with a revisit frequency of 5 days. The downscaled LST 
maps, covering 4 to 5 heatwave periods for each city, offer 
detailed insights into spatial variability during extreme heat 
events. This approach enables the creation of high-resolu-
tion maps that highlight temperature distribution across cit-
ies during heatwaves, even though these downscaled images 
are not used for statistical calculations due to data availabil-
ity constraints. The resulting downscaled LST maps offer 
valuable insights into the spatial variability of heat events, 
contributing to a more comprehensive understanding of 
urban heat islands. Finally, we adapted a methodology by 
Onačillová et al. (2022), using multiple linear regression 
models based on spectral indices such as NDVI, NDBI, and 
NDWI to estimate LST. This approach was applied to Sen-
tinel-2 data, generating high-resolution (10 m) maps. These 
maps revealed fine-scale thermal variations, allowing for 

that impact land surface temperature (LST). Non-paramet-
ric statistical methods were used to ensure robust analysis. 
The Kruskal-Wallis test identified significant temperature 
differences among urban, peri-urban, and rural zones, with 
Dunn’s post-hoc test specifying which zones differed sig-
nificantly, particularly during heatwaves.

For urban analysis, areas were classified by LCZ fol-
lowing Stewart and Oke (2012), adapting categories to 
each city’s specific characteristics. These classifications 
(Fig. 1) helped identify areas most affected by heatwaves. 
The LCZ maps were generated using the LCZ Generator 
tool (Demuzere et al. 2021), ensuring consistent classifica-
tion. It is important to note that the internal homogeneity 
depicted by each LCZ is unlikely to be found in real-world 
settings. Therefore, the categories were adapted for each 
city, with the specific characteristics of each zone detailed 
in the “LCZ characterization” section.

We downloaded Landsat LST products for specific heat-
wave periods, however, the image availability determines 
the number of images analyzed (e.g., 10 for Posadas, 8 for 
CABA, 16 for Neuquén). LCZ maps were overlaid with 
LST data, and mean temperatures were calculated for each 
LCZ, with results presented in boxplots. Non-parametric 

Fig. 3  Methodological framework used for the analysis of urban temperature patterns
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peri-urban, and rural. For each zone, aggregated mean tem-
peratures are calculated by averaging all the pixels within 
each category during heatwave periods. These averages are 
then used to generate boxplots to visualize temperature dis-
tributions across the zones and times of day (Fig. 4).

In Posadas, urban areas consistently exhibit higher sur-
face temperatures compared to peri-urban and rural zones, 
both during the day and at night. The median daytime tem-
perature (Fig. 4A) in the city is 42.9 °C, compared to 37.8 °C 
in rural areas (SUHII = 5.1ºC). At night (Fig. 4B), the city 
remains warmer with a median of 28.2 °C, while rural areas 
cool down to a median of 25.0 °C (SUHII = 4.1ºC). Statis-
tical analysis using the Kruskal-Wallis test shows signifi-
cant temperature differences between the areas during both 
day (p = 6.392e-08) and night (p = 0.0001641). The SUHII 
is calculated at 5.1 °C during the day and 3.1 °C at night. 
Further analysis with Dunn’s test indicates that most zones 
have significantly different median temperatures, except for 
the rural and peri-urban areas at night, where no significant 
differences are found.

In CABA, the urban heat island effect is more pronounced 
at night (Fig. 4B). The city’s median nighttime temperature 
is 25.0 °C, compared to 20.9 °C in rural areas, resulting in a 
SUHII of 4.1 °C. However, during the day (Fig. 4A), tem-
peratures are relatively similar across urban, peri-urban, and 
rural zones, with medians of 38.7 °C, 38.4 °C, and 37.9 °C, 

better identification of heat islands and the impact of urban 
features on temperature distribution.

The methodology provides a comprehensive analysis of 
temperature variability across urban environments, incor-
porating advanced spatial and statistical techniques. By 
combining high-resolution satellite data, innovative down-
scaling methods, and spectral index-based modeling, we 
have developed a robust approach to better understand the 
thermal surface characteristics of cities during heatwaves. 
The adaptability of this methodology is demonstrated 
through its successful application to three Argentine cit-
ies with distinct geographical and climatic characteristics. 
This versatile methodology not only enhances the capacity 
to identify and visualize fine-scale surface thermal varia-
tions but also shows promise for adaptation to various urban 
settings worldwide, contributing to the study of urban heat 
dynamics.

3  Results

To analyze the temperature differences between the stud-
ied cities and their surrounding areas during both day and 
night, this study uses MODIS data with a spatial resolution 
of 1 km, providing imagery for both diurnal and nocturnal 
periods. The study areas are divided into three zones: urban, 

Figs. 4  Boxplots of daytime (A) and nighttime (B) land surface tem-
perature (LST) for urban, peri-urban, and rural areas in Posadas, 
Buenos Aires City (CABA), and Neuquén. Mean LST values were 

computed for each zone by averaging pixel values during heatwave 
periods. The red dashed line indicates the mean LST of rural areas, 
shown as a reference baseline.
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Figure 5, 6 and 7 present a comprehensive analysis of the 
urban heat landscape for each city. These figures are com-
posed of three key elements:

A.	 A boxplot illustrating the Land Surface Temperature 
(LST) distribution in degrees Celsius (°C) for each 
LCZ.

B.	 A map displaying the identified Local Climate Zones 
(LCZs).

C.	 A map showing the spatial distribution of downscaled 
LSTs across the entire city.

In the boxplot (A), it’s important to note that the blue dots 
represent the average temperatures for each heatwave period 
used in the analysis. These averages provide insight into the 
temperature variations across different heatwave events 
within each LCZ. This multi-faceted visualization allows 
for a detailed examination of the relationship between urban 
structure (as represented by LCZs) and temperature patterns 
during heatwave periods, offering a comprehensive view of 
each city’s thermal characteristics.

The city of Posadas (Fig. 5), with its humid and vegetated 
climate, presents an interesting pattern: natural categories 
such as Dense Trees (LCZ 11) with a median temperature of 
34.6 °C, Scattered Trees (LCZ 12) with 37.3 °C, and Water 
(LCZ 17) with 29.8 °C have noticeably lower temperatures 
compared to urban categories. Despite these lower tempera-
tures, significant differences were found between the means 
of Water (LCZ 17) and the urban zones Compact Mid-Rise 
(LCZ 2) at 44.1 °C, Compact Low-Rise (LCZ 3) at 43.5 °C, 
Open Mid-Rise (LCZ 5) at 43.0  °C, and Open Low-Rise 
(LCZ 6) at 41.8  °C. Additionally, Dense Trees (LCZ 11) 
showed significant differences when compared to Compact 
Mid-Rise (LCZ 2) and Open Mid-Rise (LCZ 5).

Figure 5 shows coherence across all its subfigures, illus-
trating distinct temperature patterns across the city of Posa-
das and their relationship with LCZ. Figure  5C, labeled 
“LST Downscaled”, depicts clear contrasts in land surface 
temperature (LST) during heatwaves. Cooler zones, repre-
sented in shades of blue, align with natural areas such as 
dense and scattered trees (e.g., LCZ 11– Dense Trees and 
LCZ 12– Scattered Trees), which correspond to lower sur-
face temperatures during extreme heat. The adjacent map 
(Fig.  5B), showing the LCZ Categories, further empha-
sizes this, as these vegetated zones are mainly colored 
green, indicating lower temperatures. In contrast, the red 
and orange areas seen in both maps, especially within LCZ 
2 (Compact Mid-Rise) and LCZ 3 (Compact Low-Rise), 
show higher temperatures, confirming the findings from the 
boxplot (Fig. 7A) where these urbanized zones demonstrate 
median temperatures exceeding 43.0  °C. These visualiza-
tions together highlight the temperature disparity between 

respectively. As a result, the Kruskal-Wallis test does not 
show significant differences in daytime temperatures, but 
there is a marked difference at night (p = 1.84e-09). Dunn’s 
test confirms that nighttime temperatures in all zones are 
significantly different, emphasizing the pronounced SUHI 
effect after dark.

In Neuquén, the categorized areas—urban, peri-urban, 
and rural zones—are further subdivided into valley (irri-
gated) and plateau (semi-arid) categories. Daytime tem-
peratures (Fig.  4A) show significant variability, with the 
rural-plateau area reaching the highest median tempera-
ture of 43.4 °C, while the rural-valley zone is much cooler 
at 32.3 °C, and the city has a median of 37.4 °C. At night 
(Fig.  4B), the city is warmer than the rural-valley area 
(23.2 °C vs. 20.3 °C), but cooler than the rural-plateau area 
(23.9  °C). Kruskal-Wallis tests confirm significant differ-
ences across all areas for both daytime (p = 2.2e-16) and 
nighttime (p = 4.222e-05) temperatures. Dunn’s test reveals 
no significant differences between rural-plateau and peri-
urban-plateau areas during the day, nor between these pla-
teau areas and the city at night. Interestingly, during the day, 
the peri-urban-valley area shows temperatures similar to the 
city, but at night, it cools down more. The SUHII, compar-
ing the city to the rural-valley areas, is 5.04 °C during the 
day and 2.1 °C at night. However, when comparing the city 
to the rural-plateau zone, the SUHI is negative, indicating 
that the rural plateau is cooler, with values of −6.0 °C during 
the day and − 0.7 °C at night.

When comparing the UHI effects across the three cities, 
notable differences emerge. Posadas consistently shows the 
highest temperatures, with daytime urban medians reach-
ing 41.8  °C, followed by Neuquén (38.3  °C) and CABA 
(38.0  °C), which have relatively similar daytime tem-
peratures. At night, Posadas maintains an urban median 
of 28.2 °C, while CABA and Neuquén record medians of 
25.0  °C and 23.9  °C, respectively. SUHII also varies sig-
nificantly across cities and between day and night. During 
the day, Neuquén experiences the strongest UHI effect when 
compared to its rural valley, with a difference of 5.0 °C, fol-
lowed closely by Posadas at 5.1 °C. CABA shows negligible 
SUHII during the day. Neuquén’s situation is more complex 
due to its diverse landscape. When compared to its rural pla-
teau, the city exhibits a negative SUHII of −6 °C during the 
day, indicating that the semi-arid rural plateau is cooler than 
the urban area. At night, all cities exhibit positive UHI inten-
sities, with urban areas retaining more heat than their rural 
counterparts. The most pronounced nighttime UHI effect is 
observed in CABA, further highlighting the variability of 
UHI effects between day and night cycles. This comparison 
underscores the complexity of UHIs and the influence of 
surrounding geography, particularly in regions with diverse 
land cover and topography.
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Fig. 5  Urban heat characteristics and spatial temperature 
patterns across Posadas (Misiones, Argentina). (A) Map 
showing the geographical distribution of Local Climate 
Zones (LCZs). (B) High-resolution (10 m) land surface 
temperature (LST) map during heatwave events. (C) Box-
plot of LST values (°C) for each LCZ category. Together, 
these panels illustrate the relationship between urban 
morphology and surface temperature under extreme heat 
conditions

 

1 3

1676



Heatwave Hotspots: SUHI and Intra-Urban Surface Temperature Mapping in Three Argentine Cities

Fig. 6  Urban heat characteristics and spatial temperature 
patterns across Buenos Aires City: (A) Map showing the 
geographical distribution of Local Climate Zones (LCZs). 
(B) High-resolution (10 m) land surface temperature 
(LST) map during heatwave events. (C) Boxplot of LST 
values (°C) for each LCZ category. Together, these panels 
illustrate the relationship between urban morphology and 
surface temperature under extreme heat conditions
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Fig. 7  Urban heat characteristics and spa-
tial temperature patterns across Neuquén 
(Neuquén, Argentina): (A) Map showing the 
geographical distribution of Local Climate 
Zones (LCZs). (B) High-resolution (10 m) 
land surface temperature (LST) map during 
heatwave events. (C) Boxplot of LST values 
(°C) for each LCZ category. Together, these 
panels illustrate the relationship between 
urban morphology and surface temperature 
under extreme heat conditions
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Vegetated areas such as Dense Trees (LCZ 11) display sig-
nificantly lower temperatures, with a median of 31.8  °C, 
while semi-arid or sparsely built areas like Bare Rock/Paved 
(LCZ 15) and Bare Soil/Sand (LCZ 16) exhibit elevated tem-
peratures, with values of 49.7 °C and 47.9 °C, respectively. 
Significant differences were found between LCZ 17 (Water, 
30.9  °C) and various other zones like LCZ 6 (37.8  °C), 
LCZ 8 (43.8 °C), LCZ 5 (39.8 °C), LCZ 9 (39.3 °C), LCZ 
2 (37.8 °C), and LCZ 3 (38.8 °C), highlighting the thermal 
impact of water areas compared to urbanized zones. Signifi-
cant differences were also observed between LCZ 11 (dense 
vegetation, 31.9 °C) and more arid or urban zones like LCZ 
13 (49.8 °C), LCZ 16 (47.8 °C), LCZ 7 (46.1 °C), LCZ 8 
(43.8 °C), LCZ 5 (39.8 °C), and LCZ 9 (39.3 °C), as well as 
between LCZ 12 (scattered vegetation, 32.4 °C) and more 
urban or desert-like zones like LCZ 13, LCZ 16, LCZ 7, and 
LCZ 8. Other comparisons include contrasts between arid 
and vegetated areas, such as LCZ 13–14 (36.9  °C), LCZ 
14–16, and LCZ 13 − 9, and differences between various 
urban and semi-urban zones like LCZ 3–7, LCZ 16 − 3, and 
LCZ 2–7, highlighting the thermal variations between natu-
ral and built environments.

The map (Fig. 7C) reveals a distinct temperature pattern 
across the city of Neuquén. In the central urban area, mod-
erately high temperatures are observed, generally ranging 
from 36  °C to 40.0  °C. These values align with the data 
reported for Compact Mid-Rise (LCZ 2) and Compact Low-
Rise (LCZ 3) zones. The hottest temperatures, exceeding 
44 °C, are found in the western and northwestern outskirts 
of the city. These areas likely correspond to Bare Rock/
Paved (LCZ 15, 49.8  °C) and Bare Soil/Sand (LCZ 16) 
zones, where limited vegetation and arid conditions contrib-
ute to the intense heat. Conversely, the coolest areas, with 
temperatures below 34.0  °C, are located along the rivers 
in the northern and eastern parts of the city. This matches 
the Water (LCZ 17) category, which exhibits a median 
temperature of 30.9  °C, demonstrating the cooling effect 
of water bodies. The spatial distribution of temperatures 
also highlights the presence of cooler patches in vegetated 
areas. Dense Trees (LCZ 11, 31.9  °C) and scattered veg-
etation (LCZ 12, 32.4 °C) contribute to lower temperatures 
within the urban fabric, creating distinct thermal contrasts. 
The urban core, though generally warmer, shows a mix of 
moderate to high temperatures depending on land use and 
building density. Meanwhile, the extreme temperature dif-
ferences between vegetated areas and barren or paved sur-
faces are clearly visible, emphasizing the cooling influence 
of vegetation and the heat-retaining properties of bare areas.

densely vegetated and heavily urbanized areas in the city of 
Posadas during heatwave events. It is also worth mention-
ing the areas with little vegetation cover, such as Bare Soil/
Sand (LCZ 16), which exhibit high temperatures, as can be 
observed in Fig. 5B and C, even though no significant dif-
ferences were found compared to other categories.

In CABA (Buenos Aires), analyzing the information 
of Fig.  6, the LCZs corresponding to denser urban areas 
exhibit the highest temperatures, with median values around 
35.9 °C in Lightweight Low-Rise (LCZ 7), 34.4 °C in Com-
pact High-Rise (LCZ 1), 35.2  °C in Compact Mid-Rise 
(LCZ 2), and 34.6 °C in Open High-Rise (LCZ 4). Elevated 
temperatures are also observed in Bare Soil/Sand (LCZ 
16) with a median of 37.25 °C. In natural areas like Dense 
Trees (LCZ 11) with 29.2 °C and more open vegetated areas 
like LCZ 12 with 34.5 °C, there is a significant reduction 
in temperature, suggesting surface thermal moderation due 
to vegetation. The Water (LCZ 17) category shows the low-
est temperature at 27.3 °C, as expected, since water bodies 
tend to be cooler. However, in CABA, significant differ-
ences were only found between Water (LCZ 17) and LCZ 
16, as well as Bare Rock/Paved (LCZ 15) with 36.5 °C, and 
between LCZ 11 and LCZ 16.

The hottest zones are predominantly located in the south-
ern and western parts of Buenos Aires (Fig. 6C). These areas 
exhibit temperatures ranging from 38  °C to over 40  °C, 
appearing in dark red and purple on the map. Specifically, the 
Southern Industrial Zone, likely corresponding to industrial 
areas and less vegetated regions, shows the highest tempera-
tures. Western Residential Areas also display large patches 
of high temperatures, likely due to densely built residential 
zones with limited green spaces. In contrast, cooler areas are 
mainly observed in the northern neighborhoods, which gen-
erally display lower temperatures, with some areas show-
ing readings below 34  °C. Along the eastern coastline by 
the Río de la Plata, a narrow strip of cooler temperatures 
is evident, likely due to the moderating effect of the water 
body. Scattered cooler spots throughout the city, particu-
larly in the north and center, correspond to parks and other 
vegetated areas. A clear temperature gradient is visible from 
east to west and from north to south: temperatures gener-
ally increase as one move from the eastern coastline towards 
the western inland areas. A similar trend is observed from 
north to south, with the southern regions experiencing sig-
nificantly higher temperatures than the northern parts of the 
city.

The city of Neuquén shows greater variability in tem-
peratures across urban categories, but once again, densely 
urbanized zones (Compact High-Rise and Compact Mid-
Rise) have the highest temperatures (Fig. 7). For instance, 
Compact Mid-Rise (LCZ 2) has a median temperature of 
37.8 °C and Compact Low-Rise (LCZ 3) reaches 38.7 °C. 
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Capturing these complex interactions between climate, 
urban form, and human activity requires a multifaceted 
approach that leverages diverse remote sensing tools. In this 
context, the integration of multiple satellite datasets signifi-
cantly enhances the precision and depth of SUHI and LST 
analysis (Alvarez-Vanhard et al. 2021). This study applies a 
combination of high-temporal-resolution MODIS imagery 
and high-spatial-resolution Landsat 8 data to monitor and 
quantify heatwave intensity across Posadas, Buenos Aires 
(CABA), and Neuquén. MODIS data were instrumental 
in identifying temporal fluctuations in surface temperature 
during heatwave events, offering near-daily observations of 
thermal dynamics. Meanwhile, Landsat 8 imagery enabled 
the estimation of average LST values for each Local Cli-
mate Zone (LCZ) within the study areas, allowing for a 
finer-grained spatial assessment of thermal variability across 
distinct urban morphologies. To further enhance resolution, 
Sentinel imagery was employed to downscale Landsat data, 
producing highly detailed LST distribution maps that cap-
ture the intra-urban heterogeneity often missed by coarser 
datasets. By combining these complementary data sources, 
the methodology addresses limitations inherent in using a 
single satellite platform and facilitates a more nuanced and 
reliable understanding of urban thermal behavior.

Building upon this methodological foundation, a key 
contribution of the present study lies in its integrated, multi-
scale approach—merging the high-temporal frequency of 
MODIS imagery with the high spatial resolution of Land-
sat and Sentinel data, all contextualized through the Local 
Climate Zone (LCZ) framework. This combination not only 
bridges the temporal-spatial trade-off inherent in remote 
sensing, but also allows for a nuanced reading of thermal 
variability across diverse urban morphologies. By capturing 
both inter-city and intra-city contrasts, the approach moves 
beyond traditional global-scale SUHI analyses to deliver 
site-specific, typology-driven insights that are crucial for 
effective urban climate adaptation.

The analysis of urban heat patterns in Posadas, CABA 
(Buenos Aires), and Neuquén reveals complex and varied 
UHI effects, highlighting different levels of risk, hazard, 
vulnerability, and exposure across these Argentine cities 
during heatwave events. This variability aligns with the 
findings of (Kong et al. 2021), who emphasized that heat-
waves amplify the intensity and consequences of UHI phe-
nomena. In all three cities, densely built urban areas display 
a marked accumulation of heat both during the day and at 
night, a process exacerbated by the low thermal emissivity 
and poor cooling capacity of urban materials. These effects 
are particularly visible in areas with limited vegetation and 
high surface imperviousness, which prevent natural cooling 
mechanisms from functioning effectively. As noted by Tan 
et al. (2010), urbanization intensifies SUHI effects globally, 

4  Discusion

This study explores SUHI effects and LST patterns across 
multiple Argentine cities and their surrounding environ-
ments. Although the primary focus lies on temperature 
dynamics at the urban scale, it is essential to situate these 
patterns within the broader climatic context that shapes 
regional thermal behavior. Large-scale atmospheric phe-
nomena, particularly the El Niño–Southern Oscillation 
(ENSO), play a significant role in modulating temperature 
extremes and, by extension, the manifestation of SUHI and 
LST variations across Argentina. ENSO-related external 
forcings exert differentiated impacts depending on region 
and phase, influencing the occurrence and intensity of heat-
waves. For instance, El Niño episodes are typically associ-
ated with elevated temperatures and intensified heatwaves 
across central and northern Argentina, characterized by 
warmer nights and reduced frost events (Rusticucci et al. 
2016). Conversely, La Niña events often trigger prolonged 
droughts and exacerbate heatwave conditions in Patagonia 
while simultaneously increasing the likelihood of persistent 
cold spells in other parts of the country (Poveda et al. 2020). 
Recent findings indicate that El Niño intensifies heatwaves 
across most of the country except Patagonia, where La Niña 
has a more pronounced effect (Cimolai and Aguilar 2024). 
These findings underscore the complex interplay between 
ENSO phases and Argentina’s regional climate, emphasiz-
ing the necessity of incorporating broader climatic drivers 
when interpreting urban thermal patterns.

Beyond natural climate variability, anthropogenic fac-
tors—most notably greenhouse gas emissions—substan-
tially contribute to the long-term rise in urban temperatures 
(Dogar and Sato 2018; Dogar 2019). Among these gases, 
carbon dioxide (CO₂) is particularly critical, as it drives 
global warming and elevates the baseline thermal condi-
tions in urban environments. Elevated atmospheric CO₂ lev-
els promote persistent heat retention in densely developed 
areas, making UHIs especially sensitive to these anthro-
pogenic drivers (Dogar 2019).While episodic phenomena 
such as volcanic eruptions can also alter atmospheric tem-
peratures through short-term feedbacks (Dogar et al. 2017, 
2023, 2024; Dogar and Sato 2019), the persistent effects of 
human-induced emissions remain a dominant force (Dogar 
2019). Moreover, cities serve as concentrated sources of 
anthropogenic heat, intensifying the UHI effect through a 
combination of heat-retaining materials, limited vegeta-
tion, and high energy consumption. This localized warming 
becomes particularly acute during heatwaves, compounding 
health risks and increasing the demand for cooling infra-
structure, especially among vulnerable urban populations 
(Dogar and Sato 2019; Yuan et al. 2022).
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The strong temperature contrasts observed across LCZs 
in all three cities further highlight the critical role of veg-
etation and natural land cover in mitigating urban heat. In 
Posadas, for instance, areas classified as Dense Trees (LCZ 
11) and Water (LCZ 17) consistently exhibited significantly 
lower surface temperatures compared to built-up zones 
such as Compact Mid-Rise (LCZ 2) and Compact Low-Rise 
(LCZ 3). These patterns are consistent with findings from 
Gunawardena et al. (2017), who emphasize that vegetated 
surfaces reduce heat through both shading and evapotrans-
piration, and that the effectiveness of this cooling varies 
by vegetation structure and spatial scale. Larger vegetated 
zones not only cool their immediate surroundings but can 
also extend their influence into nearby urban areas through 
park-breeze effects—an observation particularly relevant 
to the cooler pockets found in the north of Buenos Aires 
and along the riverbanks in Neuquén. The results from Neu-
quén, where LCZ 11 (Dense Trees) and LCZ 12 (Scattered 
Trees) were up to 17  °C cooler than LCZs dominated by 
bare soil or paved surfaces, underscore the dramatic impact 
that land cover type has on surface temperature.

These thermal differences also reflect broader issues of 
spatial inequality and access to cooling resources within 
cities. In Buenos Aires, the hottest zones identified during 
heatwaves often correspond to the southern and western 
sectors of the city, which are characterized by high build-
ing density, limited vegetation, and, in many cases, informal 
urban development. This spatial pattern supports findings 
by Chakraborty et al. (2019) who demonstrated that expo-
sure to urban heat tends to be higher in lower-income neigh-
borhoods with less access to green infrastructure. As noted 
by Norton et al. (2015) green spaces not only offer cooling 
benefits but also improve environmental justice by reduc-
ing thermal vulnerability in disadvantaged areas. Ensuring 
equitable distribution of vegetated areas should therefore 
be a key priority in urban heat mitigation strategies. More-
over, empirical evidence supports the effectiveness of green 
infrastructure—such as green roofs and urban vegetation—
in significantly reducing surface temperatures, as demon-
strated in previous studies (Bowler et al. 2010; Wong et al. 
2021),and reflected in the temperature differentials across 
LCZs observed in this study.

The distinct UHI patterns observed in the studied cities 
also reflect broader geographic and climatic interactions 
that extend beyond urban form alone. As noted by Oke et 
al. (2017),rural–urban temperature contrasts are strongly 
shaped by regional land cover and soil conditions. This is 
particularly evident in Neuquén, where the thermal inver-
sion between the cooler rural valley and the hotter rural 
plateau illustrates the influence of topography, vegetation, 
and soil moisture on surface temperature dynamics. In semi-
arid regions like northern Patagonia, eroded and sparsely 

with urban areas facing more frequent and prolonged hot 
days compared to adjacent rural regions. Urban morphol-
ogy, including building density and street orientation, plays 
a key role, shaping the absorption, reflection, and release of 
solar radiation within the urban canopy layer and thereby 
determining the extent of UHI formation.

Among the three cities, Posadas displays the most pro-
nounced spatial thermal gradients during heatwaves, with 
the urban core consistently recording the highest tem-
peratures both day and night. The calculated SUHI inten-
sity (SUHII) reaches 4.33  °C during the day and 2.67  °C 
at night, reflecting a stark contrast with the surrounding 
rural and peri-urban zones. This pattern is driven in part by 
the dense vegetation and high soil moisture content found 
outside the city, typical of the region’s humid subtropical 
climate. These findings support Peng et al.’s (2012), who 
demonstrated a strong negative correlation between SUHI 
intensity and vegetation cover, confirming that green areas 
exert a crucial cooling influence. Buenos Aires, by contrast, 
exhibits a unique profile characterized by a strong nocturnal 
SUHI effect (4.4 °C), with limited daytime temperature dif-
ferences between urban and surrounding areas. This thermal 
uniformity during the day is likely a consequence of reduced 
vegetation and sealed surfaces in peri-urban regions, which 
undermines the typical rural cooling advantage. The per-
sistence of high night-time temperatures in Buenos Aires, 
consistent with the thermal inertia described by Oke (1982) 
and Santamouris et al. (2007), presents critical health impli-
cations, particularly during extended heatwave events when 
nighttime recovery becomes vital.

Neuquén presents the most complex and spatially vari-
able UHI dynamics due to its unique topography and land 
use patterns. During the day, the urban center is cooler than 
the adjacent rural plateau, resulting in a negative SUHII 
of −7.2 °C, but warmer than the valley areas, producing a 
positive SUHII of 5.3 °C. At night, this relationship reverses 
slightly, with SUHII values of −0.1 °C for the plateau and 
3.3  °C for the valley. This dual pattern reveals that Neu-
quén’s exposure to heat hazards varies considerably based 
on topographic context, creating a mosaic of thermal condi-
tions within and around the city. The negative SUHI relative 
to the plateau is likely driven by the semi-arid, vegetation-
sparse nature of the surrounding highlands, whereas the 
positive SUHI compared to the cooler, vegetated valleys 
underscore the importance of microclimates in modulat-
ing urban temperature profiles. These contrasting dynamics 
highlight both the opportunities and challenges for climate-
sensitive urban planning in Neuquén. Enhancing green 
infrastructure, promoting ventilation corridors, and adapt-
ing design strategies to local topography are key to mitigat-
ing heat stress in this spatially heterogeneous setting.
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Urban morphology plays a critical role in shaping these 
dynamics. Liang et al. (2021)advocate for proper elongation 
and decentralization of urban forms while avoiding disor-
derly sprawl to mitigate these effects. In contrast, disordered 
urban sprawl or overly continuous construction can trap 
heat and pollutants, intensifying thermal discomfort. Infor-
mal settlements—such as those classified as LCZ 7 (Light-
weight Low-Rise) in Buenos Aires or rapidly expanding 
peri-urban areas in Neuquén—face a dual burden: elevated 
temperatures due to low-quality construction materials and 
limited adaptation capacity due to socio-economic vulner-
abilities (Hutchings et al. 2022b). These areas are especially 
at risk during extreme heat events, where lack of access to 
cooling infrastructure, green space, and emergency services 
heightens exposure and limits resilience.

Green infrastructure offers a powerful solution to coun-
teract both UHI effects and air pollution. Wong et al. (2021) 
demonstrate that green roofs, walls, and ground-level green-
ery can reduce peak surface temperatures by up to 17  °C 
through shading and evapotranspiration. Vegetation further 
facilitates evapotranspiration, converting solar energy into 
water vapor and replacing sensible heat with latent heat, 
thereby lowering surface temperatures and reducing long-
wave emissions (Takebayashi and Moriyama 2007). Large 
contiguous green spaces are particularly effective in miti-
gating urban overheating by creating significant microcli-
matic cooling effects that extend beyond their boundaries.

These findings reaffirm that mitigating extreme urban 
heat requires strategies tailored to the physical, climatic, and 
social characteristics of each city. Within this framework, 
the methodological approach adopted in this study stands 
out as one of its main strengths: the integration of multi-
scale satellite data (MODIS, Landsat 8, and Sentinel) with 
the LCZ classification enabled a high-resolution assess-
ment of intra-urban thermal variability during extreme heat 
events. This combination not only enhances the spatial and 
temporal accuracy of SUHI analysis but also provides a 
replicable framework applicable to other urban environ-
ments, including those with limited technical or institu-
tional resources. Its implementation is particularly valuable 
in intermediate and peripheral cities across the Global 
South, where conventional meteorological data are often 
scarce, and the impacts of climate change are unevenly dis-
tributed. Moreover, the use of the LCZ framework allows 
for standardized comparisons between cities with distinct 
urban morphologies, facilitating the identification of typolo-
gies that are more vulnerable to overheating. In this sense, 
studies like this not only deepen the understanding of SUHI 
phenomena but also offer an operational tool for climate-
informed urban planning. Strengthening this line of research 
can play a critical role in shaping public policies aimed at 

vegetated plateau soils exhibit limited cooling capacity, 
while irrigated valleys with dense vegetation retain cooler 
temperatures, creating localized thermal gradients. These 
findings align with the global trends reported by Li and 
Chen (2023), who observed that daytime SUHII tends to 
decrease during heatwaves in arid and equatorial regions, 
while nighttime SUHII increases across most climate zones 
due to reduced radiative cooling. Additionally, the SUHI 
intensities recorded in Posadas (4.33 °C during the day and 
2.67 °C at night) and Buenos Aires (4.4 °C at night) exceed 
the global average SUHII of 1.3  °C ± 0.8  °C reported by 
Peng et al. (2012) for 419 cities. This discrepancy may be 
explained by the focus on heatwave conditions in this study, 
as well as the use of high-resolution thermal imagery and 
LCZ classification, which allow for a more precise iden-
tification of intra-urban thermal differences. These results 
underscore the importance of context-sensitive approaches 
in UHI research and the need to account for local climatic 
and geographic factors when interpreting urban thermal 
patterns.

In this context, urban structure and air pollution emerge 
as key variables influencing LST variability and intensi-
fying UHI effects. Dense, compact urban forms, such as 
those classified as LCZ 2 (Compact Mid-Rise) and LCZ 3 
(Compact Low-Rise), exhibit heightened thermal retention, 
especially during prolonged heatwave events (Oke et al. 
2017). In contrast, vegetated zones such as LCZs 11–14 and 
water-dominated zones like LCZ 17 show markedly lower 
temperatures due to their capacity for evaporative cooling 
and shading. These patterns align with Peng et al. (2012), 
reinforcing the inverse relationship between vegetation 
presence and SUHI intensity. Achieving a balance between 
built density and natural green space is critical, particularly 
in fast-growing peri-urban zones, where unregulated expan-
sion can exacerbate thermal vulnerability (Tahir et al. 2025).

The interaction between urban geometry, pollution, and 
heat further complicates mitigation efforts. While compact 
cities are generally more energy-efficient in building per-
formance, intermediate densities combined with optimized 
geometrical layouts offer superior outcomes in terms of 
outdoor thermal comfort and public health (Martilli 2014). 
According to, Liang et al. (2021), non-optimal urban con-
figurations can increase nighttime SUHI by up to 1.23 °C, 
with 23% of this increase attributable to elevated air pol-
lution. Air pollutants not only trap heat but also enhance 
longwave radiation absorption, contributing to additional 
surface warming of up to 0.70 ± 0.26 °C at night (Cao et al. 
2016). These effects are particularly intense in urban areas 
where pollutant concentrations are high, and atmospheric 
conditions favor longwave radiation entrapment—sur-
passing even the warming effects of water vapor and other 
greenhouse gases (Cao et al. 2016; Jacobson et al. 2019).
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of urban and peri-urban contexts. Its adaptability is particu-
larly relevant for cities in data-scarce regions, where access 
to ground-based climate monitoring is limited. In such set-
tings, the methodology provides a practical and replicable 
tool for assessing SUHI intensity and informing context-
specific urban climate adaptation strategies.
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