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Abstract: Urban transformations, driven by human activities, result in unique urban ecosystems that
significantly impact thermal environments. This study delves into the implications of anthropogenic
climate change on diverse urban structures, aiming to enhance urban resilience. A key question
arises: how do different urban structures affect the urban thermal environments at multiple scales?
This study explores the relationship between urban morphology and temperature variations at
both surface and vertical levels during different times of the day. Using data loggers and vertical
temperature recordings through UAV, temperature data were collected on pre-established pedestrian
pathways that cover different urban morphologies. The selection of the routes covered different
densities of urbanized areas and green spaces. This facilitated the creation of a study examining the
impact of both 2D and 3D urban green space structures on the thermal landscape of a Mediterranean
city—Coimbra, Portugal. The gathered data provided insight into (1) the role of green spaces in the
climatic regulation of the city, regardless of the time of the day; (2) the direct relation between surface
temperatures and green space morphology; (3) the fact that green spaces act as a cell of fresh air, even
in urban areas where there is a measurable urban heat island; (4) the fact that urban areas with green
spaces with high tree density present great thermal inertia specific to each morphology in the first
30 m, whereas from 30 to 200 m all profiles present similarly; (5) urban areas with green spaces with
high tree density show differentiated temperatures, both at the surface and at altitude. This research
underscores the pivotal role of urban green spaces in city planning, emphasizing their importance for
bolstering climate change resilience. Acknowledging the thermal regulation benefits offered by green
spaces is imperative for aligning with sustainable development objectives in modern cities.

Keywords: urban green spaces; 3D urban thermal environment; urban morphology; climate change
resilience; thermal regulation

1. Introduction

In the face of a rapidly changing climate, there is an ever-present and pressing need
for an unparalleled global effort to mitigate its adverse impacts. Densely urbanized and
populated cities stand at the forefront of this crucial endeavor [1].

Even though cities occupy a mere sliver of the Earth’s surface (less than 2%), they
house over half of the global population, a number that is on the rise [2-4]. The shift
in urban land use, coupled with industrial operations, traffic movement, and other city
activities, has intensified carbon dioxide emissions [5]. These factors are often viewed as
primary catalysts for global climate shifts [6,7].

With the significant growth of urban populations, urban green infrastructure (GI) [8,9],
particularly trees, has been suggested as the most viable option for approaching thermal
regulation [10]. Green infrastructure (GI) has thus been emerging as a key strategy to enhance
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the adaptive capabilities of cities to climate change, as it can alleviate urban heat islands and
consequently reduce thermal stress for the population [11]. In this context, this article focuses
on the role of urban green spaces in regulating temperatures within urban environments,
examining how various spatial configurations influence thermal characteristics.

As cities expand and natural terrains are supplanted by artificial structures, diverse
urban patterns emerge. Grasping these evolving urban ecosystems and their climatic impli-
cations is essential, demanding a comprehensive and cohesive approach. As articulated
by [12], cities represent intricate adaptive systems, interlinking socio-economic—political,
ecological-biophysical-climatic, and technological infrastructural dimensions. Echoing
Lévi-Strauss, a city epitomizes the zenith of human creativity, standing at the crossroads of
nature and artifice [13] (p. 137), [14] (p. 3). Within this framework, these interlaced systems
exhibit dynamism, often manifesting unpredictably and non-linearity. The unpredictability
inherent to urban planning, governance, and ecology offer opportunities to elevate urban
living standards and overall city habitability [5,15]. This vision aligns with the aspira-
tion for sustainable urban landscapes, shaped by a society cognizant of its transformative
influence on spaces [16,17].

In this environment, the prominence of “urban heat islands” (UHISs), indicative of lo-
calized heating in urban areas relative to their rural counterparts, becomes understandable.
While their basic definition makes UHIs a focal point of urban climate research, the intrica-
cies within gray, green, and blue urban zones often elude many researchers and experts not
deeply engaged in urban climate studies within the realms of planning and design [6,18-22].
Hence, addressing UHI effects through strategic green space layouts and eco-friendly urban
designs is gaining traction as a pivotal climate change response [21,23,24].

Although urban ecologists collaborate in growing numbers with researchers from other
scientific areas—engineers, geographers, designers, architects, planners, and industrial
ecologists [4]—there is a need for a more holistic study on sustainable urbanism, or even
for what can be named climate-resilient urban planning and design [5]. Research on urban
morphology focuses on the search for instruments that support the planning and designing
of a city, and the relationship that can be observed between the different components of a
city—grey, green, and blue. The way in which the organization of different spaces in a city,
and the imperviousness of large urban areas, lead to the modification of urban climates,
with a particular impact on the air temperature [21,25], is the focus of the present work.

Urban forests are networks and systems of woodlands, groups of trees, and indi-
vidual trees in both urban and peri-urban areas, including street trees, trees in parks
and gardens, as well as those in derelict spaces, which play a pivotal role in green in-
frastructure [26]. Together with water features, these urban forests are highly effective
in modulating urban microclimates, thereby providing a tangible adaptive capacity to
urban challenges [26]. As part of the green/blue infrastructure, they provide resilience to
urban climate change [24,25]. Furthermore, they play a role in providing shade, facilitating
evapotranspiration, moderating wind speeds, offering protection during severe weather
episodes, decreasing water runoff, mitigating flooding, and enhancing air purity [27,28].

As urbanization intensifies, the importance of “Urban Green Infrastructure”—a con-
cept that has gained increasing prominence in academic research, urban planning, and
landscape design—becomes more pronounced [29]. This is particularly relevant in the
European context, where such infrastructure is integral to sustainable urban development
strategies. In Portugal, this approach aligns with the principles of the National Ecological
Structure, exemplifying a commitment to preserving and enhancing ecological networks
within urban environments [30]. Understanding the distinct thermal behaviors within
urban green zones aids in fine-tuning spatial layouts that ought to be emphasized in
eco-friendly urban design and in managing a city’s thermal balance [20,25,31].

This contributes to the development of an interdisciplinary and holistic approach to
the process of planning, designing, and building humanized and sustainable cities [29].
Starting at the early planning stages, such an approach can be decomposed into the different
physical and environmental components that substantiate the complex global systems [32].
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The research agenda in the context of urban sustainability should therefore embrace the
unique knowledge derived from urban ecosystems, while always ensuring the integration
of human and natural components, and incorporating science with urban design and gov-
ernance [33,34]. This approach leads to a better design of urban environments, supported
by the evidence provided in scientific research.

Therefore, aiming at understanding the extent of the urban heat island (UHI) effect
and its relationship with green and blue spaces in a city throughout the day (morning,
afternoon, and night), an empirical study was conducted in Coimbra (Portugal), beginning
in 2019. This study was initially designed to overcome the challenges met in acquiring
nocturnal data, as well as vertical data, from the lower atmosphere, which are limitations
often associated with satellite data collection methodologies.

While this study predominantly concentrates on the capacity of urban green spaces
to regulate and reduce surface air temperatures, it also delves into discerning the vertical
thermal shifts across varied spatial configurations in these green areas. Additionally, the
research probes the interplay between these lush urban environments and their neighboring
built-up regions, areas where the phenomenon of the urban heat island effect is well-
documented [20,35-37]. By identifying the distinct thermal mosaics within a green space,
researchers and urban designers can strategize to optimize the spatial configurations that
should be prioritized in green infrastructure planning for a sustainable city, with a specific
focus on thermal regulation [34]. Green spaces are recognized for their role in providing
bioclimatic comfort and bolstering urban climate resilience, particularly by offering cooler
temperatures during periods of elevated heat, such as summer months or heatwaves, which
are increasingly prevalent in the context of global climate change [29,38-40]. This study,
therefore, provides a crucial underpinning for the development of efficient strategies of
urban green space management, aiming at enhancing a city’s climate resilience.

2. Materials and Methods
2.1. Study Area

The city of Coimbra, Portugal, is located at a mid-latitude position (40° North). Home
to approximately 100,000 residents, Coimbra boasts a rich tapestry of well-delineated green
spaces within its historical district. The climatic conditions in Coimbra, which exhibit a
unique blend of Mediterranean and oceanic influences due to its proximity, a mere 30 km
from the coast, make it a highly suitable candidate for this pioneering research endeavor.

The selection and outline of the study area was developed in accordance with previous
studies undertaken in the city of Coimbra, such as [35,41], in which the “Island of Urban
Heat” was first identified in consolidated urban areas.

Supported by multiple fieldwork surveys on the urban thermal environment, devel-
oped by this team within the city over the last few years (2019-2023), this paper focuses
on the contrasts that can be felt in the city of Coimbra between the densely impervious
urban areas of historical buildings on the hilltop (where the university is located) and
the densely planted green spaces that can be found at the Botanical Garden, a space of
13.5 hectares developed more than two centuries ago (Figure 1). Besides the Botanical
Garden, the historical quarter is also surrounded by green spaces of different ages and
sizes, such as the Santa Cruz Garden, Parque Dr. Manuel Braga, and Parque Verde. There
are also several tree-lined streets.

2.2. Research Methods

The methodology used in this research (Figure 2) met the objective of working directly
with surveyed data, obtained via multiple collection methods. These comprised tempera-
ture data from both the pedestrian level (1.5 m from ground level), which were intended
for use in a planimetric study of the variation in temperature, and from a set altitude,
through vertical thermal profiles (from 200 m to the ground, creating vertical profiles with
continuous descent at a speed of 1 m/s), allowing a three-dimensional analysis [42,43]. The
integration of these methods played a pivotal role in helping us understand how green
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spaces contribute to thermal regulation, because the combined effects of different spatial
analyses complement perceptions of the influence of temperature on various thermal scales.
Both approaches utilized identical thermal sensors (Tinytag Plus 2—TGP-4020, Chichester,
West Sussex, UK), enhancing consistency and reliability. These methods have been tested
and demonstrated [36,42,43] in a larger-scale study highlighting the importance of urban
green spaces, especially tree canopies, in providing thermal comfort and mitigating the
impacts of climate change. In previous research [36,42], temperature data from pedestrian
paths were collected using calibrated data loggers (Tinytag Plus 2—TGP-4020, Chichester,
West Sussex, UK) positioned at a 1.5-m height, mirroring the temperature experienced by
citizens. Special attention was given to shielding the sensors from direct sunlight exposure
in order to ensure accurate measurements. This sensor has a reading range —40 °C to
+125 °C, a reading resolution of 0.02 °C or better, and temperature stability of £0.01 °C/°C
change from 25 °C. It is accurate to 0.35 °C between temperature values of 0 °C and
70 °C [36,42,43].
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Figure 1. The study area. The map shows the topography of the city, the location of the green spaces,
and the surveyed areas.

(B)

Figure 2. (A) Tinytag Plus 2—TGP-4020, Chichester, West Sussex, UK; (B) DJI Mavic Enter-
prise 2; (C) photo from the UAV on the sensor probe used for vertical measurements of air
temperature [36,42,43].
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The survey database was compiled from the combination of three daily surveys on
selected anticyclonic days with high temperatures. Data collection was carried out in the
morning (9:00) and afternoon (15:00) and at night (22:00). This was followed by statistical
analysis and the elaboration of thematic cartography.

Four pedestrian routes were meticulously outlined and planned. This was done to
ensure that the routes were representative of the surveyed area, encompassing a diverse
array of green spaces and urban scenarios. The aim was to capture varying temperature
profiles by correlating distinctive features between green spaces and built environments.
Consequently, a total of 183 points (including shared points between routes) were included,
allowing for a thorough and varied collection of temperature data across different urban
landscapes [36,41]. At the start, a time stamp was registered. Each point had one minute of
permanence to stabilize the sensor.

Subsequent statistical evaluations unveiled a range of values documented during
the sensor stabilization phase. Only after this could an average temperature value be
determined—a methodology frequently adopted in aerial assessments. Utilizing the Em-
pirical Bayesian Kriging tool in ArcGIS Pro, a georeferenced temperature map was crafted
for each individual survey [36,41,43].

To measure the vertical thermal profile of the lower atmosphere, a temperature survey
at altitude was designed, based on the use of an Unmanned Aerial Vehicle (UAV), DJI
Mavic Enterprise 2. As stated above, the methodology used was adapted from previous
studies [36,42,43]; a drone equipped with a Tinytag Plus 2 temperature sensor (TGP-4020,
Chichester, West Sussex, UK) was employed. To avoid rotor vortex interference, the sensor
was positioned 10 m beneath the UAV. The drone descended at a rate of 1 m per sec-
ond, while the sensor recorded data every second, allowing for the creation of vertical
temperature profiles at higher altitudes. Both the sensor and the UAV were lifted to a
distance exceeding 10 m from the data collection point to minimize external interference. A
two-minute pause at the maximum altitude ensured stable sensor readings. The tempera-
ture sensor boasted a 0.01 °C response rate and a minimum readout resolution of 0.02°C,
ensuring high calibration precision and measurement accuracy.

The digital mapping methodologies implemented in this research were similar to
those employed for pedestrian pathways, with the additional variable of altitude. A 3D
Empirical Bayesian Kriging method was utilized to map data points in a three-dimensional
environment [36,42].

The results provided two levels of analysis: 2D planimetric surface temperature (along
the predefined pedestrian routes), and 3D vertical thermal profiles (on pre-established
surface points, using a data logger coupled to a drone) [36,42].

3. Results
3.1. Surface Temperatures at the City of Coimbra

Figure 3 shows the data from one of the surveyed days (27 May 2021). This is a repre-
sentative day for the surveyed routes, which surveys took place during the spring/summer
months. Considering that the analysis was undertaken in the morning (Figure 3B—09:00),
in the afternoon (Figure 3C—15:00), and at night (Figure 3D—22:00), it is possible to verify
that each surveyed point presents different characteristics, namely, thermal amplitudes.
The routes taken during the early morning (Figure 3B) show the effect of the nocturnal
cooling provided by the water table of the river Mondego and by the Botanical Garden. In
the same period, the hottest sectors (32 °C) were the ones exposed to the sun from dawn.
This is visible in the north and east ridges of the city. Distinctively, the routes taken in the
hottest period of the day (Figure 3C) resulted in a map presenting higher thermal contrasts.
It reveals an asymmetry between the surface temperatures measured in densely urbanized
areas and in areas with higher prevalence of green spaces, and with increased tree density.
In the urban areas, the temperatures measured were around 35 °C, while in the green areas
they were around 32 °C (a thermal range of up to 6 °C in both extremes). Following the
night survey (Figure 3D), the map perfectly showcases the urban heat island of Coimbra,
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the thermal behavior of which was previously identified by Nuno Ganho [35,41]. Urban-
ized and densely built or paved areas are warmer. This behavior is distinctly observed in
areas such as University Hill and Conchada Ridge, a finding consistent with preceding
survey campaigns. Moreover, the mapping elucidates the critical role of urban green spaces
in fostering “fresh air cells”. These cells are prominently identifiable in locations like the
Botanical Garden, Santa Cruz, the riverside Urban Green Park, and along the Mondego
River itself.

P
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Figure 3. Surface temperatures derived from surveyed data (A), through footpath routes: morning
(B), afternoon (C), and night (D) (27 May 2021).

3.2. The Thermal Regulator Role of Selected Urban Green Spaces

The surface temperature results reveal the potential for a more intricate and smaller-
scale study to explore the thermal regulation role of green spaces in Coimbra. Utilizing
the Botanical Garden as a “study laboratory” facilitated an understanding of the impacts
of varying spatial tree patterns on surface temperatures and temperature variations at
different altitudes (Figure 4). In this second scale of analysis, beyond the Botanical Garden,
data were also gathered from other small-scale green spaces, tree-lined streets, and densely
urbanized zones to serve as comparative indices.
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Figure 4. Spatial pattern variation inside the Botanical Garden of Coimbra.

Sample points were strategically chosen based on data gathered during 2020 and 2021,
and by analyzing the city’s various small-scale spatial patterns, with a particular focus
on those within the Botanical Garden to ensure a diverse representation of green space
types. These sample points aimed to be illustrative of both the similarities and differences
observed in the urban green spaces of Coimbra. The selection criteria included factors such
as density, typology, topography, ventilation, and surface materials. While species variation
within green spaces was considered, it was not a primary parameter in our selection process
(Figures 4-6).

Through analyses of the vertical temperature profiles (Figure 7) recorded during the
hottest period (15:00), it is possible to verify that, in cases where urban trees are sparse
or absent, afternoon profiles show significant and rapid temperature losses in the first
20/30 m (profiles UC, JB1, JB3). This is a consequence of the sun directly heating the
exposed surfaces.

However, in cases of higher tree density (profiles JB4, JB5), there is a reduced temper-
ature drop of 1.5 °C in the first 100 m, which is significantly lower than those measured
in the areas without trees. This phenomenon can be attributed to the evaporative cooling
properties of trees. JB4 is mainly composed of Celtis australlis, and JB5 of Tilia x europaea.
From an eco-physiological standpoint, these trees open their leaf stomata throughout the
day. This adaptive mechanism facilitates evapotranspiration, enabling the optimal man-
agement of water and temperature. Consequently, there is a modest uptick in atmospheric
humidity, which accounts for the observed elevated thermal inertia. Because of this, in the
first 100 m of the night profiles there are only slight rises in temperature of 0.17 °C and
0.22 °C, respectively.
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Figure 5. Characteristics of the surveyed areas under analysis, with the overlapping of thermal
profiles taken from the Botanical Garden and the university building (27 May 2021).
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Figure 6. Thermal profiles from the afternoon of the 27.05.2021 in the 3D model of the city of Coimbra.

In the night profiles, the green spaces (profiles JB2, JB3, JB4, JB5) show a small temper-
ature rise at the lower heights. This can also be explained by the greater thermal inertia
provided by trees and their evaporative effect, which was functioning during the day. Even
though leaf stomata close at night to prevent the trees from losing water, the humidity
increase that can be seen during the day is still present in the early hours of the night. In
contrast, JB1, an area with low tree density and larger paved areas, shows a continuous
increase in temperature, with a profile similar to those of high-urban-density areas, but with
smaller thermal variation. The UC profile presents a continuous increase in temperature
with altitude, and shows the highest recorded thermal amplitude, thus showcasing the
urban heat island effect.

To gain a more nuanced understanding of thermal variations, our analysis was con-
ducted at a detailed level, focusing primarily on the lower strata of the atmosphere—
specifically the initial 60 m from the surface. This evaluation considered various thermal
profiles, including UC (areas with no trees), JB1 (areas with very sparse trees), JB4 (a dense
forest of Celtis australis), and JB5 (a dense tree alley with Tilia X europaea). It is important to
acknowledge that the selection of these botanical compositions provides valuable insights
into the thermal role of these sets of tree species and densities.

JB1 and UC offered identical profiles in the afternoon: surface temperatures of approx-
imately 37 °C, with rapid temperature losses up to an altitude of 15 m (around 3 °C), and
with a further attenuated decrease of 1 °C in the remaining 45 m analyzed. The strong
irradiation observed seems to be the main reason for this rapid loss of temperature with
altitude. These locations comprise different materials—limestone at UC and stabilized soil
at JB1, both of which have strong albedo. Even though there are thermal similarities in the
afternoon, the night profiles show differences. These reflect their different locations in the
urban context, as was previously mentioned. Profile JB1 shows a temperature decrease
below 1 °C across its area that is more significant in the first 10 m (0.5 °C). This is largely
due to the irradiation of accumulated heat in the soil throughout the day. In profile UC,
after the first 5 m where there is temperature loss due to the release of heat accumulated on
the limestone floor, there is a very slight increase in the associated temperature (0.05 °C),
similar to that which can be recognized in the profiles of dense urban spaces, where the
urban heat island on the surface is measurable (Figure 3D).
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The regions with high tree density in the Botanical Garden (JB4, JB5) exhibit distinct
thermal dynamics compared to areas with sparse tree coverage. This distinction arises
from the trees’ capacity to absorb, reflect, and modulate solar radiation. In the early-
night thermal profiles of JB4 and JB5, there is a noticeable temperature escalation from the
ground up to approximately 30 m (the peak tree height). This pattern can be ascribed to
the daytime evaporative cooling effect offered by the trees, coupled with the subsequent
thermal inertia resulting from evapotranspiration and augmented atmospheric moisture.
Beyond the tree canopy’s apex (30 m), stretching to 60 m above the ground, there is a
marginal temperature decline.

The thermal regulation measured in the afternoon provided by the higher tree density
can be compared to that identified in other studies [44,45]. The cooling effects of trees are
evident not just from their shading capabilities, by which they intercept solar radiation, but
also from their role in reducing energy absorption and storage in urban surfaces [46,47].

This can be further elucidated by highlighting evapotranspiration’s contribution to
thermal inertia. Such phenomena have been distinctly showcased in the profiles crafted
during this research. Specifically, thermal profiles JB4 and JB5 underscore the temperature-
moderating properties of urban trees from the ground level upwards. It is apparent that
urban green spaces tend to be cooler at the surface compared to predominantly paved
regions with fewer trees, a phenomenon termed the park cool island (PCI) effect [36].
Intriguingly, this cooling difference is even noticeable within green spaces that vary in
tree density. As illustrated in Figure 8, the temperature disparity between densely tree-
populated areas and their adjacent, less dense counterparts (separated by less than 20 m) can
be as significant as 1.3 °C, as documented in the 29 May 2020 survey at “Tilia alley” (JB5).

AVENUE OF THE
TILIAS

Survey
© UAV = Pedestrian

Temperature 2C
32.4-326
32.7-328
329-33.0
33.1-331
33.2-334

N 335-336

Green space
W& Botanical garden
Wi Green belt

Built Planimetry

Figure 8. Thermal behavior in JB5 Tilia alley (29 May 2020).

4. Discussion

Addressing urban resilience to climate change, along with carbon sequestration, ranks
among the most pressing societal issues leading up to 2050. This research embarked on
a detailed exploration of how the planning of urban green structures influences thermal
conditions, extending from the surface to the vertical layers of the lower atmosphere. The
study was conducted during high-temperature anticyclonic days in Coimbra, Portugal. Re-
search was developed through analytical maps using Kriging methods, with data collected
at over 183 sample points located 1.5 m above ground level. This study integrated vertical
air temperature measurements collected using Unmanned Aerial Vehicles (UAVs), with
continuous sampling between 0 and 225/250 m, carried out three times a day—morning,
afternoon, and evening; although, in this paper, only the afternoon and evening surveys
were analyzed.
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For surface temperatures, although this paper was restricted to data collected during
one of the 2021 campaigns amid a heatwave (end of May), the cartograms highlight the
need for a more refined analysis of urban morphology in certain sectors, particularly in
terms of observed thermal contrasts between grey and green areas. In this regard, during
the hottest part of the day, we see a temperature variation between the more densely built
sectors and green zones that can reach 6 °C, and at night, a stark demarcation of the urban
heat island in the hilltop (University of Coimbra) and Botanical Garden areas is noticeable,
showing a temperature difference that can reach 4 °C. The factor of tree vegetation is highly
decisive here.

However, a particularity that demands further study in the sector between the two
analyzed gardens has been observed. Indeed, throughout the campaigns conducted since
2019, evidence has arisen of the reduced spatialization of the influence area of arboreal
green spaces, considering the size of these two spaces—a fact emphasized by the existence
of a sector quite close to each of them (250 m) with higher temperatures (cf. Figure 3C).
This is a result of the morphology, and arises from the development of these gardens in
small valleys separated by a mildly significant interfluve where temperatures are, typically,
higher. In this context, and as studies have shown, the green spaces of Coimbra play a
fundamental role in substantially diminishing the phenomenon of urban heat islands, a
trend noticeable during the day and which is even more pronounced at the beginning of
the night, wherein said spaces function as cells of cool air in the urban context.

If the influence of green spaces is evident throughout the day, the influence of blue
spaces—the water plan of the Mondego River—on temperature regulation in Coimbra
must also be mentioned. In the early morning, the influence of cooler air masses is evident
not only in the lower sector near the water sheet but also in the western sector of the hill
where the historical center next to the university is located. However, unlike the action of
green spaces observed throughout the day, the role of blue spaces seems to have a strong
influence in the morning, which becomes less significant as the day progresses.

The analysis of vertical profiles once again seems to reinforce the idea of the importance
of urban green spaces to climate regulation. The vertical temperature profiles reveal that
in densely urbanized and impermeable areas the situation is quite differentiated: if, at
the beginning of the afternoon (the hottest period), a rapid temperature drop occurs—
more than 4 °C in less than 125 m—then at night the UHI recorded at the surface will be
reinforced at altitude, with the temperature increasing by about 1 °C in the first 150 m of
the lower atmosphere. This represents an anomalous situation as regards the expected
thermal gradient, and reinforces the idea of a UHI that also develops at altitude. Regarding
green spaces, there is also some differentiation. In spaces with higher tree density, at the
beginning of the afternoon, the thermal profiles reflect a slight warming in the first 30/40 m,
an indication of evapotranspiration (particularly in sectors populated with deciduous trees),
while in the more open sectors of the Botanical Garden temperatures decrease in a manner
identical to in the grey sectors. At night, the profiles vary according to the presence (or
absence) of the arboreal layer. These have a clear thermal regulatory effect, and reflect
temperatures that are differentiated at altitude but clearly higher above the treetops.

In fact, a more detailed analysis of the 50 m above the surface (close to what can be
considered in these sectors as the Urban Canopy Layer (UCL)) offers results that are more
prominent in the different sectors under analysis. In the case of built spaces, there is not
much nuance to the trend previously described in the global analysis of the profiles, but
in green spaces the situation is made clearer by this approach. One of the main pieces of
evidence is the difference that is observed in the profiles constructed for trees of the same
species—Tilia trees—but with different densities and spatializations. Thus, in the case of
the “Tilia alley” sector, where the density is high, at the beginning of the afternoon, after a
slight warming in the trunk sector, a slight decrease is observed between 5 and 15 m, with
warming between 15 and 25 m, followed by the usual temperature drop. However, at the
beginning of the night, the situation of warming linked to the arboreal sector is evident
(evapotranspiration), with the expected cooling due to the thermal gradient in the layer
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above the canopies. In dispersed arboreal areas (in the upper terrace of the JB), the profiles
show very significant decreases in the first 30 m—3.3 °C in the afternoon survey and 0.4 °C
at the beginning of the night (resulting from the release of heat by evapotranspiration). In a
mixed arboreal zone (of intermediate density), a decrease is observed in the daytime period
(with only a slight rise in temperature in the first 5 m, this being due to ground irradiation),
while at night an increase in temperature is seen in the first 30 m (canopies), with a slight
decrease in temperatures in the remaining recording points.

At the surface level, particularly in urban green spaces with high arboreal density—
“Tilia alley”—the goal was to understand the role that arboreal zones play in mitigating
temperatures at 1.5 m in altitude. We identified the existence of fresh air cells in these
wooded sectors, revealing a temperature lower by about 1.2 °C relative to peripheral spaces
with lower tree density but still within the Botanical Garden, and even higher values were
observed in other contexts and with other methodologies [36].

In this study, while the impact of green spaces on urban microclimates was extensively
investigated, it is important to acknowledge certain limitations concerning the analysis
of plant species. We recognize that different tree species exhibit varying effects on the
thermal environment, influenced by their unique morphological characteristics, such as leaf
density, leaf size, canopy structure, and overall dimensions (height, width, etc.). However,
our study primarily focused on broader categories of green space characteristics, like tree
density and canopy coverage, rather than a detailed analysis of individual species and
their specific morphologies. Consequently, the findings should be interpreted with the
understanding that the intricate variations brought about by specific species were not
deeply explored, which suggests a potential avenue for future research to build upon the
insights derived from this study.

In the context of Coimbra and its complex morphology, there is a clear relation between
urban green spaces and the city’s climatic regulation. It is essential to understand how the
reflections drawn from the discussion cannot be ignored in relation to the implications of
anthropogenic climate change in different urban structures, with the goal of increasing
urban resilience. This study, focused on the spatial patterns of consolidated green spaces
and their relationships with built spaces, sought to demonstrate how densely wooded areas
contribute to the reduction in direct solar radiation endured by the surface, while increasing
thermal inertia through evapotranspiration, which thus functions as an important climatic
regulator. These mechanisms, understood as ecosystem services, also facilitate an increase
in bioclimatic comfort. The realization that these premises are of essential relevance to
sustainable urbanism seems to be a given in the thematic literature, and is here proven in
the city of Coimbra. The deliberate expansion of urban green areas should be seriously
considered by urban planners and public managers, as these green spaces serve as one
of the more critical components in building sustainable cities, while also considering the
effects of different species in the same planning process.

This type of study should be seen as fundamental to technicians and politicians in
future of cities, as it provides data and guidelines for rethinking the planning of the city viaa
green structure. There is a clear need for a tree planting plan that mirrors the road network,
especially in sectors where higher temperatures are observed (slopes facing southern
quadrants). This seems to be a key consideration for the coming times, especially since, at
present, municipalities are developing in the opposite direction. Also, creating small-scale
vegetation islands as well as creating blue spaces should be considered. Regarding plant
species, while considering the climatic characteristics of a city in relation to the observed
microclimatic characteristics of green spaces in Coimbra, the orientation should be towards
the wider planting of deciduous trees, since this allows greater solar radiation in cold
periods and greater protection during the summer [36].
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5. Conclusions

Using the city of Coimbra as a reference point, this study sheds light on and illustrates
the capacity for urban green spaces to modulate extreme temperatures within an urban
setting, across various scales.

Data collected during anticyclonic days with high temperatures reveal that average
temperature differences between dense urban areas and large green spaces can reach up
to 6 °C. The effects of green spaces as fresh air cells were measured in various areas with
distinctive dimensions.

Vertical temperature profiles recorded using a UAV have revealed that in highly
urbanized areas there are rapid and more intense temperature drops when compared to
urban green spaces with high tree density. The evaporative cooling effect of trees has been
identified. Vertical profiles recorded in green spaces with Celtis australis and Tilia x europaea
reveal greater thermal inertia. The thermal variation measured in the first 100 m is lower
than that measured in urbanized areas. The relationship between temperature and the
surrounding environment highlights the growing importance of trees to atmospheric
dynamics at altitudes close (20/30 m) to areas inhabited by living species.

Within the chosen green spaces, variations in thermal behavior patterns were observed.
Factors such as tree compositions, densities, canopy structures, and typologies were found
to significantly influence air temperature reduction.

This research paper is part of a broader project focused on envisioning climate change
resilience in a city influenced by Mediterranean climates, where the increase in heatwaves
(and cold air spells) has been intensifying [36,41]. The role of tree vegetation in developing
cool islands associated with urban forests and the road network itself may prove to be
important factors in specifically mitigating the urban heat island located in the old urban
core, which is bounded by a large green structure [36]. The goals of mitigating urban
climate change [29,48], based on nature-based solutions [21], and, particularly, through
urban design that balances the relationship between grey, green, and blue spaces, as well as
a deep understanding of these spaces as regards their interactions with the urban thermal
regime, are among the main objectives to be developed.

Therefore, from a critical perspective related to creating sustainable urbanism in Coim-
bra, and starting with the evidence gathered in this paper (as well as others subsequently
published [36,41]), the role of green spaces in the climatic regulation of the city can be
assumed, particularly in sectors where the urban heat island is a reality throughout the
year. As regards short-term development paths, it is therefore also essential to delineate the
UHI on the left bank of the water body, understand its role in the spatialization of the UHI
on the right bank, and implement a city reforestation plan that will enhance the climate
change resilience of this city.

Author Contributions: Conceptualization, A.C., A.O. and ]. M.L.; methodology, A.C., A.O.and JM.L,;
software, A.C., A.O. and ].M.L,; validation, A.C., A.O. and ].M.L.; formal analysis, A.C., A.O. and
J.M.L,; investigation, A.C., A.O. and ].M.L.; resources, A.C., A.O. and ].M.L.; data curation, A.C., A.O.
and ].M.L.; writing—original draft preparation, A.C., A.O. and ].M.L.; writing—review and editing,
A.C., A.O.and ] M.L,; visualization, A.C., A.O. and ].M.L,; supervision, A.C., A.O. and ] M.L.; project
administration, A.C., A.O. and ].M.L.; funding acquisition, A.C., A.O. and ].M.L. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by national funds through the FCT—Fundagao para a Ciéncia e
a Tecnologia, which were granted to I.P. through project UIDB/00460/2020.

Conflicts of Interest: The authors declare no conflict of interest.

1. Leichenko, R. Climate change and urban resilience. Curr. Opin. Environ. Sustain. 2011, 33, 164-168. [CrossRef]
2. United Nations. Revision of World Urbanization Prospects; United Nations: New York, NY, USA, 2018; p. 799.
3.  United Nations. World Population Prospects 2022: Summary of Results; UN: New York, NY, USA, 2022.


https://doi.org/10.1016/j.cosust.2010.12.014

Forests 2023, 14, 2351 15 of 16

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

Kochhar, R.; Taylor, P.; Wike, R.; Stokes, B.; Bell, J. Population Change in the U.S. and the World from 1950 to 2050. Pew Research
Center’s Global Attitudes Project; Pew Research Center: Washington, DC, USA, 2014; Chapter 4.

Castan Broto, V.; Robin, E.; While, A. Introduction: Climate urbanism—Towards a research agenda. In Climate Urbanism; Springer:
Berlin/Heidelberg, Germany, 2020; pp. 1-11.

Oke, T.R.; Mills, G.; Christen, A.; Voogt, J. Urban Climates; Cambridge University Press: Cambridge, UK, 2017; p. 525. [CrossRef]
Grimmond, C.S.B. Climate of Cities. In The Routledge Handbook of Urban Ecology, 2nd ed.; Douglas, I., Anderson, PM.L., Goode, D.,
Houck, M.C., Maddox, D., Nagendra, H., Yok, T.P, Eds.; Routledge: London, UK, 2021; pp. 129-140.

Benedict, M.A.; McMahon, E.T. Green Infrastructure: Linking Landscapes and Communities; Island Press: Washington, DC, USA, 2012.
Pauleit, S.; Fryd, O.; Backhaus, A.; Jensen, M.B. Green infrastructures to face climate change in an urbanizing world. In Sustainable
Built Environments; Springer: Berlin/Heidelberg, Germany, 2020; pp. 207-234.

Rahman, M.A.; Franceschi, E.; Pattnaik, N.; Moser-Reischl, A.; Hartmann, C.; Paeth, H.; Pretzsch, H.; Rotzer, T.; Pauleit, S. Spatial
and temporal changes of outdoor thermal stress: Influence of urban land cover types. Sci. Rep. 2022, 12, 671. [CrossRef] [PubMed]
Rahman, M.A.; Fleckenstein, C.; Dervishi, V.; Ludwig, F.; Pretzsch, H.; Rotzer, T.; Pauleit, S. How good are containerized trees for
urban cooling? Urban For. Urban Green. 2023, 79, 127822. [CrossRef]

McPhearson, T.; Pickett, S.T.A.; Grimm, N.B.; Niemel4, J.; Alberti, M.; Elmqvist, T.; Weber, C.; Haase, D.; Breuste, J.; Qureshi, S.
Advancing Urban Ecology toward a Science of Cities. BioScience 2016, 66, 198-212. [CrossRef]

Lévi-Strauss, C. Tristes Tropiques, Terre Humaine; Plon: Paris, France, 1955; p. 462.

Moudon, A.V. Urban morphology as an emerging interdisciplinary field. Urban Morphol. 1997, 1, 3-10. [CrossRef]

McPhearson, T.; Iwaniec, D.M.; Hamstead, Z.A.; Berbés-Blazquez, M.; Cook, E.M.; Mufioz-Erickson, T.A.; Grimm, N. (Eds.) A
Vision for Resilient Urban Futures. In Resilient Urban Futures; Springer: Cham, Switzerland, 2021; p. 173.

Romero, M.A.B. A Arquitetura Bioclimdtica do Espago Piiblico; Editora UnB: Brasilia, Brazil, 2001.

Farr, D. Urbanismo Sustentdvel: Desenho Urbano com a Natureza; Bookman Editora: Porto Alegre, Brazil, 2013.

Rosenzweig, C.; Solecki, W.D.; Romero-Lankao, P.; Mehrotra, S.; Dhakal, S.; Ibrahim, S.A. Climate Change and Cities: Second
Assessment Report of the Urban Climate Change Research Network; Cambridge University Press: Cambridge, UK, 2018.

Roth, M. Understanding urban heat islands. In The Routledge Handbook of Urban Ecology, 2nd ed.; Douglas, 1., Anderson, PM.L.,,
Goode, D., Houck, M.C., Maddox, D., Nagendra, H., Yok, T.P,, Eds.; Routledge: London, UK, 2021; pp. 142-154.

Erell, E.; Pearlmutter, D.; Williamson, T. Urban Microclimate: Designing the Spaces between Buildings; Routledge: London, UK, 2012.
Kabisch, N.; Korn, H.; Stadler, J.; Bonn, A. (Eds.) Nature-Based Solutions to Climate Change Adaptation in Urban Areas: Linkages
between Science, Policy and Practice; Springer Nature: Cham, Switzerland, 2017.

Nastran, M.; Kobal, M.; Eler, K. Urban heat islands in relation to green land use in European cities. Urban For. Urban Green. 2019,
37,33-41. [CrossRef]

Maimaitiyiming, M.; Ghulam, A.; Tiyip, T.; Pla, F.; Latorre-Carmona, P.; Halik, U.; Sawut, M.; Caetano, M. Effects of green space
spatial pattern on land surface temperature: Implications for sustainable urban planning and climate change adaptation. ISPRS ].
Photogramm. Remote Sens. 2014, 89, 59-66. [CrossRef]

Du, H,; Cai, W,; Xu, Y,; Wang, Z.; Wang, Y.; Cai, Y. Quantifying the cool island effects of urban green spaces using remote sensing
Data. Urban For. Urban Green. 2017, 27, 24-31. [CrossRef]

Depietri, Y.; McPhearson, T. Integrating the grey, green, and blue in cities: Nature-based solutions for climate change adaptation
and risk reduction. In Nature-Based Solutions to Climate Change Adaptation in Urban Areas: Linkages between Science, Policy and
Practice; Springer Nature: Cham, Switzerland, 2017; pp. 91-109.

Salbitano, F; Borelli, S.; Conigliaro, M.; Chen, Y. Guidelines on Urban and Peri-Urban Forestry; FAO Forestry Paper No. 178; Food
and Agriculture Organization of the United Nations: Rome, Italy, 2016.

Pitman, S.D.; Daniels, C.B.; Ely, M.E. Green infrastructure as life support: Urban nature and climate change. Trans. R. Soc. South
Aust. 2015, 139, 97-112. [CrossRef]

Roeland, S.; Moretti, M.; Amorim, ].H.; Branquinho, C.; Fares, S.; Morelli, F.; Niinemets, U.; Paolett, E.; Pinho, P; Sgrigna, G.; et al.
Towards an integrative approach to evaluate the environmental ecosystem services provided by urban forest. J. For. Res. 2019, 30,
1981-1996. [CrossRef]

Sun, R.; Chen, L. Effects of green space dynamics on urban heat islands: Mitigation and diversification. Ecosyst. Serv. 2017, 23,
38-46. [CrossRef]

Cunha, N.S.; Magalhaes, M.R. Methodology for mapping the national ecological network to mainland Portugal: A planning tool
towards a green infrastructure. Ecol. Indic. 2019, 104, 802-818. [CrossRef]

Wu, D.; Wang, Y.; Fan, C.; Xia, B. Thermal environment effects and interactions of reservoirs and forests as urban blue-green
infrastructures. Ecol. Indic. 2018, 91, 657-663. [CrossRef]

Cordeiro, A.M.R. Morphological System and Urban Settlements. Coimbra (Portugal): A City from the Roman Times to the
Present. Cuad. Vivienda Urban. 2021, 14, 1-19. [CrossRef]

McIntyre-Mills, J. The COVID-19 era: No longer business as usual. Syst. Res. Behav. Sci. 2020, 37, 827-838. [CrossRef]
Fitzgerald, J. Greenovation: Urban Leadership on Climate Change; Oxford University Press: Oxford, UK, 2020.

Ganho, N. O Clima Urbano de Coimbra: Estudo de Climatologia Local Aplicada ao Ordenamento Urbano. Ph.D. Thesis,
Universidade de Coimbra, Coimbra, Portugal, 1998.


https://doi.org/10.1017/9781139016476
https://doi.org/10.1038/s41598-021-04669-8
https://www.ncbi.nlm.nih.gov/pubmed/35027622
https://doi.org/10.1016/j.ufug.2022.127822
https://doi.org/10.1093/biosci/biw002
https://doi.org/10.51347/jum.v1i1.4047
https://doi.org/10.1016/j.ufug.2018.01.008
https://doi.org/10.1016/j.isprsjprs.2013.12.010
https://doi.org/10.1016/j.ufug.2017.06.008
https://doi.org/10.1080/03721426.2015.1035219
https://doi.org/10.1007/s11676-019-00916-x
https://doi.org/10.1016/j.ecoser.2016.11.011
https://doi.org/10.1016/j.ecolind.2019.04.050
https://doi.org/10.1016/j.ecolind.2018.04.054
https://doi.org/10.11144/javeriana.cvu14.msus
https://doi.org/10.1002/sres.2745

Forests 2023, 14, 2351 16 of 16

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

Ornelas, A.; Cordeiro, A.; Lameiras, ].M. Thermal Comfort Assessment in Urban Green Spaces: Contribution of Thermography to
the Study of Thermal Variation between Tree Canopies and Air Temperature. Land 2023, 12, 1568. [CrossRef]

Alberti, M.; McPhearson, T.; Gonzalez, A. Embracing urban complexity. In Urban Planet: Knowledge towards Sustainable Cities, 1st
ed.; Cambridge University Press: Cambridge, UK, 2018; pp. 45-67.

Alcoforado, M.]. Alteragbes Climdticas e Desenvolvimento Urbano, Série Politica de Cidades n°4; Direcgao Geral do Ordenamento do
Territério e Desenvolvimento Urbano: Lisbon, Portugal, 2009.

Reis, C.; Lopes, A. Evaluating the Cooling Potential of Urban Green Spaces to Tackle Urban Climate Change in Lisbon. Sustain-
ability 2019, 11, 2480. [CrossRef]

Venhari, A.A.; Tenpierik, M.; Hakak, A.M. Heat mitigation by greening the cities, a review study. Environ. Earth Ecol. 2017, 1,
5-32. [CrossRef]

Rochette Cordeiro, A.M.; Ornelas, A.; Silva, D.D. The importance of topography in the formation of cold-air pooling in urban
spaces. The example of the city of Coimbra (Portugal). Theor. Appl. Clim. 2023, 152, 227-239. [CrossRef]

Yang, C.; Zhu, W,; Sun, J.; Xu, X.; Wang, R.; Lu, Y.,; Zhang, S.; Zhou, W. Assessing the effects of 2D /3D urban morphology on
the 3D urban thermal environment by using multi-source remote sensing data and UAV measurements: A case study of the
snow-climate city of Changchun, China. J. Clean. Prod. 2021, 321, 128956. [CrossRef]

Marques, D.; Ganho, N.; Cordeiro, A.M.R. Clima local e ordenamento urbano, o exemplo de Coimbra. Cad. Geogr. 2007, 26,
313-324. [CrossRef] [PubMed]

Voogt, J.A.; Oke, T.R. Thermal remote sensing of urban climates. Remote Sens. Environ. 2003, 86, 370-384. [CrossRef]
Shashua-Bar, L.; Hoffman, M.E. Vegetation as a climatic component in the design of an urban street: An empirical model for
predicting the cooling effect of urban green areas with trees. Energy Build. 2000, 31, 221-235. [CrossRef]

Bowler, D.E.; Buyung-Ali, L.; Knight, T.M.; Pullin, A.S. Urban greening to cool towns and cities: A systematic review of the
empirical evidence. Landsc. Urban Plan. 2010, 97, 147-155. [CrossRef]

Moss, J.L.; Doick, K.J.; Smith, S.; Shahrestani, M. Influence of evaporative cooling by urban forests on cooling demand in cities.
Urban For. Urban Green. 2019, 37, 65-73. [CrossRef]

Nakamura, F. Green Infrastructure and Climate Change Adaptation: Function, Implementation and Governance; Springer Nature: Cham,
Switzerland, 2022; pp. 239-255. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/land12081568
https://doi.org/10.3390/su11092480
https://doi.org/10.24051/eee/67281
https://doi.org/10.1007/s00704-023-04401-8
https://doi.org/10.1016/j.jclepro.2021.128956
https://doi.org/10.14195/0871-1623_27_26
https://www.ncbi.nlm.nih.gov/pubmed/19101893
https://doi.org/10.1016/S0034-4257(03)00079-8
https://doi.org/10.1016/S0378-7788(99)00018-3
https://doi.org/10.1016/j.landurbplan.2010.05.006
https://doi.org/10.1016/j.ufug.2018.07.023
https://doi.org/10.1007/978-981-16-6791-6

	Introduction 
	Materials and Methods 
	Study Area 
	Research Methods 

	Results 
	Surface Temperatures at the City of Coimbra 
	The Thermal Regulator Role of Selected Urban Green Spaces 

	Discussion 
	Conclusions 
	References

