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Abstract: The urban heat island (UHI) and its intensity is one of the phenomena that are of deter-
mining importance for the comfort of living in cities and their sustainable development in the face
of deepening climate change. The study is objectively difficult due to the large dynamics like land
cover and the considerable diversity of land use patterns in urban areas. Most of the frequently used
research practice approaches provide information with problematic spatial and temporal resolution,
making them difficult to apply for sustainable urban planning purposes. This paper proposes to
calculate SUHI intensity as the difference between the temperature of a given point within a city and
the average minimum temperature of the land cover class with the lowest surface temperatures within
the same urban area. The study presents the results of the application of thermal photogrammetry
based on the use of unmanned aerial systems (UAS), combined with geographic information systems
(GIS), in the study of surface urban heat island intensity (SUHI), at the local level for the largest
housing complex in Bulgaria–Lyulin district of the capital of Sofia city. The studies were carried out
during a heat wave in July 2023. A difference of 16.5 ◦C was found between locations with SUHI
occurrence and of the peripheral non-build and natural land cover types within the urbanized area.
The information benefits of locally addressed data and their direct applicability are discussed to
support decision-making processes in the planning and management of urban areas, including their
climate adaptation and sustainable development.

Keywords: urban heat island (UHI); surface urban heat island (SUHI); thermal photogrammetry;
unmanned aerial systems (UAS); sustainable urban planning; block/neighborhood level

1. Introduction

The process of intensive urbanization is accompanied by a continuous densification of
geographical space with artificial surfaces and objects, overconcentration of population,
economic and social activities [1]. The combination of these circumstances has a direct
impact on the formation of urban climate and the energy balance of urban climate systems,
which is crucial for their sustainable development [2]. The formation and retention of
higher temperatures in urban spaces compared to their neighboring areas is defined as the
urban heat island effect. Since the first documented study in this area, conducted by Luke
Howard in London [3] in the late 19th century, this phenomenon has been investigated
in cities of varying sizes and geographical locations [4–6]. Higher ground surface and air
temperatures in contact with it increase temperature stress for urban populations which
significantly affects overall mortality [7,8]. It increases energy costs for cooling [9], as
well as contributes to other environmental problems related to greenhouse gas emissions
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and other atmospheric pollutants [10]. These effects are likely to be further amplified if
climate change intensification is taken into account [11–14]. In addition to health risks, the
cumulative economic costs associated with urban impacts from UHI and climate change
effects have been estimated to be 2.6 times higher than those without UHI effects [15].
Therefore, measures to mitigate UHI impacts will also contribute to mitigating urban heat
stress, especially in an emerging future with more frequent and stronger extreme heat
events due to the interaction between urban climate, heat waves, climate change, and
urbanization [16].

For these reasons, mapping and assessing the urban heat island effect has emerged
as an important issue in contemporary urban planning, which seeks a higher degree of
resilience and the implementation of nature-based solutions aimed at mitigating and adapt-
ing to climate change. Intense urbanization coupled with global climate change is likely
to lead to an intensification of UHI and the negative consequences of this phenomenon
on urban governance, organization and planning, and the health and well-being of ur-
ban residents [17]. These issues are increasingly the focus of research interest [18,19],
with the number of publications in this area increasing from 22 to 118 between 2010 and
2020 alone [20]. A significant proportion of these studies highlight the need to accurately
quantify and spatially parameterize UHI intensity and the factors that determine it. The
increasing number of published papers on the UHI effect, especially since 2016, from 48 to
118 publications at that time, highlights the scientific community’s interest in the prevalence
of this problem, considering its causes and consequences in several dimensions, such as
environmental, social, and economic [20].

This scientific relevance is directly related to the need to promote integrated planning
to improve urban climate [21], using appropriate data as a key input [22] to address the
challenges posed by this complex phenomenon. Knowledge of the genesis and dynamics
of the UHI will contribute to an informed renewal of urban planning approaches and
enhance the effectiveness of solutions to organize sustainable urban environments in the
process of accelerated adaptation to climate challenges. To do this in the most adequate
way possible, a georeferenced information base with high spatial resolution is needed to
guide the exploration, mapping, and assessment of this phenomenon, which at the same
time reflects the nature of urban areas, which determines the quantitative parameters of
the UHI, its intensity and spatial configuration. Currently, there is a deficit of such studies
due to the complexity of correctly quantifying and spatializing the occurrence of UHI and
the intensity of the phenomenon in different structural parts of urban spaces [23–25].

The UHI is a complex geospatial phenomenon that includes at least three main mani-
festations: (1) within the surface of the urban area and the immediate subsurface urban heat
island (SUHI); (2) the immediate atmospheric layer enveloping the city and the buildings,
technical infrastructure, and population included within its boundaries; and (3) the bound-
ary region in the suburban space formed along the direction of movement of the prevailing
air masses [26]. The intensity and timing of UHI occurrence are derived from the structural
characteristics of urban sites—building in compact forms with dense materials of low
permeability and high heat capacity. These geographic land use patterns change the natural
morphology of the terrain to a complex heterogeneous system and shape geodynamic and
atmospheric processes of different natures. They lead to specific climatic regimes with a
high degree of spatial variability that differ significantly from the thermal, hydrostatic, and
radiative properties of natural landscapes. This situation is further complicated by the high
concentration of air pollutants in cities, as well as by anthropogenic thermal emissions into
the urban atmosphere, which also contribute synergistically to the formation of artificially
created warmer urban spaces.

From an urban planning perspective, the surface urban heat island (SUHI) [27], which
can be most directly investigated and mapped, is most often the focus. It is also found
that there is a statistically significant positive relationship between SUHI and urban area
size, with a doubling of urban area size leading to an increase in SUHI of as much as
0.7 ◦C [8]. For urban planning purposes, it is necessary to establish the exact parameters of
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the contribution of different types of territories and sites in urban areas and the influence
of their geospatial configurations on the formation and manifestation of the urban heat
island. Typically, different approaches, methods, and tools are used to provide information
for these purposes, each with different limitations.

Remote sensing methods are the most commonly used in SUHI studies, which are
typically performed using land surface temperature (LST) or radiative temperature data
obtained by remotely sensing the radiative and thermodynamic properties of urban sur-
faces (horizontally, obliquely, or vertically) recorded by thermal infrared (TIR) sensors
mounted on satellite, airborne, or unmanned platforms or helicopters [28,29]. However,
data obtained from these platforms are difficult to apply to studies of the spatiotemporal
distribution of ground surface temperature in urban areas at the local (block/neighborhood
level). Usually, the main problem in this respect is related, on the one hand, to the rel-
atively low temporal resolution of both satellite data and their temporal resolution and
the influence of factors such as cloud cover, for example [30]. All these characteristics of
satellite data limit the possibilities for a continuum spatial estimation of SUHI intensity
that corresponds to the high spatial dynamics of urban areas. Typically, under the same
meteorological conditions, surface and ground air temperatures do not coincide, as the
remote sensor captures the longwave radiation from the surface rather than the air temper-
ature recorded by thermometers, which forms the thermal environment in the inhabitable
atmospheric layer (urban canopy layer, UCL). Because of the differences in the processes
shaping the energy budgets of the two environments, LSTs vary over a much wider range
than air temperature [31–34].

Remotely sensed airborne thermal data (from manned aircraft and helicopters) have a
much higher level of detail, allowing for microscale variations in LST between different
elements of the urban landscape to be explored. Another significant advantage is that
the most appropriate time of day can be chosen to acquire thermal data. However, the
disadvantages are related to the very high costs, the complex organization, and the strict
flight management rules of manned vehicles. This type of observation is usually combined
with ground temperature measurements from fixed and/or mobile weather stations [35–38].
Mobile sensors mounted on vehicles that drive along predetermined routes are also often
used [12,39,40]. For example, Ko et al. [12] used measurement sensors mounted on a mobile
platform. However, their study has limitations in determining the general characteristics of
the urban thermal environment as it only includes meteorological observations along a spe-
cific travel route. Although observation-based methods can obtain accurate measurements,
the observations usually are one-dimensional and collected at a single point in time [41,42].

In contrast to all of the above approaches and methods, the use of remote sens-
ing methods based on unmanned aerial vehicles (UAVs) is finding an increasing place
in research [25,43,44]. These systems operate at low altitude, have lower cost, greater
flexibility and mobility [45]. Equipped with thermal infrared (TIR) spectral sensors
mounted on UAVs, the temperature of the monitored area can be rapidly captured in
two-dimensional space over an extended period of time and high spatial resolution data
can be obtained [25,30,42,44,46–48]. As a consequence of these advantages, the UAV-based
remote sensing system superimposed with thermal infrared technology has been applied in
topographic mapping [49], forestry monitoring [50], precision agriculture [51,52], natural
disaster and environmental monitoring [53], etc. In recent years, this technology has also
been successfully applied in SUHI reconnaissance at different scales, for different territories,
and in various combinations with other sensors and instruments [25,30,54–57].

At the same time, to adequately assess the effect of SUHI, it is necessary that these
data can be combined with detailed information about the underlying land surface, land
cover, land use patterns, and urban morphology. Given the typically lower resolution of
the UAV thermal sensors, the need for additional surveys to acquire high spatial resolution
data using standard photogrammetric sensors, and the small spatial extent of the UAV
operation, sampling surveys are often applied, only in certain parts of urban areas, and then
spatial interpolation methods are used [25]. Overcoming these limitations involves the use
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of a new generation of sensors that combine thermographic sensors with photogrammetric
cameras, and that use fixed-wing UAVs instead of the more popular multirotor UAV, which
have much more limited range and capabilities to operate over longer periods.

Our study is based on the hypothesis that an integrated approach using thermal
photogrammetry (combined thermographic and photogrammetric sensors) based on a
fixed-wing UAS and standard geospatial processing and analysis methods, can provide
adequate quantitative data with high accuracy and spatial resolution for detailed mapping
and estimation of SUHI and its magnitude that is understandable and usable for sustain-
able urban planning purposes. The results of such a combination of urban spatial research
methods provide the much needed quantitative and spatially referenced information for
selecting appropriate short and long term urban and landscape planning measures to miti-
gate its effects in a tailored approach to an urban morphostructure. The mapping of results
can be used with the importance of a communication tool with stakeholders. Appropriate
visualization can help integrate this specialized research information into discussions and
decision-making to support sustainable urban management and adaptation to climate
change—urban planning of living spaces, health, energy efficiency, and green systems.

To demonstrate the potential of the methodological approach described above, the
same has been applied in a study in the largest residential complex of the Bulgarian capital
Sofia–Lyulin. This is a typical example of residential complexes of Eastern European cities
with large-scale high-rise residential buildings combined with impermeable areas and
unstructured green spaces. The results obtained through the proposed methodological
approach provide a valuable opportunity to initiate a more detailed discussion on the inte-
grated application of modern geoinformation technologies. This would aid in the provision
of information for sustainable planning and management of urban areas, especially in the
context of the increasing need to adapt to climate change effectively.

2. Materials and Methods
2.1. Study Area

The subject of the present study is the territory of the housing complex Lyulin, located
in the northwestern part of Sofia Municipality (Figure 1). This is the largest residential
area in Bulgaria (125 thousand inhabitants, 2023), designed in the 1960s (and built by
the mid-1980s) as a relatively self-contained structure with ten micro-districts on an area
of 5.7 km2. It is executed in the style of large-panel construction (about 70%), typical
for Eastern European cities with a predominance of high-rise residential buildings (over
six stories).

The development in the complex is characterized by the creation of sealed zones
between the high-rise residential buildings with a tendency towards a steady absorp-
tion of more and more empty spaces, which are filled with industrial, commercial, or
residential buildings.

The climate of Sofia Municipality is temperate-continental with four seasons, but the
regime of climatic elements is strongly influenced by the shape of the Sofia Basin (in which
the city of Sofia is located), the altitude (550 m a.s.l.) and the orography of the neighboring
chain mountain systems. The average annual temperature of Sofia is 10.3 ◦C and the
average annual precipitation is 612 mm, with a maximum in May–June. The prevailing air
mass movement is from the west-northwest. The average temperature of the coldest month
is −1.7 ◦C and of the warmest month 21.2 ◦C. Temperature inversions and pronounced
maximum temperatures are common.

The geographic conditions combined with the morphology of Sofia’s urban structure
create the preconditions for the intense occurrence of the UHI effects [44], combined with the
retention of pollutants in the ground air, which is a persistent problem for the management
of Sofia Municipality [58]. Data over the period 1979 to 2021 show an increasing trend in
mean temperatures, particularly clear from 2007 to the present [59]. This is accompanied
by more prolonged heat waves, which in the densely urbanized structure of the Lyulin
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complex increases temperature stress. The frequency of these events is mainly concentrated
in July and August but tends to expand towards June and September [59].
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2.2. Approach and Methods for SUHI Intensity Calculation

This study proposes an approach to investigate the intensity of SUHI in a local inner-
city context with a pragmatic focus: to provide an adequate spatial information base for
urban planning and management purposes and to transform urban areas towards a more
sustainable development pattern. By this term we mean a scientifically based readiness to
adapt effectively to dynamic environmental (climate change) and societal variables (societal
needs, access to resources, land use priorities).

The scientific literature on UHI lacks universal criteria for determining UHI inten-
sity [60–63]. It is usually defined as the temperature difference between urban and non-
urban locations (or areas) as shown in Equation (1):

Tu-r = Tu − Tr, (1)

where Tu-r is the UHI intensity, Tu is the urban temperature, and Tr is the rural temper-
ature [64]. For example, this classical approach was applied more than 20 years ago by
Lopes et al. [60] in the city of Lisbon, Portugal. Miao et al. [64] defined UHI as the average
difference in air temperature between stations inside (i.e., in urban areas) and outside (i.e.,
in rural areas) the built environment. From a methodological point of view, in this case,
the extra-urban location that is used as a reference must be located outside the built urban
space or any surface that is modified or sealed in nature, for the anthropogenic heat to
be negligible in its energy balance, the sensible and latent heat to be as close as possible
to those of the natural cover, and the radiative balance to present albedo and emissivity
coefficients that are also similar to those of the natural environment [64].

In the same Lisbon study carried out by Lopes et al. [60] another interpretation of
the UHI intensity at one of the locations studied (Iporá) is proposed, where the UHI
intensity is calculated as the difference at a given time between the location with the highest
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temperature (Thigher) and the location with the lowest temperature (Tlower), according to
Equation (2):

UHIt0 h → 23 h = Thigher − Tlower (2)

Given the need for accurate spatial information, we believe that, for urban planning
and management, SUHI intensity should be examined at a local scale as a direct reflection
of the spatial combinations of environmental components and their thermal characteristics
in a particular urban place or smaller spatial urban unit (in this case a residential area).
This condition requires the provision of high spatial resolution data that allow effective
delineation (spatial-topological and semantic) of the major land cover types together
with the thermal characteristics of the individual components that form and characterize
them. On this basis, we undertake a modification of the classical approach and propose
the calculation of the SUHI intensity as a difference between the temperature of each
urban location within the urban space under study (residential complex) and the average
minimum temperature of the land cover class with the lowest surface temperatures, within
that same space, as shown in Equation (3):

SUHI intra-urban intensity = Tn − TaverMIN, (3)

where Tn—is the temperature at the given location, TaverMIN—the average minimum
temperatures of the peripheral non-build and natural land cover types within the urban-
ized area

This approach allows to assess more effectively the degree of intensity of SUHI within
a given urban unit, including:

(1) provides high spatial resolution information within any specific portion of an urban area
or spatial urban unit, which is an important necessity in urban planning procedures;

(2) provide information on the heat load of individual land cover types;
(3) provide data on the heat load for different spatial combinations of land cover types.

To adequately implement this approach, it is obviously necessary to provide subsurface
spatial temperature information that reflects the spatial structure of the area in as much
detail as possible. In addition, the study needs to be carried out at a precise and defined
time of day when SUHI intensity is high but there is no active solar radiation to bias
the thermal load data across land cover types and land use patterns. Its effect is most
pronounced in the early evening hours, immediately after active sunshine, under relatively
windless and cloudless skies under anticyclonic synoptic conditions. This part of the day
offers the best opportunity to maximize the potential for precise determination of micro-
and local climate differences between urban areas and their response to UHI [25].

From a technological point of view, this is possible to achieve by using the so-called
thermal photogrammetry, which integrates digital photogrammetry with thermal imagery
using the SfM (structure from motion) method based on a fixed-wing type UAV. The latter,
in contrast to more polar multirotor systems, implies longer flights, with higher speed,
which is a necessary condition to provide relatively unified geospatial information about
the urban area and the thermal characteristics of its parts and surfaces. For this purpose, a
fixed-wing UAV, model eBeeX, manufactured by the company AgEagle Aerial Systems,
was used in the present investigation. This type of UAV is the only certified Class A2
platform that can fly over people as well as in beyond constant visual line-of-sight (BVLOS)
situations (Figure 2a). To gather the necessary information, the platform is equipped with a
dedicated integrated thermal and photogrammetric sensor Duet T, which combines a Flir
thermal camera with a S.O.D.A. photogrammetric camera (Figure 2b).

Its use is from key to the quality of the research because it has a synchronized mecha-
nism for performing and directly georeferencing the acquisition and a specially developed
algorithm for integrated processing of the data from the two sensors (Figure 3, [65]). In this
way, high-spatial-resolution thermal characterization data are simultaneously obtained, as
well as data that can be used for the effective spatial differentiation of land cover and the
geometric characterization and quantification of radar morphology.
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Figure 3. Duet T major characteristics (from https://ageagle.com, accessed on 17 February 2024).

Another advantage of this unmanned aerial vehicle is the ability to orient aerial
imagery via GNSS in real-time kinematic (RTK) mode with high accuracy. As a result, the
acquired images are georeferenced in the selected coordinate system, with no subsequent
calculations required for their orientation and the use of previously measured ground
control points, which greatly simplifies the primary and data acquisition process.

The primary data acquisition procedure for this study was conducted over four
consecutive days in an anticyclonic situation (40% relative humidity, 1.4 m/sec wind
speed) and under conditions of a prolonged and deepening heat wave, between 11 and
14 July 2023. All surveys were conducted immediately after sunset, in the time interval
20:30–22:00. In this case, a heat wave is understood in the classical sense of the World

https://ageagle.com
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Meteorological Organization (WMO) definition: it is an unusual period of hot weather
over a region that lasts at least two consecutive days during the hottest period of the
year based on local climatic conditions, with temperature conditions recorded above
certain thresholds [66]. The study attempts to build on earlier research by refining the
methodological approach and testing it in extreme weather conditions. Previous studies
by the team [25] have shown that the average LST in Sofia in August (between 20:00 and
22:00) is estimated at 20.9 ◦C. LST ranges from 17.2 to 25.1 ◦C, and the highest maximum
LST values are in the range 27.9–30.6 ◦C.

Considering the short time intervals suitable for collecting the necessary information
and the capabilities of the selected UAV, the flights are pre-planned in dedicated software
(E-motion platform, Figure 3) to cover the required territory for the predefined time interval.
To this end, four blocks of flights were designed for each of the survey days, with each
block including the territory to be covered within 90 min intervals (approximately two
flights per survey session). All flights are performed in automatic mode, which in turn
allows for repetition with the same parameters, which can be used for data accumulation
and continuous monitoring.

A total of 8561 individual images were collected for the present investigation, all taken
nadir at a height of 120 m above elevation data. Half of the images contain temperature
information as pixel values with a spatial resolution of 20 cm/px, and the other half
as RGB values with 5 cm/px. These high detail images were then processed using the
photogrammetric software “Pix4D mapper, version 4.5.6” to generate high accuracy thermal
maps of the study area. The final processing step involved calculating a thermal index
for the study area, resulting in a spatially resolved thermal raster map with improved
spatial resolution of 5 cm/px based on the RGB images included in the process. The
georeferenced raster data allowed the application of statistical methods to extract more
detailed information about the temperature in the area, as well as the application of zonal
statistics to more accurately estimate the temperature radiated by different surface types.
The high spatial resolution of the thermal map enabled the temperature of individual
objects to be determined, leading to results not achievable with other types of data at this
level of detail.

3. Results
3.1. Geospatial and Thermal Characteristics of Different Land Cover Types Explorations

A complete thermal survey and mapping of the residential area of Lyulin were per-
formed for four consecutive days under the conditions of an ongoing heatwave: 11–14 July
2023. Digital geospatial layers with ground surface temperature data were generated as
high spatial resolution raster layers derived from the co-processing of 20 cm/px thermal
and 5 cm/px RGB images, allowing the final layers to have a spatial resolution of 5 cm/px.
All data were collected in the period immediately after sunset, between 20:30 and 22:00
when the SUHI effect is most pronounced (Figure 4).

In order to establish the geospatial and thermal characteristics of the different land
cover types, a classification based on a standard algorithm in the Pix4D mapper platform
of the photogrammetrically captured 3D point cloud was performed, separating the main
land cover types based on geometric and micrometric characteristics—buildings, sealed
surfaces, medium and tall vegetation, herbaceous vegetation.

The classified point cloud was processed in a GIS environment. To perform statistical
analysis, the data type was transformed into a vector polygon layer carrying information
about the surface types within the study area (Figure 5).

From the resulting vector layers, the percentage coverage of each surface type within
the study area was calculated (Table 1). An average building height within the study area
was also calculated using the photogrammetric model data—13.37 m.
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Table 1. Percentage coverage of each surface type within the study area.

Surface Type Coverage (%)

Sealed surfaces 29.83
Buildings 15.74
Medium and tall vegetation 31.20
Herbaceous vegetation 23.23
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For the calculation of the mean temperature in the different surface types, a zonal
statistic has been applied which summarized the raster values in the zones of another data
set and reports the results as a table. Based on this process, statistically calculated values
for the mean, standard deviation, and median of the LST at the boundaries of individual
surfaces were obtained for each of the thermal imaging days. The data are also presented
in a graph (Figure 6) for a clearer visualization of the degree of heating of the different
surfaces as well as the temperature differences on the same surface over the four days.
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Figure 6. Average temperature and standard deviations for different surface types measured on four
consecutive days between 21:00 and 22:00.

In the results presented in graphical form, it can be seen that although these are
consecutive days and the warmest in the selected period, there are differences in the mean
temperatures for the same surface types. The third day, 12 July 2023, is identified as the
warmest of the four days. The gradual increase in surface temperatures during the first
two days is impressive, reaching their highest values in the period of the recording in
the evening hours of the third day and weakening in the evening hours of the fourth day,
which marks the start of the beginning of the cooling (passing of the heat wave). The
graph clearly shows the correlation of the highest averaged values for the land cover types
with the sealed surfaces and the lowest values found in the areas mainly occupied by
herbaceous vegetation.

3.2. Calculation of Local SUHI Intensity

For this study, a local SUHI intensity approach has been applied to individual urban
units. It is expressed as the difference between the temperature in the relevant part of the
urban area and the average minimum temperature of the land cover class that is natural
and has the lowest surface temperature values. On this basis, for each of the days of thermal
imaging, the parts with minimum temperatures have been separated and averaged for that
day (Table 2).

Table 2. Average minimum LST of the natural land cover class for different days of thermal survey.

Day 1 (11 July 2023) Day 2 (12 July 2023) Day 3 (13 July 2023) Day 4 (14 July 2023)

15 ◦C 15.5 ◦C 17.5 ◦C 16 ◦C
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A magnitude was calculated for each of the pixels in the thermal map of the area
using the formula presented in the methodological background in Section 2.2. This model
(Figure 7) clearly shows a concentration of high-intensity areas within the central area and
along the main boulevards in the area, where there is a significant concentration of sealed
artificial surfaces.
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Figure 7. Magnitude map of an UHI within the boundaries of a housing complex Lulin for the period
11–14 July 2023.

Land surface temperature values during the study period in these areas reached up to
16 ◦C higher than the average minimum temperature of the land cover class with the lowest
surface temperatures, within that same urban space. Areas that are distant from major
boulevards or wide sealed areas have lower magnitude (up to 2–4 ◦C difference). Transition
zones between those with a low proportion of sealed, unnatural surfaces and those with a
high proportion of artificial surfaces have 5–8 ◦C higher land surface temperatures relative
to those measured in the land cover class with the lowest surface temperatures.

To represent more clearly some of the morphological features of these areas with
differences in SUHI intensity, several fragments with a higher level of detail and spatial
resolution have been prepared (Figure 8A–C).
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artificial surfaces; (B) areas with an even ratio of sealed and natural surface types; (C) areas with a
predominant proportion of natural surface types.

4. Discussion

The UHI is a complex geospatial phenomenon of urban climate, formed under the
direct influence of urban morphostructure, dominant architectural solutions, and the
functionality of urban space. Remote sensing provides a new perspective to record the
phenomenon [25,29,45,67], but there is still the challenge of capturing different aspects
of the phenomenon simultaneously and with the necessary level of detail. Unmanned
aerial vehicles equipped with appropriate sensors appear to be an effective option for
urban surface heat island research, being able to provide high spatial resolution data
on the Earth’s surface temperature at appropriate time periods [68,69], and this quite
naturally results in an increasing number of investigations [20]. Within this trend is the
present research, which applies a methodology that takes into account the specificity and
complexity of the phenomenon in a flexible way. By combining two sensors (thermal and
photogrammetric), it becomes possible to simultaneously collect thermal information on the
subsurface temperature with detailed information on the land cover character and land use
pattern, thanks to the choice of the instrument used. Furthermore, by implementing this
approach using a fixed-wing UAV, it becomes possible to cover large areas over a relatively
short period [70]. This period can be chosen to most efficiently and realistically collect
the required data, including immediately after sunset when the influence of active solar
radiation is eliminated and when the UHI effect is also relatively more pronounced [71].
Secondly, the approach and technology used in the research is also in response to the
needs of practice—urban planning, building technologies, energy strategies, etc., which
means providing information with a level of detail applicable to other areas of direct
information use. Particularly important for us here is the relationship between urban
structure characteristics and the intensity of the SUHI phenomenon—over time and in
terms of the total area affected.
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Our results provide grounds to argue that the integrated approach allows us to cor-
rectly reflect the impact of environmental heterogeneity on the intensity of SUHI occurrence.
We see strong potential for incorporating such research into systems for developing digital
urban twining, which would raise a series of practically oriented questions around the
design of cities to accelerate their climate adaptation. For example, observations on the man-
ifestation of SUHI intensity concerning structural urban conditions and the characteristics
of building types could be used to develop additional building indices and impute specific
obligations to architectural and construction activities (including energy efficiency). The
local registration of SUHI, its intensity under heatwave conditions, and the analysis of the
potential vulnerability of the location to future similar phenomena (structural prerequisites,
adjacency of land cover types, location in the general urban fabric) allow for a clear way
to address this vulnerability to the relevant properties of the cadastral register. The latter
will greatly facilitate contact with the public and ensure public support for implementing
appropriate mitigation measures.

4.1. SUHI Intensity Calculation

Recording the SUHI intensity through our proposed computational approach pro-
vides a good insight into the manifestation of the phenomenon in the urban residential
environment thus formed. The results of the study and their analysis clearly show that the
intensity of the urban surface heat island can vary quite widely within the same urban area
and is directly dependent on the balance of land cover types and land use patterns, which
has been found in other similar studies [72]. It also supports the general conclusion that
building intensity, configuration and geometry of urban morphology also directly influence
the results [16].

Although the temperature conditions varied between the days on which the survey
was conducted, the proportions in the thermal load of the different land cover classes
were consistent. This implies that land cover type characteristics have a time-invariant
influence on the formation, spatial configuration and intensity of the urban heat island
under deepening heat wave conditions (which were present at the time of data collection).

The results of the study give us grounds to argue that the data presented in this way
can be effectively applied in the urban planning process, especially when considering the
balance of the territory in individual urban units. It is important to conduct additional
studies to prove this more conclusively, including ones that reveal how these same areas
(affected by SUHI) will respond to thermal forcing at different times of the day, not just in
the first two hours after sunset. The approach, methodology, and technology of the survey
make this possible because the flight missions are automated and can be performed an
unlimited number of times. Therefore, there will be a high degree of comparability between
the data obtained in terms of quality, resolution, and spatial consistency.

4.2. Methodology of Recording the Phenomenon and Instrumentation

The study shows that the application of a fixed-wing type UAV equipped with an inte-
grated thermal and photogrammetric sensor appears to be effective for such investigations
because it provides relatively large coverage for limited time periods. The main limitation
in our methodology is related to the high cost of the technique, as well as the need to have
more than one device to be able to survey synchronously larger parts of urban areas. In the
present survey, we had one such platform, which did not allow for 2 h after sunset to fly
over and generate data for the entire area of the housing complex, namely the subject of
our survey. The results would have been much more conclusive if we had had the technical
capability to cover the entire area within four consecutive dates and on each of the days of
the deepening heat wave.

4.3. Applicability of the Results

The fourth important focus of the present discussion relates to the applicability of
the results. Based on the data collected, this methodology offers data that is easy to
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understand and can be directly used in the urban planning process. The latter also raises
the question of their potential compatibility with other urban planning inputs. Representing
the characteristics of SUHI and its intra-urban variability in a form suitable for integration
with others, e.g., socio-economic, information may be of defining importance for future
interdisciplinary research and as a possible screening tool for policy making [73]. The
conditions of use by urban planners and architects of new scientific data on environmental
quality have been repeatedly discussed [74]. This stems from the lack of correspondence
between the range of environmental phenomena and the spatial extent of urban units. In
the context of the latter, pragmatically oriented scientific analyses and data specifically
addressing areas of interest can serve this relationship and make new scientific data crucial
for sustainable forms of urban planning. In the data presented for the residential area
of Lyulin, it is evident that the highest magnitude of SUHI is observed in sectors with
development densities above 80% (parts where the artificial and impervious covers and
objects are forming 80% of the surface) at the contact of major transport arteries (with
major importance for the center-periphery connection) and adjacent commercial facilities
and open parking lots. An additional highly unfavorable factor is sealed spaces with a
disturbed structure (Figure 9). The large number of open inter-block spaces in Lulin fails to
help mitigate the effect.
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The SUHI methodology, its accuracy, and operational feasibility are of fundamental
importance for monitoring the phenomenon [75]. The calculation approach proposed here
is an interpretation of the traditional approach focusing on the precision of the results
with emphasis on the intensity of the phenomenon and its specific spatial parameters of
occurrence. The results of applying such an approach are conducive to a discussion of
the relationship between SUHI magnitude with urban development patterns and geo-
graphically specific combinations of land cover types. Of particular interest would be an
analysis of the manifestation of SUHI in urban areas where there are active contemporary
variables—population growth, overdevelopment and the emergence of new public facilities,
increased traffic congestion, etc., which are also emphasized in the test area. The latter
gives us a reason to point out the objective necessity of reorientation of the urban model of
Sofia Municipality, and in particular of the Lyulin district, towards a more sustainable and
adequate future regarding the new geographical environment perspective.

5. Conclusions

The integration of geospatial technologies and UAS-based thermal photogrammetry
for mapping and assessment of the SUHI provides information with high accuracy and
spatial correctness about the intensity of the phenomenon. The approach has a high
potential for tracking thermal urban issues at local and micro scales.
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Data from a test of the approach in a heat wave period in the largest and relatively
self-contained urban unit, a residential area of the Bulgarian capital and Bulgaria, con-
firm that this methodology allows one to correctly reflect the influence of environmental
heterogeneity on the intensity of the SUHI manifestation.

This information base is very favorable for combining with other information from the
functioning of the urban structure and systems—social, economic, and service (in energy
and transport) to define both effective short-term measures (to mitigate thermal stress
during a heat wave) and long-term strategic measures to establish urban patterns resilient
to the changing geographical environment.
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