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Estimation of apparent thermal 
inertia of roofing materials 
from aerial thermal imagery
Emanuele Mandanici  *, Gabriele Lo Grasso  , Maria A. Tini   & Antonio Zanutta 

The rapid expansion of urban areas and soil sealing is enhancing the Urban Heat Island (UHI) 
phenomenon, especially during heat waves. The different thermal inertia of the building materials 
compared to natural surfaces is one of the major driving factors of UHI. The present contribution aims 
to test a methodology for mapping the Apparent Thermal Inertia (ATI)—a proxy that can be derived 
from remote sensing data—of roofing surfaces at the scale of an entire city and with a high spatial 
resolution. Day and night aerial thermal images with the resolution of 0.5 m were acquired over two 
test areas in Bologna (Italy), together with satellite multispectral data. Statistics on the buildings in 
the test areas are computed considering different classes of roofing materials (e.g. bituminous sheath, 
clay tiles, metal sheet, gravel tiles). Observed median ATI values for each class range from 0.03 to 0.09 
K −1 with interquartile ranges between 0.02 and 0.14 K−1 , so the intra-class variability in some cases 
appears higher than the variability among different material classes, proving the importance of ATI 
mapping for UHI investigations.

Global urbanization phenomena have been generating a rapid expansion of urban areas1, which in turn have 
brought out a significant environmental and social phenomenon known as the Urban Heat Island (UHI) effect. 
UHI refers to the higher temperature in urban areas compared to their surrounding rural regions2,3. Many factors 
contribute to the UHI effect, the reduction of green areas and consequently of the evapotranspiration rate, the 
higher heat capacity of building materials compared to natural surfaces, the geometry of urban areas creating 
canyons and multiple reflections of longwave radiations, the anthropogenic heat produced by air conditioning 
systems, gaseous emissions and atmospheric pollution4. UHI has significant impacts on the energy demand of 
our cities and on people’s living standards, especially considering the increasing frequency and intensity of heat 
waves as a consequence of climate change5,6. For this reason, UHI drivers must be investigated and taken into 
account for a careful urban planning, in the perspective of the development of “cool cities”.

Building materials play an important role in determining the urban microclimate7, because they can increase 
significantly heat retention, according to the different capacity of absorbing and emitting heat. Among the 
properties which describes the thermal behaviour of the materials, thermal inertia is particularly meaningful 
for UHI prediction and mitigation. For example, a study on the cities of Bhopal and Guwahati in India found a 
clear correlation between the difference in thermal inertia for urban and rural areas and the magnitude of the 
surface temperature observed with MODIS satellite data8. In particular, the difference in thermal inertia shows 
a positive correlation with surface UHI during nighttime as stored heat is released during the night9. During 
daytime the situation is opposite, because the temperature of the urban surfaces rises slower compared to rural 
surfaces, as a consequence of higher thermal capacity9. Such studies analysed these effects at a large scale, due 
to the coarse resolution (1 km) of the used satellite imagery. However, a finer resolution is desirable to study the 
microclimatic variability inside urban centres.

Theoretically, Thermal Inertia (TI) is defined as,

where k is the thermal conductivity, ρ is the density and C is the heat capacity10. Unfortunately, these parameters 
are very difficult to be measured extensively at the scale of an entire city, because they require dedicated in situ 
measurements. Models for direct computation of thermal inertia from multispectral thermal data were developed 
for the THEMIS instrument, onboard the Mars Odyssey spacecraft, for the exploration of Mars11. However, these 
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models are not suitable for Earth observation applications in urban areas, because they are tuned for Martian 
soils and atmosphere and have a 20% overall accuracy11.

To overcome the limitation of an exact computation of the thermal inertia, another quantity has been pro-
posed in the literature which can serve as an indicator: the Apparent Thermal Inertia (ATI). Traditionally, it is 
defined as follows10,

where �T is the diurnal temperature amplitude computed from the difference between maximum and minimum 
surface temperature observations, S is a correction factor which accommodates for different solar illumination 
conditions (e.g. seasonal variations), and A is the overall albedo of the surface.

The solar correction factor S can be estimated referring to Van doninck et al.12 as follows,

where φ is the latitude and δ is the solar declination.
Actually, the albedo is another important factor affecting urban microclimate. It is defined as the ratio between 

the surface upwelling flux and the downward solar flux (direct and diffuse)13. Generally speaking, it is a criti-
cal parameter for Earth’s climate due to its impact in the radiation budget, and recently its implications for the 
urban microclimate have been investigated14. In particular, the total shortwave broadband albedo, i.e. the spectral 
albedo integrated over the whole shortwave range, is often considered. According to a widely adopted simplified 
approach13,15,16 it can be computed as a weighted average of narrowband spectral reflectance values from a multi-
spectral sensor, assuming the downward flux distribution as a weighting function and a Lambertian behaviour:

where ρ is the spectral reflectance from a band and w is the weight. The albedo enters also in the computation 
of ATI (as for Eq. 2) to compensate for the different absorption of solar radiation10.

ATI can be computed from remote sensing data, provided that at least two surface temperatures are measured 
to quantify the diurnal temperature fluctuations.

Despite its early definition in the Seventies17, ATI has been widely used only in remote sensing applications 
for precision agriculture and soil moisture mapping18,19 and for planetary exploration20,21. ATI was used for the 
evaluation of soil moisture content for hydrological purposes using a temporal series of MODIS satellite imagery 
(1 km resolution)22. The idea behind the proposed method is that, when water content increases in soils, ATI also 
proportionally increases, resulting in a reduction of diurnal temperature fluctuation of the soils22. ATI derived 
on a pixel basis from MODIS images was used also for geological mapping, with the intent of delineating the 
major rock types, on the assumption that a proxy of thermal inertia is influenced by density23. Recently, ATI 
was used as a proxy of thermal inertia to investigate the surface of Mars24. The evaluation of the temperature 
difference was calculated starting from thermal imagery acquired by THEMIS, one during the day time and 
another during night time24.

Instead, there is a very limited usage of this parameter in urban environments, mostly with coarse resolution 
satellite data (1 km)9, therefore the knowledge of ATI values for building materials is still poor. Mangiameli 
et al.25 used satellite images from Sentinel-2 and MODIS to study UHI in the city of Catania (Italy), evaluating 
in particular the difference from day-time to night-time in land and air temperatures, also in terms of different 
spatial resolution; however, their study does not involve ATI. Gaitani et al.26 analyzed the thermal characteristics 
of materials and temperature distribution of objects at ground using multispectral imaging sensors mounted on 
aerial platforms and in-situ measurements for the municipality of Ymittos (Greece)26. However, ATI values for 
specific materials are not reported.

This lack of information at urban scale is obviously related to the spatial resolution of satellite thermal imagery, 
which is often inadequate for the complexity of urban structure, and to the logistics and costs of performing 
aerial surveys. However, the development of new platforms and the advances of thermal imaging technology 
may change the paradigm in the near future. For example, Albedo Space Corporation announced its plans for 
the new Albedo mission, which will include a new thermal sensor with a nominal ground sampling distance of 
2 m27, an unprecedented spatial resolution allowing new applications for the urban environment.

While in rural areas ATI is generally used to infer other parameters of interest from remote sensing, such as 
soil moisture content28, in urban areas it can be a key indicator in determining the energy performance of roof-
ing materials and may help the decision makers in preferring specific materials for construction or maintenance 
purposes.

Considering the current lack of information about the spatial variation of ATI in urban areas, in particular 
variations among different roofing materials and variability within the same kind of material, a method to map 
ATI at the city scale is to be developed. Indeed, the present paper proposes a methodology to compute ATI 
over building roofs surfaces and to infer statistics for some of the most common roofing materials of the city of 
Bologna. The methodology exploits the acquisition of thermal images at high spatial resolution from two aerial 
surveys, one performed during the day and the second in the night. It combines photogrammetric techniques, 
which are necessary to generate mosaics of thermal images with accurate geolocation and metric proportions, 
and temperature calibration procedures, which are used to estimate accurate temperature differences between 
day and night. Finally, the evaluation of the key parameters for building roofs, such as albedo, sky-view factor and 

(2)ATI = S
1− A

�T

(3)S = senφsenδ · (1− tan
2φtan2δ)

1

2 + cosφcosδ arccos(−tanφtanδ)

(4)A =

∑

w�ρ�



3

Vol.:(0123456789)

Scientific Reports |        (2024) 14:15926  | https://doi.org/10.1038/s41598-024-64371-3

www.nature.com/scientificreports/

ATI, is carried out in GIS environment. Overall, the proposed method is designed to maximize the information 
achievable from remote sensing data whilst limiting the need of ground surveys.

Materials and study area
The proposed methodology is based on the datasets described in the following paragraphs and collected over the 
urban area of Bologna (Italy). More precisely, two areas of about 10 km2 and 5 km2 respectively were considered 
(Fig. 1). The first (called “Centro” in the following) covers the city centre and a business district, conversely the 
second is on a peripheral area (called “Corticella” district). The choice is made to encompass several kinds of 
urban textures and building types.

Two aerial flights were performed between 8 and 9 March 2017 to acquire two sets of thermal images, one 
diurnal, the other nocturnal. The first flight started at 12:15 p.m. (local time), while the second at 01:15 a.m. The 
solar altitude was about 40.65◦ up to the horizon during the diurnal flight30. The flights lasted about 2 h, due to 
the complex management of the air traffic over the nearby international airport. The adopted thermal camera 
is a NEC TS9260, operating in the 7.5–13 µ m infrared interval, with a resolution of 640x480 pixels and a noise 
equivalent temperature difference of 0.06 ◦ C. The camera was rigidly mounted on a “Piper Seneca II” aircraft, 
together with an inertial measuring unit (IMU) and a GNSS receiver. The flight height of 800 m was designed to 
obtain a Ground Sampling Distance (GSD) of 0.5 m, given the narrow field of view of the optics ( 21.7× 16.4

◦ ). 
During the surveys the acquisition of single frames was triggered at regular time intervals along the strips and 
the synchronisation with the GNSS and IMU units provided the position of the camera centres. Overall, more 
than 2,500 frames were acquired for each flight. Due to a temporary failure of the system, part of a strip is miss-
ing in the Corticella area.

A Digital Surface Model (DSM) obtained from panchromatic satellite images was available, at a spatial reso-
lution of 0.3 m, obtained with the photogrammetric processing described in Mandanici et al.31. In summary, 
three WorldView-3 (WV3) stereo-pairs were acquired on-demand (one on 14 September 2017 and two on 20 
September 2017); they were processed in the OrthoEngine tool of the Geomatica suite (version 2018, by PCI 
Geomatics), which implements the semi-global matching technique32. The image orientation is based on the 
coefficients of the rational polynomial model provided by the supplier, and refined with a first-order polynomial, 
whose coefficients were estimated using five control points and 73 tie-points. The generated DSM was validated 
with check points and other existing models of the area. The average error in elevation on roof surfaces and open 
spaces is 0.6 m, although severe discrepancies are reported inside urban canyons31.

Also, a map of the roofing materials over the entire city of Bologna is used, which results from the work by 
Trevisiol et al.33. In synthesis, an object-oriented supervised classification was applied on a WV3 acquisition of 
20 September 2017, including both the eight multispectral and the eight SWIR bands, with the aid of the previ-
ously described DSM. The process was implemented in eCognition software (version 10.1, by Trimble). The map 
discriminates six macro-classes of widely used roofing materials, clay tiles, sheath, metal sheets, gravel, gravel 
tiles and other materials. The training is based on field inspections and drone surveys and the achieved overall 
accuracy is 91%. The observed errors are mainly due to artifacts in the DSM, or to particular coatings that can 
hide the distinctive spectral features of the roofing materials33.

Finally, the technical cartography of the municipality, which comes with a nominal scale of 1:2000 and a 
tolerance for planimetric coordinates of 0.5 m, was used as the base map for the building polygons.

Figure 1.   The two study areas in Bologna and the track of the aerial flights (map generated by QGIS software 
version 3.3429).



4

Vol:.(1234567890)

Scientific Reports |        (2024) 14:15926  | https://doi.org/10.1038/s41598-024-64371-3

www.nature.com/scientificreports/

All the data (Fig. 2) were coherently framed in the official geodetic framework for Italy, which is the ETRF2000 
(epoch 2008).

Methods
Generation of the thermal mosaics
Thermal images generally show poor contrast because the temperature values of most of the objects vary in a 
narrow range. So, the entire dataset of diurnal and nocturnal thermal imagery was pre-processed.

A linear stretching has been used which maps temperature values as 16 bit integers, saturating the 2% tails 
of the overall histogram of the temperature values among all the images34. Coefficients of the linear transforma-
tion are stored in order to retrieve the original temperature values after the mosaicking phase. This stretching 
enhances the identification of corresponding features in overlapping images.

Orthomosaics of the day and night flights were obtained by photogrammetry by adopting a Structure-from-
Motion (SfM) approach35 based on the Bundle Adjustment (BA) algorithm. The workflow of SfM is reported 
in Fig. 3 and readers are referred to seminal publications in this field for more details36–38. In the bundle adjust-
ment, ground control points are used to refine the camera positions and attitude at the time of the shot and to 
georeference the reconstructed three-dimensional model. In order to strengthen the estimation of the unknown 
parameters, especially in case of deficient acquisition geometries, additional constraints can be added in the form 
of tie points: these points are chosen by the user and collimated in two or more images in a completely manual 

Figure 2.   A small portion of the building layer of the technical cartography (a), map of the most common 
roofing materials (b), DSM (c) and uncalibrated thermal image (d) in the Centro area. (Maps generated by 
QGIS software version 3.3429).

Figure 3.   Workflow of the photogrammetric process by SfM.
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or semi-automatic manner. The use of this computational method allowed to perform the self field calibration 
of the thermal camera adopted, introducing the geometric parameters of internal orientation of the camera as 
additional unknowns of the least-squares estimation39. The estimates obtained on the camera parameters from 
the day and night sets in Corticella area are listed in supplementary materials.

In the case of Corticella area 603 images acquired in the night flight and 562 acquired in the day flight were 
processed. The latter, as mentioned above, show uneven coverage due to a missing strip. For the Centro area, the 
photogrammetric process is described in Conte et al.34.

Given the importance of achieving an optimal overlap between the final orthomosaics for subsequent analysis, 
special care was taken in the phases of image alignment and georeferencing. In the case of Corticella area (Fig. 4), 
11 GCPs were surveyed using GNSS NRTK technique. A careful preliminary analysis of the thermal images 
allowed for the not easy identification of these points, which had to be well distributed in the area of interest, 
measurable in both day and night images, and also measurable in the fields with topographic instruments. In 
addition to the GCPs required for georeferencing, image alignment was optimized by manually inserting about 
20 other markers (tie points) to create a homogeneous distribution of constraints and to strengthen the solution 
where the image coverage is more uneven, especially in the case of daytime flight.

The photogrammetric process—which was performed with Metashape software (version 1.8.4 Pro, by Agisoft 
LLC)—estimated good overall accuracy values for both sets: the reprojection error is significantly lower than 
one pixel both for GCPs and tie points (see supplementary materials).

Due to the difficulty of identifying a number of accurate control points on thermal images which are also 
measurable in the field, it was chosen not to use photogrammetric check points to validate the metric quality 
of the results. Indeed, for this study, the quality of the absolute georeferencing of the two orthomosaics is not as 
important as their co-registration (i.e. the absence of displacements or deformations between the two). There-
fore, to check the quality of the photogrammetric processing, the differences between the positions of 29 points 
measured on both orthomosaics (hereafter called check points, even though they are not surveyed in the field) 
were investigated. This evaluation showed differences greater than the GSD (50 cm) and therefore not acceptable 
for subsequent analyses. This issue was solved in GIS environment through a finer co-registration, assuming 
the nocturnal image as the base and applying to the diurnal one a thin plate spline transformation. In the case 
of Corticella area, this transformation is based on a set of 54 points collimated in both the mosaics. After the 
transformation the residuals of the 29 check points are lower than 50 cm and the root mean square error (RMSE) 
equals 18.4 cm. As expected, the largest errors are observed near the north-east corner of the mosaic, where the 
geometry of the diurnal image block is weaker due to a missing strip.

Figure 4.   Constraints for the bundle adjustment: (a) the orthomosaic obtained from the night flight images 
with the GCPs (yellow triangles) and manual tie points (red triangles); the GCP 7 in a field picture (b), its 
measured coordinates (c), the same point in the diurnal thermal image (d) and in the nocturnal thermal image 
(e). (Maps generated by QGIS software version 3.3429).
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The same co-registration refinement needed to be done on the Centro area. In this case, a total of 60 points 
were considered for the geometric transformation of the diurnal map. The goodness of the results was tested 
collimating other 28 points that showed an RMSE on the residuals of 21 cm.

Temperature calibration
The temperature measured by the camera sensor does not coincides with the real temperature of the surfaces 
at ground level. The procedure to retrieve the actual Land Surface Temperature (LST) of roofs for both day and 
night was conducted by the following steps: 

1.	 Generation of a Sky-View Factor (SVF) map for the study area. This was computed applying the model by 
Zacksek et al.40 and implemented in the Terrain Shading plugin for QGIS (version 0.9.3)41 on the digital 
surface model of the city, setting a search radius by 100 m.

2.	 Derivation of the atmospheric correction parameters. The empirical method presented by Mandanici et al.42 
was used. In the study area a total of eight points were identified, corresponding to different types of materi-
als, in which the temperature and emissivity values of the surfaces were measured through a thermal camera 
and a contact probe. A least-square adjustment was performed to find the optimal set of atmospheric param-
eters which minimize the residuals between the corrected temperature from the images and the measured 
values on those eight points.

3.	 Assignment of the emissivity coefficient to every roofing material that appears in the study area. The classifica-
tion map obtained by Trevisiol et al.33 was used. The emissivity values are derived from direct measurements 
where possible or from literature data42, and are reported in Table 1.

4.	 Computation of the LST map for the day and night flights. Atmospheric parameters, emissivity and SVF 
maps were combined to compute the surface temperature for all the roofs in the study area according to the 
model described in Mandanici et al.42.

Temperature validation
To check the accuracy of the temperatures obtained from thermal imagery, eight thermocouples (type K, with 
a tolerance of 1.1 ◦ C) were installed on accessible roofs with different materials. They were fixed on the surfaces 
with a transparent polyimide tape with silicone adhesive and connected to a datalogger that recorded the tem-
perature every 5 min. A minimal quantity of thermal paste was added on rough surfaces. An example of logged 
temperatures is reported in Fig. 5.

Table 1.   Emissivity values for the considered classes of roofing materials.

Material class Emissivity

Metal sheets 0.70

Clay tiles 0.88

Gravel tiles 0.90

Bituminous sheaths 0.91

Gravel 0.96

Other materials 0.87

Figure 5.   Thermocouple recordings on 8 and 9 March 2017 on the roof of the Engineering School in Bologna 
(OE1 on bituminous sheath and TC01 on metal sheet), compared with air temperatures measured by a local 
weather station (METEOING).
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Albedo
The albedo map was obtained starting from the WV3 image of the case study area, according to Eq. (4). The image 
was acquired on 2017/09/20 at 10:25 UTC and the solar altitude was about 45.6◦ . The scene underwent a full 
atmospheric correction, which took into account the estimation of the solar irradiance at the time of acquisition. 
During this phase the solar elevation angle was taken into account, but no topographic correction was applied, 
leading to the computation of directional reflectance values. In this case the correction of the atmospheric effects 
was based on ground reflectance measurements, as described in Trevisiol et al.33. Also, the satellite image was 
acquired at 12:25 (local time), about 40 min before the solar noon, when the impact of solar elevation on albedo 
values should be minimized.

The surface spectral reflectance of every band was multiplied for a weight coefficient w� , which is calculated 
as the ratio between the spectral solar irradiance in each band and the sum of the irradiances of all bands16:

The adopted values are reported in Table 2. Solar irradiance and WV3 bandpass functions are derived from the 
literature43,44.

ATI computation
The ATI was computed on a pixel basis, using the Eq. (2), as well as the albedo values and temperature differ-
ences. In this case, the contribution of S in Eq. (2) is negligible: considering that the day of the flights was the 
67th day of the year, Eq. (3) gives 0.997 for S. Therefore, the formula adopted here for the calculation of ATI was 
simplified, so it does not consider the seasonality.

Using the technical map of Bologna as the cartographic base, since it contains the location and geometry of 
the buildings in vector form, a mean value for the albedo and ATI was assigned to each building polygon through 
GIS overlay operations. Also, the predominant roofing material was assessed and the percentage of the area of 
the polygon covered by it. A threshold was set to exclude from the analyses those buildings showing a percent-
age of the dominant material lower than 80%. This way only homogeneous roofs were considered to compute 
the statistics on ATI representative for each class. In particular, the distribution of ATI values for each class are 
computed in both the study areas and the averages and standard deviations are computed after removing some 
outliers (the polygons where the standard deviation on ATI is higher than 10 ◦

C
−1 are removed).

Results and discussion
Day‑night temperature variation
The proposed method allows the generation of a temperature difference map for all the roofs in the two inves-
tigated areas (Fig. 6). The distributions of the observed values have means of about 8 and 11 ◦ C and standard 
deviations of 7.3 and 5.7 ◦ C, for the areas of Corticella and Centro respectively, with a maximum of 30 ◦ C. A 
limited number of buildings (about 5%) show negative values, probably as a consequence of incorrect material 
classification (the accuracy of the classification is 91%33) or strong sky-radiance reflection.

The thermocouples installed on the roofs of some buildings allowed to evaluate the quality of the derived tem-
peratures and temperature differences. Table 3 compares for each measurement site (identified by the point name, 
the area and roofing material) the values of day and night temperature extracted from the corrected images, with 

(5)w� =
I�

∑

I�

Table 2.   Solar irradiance values for each WV3 band expressed in W  m −2  µm−1 and the weights adopted for 
the computation of the albedo, according to Eq. (5).

WV3 band Solar irradiance Weight

COASTAL 1757.89 0.1159

BLUE 2004.61 0.1322

GREEN 1830.18 0.1207

YELLOW 1712.07 0.1129

RED 1535.33 0.1013

REDEDGE 1348.08 0.0889

NIR1 1055.94 0.0696

NIR2 858.77 0.0566

SWIR1 479.02 0.0316

SWIR2 263.80 0.0174

SWIR3 225.28 0.0149

SWIR4 197.55 0.0130

SWIR5 90.42 0.0060

SWIR6 85.06 0.0056

SWIR7 76.95 0.0051

SWIR8 68.10 0.0045
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the corresponding values measured by the thermocouples at the time of the flights. The day-night temperature 
differences from both the data sources are also reported and their residuals are highlighted in the last column.

The RMSE of the residuals in Table 3 equals 3.2 ◦ C and it is computed considering six locations and four 
material classes. Two further locations in the area of Corticella fall in the missing strip of the diurnal flight, so 
the check on temperatures is possible only for the night. The only anomaly is at point TC03, which is classified as 
“other material”; in this case the assigned emissivity is not appropriate resulting in a huge discrepancy between 
the computed and measured temperatures. However, this large discrepancy does not affect significantly the day-
night difference, as proved by the residual which is of the same magnitude of the others. This is not surprising, 
because an error in the emissivity produces a systematic bias on the temperatures that can be in part mitigated 
when differencing. In addition, it is possible that the amount of longwave irradiance at the time of the two acquisi-
tions (12 p.m. and 1 a.m.) is similar, as observed in previous works about sky radiance45. Indeed, under clear sky 
conditions, downward longwave irradiance is controlled by air temperature and absolute humidity46; the daily 
evolution typically shows a relative minimum in the early morning, followed by a growth until late afternoon, 
and finally values decrease in the last hours47. Overall, the observed residuals agree with the expected accura-
cies of the radiometric correction methodology, also considering the error propagation on a difference. Indeed, 
previous studies about LST determination in urban areas from aerial surveys found RMSE of 2.6 ◦C48 and 3.3 ◦C49.

Albedo
The albedo is computed for all the roofs in the two test areas and statistics on the obtained values are presented 
in Fig. 7. A strong coherence can be observed for clay tiles, bituminous sheath and gravel tiles; indeed, the vari-
ance is low and mean values for the two areas are practically the same. Conversely, metal and other materials 
classes show great dispersion of values and appear poorly replicable. For the other materials class the reason is 
obviously the small number of roofs and the large variability of roofing types. For the class of metal roofs, instead, 
the reason is likely to be related with the different paintings/coatings applied on the metal sheets, which are able 
to significantly change the overall albedo.

Furthermore, it is to be considered that albedo values measured in urban context show a dependence on solar 
zenith angle, and therefore on solar altitude50. However, albedo for urban surfaces is fairly constant between 20 
and 65◦ sun elevation51,52, as it is the case in the present work. Therefore, no compensation for this directional 
effect is performed here.

Probably the metal roofs class is too broad for this kind of applications and a finer discrimination in subclasses 
with different coatings is necessary. However, producing such a finer classification from remote sensing data over 

Figure 6.   (a) Portion of the temperature differences map in the area of Corticella (map generated by QGIS 
software version 3.3429); (b) overall histograms of the computed values in the two study areas.

Table 3.   Comparison between the temperature values obtained from images and measured by the eight 
thermocouples installed on some roofs. Residuals refer to the day-night differences.

Point Area Class

Thermal images Thermocouples

Day Night Difference Day Night Difference Residual

OE1 Centro Sheat 39.0 7.4 31.7 35.9 8.2 27.7 4.0

TC01 Centro Metal 41.1 10.0 31.1 36.7 8.6 28.1 3.0

TC02 Centro Sheat 36.4 8.1 28.3 33.0 9.1 23.9 4.4

TC03 Centro Other 1.9 − 15.0 16.9 28.0 8.4 19.6 − 2.7

TC04 Corticella Gravel tiles 7.2 – 6.6 – –

TC06 Corticella Gravel tiles 5.8 – 5.9 – –

TC07 Centro Gravel tiles 29.6 7.2 22.3 32.0 6.8 25.2 − 2.9

TC10 Centro Sheat 43.9 5.9 38.0 47.0 7.5 39.5 − 1.5
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wide areas and without losing accuracy is still challenging. Furthermore, the comparison of the classification map 
used for the analysis with other classification techniques was not the aim of the present paper, but a comparison 
with new methodologies (such as deep learning) could be of interest for future studies. One option may be the 
use of hyperspectral imagery, but available satellite platforms does not support the required spatial resolution, 
therefore dedicated aerial surveys are necessary.

Apparent thermal inertia
As described in the methods, a map of apparent thermal inertia of the roof surfaces is computed over the study 
area (Fig. 8a). Since at the time of the writing in the literature ATI values in urban areas are not reported with 
such a detail, it is impossible to compare the following results with previous analyses.

The analysis of the obtained results is possible only in a statistically aggregated form. Comparing the two study 
areas (Fig. 8b,c), the two corresponding average values for each class differ for a quantity that is lower than the 
standard deviation, demonstrating the robustness of the methodology. However, some discrepancies observed 
in the statistics deserve some discussion. In the Centro area, median ATI values are mostly the same for all the 
classes, in the range between 0.03 and 0.05 K −1 , while IQRs (Interquartile Ranges) are about 0.02 K −1 , except 
for metal roofs (0.04 K −1 ). In the Corticella area, the observed values show higher variability, considering both 
median (from 0.03 to 0.09 K −1 ) and IQR (from 0.03 to 0.14 K −1).

The most pronounced discrepancy can be observed in the “Others” class. This can be explained by the more 
limited number of samples (six buildings only in Corticella and 28 in Centro), the heterogeneity of the materi-
als included in this class and the limited accuracy of the emissivity value assigned to this class in the calibration 
process. This fact causes also negative values, which have no physical meaning, as a consequence of strong 

Figure 7.   Statistics on the albedo for each class for the two investigated areas in Bologna. Boxes are delimited 
by the first and third quartiles, the horizontal line and the cross inside every box are the median and the 
mean respectively, the whiskers extend to the minimum and maximum elements that are within 1.5 times the 
interquartile range, and the dots are presumed outliers.

Figure 8.   (a) Portion of the ATI map on the Corticella area (map generated by QGIS software version 3.3429); 
(b,c) statistics on the ATI for each class for the two investigated areas (box and whiskers plots as described in 
Fig. 7).
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underestimation of the daytime temperature compared to nocturnal one. This fact can be caused also by a strong 
reflection of sky-radiance, especially for materials with low emissivity.

An exhaustive justification of the higher homogeneity of the observed ATI values in Centro compared to 
Corticella would require further investigations. At present, the following hypothesis can be formulated. In Centro, 
the urban texture and building typology is more uniform. According to a census carried out by the Municipality 
in 201153, in the city centre 70% of the buildings were built in XIX and previous centuries; conversely, most of 
the units in Corticella were built in the second half of the XX century (60%), adopting a wider range of building 
typology and construction techniques. Also in terms of building use, the Centro is more uniform with 85% of 
residential units, while in Corticella they decrease to about 60%53.

A factor possibly affecting the intra-class variance is the slope of roofs. In fact, one limitation of the proposed 
methodology is that the contributions of slope and aspect are not compensated in the ATI computation (nor in 
the albedo). Different sun angles cause differential heating of the surfaces during the day and the same building 
may have two or more pitches with different exposures. In the city centre sloping roofs are more common than 
in Corticella area. In the literature about ATI, the topographic effects were considered only in some works about 
the mapping of Mars; in particular slope was found to affect the locally inferred albedo and temperature54. A 
methodology was developed on purpose to account for steep angles in the evaluation of ATI24. However, model-
ling slope effects on ATI in urban areas requires further investigations, due to their complex morphology, and 
this may be a future development of the proposed methodology.

A further reason for the observed intra-class variance may be the effects of ageing and deterioration of sur-
faces, which also affect the albedo55.

Conclusions
The paper presented a methodology to map the Apparent Thermal Inertia (ATI) of roofing materials, exploiting 
the high-resolution thermal images obtained from two aerial flights over the city of Bologna. The two flights 
allow to estimate the temperature difference between day and night. The ancillary information needed for the 
temperature calibration are derived from dedicated ground surveys contemporary to the flights, while a clas-
sification of the main roofing materials was obtained from multispectral satellite data.

Structure from motion proved to be an effective tool for processing thermal images and the metric accuracy 
obtained is adequate for the purposes of this paper, especially for the night scenarios. However, to refine the 
co-registration between day and night temperature maps, diurnal orthomosaics were subjected to a coordinate 
transformation in GIS environment.

GIS confirmed to be a reliable tool for the integration of different geospatial data, allowing the calculation of 
key parameters for the analysis and to infer statistics of the results at single roof scale.

The obtained results in mapping albedo and temperature differences between day and night allowed the 
computation of the average ATI for each major class of roofing materials at building scale. In terms of ATI values, 
a relevant intra-class variability was observed, probably due to several factors, such as ageing effects, different 
building typologies or varying aspect of the sloping roofs. This variability—which cannot be explained only with 
differences in the material—makes the detailed mapping of ATI useful for studies on the urban micro-climate 
and on the urban heat island patterns inside urban areas.

Future studies may be focused on refining the presented methodology for the calculation of ATI and albedo, 
by taking into account roofs slope and aspect derived from higher resolution digital surface models. Further 
researches, which requires dedicated ground surveys, are also necessary to fully validate the estimated values 
of albedo and to check the correlation between the remotely observed ATI and the actual thermal inertia of 
materials.

Data availibility 
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.

Received: 2 February 2024; Accepted: 7 June 2024

References
	 1.	 Montgomery, M. R. The urban transformation of the developing world. Science 319, 761–764. https://​doi.​org/​10.​1126/​scien​ce.​

11530​12 (2008).
	 2.	 Oke, T. R. The energetic basis of the urban heat island. Q. J. R. Meteorol. Soc. 108, 1–24. https://​doi.​org/​10.​1002/​qj.​49710​845502 

(1982).
	 3.	 Kim, S. W. & Brown, R. D. Urban heat island (UHI) intensity and magnitude estimations: A systematic literature review. Sci. Total 

Environ. 779, 146389. https://​doi.​org/​10.​1016/j.​scito​tenv.​2021.​146389 (2021).
	 4.	 Stewart, I. D. & Oke, T. R. Local climate zones for urban temperature studies. Bull. Am. Meteorol. Soc. 93, 1879–1900. https://​doi.​

org/​10.​1175/​bams-d-​11-​00019.1 (2012).
	 5.	 Chapman, S., Watson, J. E. M., Salazar, A., Thatcher, M. & McAlpine, C. A. The impact of urbanization and climate change on 

urban temperatures: A systematic review. Landsc. Ecol. 32, 1921–1935. https://​doi.​org/​10.​1007/​s10980-​017-​0561-4 (2017).
	 6.	 Arellano, B. & Roca, J. Remote sensing and night time urban heat island. The International Archives of the Photogrammetry, Remote 

Sensing and Spatial Information Sciences XLIII-B3-2021, 15–22. https://​doi.​org/​10.​5194/​isprs-​archi​ves-​xliii-​b3-​2021-​15-​2021 
(2021).

	 7.	 Kakoniti, A., Georgiou, G., Marakkos, K., Kumar, P. & Neophytou, M. K. A. The role of materials selection in the urban heat island 
effect in dry mid-latitude climates. Environ. Fluid Mech. 16, 347–371. https://​doi.​org/​10.​1007/​s10652-​015-​9426-z (2015).

	 8.	 Mohammad, P. & Goswami, A. Exploring different indicators for quantifying surface urban heat and cool island together: A case 
study over two metropolitan cities of India. Environ. Dev. Sustain. 25, 10857–10878. https://​doi.​org/​10.​1007/​s10668-​022-​02509-x 
(2022).

https://doi.org/10.1126/science.1153012
https://doi.org/10.1126/science.1153012
https://doi.org/10.1002/qj.49710845502
https://doi.org/10.1016/j.scitotenv.2021.146389
https://doi.org/10.1175/bams-d-11-00019.1
https://doi.org/10.1175/bams-d-11-00019.1
https://doi.org/10.1007/s10980-017-0561-4
https://doi.org/10.5194/isprs-archives-xliii-b3-2021-15-2021
https://doi.org/10.1007/s10652-015-9426-z
https://doi.org/10.1007/s10668-022-02509-x


11

Vol.:(0123456789)

Scientific Reports |        (2024) 14:15926  | https://doi.org/10.1038/s41598-024-64371-3

www.nature.com/scientificreports/

	 9.	 Mohammad, P. & Goswami, A. Quantifying diurnal and seasonal variation of surface urban heat island intensity and its associated 
determinants across different climatic zones over Indian cities. GIScience Remote Sens. 58, 955–981. https://​doi.​org/​10.​1080/​15481​
603.​2021.​19407​39 (2021).

	10.	 Kuenzer, C. & Dech, S. Theoretical background of thermal infrared remote sensing. In Kuenzer, C. & Dech, S. (eds.) Thermal 
Infrared Remote Sensing: Sensors, Methods, Applications, Remote Sensing and Digital Image Processing, Vol. 171, 1–26. https://​doi.​
org/​10.​1007/​978-​94-​007-​6639-6_1 (Springer Netherlands, 2013).

	11.	 Fergason, R. L., Christensen, P. R. & Kieffer, H. H. High-resolution thermal inertia derived from the Thermal Emission Imaging 
System (THEMIS): Thermal model and applications. J. Geophys. Res. Planetshttps://​doi.​org/​10.​1029/​2006J​E0027​35 (2006).

	12.	 Van Doninck, J., et al. The potential of multitemporal Aqua and Terra MODIS apparent thermal inertia as a soil moisture indicator. 
Int. J. Appl. Earth Obs. Geoinf. 13, 934–941. https://​doi.​org/​10.​1016/j.​jag.​2011.​07.​003 (2011).

	13.	 Liang, S. Quantitative Remote Sensing of Land Surfaces. Wiley Series in Remote Sensing (Wiley, 2004).
	14.	 Kaplan, S., Galletti, C. S., Chow, W. T. L. & Myint, S. W. First order approximation of broadband directional albedo with high 

resolution Quickbird imagery: A case study for arid urban areas. GIScience Remote Sens. 53, 303–319. https://​doi.​org/​10.​1080/​
15481​603.​2016.​11539​44 (2016).

	15.	 Menenti, M., Bastiaanssen, W. G. M. & van Eick, D. Determination of surface hemispherical reflectance with Thematic Mapper 
data. Remote Sens. Environ. 28, 327–337. https://​doi.​org/​10.​1016/​0034-​4257(89)​90124-7 (1989).

	16.	 Costanzini, S. et al. Identification of SUHI in urban areas by remote sensing data and mitigation hypothesis through solar reflective 
materials. Atmosphere 13, 70. https://​doi.​org/​10.​3390/​atmos​13010​070 (2021).

	17.	 Price, J. C. Thermal inertia mapping: A new view of the Earth. J. Geophys. Res. 82, 2582–2590. https://​doi.​org/​10.​1029/​jc082​i018p​
02582 (1977).

	18.	 Verstraeten, W. W., Veroustraete, F., van der Sande, C. J., Grootaers, I. & Feyen, J. Soil moisture retrieval using thermal inertia, 
determined with visible and thermal spaceborne data, validated for European forests. Remote Sens. Environ. 101, 299–314. https://​
doi.​org/​10.​1016/j.​rse.​2005.​12.​016 (2006).

	19.	 Palombo, A. et al. Soil moisture retrieval by integrating TASI-600 airborne thermal data, WorldView-2 satellite data and field 
measurements: Petacciato case study. Sensors 19, 1515. https://​doi.​org/​10.​3390/​s1907​1515 (2019).

	20.	 Piqueux, S. & Christensen, P. R. Temperature-dependent thermal inertia of homogeneous Martian regolith. J. Geophys. Res.https://​
doi.​org/​10.​1029/​2011j​e0038​05 (2011).

	21.	 McCarty, C. B. & Moersch, J. E. Remote characterization of physical surface characteristics of Mars using diurnal variations in 
apparent thermal inertia. Icarus 345, 113739. https://​doi.​org/​10.​1016/j.​icarus.​2020.​113739 (2020).

	22.	 Chang, T.-Y. et al. Estimation of root zone soil moisture using apparent thermal inertia with MODIS imagery over a tropical 
catchment in northern Thailand. IEEE J. Sel. Top. Appl. Earth Obs. Remote Sens. 5, 752–761. https://​doi.​org/​10.​1109/​JSTARS.​2012.​
21905​88 (2012).

	23.	 Rani (Pasricha), K., Guha, A. & Pal, S. K. Satellite-derived regional apparent thermal inertia and gravity for mapping different rock 
types in parts of Banswara, Rajasthan. J. Geol. Soc. India 92, 671–678. https://​doi.​org/​10.​1007/​s12594-​018-​1085-5 (2018).

	24.	 Ciazela, M., Ciazela, J. & Pieterek, B. High resolution apparent thermal inertia mapping on Mars. Remote Sens.https://​doi.​org/​10.​
3390/​rs131​83692 (2021).

	25.	 Mangiameli, M., Mussumeci, G. & Gagliano, A. Evaluation of the urban microclimate in Catania using multispectral remote sens-
ing and GIS technology. Climate 10, 18. https://​doi.​org/​10.​3390/​cli10​020018 (2022).

	26.	 Gaitani, N., Burud, I., Thiis, T. & Santamouris, M. High-resolution spectral mapping of urban thermal properties with Unmanned 
Aerial Vehicles. Build. Environ. 121, 215–224. https://​doi.​org/​10.​1016/j.​build​env.​2017.​05.​027 (2017).

	27.	 Albedo Space Corporation. Albedo Satellite Constellation (2021). https://​www.​satim​aging​corp.​com/​satel​lite-​senso​rs/​albedo-​10cm/. 
Last accessed on 1/1/2024.

	28.	 Sohrabinia, M., Rack, W. & Zawar-Reza, P. Soil moisture derived using two apparent thermal inertia functions over Canterbury, 
New Zealand. J. Appl. Remote Sens. 8, 083624. https://​doi.​org/​10.​1117/1.​jrs.8.​083624 (2014).

	29.	 QGIS project. QGIS: A free and open source geographic information system (2024). https://​www.​qgis.​org/​en/​site/. Last accessed 
on 2/6/2024.

	30.	 Cornwall, C., Horiuchi, A. & Lehman, C. Solar position calculator (2024). https://​gml.​noaa.​gov/​grad/​solca​lc/​azel.​html. Last 
accessed 6/3/2024.

	31.	 Mandanici, E., Girelli, V. A. & Poluzzi, L. Metric accuracy of digital elevation models from WorldView-3 stereo-pairs in urban 
areas. Remote Sens. 11, 878. https://​doi.​org/​10.​3390/​rs110​70878 (2019).

	32.	 Hirschmuller, H. Stereo processing by semiglobal matching and mutual information. IEEE Trans. Pattern Anal. Mach. Intell. 30, 
328–341. https://​doi.​org/​10.​1109/​tpami.​2007.​1166 (2008).

	33.	 Trevisiol, F., Lambertini, A., Franci, F. & Mandanici, E. An object-oriented approach to the classification of roofing materials using 
very high-resolution satellite stereo-pairs. Remote Sens. 14, 849. https://​doi.​org/​10.​3390/​rs140​40849 (2022).

	34.	 Conte, P., Girelli, V. A. & Mandanici, E. Structure from motion for aerial thermal imagery at city scale: Pre-processing, camera 
calibration, accuracy assessment. ISPRS J. Photogramm. Remote Sens. 146, 320–333. https://​doi.​org/​10.​1016/j.​isprs​jprs.​2018.​10.​
002 (2018).

	35.	 Hartley, R. & Zisserman, A. N-view Computational Methods Vol. 18, 434–457 (Cambridge University Press, 2004).
	36.	 Schönberger, J. L. & Frahm, J.-M. Structure-from-motion revisited. 2016 IEEE Conference on Computer Vision and Pattern Recogni-

tion (CVPR) 4104–4113 (2016).
	37.	 Remondino, F., Del Pizzo, S., Kersten, T. P. & Troisi, S. Low-cost and open-source solutions for automated image orientation—A 

critical overview, Lecture Notes in Computer Science, Vol. 7616, 40–54 (Springer, 2012).
	38.	 Carrivick, J. et al. (eds) Structure from Motion in the Geosciences. New Analytical Methods in Earth and Environmental Science 

(Wiley Blackwell, 2016).
	39.	 Remondino, F. & Fraser, C. S. Digital camera calibration methods: Considerations and comparisons. Int. Arch. Photogramm. Remote 

Sens. Spat. Inf. Sci. 36, 266–272. https://​doi.​org/​10.​3929/​ethz-b-​00015​8067 (2006).
	40.	 Zakšek, K., Oštir, K. & Kokalj, V. Sky-view factor as a relief visualization technique. Remote Sens. 3, 398–415. https://​doi.​org/​10.​

3390/​rs302​0398 (2011).
	41.	 Čučković, Z. QGIS terrain shading (2021). https://​github.​com/​zoran-​cucko​vic/​QGIS-​terra​in-​shadi​ng. Last accessed 4/1/2024.
	42.	 Mandanici, E., Conte, P. & Girelli, V. A. Integration of aerial thermal imagery, LiDAR data and ground surveys for surface tem-

perature mapping in urban environments. Remote Sens. 8, 880. https://​doi.​org/​10.​3390/​rs810​0880 (2016).
	43.	 Thuillier, G. The solar spectral irradiance from 200 to 2400 nm as measured by the SOLSPEC spectrometer from the Atlas and 

Eureca missions. Sol. Phys. 214, 1–22. https://​doi.​org/​10.​1023/a:​10240​48429​145 (2003).
	44.	 Kuester, M. Radiometric use of WorldView-3 imagery. techreport, DigitalGlobe (2016).
	45.	 Barbaro, E. et al. Observational characterization of the downward atmospheric longwave radiation at the surface in the city of São 

Paulo. J. Appl. Meteorol. Climatol. 49, 2574–2590. https://​doi.​org/​10.​1175/​2010j​amc23​04.1 (2010).
	46.	 Sloan, R., Shaw, J. H. & Williams, D. Thermal radiation from the atmosphere. J. Opt. Soc. Am. 46, 543. https://​doi.​org/​10.​1364/​

josa.​46.​000543 (1956).
	47.	 Bilbao, J. & de Miguel, A. H. Estimation of daylight downward longwave atmospheric irradiance under clear-sky and all-sky 

conditions. J. Appl. Meteorol. Climatol. 46, 878–889. https://​doi.​org/​10.​1175/​jam25​03.1 (2007).

https://doi.org/10.1080/15481603.2021.1940739
https://doi.org/10.1080/15481603.2021.1940739
https://doi.org/10.1007/978-94-007-6639-6_1
https://doi.org/10.1007/978-94-007-6639-6_1
https://doi.org/10.1029/2006JE002735
https://doi.org/10.1016/j.jag.2011.07.003
https://doi.org/10.1080/15481603.2016.1153944
https://doi.org/10.1080/15481603.2016.1153944
https://doi.org/10.1016/0034-4257(89)90124-7
https://doi.org/10.3390/atmos13010070
https://doi.org/10.1029/jc082i018p02582
https://doi.org/10.1029/jc082i018p02582
https://doi.org/10.1016/j.rse.2005.12.016
https://doi.org/10.1016/j.rse.2005.12.016
https://doi.org/10.3390/s19071515
https://doi.org/10.1029/2011je003805
https://doi.org/10.1029/2011je003805
https://doi.org/10.1016/j.icarus.2020.113739
https://doi.org/10.1109/JSTARS.2012.2190588
https://doi.org/10.1109/JSTARS.2012.2190588
https://doi.org/10.1007/s12594-018-1085-5
https://doi.org/10.3390/rs13183692
https://doi.org/10.3390/rs13183692
https://doi.org/10.3390/cli10020018
https://doi.org/10.1016/j.buildenv.2017.05.027
https://www.satimagingcorp.com/satellite-sensors/albedo-10cm/
https://doi.org/10.1117/1.jrs.8.083624
https://www.qgis.org/en/site/
https://gml.noaa.gov/grad/solcalc/azel.html
https://doi.org/10.3390/rs11070878
https://doi.org/10.1109/tpami.2007.1166
https://doi.org/10.3390/rs14040849
https://doi.org/10.1016/j.isprsjprs.2018.10.002
https://doi.org/10.1016/j.isprsjprs.2018.10.002
https://doi.org/10.3929/ethz-b-000158067
https://doi.org/10.3390/rs3020398
https://doi.org/10.3390/rs3020398
https://github.com/zoran-cuckovic/QGIS-terrain-shading
https://doi.org/10.3390/rs8100880
https://doi.org/10.1023/a:1024048429145
https://doi.org/10.1175/2010jamc2304.1
https://doi.org/10.1364/josa.46.000543
https://doi.org/10.1364/josa.46.000543
https://doi.org/10.1175/jam2503.1


12

Vol:.(1234567890)

Scientific Reports |        (2024) 14:15926  | https://doi.org/10.1038/s41598-024-64371-3

www.nature.com/scientificreports/

	48.	 Ren, P. et al. An unmanned airship thermal infrared remote sensing system for low-altitude and high spatial resolution monitor-
ing of urban thermal environments: Integration and an experiment. Remote Sens. 7, 14259–14275. https://​doi.​org/​10.​3390/​rs710​
14259 (2015).

	49.	 Kim, D., Yu, J., Yoon, J., Jeon, S. & Son, S. Comparison of accuracy of surface temperature images from unmanned aerial vehicle 
and satellite for precise thermal environment monitoring of urban parks using in situ data. Remote Sens.https://​doi.​org/​10.​3390/​
rs131​01977 (2021).

	50.	 Oke, T. R., Mills, G., Christen, A. & Voogt, J. A. Urban Climates (Cambridge University Press, 2017).
	51.	 Christen, A. & Vogt, R. Energy and radiation balance of a central European city. Int. J. Climatol. 24, 1395–1421. https://​doi.​org/​

10.​1002/​joc.​1074 (2004).
	52.	 Gul, M., Kotak, Y., Muneer, T. & Ivanova, S. Enhancement of albedo for solar energy gain with particular emphasis on overcast 

skies. Energieshttps://​doi.​org/​10.​3390/​en111​12881 (2018).
	53.	 Comune di Bologna—Area Programmazione, Controlli e Statistica. Una città e i suoi quartieri (2015). https://​inume​ridib​ologn​

ametr​opoli​tana.​it/​quart​ieri/​edifi​ci. Last accessed 30/10/2023.
	54.	 Ciazela, M., Ciazela, J. & Pieterek, B. Differential apparent thermal inertia of sloping terrain on Mars: Implications for the magmatic 

intrusions at Olympus mons. Icarus 389, 115283. https://​doi.​org/​10.​1016/j.​icarus.​2022.​115283 (2023).
	55.	 Ferrari, C. et al. Effect of aging processes on solar reflectivity of clay roof tiles. Adv. Build. Energy Res. 8, 28–40. https://​doi.​org/​10.​

1080/​17512​549.​2014.​890535 (2014).

Acknowledgements
The data used in this work were collected for the ChoT project, funded by the Italian Ministry of Education, 
University and Research (MIUR) in the framework of the Scientific Independence of young Researches (SIR) 
2014 program (Grant Number RBSI14SYES). The thermal flights were operated by the National Institute of 
Oceanography and Experimental Geophysics (OGS) and the authors would like to thank Franco Coren, Rita 
Blanos and Alessandro Pavan. The authors are also grateful to Paolo Conte (DICAM, University of Bologna) for 
his valuable help in the data collection.

Author contributions
E.M. conceived the experiments, G.L.G. and M.A.T. conducted the experiments, E.M. and G.L.G. analysed the 
results, E.M. and A.Z. edited the final version of the paper.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to E.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

https://doi.org/10.3390/rs71014259
https://doi.org/10.3390/rs71014259
https://doi.org/10.3390/rs13101977
https://doi.org/10.3390/rs13101977
https://doi.org/10.1002/joc.1074
https://doi.org/10.1002/joc.1074
https://doi.org/10.3390/en11112881
https://inumeridibolognametropolitana.it/quartieri/edifici
https://inumeridibolognametropolitana.it/quartieri/edifici
https://doi.org/10.1016/j.icarus.2022.115283
https://doi.org/10.1080/17512549.2014.890535
https://doi.org/10.1080/17512549.2014.890535
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Estimation of apparent thermal inertia of roofing materials from aerial thermal imagery
	Materials and study area
	Methods
	Generation of the thermal mosaics
	Temperature calibration
	Temperature validation
	Albedo
	ATI computation

	Results and discussion
	Day-night temperature variation
	Albedo
	Apparent thermal inertia

	Conclusions
	References
	Acknowledgements


