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Abstract 

Urbanization is a major driver of land use change and environmental degradation. In the context of climate change, it is essential to assess 
its impacts in order to ensure sustainable and resilient cities. In recent years, methodologies to assess urban resilience have been gradually 
developed but few of them study urban resilience using remote sensing data and products. In this study, a methodological framework is developed 
in order to assess the urban resilience to thermal risk, using remote sensing data and products, and apply it to Athens, Greece, as a case study. 
Results allow the identification of specific areas that exhibit low resilience to thermal risk. Findings suggest also that assessing urban resilience 
with remote sensing data allows the identification of specific interventions that could enhance the resilience to climate change related risks and 
the drafting of comprehensive plans for adapting and mitigating urban climate change.
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Introduction

Today, around 360 million people - 72% of Europe’s total 
population - live in cities. The percentage of the urban population 
in Europe continues to grow and is likely to exceed 80% by 2050 
[1]. Currently in Greece 76% of population lives in urban areas, 
mainly within Athens urban agglomeration [2]. Urbanization 
interacts with climate change through the way cities are organized 
and built (i.e., land cover/land use changes, urban configuration 
and composition). Increased anthropogenic emissions intensify 
urban climate change [3] and consequentially affect the daily life 
of citizens. Despite the global efforts to mitigate climate change, 
its negative effects are already observed as extreme weather 
events (storms, drought, floods and heat waves) and natural 
disasters are evident and will become more frequent and severe 
[4]. Especially for cities, the most dangerous climate risk is the 
occurrence of thermal risk, due to its negative impacts on public 
health [5-7]. Specifically for Athens, the thermal risk associated 
with heatwaves has been correlated with cardiovascular and 
respiratory mortality [8,9].

The combination of the increasing urbanization rates, the 
intensifying urban thermal risk and the projected impacts of 
climate change highlight the need for assessing urban resilience to 
increasing urban temperatures due to climate change. The concept 
of resilience has gained increasing attention the last decade [10]  

 
although it remains a fuzzy and contested concept [11] mainly 
because it has been studied and described by various academic 
disciplines [12]. Several definitions of urban resilience along with 
a detailed description of the five research areas that the urban 
resilience concept is applied- namely climatic conditions, urban 
planning, urban communities, energy and disasters - can be found 
in [13]. This study considers resilience as the ability of a system 
to respond to a threat or hazard (i.e., heatwaves) and assess the 
urban resilience based on the climatic conditions and the urban 
planning characteristics of Athens.

Focusing on resilience has also resulted in the development of 
resilience indicators and indices to assess the resilience of a system 
[14] in order to characterize the elements of an urban system, to 
raise community awareness, as well as to monitor progress and 
prioritize the system needs [15,16]. Indicators should be used to 
transform resilience into a measureable concept and they can later 
be used to develop assessment tools that can be used to determine 
baseline conditions and evaluate effectiveness of interventions 
[17]. Numerous previous scientific contributions have dealt with 
the development of indicators measuring resilience at different 
spatial levels and based on different data sources [15]. Most of 
them are based on federal or institutional data for the different 
fields of observation, such as official census data or official land 
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use surveys etc. and they can be expensive, differ in temporal 
frequency or are produced in different structure and formats, 
challenging the feasibility of standardized assessment methods 
[18]. Remote sensing offers long term observations in fine scales 
from a variety of sensors providing directly measured parameters 
or proxies associated with urban resilience in various spatial and 
temporal resolutions. Parameters such as land use/land cover, 
impervious density, land surface temperature which can be 
easily extracted from remote sensing data can act as indicators 
for assessing the urban resilience [19-22]. Especially for Athens 
such indicators were used to study the human thermal discomfort 
during heatwaves [23] and identify the thermal hot spots [24] 
using remote sensing data.

The objective of this research is to develop a methodology 
capable of assessing the urban resilience to thermal risk in urban 
areas by employing satellite remote sensing data. High spatial 
resolution remote sensing data and products are used to assess the 
urban resilience of Athens at neighborhood scale and identify and 
analyze the urban characteristics related with limited resilience 
to thermal risk. The proposed methodological framework is based 
on datasets produced with the same standards, thus promoting 
the comparative analysis of the urban resilience across all major 
European cities.

Materials and Methods

The study area is the Athens basin (Figure 1) which lies on 
a northeastern axis, surrounded at three sites by fairly high 
mountains and at its southern extremity is bounded by the Saronic 
Gulf. It covers a surface of about 285km2 that includes urban 
residential areas, commercial and industrial areas, transport units 
and the associated road network. The organization of urban space 
has been non-functional and characterized mainly by high building 
density, high degree of land-use mix, lack of open public spaces 
in central areas and closed vents to the natural environment of 
the surrounding countryside which affects the daily life of over 3 
million inhabitants [25,26].

The overall methodological framework includes the following 
steps:

a) Selection of the appropriate satellite data parameters for 
assessing the urban resilience to thermal risk in urban areas.

b) Selection of the optimum clustering algorithm for defining 
spatial entities with similar characteristics in terms of 
thermal risk and identification of the optimal number of 
categories.

c) Statistical analysis of cluster centroids and assessment of 
urban resilience to thermal risk using a human thermal 
discomfort index. 

Figure 1: The study area (grey shade).
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In order to examine the urban resilience to thermal risk, urban 
thermal environment related parameters, such as Land Surface 
Temperature (LST) and Thom’s Discomfort Index (DI), were 
selected, as well as parameters related to the urban characteristics 
(land use, urban materials, etc.). Data were collected for the year 
2017, which is the closest one to the acquisition date of all data 
used in this study and are described below.

Land surface temperature is considered a critical parameter 
for adaption and mitigation plans, as well as an indicator of urban 
resilience [19], and it is one of the most important variables 
measured by satellite remote sensing. LST was calculated at 30-m 
spatial resolution based on thermal remote sensing data from 
Landsat 8, using a single-window algorithm [27]. Three cloud free 
summer images were employed in order to calculate an average 
LST dataset for the 2017 summer.

Normalized Difference Vegetation Index (NDVI) is a widely 
used remote sensing index to describe the presence of healthy 
vegetation. For this study it is calculated at 10m spatial resolution 
using Sentinel-2 satellite data [28]. Densely vegetated areas tend 
to have high positive values, while built-up areas are represented 
by near zero values. Urban resilience is increased through the 
inclusion of urban nature based solutions like urban greenery 
and their associated delivery of ecosystem services in urban areas 
[29].

The Copernicus Land Monitoring Service (CLMS) [30] provides 
a series of remote sensing products on the status and evolution 
of the land surface. The pan-European component of the service 
provides high resolution products describing land cover, land use 
and specific land cover characteristics while the local component 
provides specific and detailed information on areas that are 
prone to specific environmental challenges and problems such 
as major European cities. The Copernicus data are distributed 
on a full, free and open basis and their usefulness relies on the 
use of high resolution satellite data, which provide homogeneity, 
repetitiveness and objectivity over the whole of Europe. The CLMS 
data used in this study are described below.

The imperviousness density (IMD 2018) product of the CLMS 
captures the percentage of soil sealing at a 10m spatial resolution. 
Impervious areas are characterized by man-made surfaces which 
are usually maintained over long periods of time. Impervious 
surfaces alter sensible and latent heat fluxes while they can create 
heat stress through the absorption and storage of solar energy 
during the day. At night this storage energy is emitted back to the 
sky causing urban heat islands. Thus the IMD can be used as an 
urban resilience indicator [19]. 

The Building Height (BH 2012) product of the CLMS is a high-
resolution Digital Height Model (DHM) that provides building 
height information for urban areas at a 10m spatial resolution. 
This product is very useful in order to achieve a better insight 

into measuring urban density and is essential for effective spatial 
and urban planning. This information is widely used for the 
purpose of the research on urban microclimate providing concise 
information regarding wind speed flows, urban heat island and 
shading effect [31].

The Urban Atlas CLMS product provides detailed coverage of 
land cover and land use for major European cities with more than 
100.000 inhabitants [32]. The availability of such a huge dataset 
produced with the same standards promotes the comparative 
analysis of the urban areas across Europe. The Urban Atlas cities 
are mapped in 20 classes, of which the 17 urban classes have a 
minimum mapping unit of 0.25 ha and the 3 non-urban classes a 
MMU of 1 ha. Urban ecosystems are complex mosaics of multiple 
land uses which are in a state of continuous changes. These can 
lead to less desirable, unwanted states in urban areas compared 
to natural ones, such as biota degradation and loss of ecosystem 
services [33]. This potential loss of such services also leads to loss 
of urban resilience.

All data were processed in the freely available QGIS [34] 
software in order to be reprojected in a common geographic 
coordinate system and resampled to 100m spatial resolution, 
which is an appropriate spatial scale to depict the urban 
characteristics, assess urban resilience and plan adaptation and 
mitigation actions. Geographic information systems (GIS) are 
widely used as a tool to identify hazards and map the spatial 
attributes contributing to resilience. This can improve the 
understandings of the factors that influence local resilience and 
its spatial variability [35].

The methodology for assessing the urban resilience to thermal 
risk in urban areas is based on the spatial clustering of the data 
and on selecting the optimum number of clusters using inter- and 
intra-cluster similarities. Clustering is a process in which sets of 
input data points are grouped in categories, which contain data 
points that are very similar to each other, while at the same time 
differing significantly from data points of different categories. 
A critical aspect in selecting the optimum cluster algorithm for 
this study is the use of both categorical and numerical data. The 
mixed-type k-prototypes clustering algorithm is selected as it has 
the ability to recognize structures in the input datasets based on 
a criterion that simultaneously examines the geometric similarity 
of both continuous and discrete variables [36]. 

In order to assess and compare the resilience level of each 
category UrbClim data [37] from the Copernicus Climate Change 
Service [38] were used to calculate Thom’s discomfort index [39] 
at a spatial resolution of 100m. DI was calculated for the days 
that LST was produced using hourly data of air temperature and 
relative humidity. The UrbClim model scales large-scale weather 
conditions down to agglomeration-scale and computes the impact 
of urban development on the most important weather parameters, 
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such as temperature and humidity, required for the discomfort 
index calculation. The mean daily DI value was calculated for 
each category, while categories with low mean DI values were 
considered as more resilient to thermal risk. Finally the resulting 
categories were characterized using linguistic values (i.e. “High 
resilient”, “moderate resilient”, etc.).

Results and Discussion

Figure 2 presents the produced data and the CLMS products 
used for the assessment of urban resilience to thermal risk. The 
LST spatial distribution is presented in Figure 2a where it is 
clearly observed that the western parts of the Athens basin exhibit 
the highest values. The high spatial resolution of the produced 
LST data allows the identification of small areas considered as 
hot spots. Regarding NDVI (Figure 2b) high values, associated 
with urban vegetation, are depicted mainly in the northeastern 

part of the study area. Extremely low values of NDVI are found 
at the central and southern areas indicating the lack of natural 
vegetation. Concerning the soil sealing of the study area, the 
western and central parts of the study area exhibit the highest 
imperviousness density contrary to the northern and southern 
parts, while numerous impervious surfaces are scattered across 
the study area (Figure 2c). Regarding building height, Figure 2d 
shows that the highest buildings are concentrated at the central 
part of the study area, where the municipality of Athens is located 
and the most of the economic activity takes place. As far as 
land use is concerned, various land uses characterize the study 
area (Figure 2e); 29% is occupied by Continuous Urban fabric, 
17% by Discontinuous Dense Urban Fabric, 12% by Industrial, 
commercial, public, military and private units, 16% by road 
network and 7% by Green urban areas.

Figure 2: Produced data and products used as indicators of urban resilience to thermal risk, a) Land surface temperature (LST), b) 
Normalized difference vegetation index (NDVI), c) Imperviousness density (IMD), d) Building height (BH) and e) Urban Atlas land 
use.
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The spatial distribution of DI is presented in Figure 3; the 
western part of the city exhibits higher discomfort values than the 
central and eastern parts. It must be noted that DI values below 24 
indicate that less than 50% of the population feels discomfort and 

DI values over 24 indicate that more than 50% of the population 
feels discomfort. Interestingly, DI values below 24 are found only 
at the northeastern part of the study area. 

Figure 3: Discomfort index map of Athens basin.

Figure 4: Urban resilience to thermal risk map of the Athens basin.
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The optimum number of k-prototypes, following the 
proposed methodology, was selected subjectively in our case 
from evaluating the corresponding centroid maps. In the case of 
Athens five clusters exhibit maximum inter-cluster differences 
and intra-cluster similarities. Characteristically in the case of 
six clusters the differences between two centroids are minimal 
without increasing the overall accuracy of the corresponding 
results. Table 1 provides an overview of the five categories, 
produced by the K-prototypes algorithm application. LST, NDVI, 
IMD and BH mean values along with the area extent and the land 

use characteristics are presented for each category. Significant 
differences between categories are observed confirming the 
successful application of the K-prototypes algorithm. Particularly, 
category #1 is characterized by a high percentage of urban 
residential land use; category #2 exhibits the lowest LST values; 
category #3 is characterized by high NDVI values since it contains 
mainly urban green land uses; category #4 occupies 37 % of the 
study area and exhibits the highest IMD, BH and LST values and 
finally category #5 is characterized by high values of IMD, BH and 
LST but significant lower that category #4.

Table 1: Mean values per classification category (*Urban fabric: Sum of Urban Atlas classes 11100, 11210, 11220, 11230, 11240 and 11300 ; 
Com/ind/tran: Sum of Urban Atlas classes 12100, 12210, 12220, 12230, 12300, 12400, 13100, 13400 ; Urban green: Sum of Urban Atlas class-
es 14100, 14200, 21000, 23000, 24000, 31000, 32000, 50000).

Category % Area LST (°C) NDVI IMD (%) BH (m) Land Use*

1 14.8 41.43 0.16 64.8 5.97
Urban fabric: 71%

Com/ind/tran: 23%
Urban green: 6%

2 19.4 41.22 0.24 35.8 3.81
Urban fabric: 57%

Com/ind/tran: 33%
Urban green: 10%

3 14.7 41.47 0.30 2.1 0.7
Urban fabric: 28%

Com/ind/tran: 20%
Urban green: 52%

4 37 42.68 0.06 96.5 6.8
Urban fabric: 59%

Com/ind/tran: 37%
Urban green: 4%

5 14.1 42.39 0.13 75.3 5.1
Urban fabric: 62%

Com/ind/tran: 33%
Urban green: 5%

Table Abbreviations: LST: Land Surface Temperature; NDVI: Normalized Difference Vegetation Index; IMD: Imperviousness Density; BH: Building 
Height.

The above analysis provides a quantitatively indication of 
the resilience levels of each category. In order to confirm these 
indications and to evaluate the capacity of the selected remote 
sensing indicators to assess urban resilience, the mean DI value 
in each category was calculated (Table 2). Based on this analysis 
the five categories were transformed into five urban resilience 
classes. As expected categories with high NDVI values and low 

IMD, LST and BH values exhibit the lower DI values and vice versa. 
The results suggest that urban resilience to thermal risk increases 
with increasing presence of urban greenery and decreases with 
increasing imperviousness density, building height and land 
surface temperatures. This indicates the appropriate actions and 
measures to enhance urban resilience.

Table 2: Mean discomfort index value of each category and linguistic values of resilience.

Category DI Urban Resilience Class

1 24.8 Moderate resilience

2 24.7 Moderately high resilience

3 24.6 High resilience

4 25.1 Low resilience

5 25 Moderately low resilience

Table Abbreviations: DI: Discomfort Index.
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Figure 4 presents the urban resilience to thermal risk map 
of Athens basin as described by the five urban resilience classes 
in Table 2. It is evident that the western and central parts of the 
study area have low resilience levels compared to the eastern 
parts. This practical mapping of urban resilience provides an 
example of how a complex and multidimensional concept, such 
as urban resilience, can be communicated to local authorities, 
policy makers and citizens. The high spatial resolution of the data 
used allows the mapping of urban resilience at neighborhood 
scale, indicating specific areas where adaptation and mitigation 
interventions should be prioritized.

Conclusion

This study exploited the capacity of remote sensing data 
and Copernicus Land Monitoring Service products to assess the 
urban resilience to thermal risk. The proposed methodological 
framework provides the opportunity to scientists, local authorities 
and policy-makers to monitor the spatial patterns of urban 
resilience at neighborhood scales, to assess the effectiveness of 
urban policies and to use it as a tool for comparative benchmarking 
between European cities. Given the above remote sensing data 
and CLMS products provide a better insight into cities and their 
resilience, thus facilitating evidence based policy-making.

An urban resilience to thermal risk map of Athens basin 
was developed based on high resolution remote sensing data. 
The eastern part of the Athens basin exhibits higher resilience 
to thermal risk compared to the western and central parts. 
Furthermore, the results suggest that urban resilience to thermal 
risk increases with increasing presence of urban greenery and 
decreases with increasing imperviousness density, building 
height and land surface temperatures. The above indicate the 
appropriate actions and measures to enhance urban resilience 
such as the reduction of the land surface temperature of the built 
areas with the use of cool materials or other technologies and 
the increase urban greenery with methods that promote natural-
based solutions (e.g., pocket parks, green roofs).

Finally, the results of this study demonstrate the close 
interlinks between urbanization, the built environment and urban 
resilience to thermal risk. A thorough study of these interlinks is 
considered necessary for assessing the urban resilience levels at 
the city scale. Urban resilience indicators can be used to identify 
the specific characteristics of low resilience areas allowing the 
drafting of differentiated adaptation and mitigations plans at local 
level instead of generic regional plans.
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