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Abstract: In our contemporary cities, infrastructures face a diverse range of risks, including those
caused by climatic events. The availability of monitoring technologies such as remote sensing
has opened up new possibilities to address or mitigate these risks. Satellite images allow the
analysis of terrain over time, fostering probabilistic models to support the adoption of data-driven
urban planning. This study focuses on the exploration of various satellite data sources, including
nighttime land surface temperature (LST) from Landsat-8, as well as ground motion data derived
from techniques such as MT-InSAR, Sentinel-1, and the proximity of urban infrastructure to water.
Using information from the Local Climate Zones (LCZs) and the current land use of each building
in the study area, the economic and climatic implications of any changes in the current features of
the soil are evaluated. Through the construction of a Bayesian Network model, synthetic datasets
are generated to identify areas and quantify risk in Barcelona. The results of this model were also
compared with a Multiple Linear Regression model, concluding that the use of the Bayesian Network
model provides crucial information for urban managers. It enables adopting proactive measures to
reduce negative impacts on infrastructures by reducing or eliminating possible urban disparities.

Keywords: Bayesian network model; nighttime land surface temperature; multiple linear regression
model; Mt-InSAR; multispectral and radar satellite images; local climate zones; ground motion;
urban resilience

1. Introduction

Disasters in cities around the world have highlighted the vulnerability of the built
environment to a diverse range of threats and have prompted concerns about improving the
resilience of cities [1]. Urban and architectural planning, management, and (re)design can
play a crucial role in integrating disaster risk reduction activities into the built environment,
addressing issues such as urban flood risk [2,3], the Urban Heat Island Effect [4,5], or urban
infrastructure collapses [6-10], ensuring the comfort and safety of citizens [1].

The proactive preparation for all types of obstacles, whether sudden or slow in origin,
expected or unexpected, is the now popular concept of resilience [11]. There is some
pressure on urban planning to provide solutions in this way, where satellite-based remote
sensing can help to overcome these obstacles [12]. Satellite-based remote sensing offers a
long-term solution for monitoring landscape-scale land use and land cover change, as well
as aid in the implementation of land management policies [13]. Through the synergy of
satellite imagery (both radar and optical images), it is possible to conduct comprehensive
monitoring of a territory, applying predictive measures through data analysis that help
authorities apply protective measures and inhabitants improve their quality of life. Thus,
the development of tools to assist decision makers in urban management is desirable.
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In this context of urban design, planning, and management focused on urban resilience
for the protection of its inhabitants, one of the topics that has most concerned urban
researchers is the “urban heat island” (UHI) due to climate change [12]. Numerous studies
have explored this topic. For example, the underlying relationship between city size and
UHI intensity was demonstrated in several cities in North America and Europe as early as
1967 [14]. Heat-related mortality was found to be higher in city centers than in suburban
areas through meteorological monitoring stations in and around Shanghai [15].

Many studies use land surface temperature (LST) as an indicator for detecting UHI
through satellite images. For instance, the effects of UHI were identified in three suburban
areas in Hong Kong using images from the Landsat TM and ASTER satellites in 2005 [16].
This approach has evolved over time, and recent studies have used machine learning
techniques to generate high-resolution (30 m) LST images by merging data from Landsat
TM, Landsat 8, and MODIS using the Flexible Spatiotemporal Data Fusion method (FSDAF)
and Random Forest (RF) to detect UHI temperature increases from 2018 to 2019 in the city
of Chengdu, China [17].

Through the calculation of nighttime LST using satellite images, Night Urban Heat
Islands (NUHIs) can be detected [18]. Despite its great importance as one of the most
significant health risk factors (since the materials used in the urban fabric have greater
thermal inertia during the night), the study of urban heat islands occurring during the night
is still underdeveloped [18]. Besides nighttime LST, which is more sensitive to urbanization
processes, it is more suitable to study the UHI effect, and analyzing only daytime LST can
lead to misleading results [19].

The study of land surface temperature (LST) with multispectral satellite images can be
complemented with other relevant information to investigate other urban risks that may
affect citizens, such as the stability of urban infrastructure, allowing common risk areas to
be identified.

Locating and predicting unstable areas in the city is now possible thanks to satellite
radar imagery and InSAR technology. This technology maps subtle surface movements,
thus enabling the condition of urban infrastructures to be monitored [20,21]. Early pre-
diction of unstable areas is vital for efficient evacuations and infrastructure protection,
reducing the risk to human lives and critical assets. Understanding and mapping unstable
areas are applied across diverse fields such as land use, engineering design, and emer-
gency planning to effectively mitigate climate-related risks [22]. Unstable patterns that
anticipated collapses of different infrastructures have been detected with satellite radar
imagery and InSAR technology [8,9,23,24]. Integrating this technology and its data into
urban and architectural planning, design, and management can be crucial for reducing
disaster risks in our cities and their infrastructures, ensuring that citizens are comfortable
and safe.

Satellite radar imagery and InSAR technology also enable the investigation of po-
tential risks due to extreme weather events like extreme rainfall or landslides [25]. High
flood-risk areas were identified through ALOS PALSAR radar satellite images, as well as
the determination of the presence of water bodies to assist decision makers in effective
planning [26]. CNNs based on the intensity and coherence of the TerraSAR-X satellite
images have been developed to map urban flooding [27]. A city-aware U-Net model was
introduced using images of Sentinel-1 radar satellite multitemporal intensity and coherence
to map flood extents in urban environments [28]. Through CNNs, an automatic building
damage detection process has been developed from satellite imagery following natural
disasters such as the Midwest floods [29]. Finally, in the mapping of effective predictors of
urban flood hazard, distance to the waterway has been found to have the highest degree of
importance [30,31].

Several studies have linked LST with information obtained from ground motion
velocity and displacement using radar satellite images and the Mt-InSAR technique, for
example, measuring the displacements of a dam and the evolution of its LST [32], the
detection of subsidence caused by land dryness identified by LST [33], coincidence in burnt
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areas identified by LST with subsidence areas [34], common risk of structural stability and
anomalous temperature [35], detecting unstable areas in permafrost regions with lower
mean annual LST [36], monitoring of the architectural heritage of Alba Iulia city in Romania
through Landsat images collected between 1988 and 2019, and Sentinel images collected
between 2018 and 2020. It identifies areas where authorities should focus to improve
heritage conservation [37].

Through the information provided by Earth monitoring satellites, knowledge of these
urban risks is attainable, enabling their mapping and analysis of relationships, becoming a
powerful tool for urban managers. This allows them to “play” and discover the optimal
city configuration, finding the best parameters among various values and factors, with
the aim of promoting urban resilience and eliminating urban inequalities where several of
these risks may occur in the same area and, therefore, a part of the city’s population may
be affected to a greater extent.

The study of a set of interrelated random variables (risks to the structural health of
buildings measured through stability—instability caused by ground motion and climatic
risks such as high land surface temperatures or distance from bodies of water with the
intention of using it as a conditioning factor for extreme weather events such as extreme
rainfall that may cause floods or landslides) can be performed by means of probabilistic
techniques, such as Bayesian Networks, providing information to urban managers about
what these relationships are like. These networks are based on graphical probabilistic
models that use Directed Acyclic Graphs (DAGs), where nodes represent the random
variables and edges denote the probabilistic dependencies between them [38]. Besides
being sound in quantifying uncertainty, Bayesian Networks also enable the prediction of
new data via inference. Bayesian Networks have been widely used in various fields of
risk analysis [39-44]; land use change detection [45]; and constructing a mineral potential
map [46].

To the best of our knowledge, there is no existing work that holistically combines
Bayesian Networks with both multispectral and radar images, taking advantage of extreme
weather events caused by climate change and ground motion information that those
images provide, respectively, in order to identify risk zones or areas with urban inequalities
(because several risks occur in the same area) as a tool for urban planning by analyzing the
relationships that exist between these variables.

This study wants to enhance the use of satellite remote sensing by combining multi-
spectral and radar imagery for urban research, with particular attention to risks that may
arise in the city, both climatic and related to soil stability and individual infrastructures
(buildings), depending on land coverage and use.

The main goal of this paper consists of quantifying the relationship between differ-
ent urban variables: Local Climate Zones, the current land use of infrastructure and its
proximity to water, the “nocturnal urban heat island” (NUHI) effect using nocturnal sur-
face temperature (LST), and ground motion in the study area of Barcelona (Spain). These
variables may represent the main urban and environmental hazards that have emerged
in recent decades and which urban management can mitigate [47]. By constructing and
comparing two models (Bayesian Networks and Multiple Linear Regression) using the
aforementioned input variables, risk zones or areas where urban inequalities happen can
be identified. These tools quantify the existing relationships among the variables studied.

For this purpose, this document consists of the following sections: in Section 2, the
description of the case study (Barcelona) is presented. Section 3 includes the description
of the data and their processing, as well as the methodology used. Section 4 presents
the results, which are then discussed in Section 5, and Section 6 summarizes the main
conclusions of the work.
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2. Study Area and Resources
2.1. Study Area

The study area of Barcelona was chosen due to its dense urban infrastructure, which
may be impacted by various extreme weather events associated with climate change. This
makes it a good case study for developing urban design tools that can aid managers and
urban planners in mitigating these effects.

Several preliminary studies have already been conducted in this geographical area
both for climate assessments [18,48] in the Metropolitan Area of Barcelona (MAB), which
have identified patterns of urban heat islands, and for the identification of infrastructure
instabilities with subsidence in the area of the airport and port of Barcelona [49]. This work
aims to bring this information together to create models that can be used as planning tools
to address these risks. Our study expands the area of analysis beyond the MAB to include
the boundaries defined by the 2018 Urban Atlas data for the Barcelona region.

2.2. Satellite Imagery and Additional Data Used

This study examines several inputs that can indicate the current climate emergency.
It proposes the use of models that can serve as planning tools for the design of more
sustainable and resilient urban areas, reducing the negative impact of cities and improving
the quality of life of their inhabitants.

Two models were chosen for this study: a Bayesian Network and a Multiple Linear
Regression. The dependent variables for both models were the ground motion velocity,
while the explanatory variables were the Local Climate Zones (LCZ), the Current Use Code
of buildings and their distance to water, the nighttime land surface temperature (LST), and
the temperature difference between day and night (which both reveals the Urban Heat
Island Effect at night). The selection of these data is driven by the intention to create models
applicable to a diverse range of case studies, encompassing both coastal and noncoastal
regions. The emphasis is on utilizing accessible data or data that can be generated with
relative ease, making the methodology reproducible for any location worldwide.

The open-access data used in this analysis were acquired from various sources. The
Landsat-8 and Sentinel-1 satellite data were obtained from the USGS National Land Imaging
(NLI) Program and The Copernicus Open Access Hub, respectively. The land cover and
land use datasets were sourced from the official WUDAPT data portal and the INSPIRE
Cadastre Cartography QGIS plugin, respectively.

The Landsat-8 images consist of 11 spectral bands. Specifically, they include bands
covering the visible, near-infrared, shortwave infrared, and thermal infrared regions of the
electromagnetic spectrum [50]. This multiband dataset provides a wealth of information
for land surface analysis, including vegetation indices, land cover classification, and, in our
case, land surface temperature (LST) calculations.

For the analysis of nocturnal temperatures, the only available Landsat-8 nighttime
image for the study area as of 28 August 2015 was used. To calculate the temperature
difference with respect to the day, the daytime image of the same day (due to the significant
presence of clouds in its coverage) was combined with the nearest cloud-free daytime image,
in this case, the daytime image of 3 August 2015. These three images have a resolution of
100 m for bands 10 and 11, 15 m for band 8, and 30 m for the rest of their bands.

For the analysis of ground motion, we use the images of the Sentinel-1 radar satellite.
Sentinel-1 operates in four exclusive acquisition modes in function of their spatial resolu-
tion/swath width: strip map mode (SM): 5 x 5 m/80 km; interferometric wide-swath mode
(IW): 5 x 20 m/250 km (standard mode); extra-wide-swath mode (EW): 20 x 40 m /400 km;
and wave mode (WV): 5 x 5m/20 x 20 km. Moreover, the SM, IW, and EW operational
modes can potentially produce four types of products in SAR: Level-0, Level-1 SLC, Level-1
GRD, and Level-2 OCN. Only WV operates in Level-2 OCN. Level-1 data are the generally
available products intended for the majority of users. These data can be produced as Single-
Look Complex (SLC) or as Ground Range Detected (GRD). Since the Single-Look Complex
(SLC) keeps its phase information (which is essential to perform the MT-InSAR technique),



Infrastructures 2024, 9, 107

50f22

145 Single-Look Complex (SLC) Sentinel-1 radar images in interferometric wide-swath
mode (IW) with a resolution of 20 m were selected in descending acquisition direction.
The study period starts in 2018, as it is the latest year for which data are available in the
latest Public Expenditure Assessment Report 2019 of the Independent Authority for Fiscal
Responsibility (AIReF) [51]. The choice of study period (1 January 2018 to 31 October 2022)
was based on the need to conduct an analysis as up to date as possible of the infrastruc-
ture and to discover any potential current risks that were previously unconsidered. The
reference image for the analysis of Mt-InSAR is from 7 June 2020.

To better understand how the local climate is changing in a city based on its urban
structure (i.e., building height, vegetation density, presence of bodies of water, amount of
paved surfaces, etc.), we used the latest available version of The European LCZ map [52],
which was last updated in March 2020. This map’s data have a resolution of 100 m and are
from the year 2016.

Finally, data on the current land use of the study area’s buildings were obtained by
direct download using the INSPIRE Cadastre Cartography QGIS plugin [53]. These data
are continuously updated, as local cadastral authorities update them. The most recent data
available are typically from the past few months or years, depending on the area and when
the data were last updated. Additionally, their distance from bodies of water was obtained
with the intention of using it as a conditioning factor for extreme weather events such as
extreme rainfall that may cause floods or landslides.

This work relies on The European LCZ map. It was constructed by combining geospa-
tial data and existing WUDAPT data with the intention of generating LCZ types and
specific parameters for each country. This map has an 80% overall average accuracy, as
reported in [52], making it a good cartographic base for identifying LCZ on a large scale.

The classification of urban areas into LCZ allows for a better understanding of how the
local climate is changing in a city due to changes in its urban structure. This classification
identifies ten types of LCZs for urbanized land and seven for natural land cover, based on
building density, building height, ground surface area, and the proportion of green areas in
the zone (for a better description of the definitions for Local Climate Zones used in this
paper, we refer readers to the original source [54]).

Each Local Climate Zone has specific climatic characteristics, which may include
temperature, humidity, wind speed, and air quality. The LCZ classification is used to
identify urban climate patterns in a city and to aid in the development of strategies to
reduce the impact of urban climate on human health and well-being.

Additionally, information on the current land use of each building in the study area is
used to gain knowledge of both the property value and its safety. The distance of buildings
to a body of water that may be affected by extreme weather events such as extreme rainfall
that may cause floods or landslides due to climate change is also calculated.

All this information allows for a precise understanding of the economic and climatic
repercussions of any modification of current soil characteristics.

3. Methodology

In this work, we present a methodology to explore the relationships between different
factors associated with urban risk. The purpose is to develop models to assist urban
decision makers. Our methodology is summarized in Figure 1, and it comprises four main
phases: (1) obtaining environmental data and processing satellite images; (2) analysis of
relationships between variables (correlation matrix); (3) construction of two predictive
models, namely a Bayesian Network model and a Multiple Linear Regression model;
(4) and prediction of ground motion velocity for the study area through the two models
and comparison of their outputs.
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Figure 1. Workflow of the methodology proposed in this work.

3.1. Processing of Satellite Images
3.1.1. Estimation of Land Surface Temperature (LST)

Estimating land surface temperature (LST) at night provides additional knowledge
about the urban heat island (UHI) due to its sensitivity to urbanization processes [19],
especially during the so-called torrid nights that afflict cities. However, to date, the use
of nocturnal LST is not yet common, among other factors, due to the scarce availability
of satellite images with good resolution for this purpose. In our case study, we only have
one image from August 2015 from the Landsat-8 satellite. The LST can be calculated using
the top of atmosphere reflectance (R ) using Landsat-8 bands 4 and 5, surface emissivity
(¢) using NDVI, and finally, the top of atmosphere radiance (L)) using Landsat-8 band 10.
For a better description of the LST calculation used in this document, we refer readers
to the original source of the plugin used [55]. In our case, we calculate the LST for both
the nocturnal (nighttime temperatures) and diurnal (daytime temperatures) images on
28 August 2015, as well as the complementary image on 3 August 2015. With these three
images, we calculate the difference in LST between daytime and nighttime to determine the
thermal amplitude (LST Amplitude) that occurs in the study area. These patterns allow the
detection of urban heat islands, indicating that during the day, the land surface temperature
can be significantly higher than the surrounding surface temperature, while at night, the
city’s surface can retain heat and maintain higher temperatures than the surrounding areas.
Therefore, the difference between diurnal and nocturnal LST (LST Amplitude) is used as
an indicator of the magnitude of the urban heat island.
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3.1.2. Ground Motion Using the Mt-InSAR Technique

Detecting infrastructure at risk due to land surface displacements is possible with the
Mt-InSAR technique [56] and radar images through the Stanford Method (StaMPS). StaMPS
is a type of processing technique and software package widely utilized in the processing of
SAR data for Mt-InSAR applications. It focuses on identifying and tracking specific ground
features (referred to as “persistent scatterers”) that exhibit stable radar reflections over time.
These features can be buildings, infrastructures, etc.

Therefore, Mt-InSAR (Multitemporal Interferometric Synthetic Aperture Radar) with
StaMPS is a remote sensing technique used to measure ground motion and track its trend
over years. It uses multiple time series of satellite radar images (synthetic aperture radar).
The way to detect ground motion using the Mt-InSAR technique is that satellites emit a
pulse of radar energy, this pulse is scattered over the earth’s surface and recorded back
at the satellite with two types of information: amplitude and phase. The amplitude is
the strength of the return signal, influenced by the physical properties of the surface.
The round-trip distance from the satellite to the ground is measured in units of radar
wavelength, and changes in that distance between the time the radar images are collected
are shown as a phase difference [57]. The advantage of Mt-InSAR is that it allows long-
term monitoring of large areas with high spatial and temporal resolution, discovering
millimeter-scale displacements.

In our case study, 146 images from Sentinel-1 were used. In this technique, the number
of images used impacts the reliability of results, where the larger the number of images, the
greater the accuracy obtained.

In Mt-InSAR processing, the phase change in the radar signal of images is compared
in order to detect ground changes (phase differences). Particularly, one image is set as a
reference image (Master), and the other images are called slaves. In our case study, the
master image is dated 7 June 2020. The slaves comprise a dataset of images dated between
1 January 2018 and 31 October 2022.

3.2. Analysis of Relationships between Variables

The objective of this analysis is to understand the relationships that exist between
the various inputs of information to address potential urban risks. To achieve this, the
relationship between the study variables is measured using a correlation matrix (in Figure 2)
that displays the correlation coefficients between all possible pairs of variables in the dataset.
The correlation coefficient measures the strength and direction of the relationship between
two variables to identify possible patterns or trends. In our study, we used the Spearman
method, which measures the relationship between variables that are not necessarily linear
but can be expressed through a monotonic increasing or decreasing function, that is, if the
change in one variable is consistently associated with the change in the other variable. This
method is often used when the variables do not follow a normal distribution or when the
data contain outliers that may affect linear correlation. The Spearman method is also used
for analyses where categorical data exist, as is the case with two variables in our study,
LCZ and Current Use Code.

In this study, the use of a longer time scale, such as Landsat-8 daytime LST, would have
enhanced the consistency of the results. Given the nature of the work focused on bridging
the research gap in nighttime LST and nighttime UHI, the choice of using nighttime Landsat-
8 imagery to analyze the relationship between land surface temperature and ground motion
is justified. Despite the limited availability of nighttime data and only one image in the
paper, the significant correlation (0.69) supports its use in the models. This provides a
solid basis for the formulation of land management policies in the face of climate change,
particularly focused on nighttime data (nighttime LST and nighttime UHI).
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Figure 2. Correlation matrix, which displays the correlation coefficients between all possible pairs of
variables in the dataset.

3.3. Bayesian Network Model

Two models were chosen in this study to anticipate potentially unstable zones in the
study area: a Bayesian Network (BN) and a Multiple Linear Regression. The dependent
variable for both models was the ground motion velocity, while the explanatory variables
were the Local Climate Zones (LCZs), the Current Use Code of buildings and their distance
to water, the nighttime land surface temperature (LST), and the temperature difference
between day and night.

Bayesian Networks are probabilistic graphical models that use Directed Acyclic Graphs
(DAG) to model the dependencies between variables. The DAG is constituted by nodes
that represent the random variables and arches that join the different nodes defining the
dependence structure. This dependence structure is defined using the one-parameter
conditional copula [58], which defines the joint distribution of the two random variables. In
this work, a Gaussian copula-based BN was employed. This type of BN has the advantage
of being a hybrid BN [59] and can overcome large or complex problems due to its fast
computation. The Gaussian copula-based BN defines the bivariate pieces of dependence
using the product-moment correlation (p) [60]. This one is related to the rank correlation
using Pearson’s transformation, as stated in Equation (1) [61].

T
—_ r

(X, Y) zzsin(6 (x,y)) (1)
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@Distance Water

In the particular case of the normal copulas, the joint normal distribution which builds
the Bayesian Network uses the conditional correlations which are equivalent to the partial
correlations. The arches which join the parent node with the child nodes are related with
the conditional rank correlation following the DAG structure, as stated in Equation (2) [62].

{ I’(Xi, Paj(Xi)), ] =1 (2)
T(XZ‘, Paj(Xi)|Pa1(Xi), .. .,Pa]-_l (Xl)), ] =2,...,m

where m is the number of parents Pa;(X;) of the node X;, and j is the node parent order.
The joint distribution of n variables is computed by the BN following Equation (3) [63].

Fren (X1, x0) = AT ] fiipag) (xi xPa(i)) ®3)
i—2

The Gaussian copula-based Bayesian Network employed in this work was imple-
mented in BANSHEE, an open-access toolbox developed in MATLAB [64] and Python [65].
As the first step to building the BN, the correlation matrix is computed in the previous
section (see Figure 2). The results obtained assist in the realization of the DAG design. Due
to the nature of the model to be developed, and since the purpose was to use different
variables (LCZ, LST Amplitude, Night Temperature, Distance Water, and Current Use Code)
for velocity prediction, velocity was selected as the child node to the rest of the parameters.
Following the results obtained in the correlation matrix, variables with correlations greater
(in absolute terms) than 0.15 were joined by means of arcs. Variables with correlations lower
than this value were considered independent. The DAG obtained for the Bayesian Network
is shown in Figure 3. Following this DAG structure and the conditional rank correlation
values computed by BANSHEE, the final correlation matrix was obtained. This correlation
matrix defines the Bayesian Network, and its values can be observed in Figure 4.
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Figure 3. Designed DAG of the Bayesian Network with the conditional rank correlation values.
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Figure 4. Correlation matrix computed using the BANSHEE toolbox for DAG employed to create the
Bayesian Network.

3.4. Multiple Linear Regression Model

A Multiple Linear Regression (MLR) model is used to compare the prediction results
of the BN. MLR is a statistical technique commonly used in scientific research to analyze
the relationship between several variables. The same variables used in the BN model were
used in the MLR model.

The MLR model assumes a linear relationship between the dependent variable and
the independent variables, which means that the change in the dependent variable is
proportional to the change in the independent variable. The MLR model creates a linear
equation that best fits the data, with the aim of minimizing the difference between predicted
and actual values.

To determine the values of the coefficients, the MLR model uses a method called
Ordinary Least Squares (OLS), which finds the values of the coefficients that minimize
the sum of the squared differences between predicted and actual values. This process is
commonly known as “fitting” the model to the data.

Due to the nature of our data and to ensure that each variable was on the same scale,
the data for each variable were transformed using a method called MinMaxScaler, which
scales each feature to a specified range (default and in our case, between 0 and 1).

The linear equation takes the form: y = by + bix; + baxp + ... + bnXn, where y is
the dependent variable, by is the intercept or constant term, b;—b, are the coefficients
representing the effect of each independent variable on the dependent variable, and x;—xn
are the independent variables.

To implement the MLR model, the Python package sklearn.linear was used, which
provides tools for statistical data analysis, including multiple linear regression. The model
was fitted to the training data, and its performance was then evaluated using various
evaluation metrics such as Mean Absolute Error (MAE) and the coefficient of determina-
tion (R?). These metrics are used to measure the accuracy and quality of the predictive
model, respectively.
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4. Results
4.1. Urban Monitoring Results

The Night Temperature (Nighttime LST) for the date of 28 August 2015 was obtained by
processing Landsat-8 images, which was the only available data for our study area. Addition-
ally, the temperature difference with respect to the daytime (LST Amplitude) was calculated
by combining the images on 28 August 2015 and 3 August 2015, allowing the observation
of urban heat island patterns. Comparing the land cover class of the European LCZ with
the two thermal maps calculated for the study of nighttime LST, it is clear that there is a
geographical correspondence between urban soils and “hotter” LST. This reveals the existence
of the “nocturnal urban heat island” (NUHI) phenomenon, as shown in Figure 5, where the
highest LST values match with urban soil and the lowest LST values appear on natural soil.

Boundary
‘Atlas 2018)

Low plants
I Bare rock or paved

Bare soil o sand
. woter

[ Barcelona Boundary
(From Urban Atlas 2018)
201508:28 Nighttime LST
perature)

Figure 5. (a) Land cover according to the European LCZ map [52]; (b) Nighttime LST of the image
capture dated 28 August 2015; (c) difference in daytime LST between the images on 3 August 2015
and 28 August 2015 with respect to the Nighttime LST of the image on 28 August 2015.
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Ground temperature amplitude records from meteorological stations (existing in the
study area and dated 28 August 2015) were contrasted against data (surrounding within
100 m of these stations) of land surface temperature (LST) amplitude. This comparison
serves to support the findings related to the “nocturnal urban heat island” (NUHI) derived
from the remote sensing data, revealing in Figure 6 consistent trends between the satellite-
derived information and the temperature records from the meteorological stations, except
for Monistrol de Montserrat.
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Temperature 2C

Location of existing weather stations in the study area

Figure 6. Ground-based amplitude temperature recordings from meteorological stations to verify the
remote-sensing-derived LST Amplitude data.

To assess the risk of ground stability for the infrastructure in the study area, a ground
motion velocity line of sight (LOS) map in descending geometry was obtained and is shown
in Figure 7. As can be seen, almost all the infrastructure in the study area remains stable,
with some unstable zones above a velocity £ 2 mm/year, mainly concentrated in the port
and airport areas.

[ Barcelona Boundary
(From Urban Atlas 2018)

Descending LOS Map
Ground Motion Velocity:
e -85 mm/year to-3.5 mm/year
© —=3.5 mm/year to—2 mm/year
e -2 mm/year to 2 mm/year
¢ 2 mm/year to 3.5 mm/year

* 3.5 mm/year to 5.5 mm/year

Figure 7. Ground motion velocity line of sight (LOS) map in descending geometry in the study area.
The points with £2 mm/year of velocity are considered stable points.

Since there are more stable points than unstable ones in the study area, data resampling
was necessary to obtain a balanced distribution for correlation analysis and subsequent
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prediction. In our case, we performed an undersampling of stable points to balance the
number of stable and unstable points (obtaining 569 for stable and 551 for unstable). The
undersampled points were selected by proximity (nearest neighbor) to the unstable points
located only in the urban infrastructures, excluding the ground motion information points
located in nonconstructed areas such as forests, crops, or water bodies. This provided a
distributed representation throughout the study area, allowing for a better understanding
of the relationships between ground motion velocity and other variables. The velocity LOS
map of the resampled data for correlation analysis and subsequent prediction is depicted
in Figure 8.

[ Barcelona Boundary
(From Urban Atlas 2018)

Resampled velocity LOS map:
® —5.3 mm/year to =3.5 mm/year
@ =3,5 mmjyear to =2 mm/year
& =2 mmfyear to 2 mm/year
2 mm/year to 3.5 mmj/year
® 35 mmjyear to 53 mm/year

[ Barcelona Boundary
(From Urban Atlas 2018)

Resampled velocity LOS map:
® —5.3 mm/year to =3.5 mm/year
@ =3,5 mmj/year to =2 mm/year
® =2 mm/fyear to 2 mm/year
2 mm/year to 3.5 mmj/year
= 35 mmjyear to 53 mm/year

Figure 8. (a) Resampled velocity LOS map of the points of information only located in the urban
infrastructures; (b) detail of the Barcelona port and airport area on the resampled velocity LOS map.



Infrastructures 2024, 9, 107 14 of 22

Figure 9 shows the Current Use Code and the distance from the infrastructures to water
bodies that geographically coincide with the resampled points of ground motion velocity.

[ Barcelona Boundary
{From Urban Atlas 2018)
Building Current Use:
Residential (1)
Agriculture (2)
Industrial (3)
Office (4)

Retail {5)
2 Public Services (8)
' Unspecified (T)

Water bodies

Distance of infrastructure
From water bodies:

0 10 20 km * Okmto 2 km
| Se— * 2kmtodkm
® 4kmto6km
4102 6 km to 8.1 km
T T ——

Figure 9. (a) The Current Use Code of the infrastructures at the resampled points for ground motion
velocity; (b) distance to water bodies of the infrastructures.
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4.2. Relationship among Variables

The correlation coefficients among all possible variable combinations in the dataset
were analyzed (Figure 2). The LST Amplitude and Night Temperature variables had the
strongest correlation, but this was due to its causal relationship, since LST Amplitude is
the difference between Night Temperature and Daytime Temperature values. Thus, the
ground motion velocity is the variable that best relates to the other variables studied.

The velocity variable is moderately related to the two variables that describe the “noc-
turnal urban heat island” (NUHI) effect, namely LST Amplitude and Night Temperature.
Because the velocity variable, which describes the ground stability of infrastructures, may
have an additional connection to the health risks for the inhabitants of the study area due
to climate change, this could indicate urban inequalities in certain areas of the territory due
to the lack of consideration of such risks in urban planning.

Therefore, velocity is considered the most important variable to predict, as it indicates
the future risk ground stability of the city. Additionally, choosing velocity as the variable to
predict has the advantage of getting data quickly and easily, without the need for Mt-InSAR
processing, which is time-consuming and computationally expensive.

Variables describing soil characteristics and distance to water bodies are included as an
exploratory analysis in the identification of unexpected patterns or relationships between
unrelated variables and the target variable in order to reveal possible complex interactions
or indirect effects that justify their inclusion in the model. This decision is motivated by
the fact that the intrinsic nature of soil characteristics affects soil stability and that distance
to water bodies is an important factor in the analysis of potential risks in the event of a
climatic emergency.

4.3. Model Results

The Bayesian Network model was constructed based on the correlation values ob-
tained by the BANSHEE toolbox, and training was performed with 80% of the resampling
data. The remaining 20% of the data were used for prediction and for the subsequent
comparison with the multiple regression model used to validate the methodology.

One of the advantages of this model is the ability to generate a large amount of data
for each prediction. In our case, 10,000 synthetic data were generated for each of the
225 expected predictions. Figure 10 shows three examples of velocity predictions generated
using the Bayesian Network model: one with a good prediction value, another with an
acceptable value, and one with a bad prediction value.
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]
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Figure 10. Histograms that represent the predicted velocity value by the Bayesian Network model
(with intervals of 0.2 mm/year). The red line indicates the actual velocity for a specific point. The
three subfigures (a—c) represent the cases of good, acceptable, and bad predictions, respectively,
considering the mean and mode values of the predictions.
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In some cases, the generated data resulted in bimodal distributions, as depicted in
Figure 11, which made it necessary to use the mode of the generated data distribution as
the most probable prediction value instead of the mean value, as it better represents the
results. However, some predictions tend to the second mode, making it difficult to ensure
their accuracy.
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Figure 11. (a) Bimodal distribution with a correct prediction as the true value coincides with the main
mode; (b) bimodal distribution with an incorrect prediction as the true predicted value tends to the
second mode.

In this context, it is essential to highlight that the present model is focused on the
generation of estimates related to ground motion, based on numerical parameters that can
be acquired by any urban manager. These parameters, namely LCZ, LST Amplitude, Night
Temperature, Distance Water, and Current Use Code, prove to be more intuitive options as
opposed to the inclusion of specific geospatial coordinates. It is worth mentioning that the
use of specific coordinates would allow the model to geolocate and represent risk areas on a
map, resulting in a more targeted approach. However, our model makes it possible to make
decisions related to urban infrastructure stability in an anticipatory and accessible manner
by employing global data and features. This, in turn, provides the ability to interpret
ground motion values that can be identified as risk areas, contributing to the mitigation of
urban inequalities in the face of climate change risks.

4.4. Model Validation

To address this uncertainty, we adapted two validation metrics to help determine the
accuracy of the model results. As the predictions of the Bayesian Network model are a set
of velocity values (in this work set to 10,000 samples), it is not possible to compare them
with a single experimental velocity result.

Two validation methods shown in Table 1 were employed to check the robustness of
the Bayesian Network model. The first one compares the experimental result with a mode
interval (defined for bins of 0.2 mm/year). The second one compares the experimental result
with the mean value obtained in the distribution supplied by the Bayesian Network. The
success rate of each validation method was defined considering different maximum velocity
errors (0.5, 1.0, 1.5, 2 mm/year). The success rate would be the number of predictions
with a velocity difference (regarding the experimental result) lower than the maximum
error considered.
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Table 1. Success rate of the predictions of the Bayesian Network considering maximum error for each
validation method.

Validation Maximum Error Maximum Error Maximum Error Maximum Error

Method + 0.5 mm/Year + 1.0 mm/Year + 1.5 mm/Year + 2.0 mm/Year
Mode Interval 43.00% 65.00% 81.00% 88.00%
Mean value 23.00% 46.00% 65.00% 80.00%

A comparison with another model widely used in the scientific community, the Mean
Absolute Error (MAE), regarding the mean and mode interval (using a bin width of
0.2mm/year) and the coefficient of determination (R?) was computed. Table 2 summarizes
the results of the adapted performance metrics.

Table 2. Bayesian Network model validation metrics.

Bayesian Network Model
MAE with respect to mean 1.24
MAE with respect to mode 0.92
R? 0.60

New velocity predictions are performed with the multiple regression model, and the
evaluation metrics of MAE and R? are obtained. Table 3 summarizes the results of the
performance metrics of the multiple regression model. In this way, the goodness of fit of
the Bayesian Network model results is compared.

Table 3. Multiple Linear Regression model validation metrics.

Multiple Linear Regression Model

MAE 1.14
R? 0.61

The use of these metrics provides insight into the pros and cons of using the Bayesian
Network model as an urban planning tool in terms of predictive accuracy and model quality.

As observed in Tables 2 and 3, both models achieved similar results. Due to the limited
amount of data (resampled data due to the scarcity of unstable velocity data) and the
obtained correlations, it is challenging to obtain more reliable results.

Nevertheless, the results are considered acceptable in view of the limited effort needed
to obtain ground motion velocities, without depending on the Mt-InSAR technique. This is
one of the most relevant advantages of this study. Additionally, the use of the Bayesian
Network model has the advantage over the multiple regression analysis of being capable
of representing the model’s uncertainty by generating a large number of synthetic data
through probability distributions.

5. Discussion

In our work, nocturnal urban heat island (NUHI) patterns were detected in the selected
study area, which are consistent with those obtained for the Metropolitan Area of Barcelona
(MAB) [18,48]. Thus, our approach is validated. This work improves the aforementioned
work, as well as other studies, because it only analyzes land surface temperature (LST) as an
indicator of climatic risk in cities [16,17,19,66]. In our approach, we add information on risk
urban infrastructures in terms of ground motion, achieving a richer analysis. Additionally,
we found synergies of different types of satellite imagery to assess the urban risks, detecting
some unstable areas in our analysis assessing climate change-related risk areas. These zones
are the port of Barcelona and the airport area, which fit the results of previous works [49],
so the quality of the results obtained with Mt-InSAR are demonstrated.
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The possible causes of the deformation could be, for example, attributed to water
pumping activities, while those in other areas stem from construction activities or, for
example, associated with land reclamation efforts, such as the protective dikes surrounding
the port [49]. It is crucial to consider these factors in future research, as they can potentially
impact the effectiveness of the proposed model. One approach could involve incorporating
a new layer of geographic information that categorizes soil based on these factors. For
instance, including variables like “water pumping activities” (Yes or No), “recent construc-
tion activities” (Yes or No), etc., could yield more informative results. This would likely
lead to a more accurate and robust model overall.

As for studies that combine radar and multispectral images [32-36], they have only
focused their efforts on a causal analysis between both types of images, with very few
studies taking a holistic approach to finding hidden relationships between both types
of information. In this sense, only one work was found using this approach [37]. Our
work continues this approach and goes further by including water risk factors and the
construction of a Bayesian Network capable of generating synthetic data that will help
future decision making, serving as another urban design tool.

The results of Mt-InSAR identify buildings that may require further on-site investiga-
tion, thereby strengthening preventive measures within the urban management process. In
this way, intervention measures that can be taken (for example, establishing new areas of
vegetation, expanding existing ones, or eliminating risk infrastructures) would be more
effective when using information related to the location of heat islands and the risk of
infrastructures due to their extreme ground motion values.

Even though urban remote sensing is a well-developed subdomain in remote sensing
science, the degree to which remote sensing is used in the science of urban ecological plan-
ning and the way it contributes to urban policy remain unclear [12]. Our work represents
one more example of how remote sensing technologies allow large-scale analysis and mon-
itoring of the territory over time, including the analysis of the past and present and using
predictive modeling for projections into the future. The results of our study strengthen
that combining remote sensing with predictive modeling can assist decision making and
policy development related to urban planning and climate change adaptation. Therefore,
this work improves the understanding of the risk of cities to the climate emergency by
combining diverse inputs, being one of the first studies to associate nocturnal LST and
ground motion through Landsat-8 and Sentinel-1 images. To that end, two predictive
approaches, namely a Bayesian Network and Multiple Linear Regression, were built to
anticipate urban risks in the study area.

The performance of the BN model was compared with the MLR model using similar
evaluation metrics, and it was found that the BN model matched the MLR model in
predicting the values of the velocity variable. Despite the lack of strong correlations
between the variables analyzed, the BN model is still able to generate synthetic data by
means of distributions and can represent their uncertainty, which is its greatest advantage.
These results demonstrate that the BN model is an effective and appropriate technique for
modeling and predicting complex datasets.

Overall, the results of this study demonstrate the potential of satellite remote sensing
to inform urban planning and climate change adaptation strategies. By providing detailed
information on risk areas and infrastructure, satellite data can help decision-makers antici-
pate and respond to emerging risks and develop effective interventions that can protect
cities and their inhabitants from the impacts of climate change. Future research in this area
should continue to explore the potential of high-resolution satellite data (ASTER, Sentinel-2,
KOMPSAT, TerraSAR-X, COSMO-SkyMed, or PAZ) or through the use of machine learning
algorithms to improve the resolution of medium-resolution images.

6. Conclusions

The main objective of this research was achieved by showing the relationships that
exist between (i) Local Climate Zones, (ii) the current land use where the infrastructure
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asset is placed, (iii) the distance from this asset to water bodies, (iv) the NUHI through the
nocturnal LST that exists in the study area, and (v) the ground motion. These variables were
taken into account to identify both risk areas of ground stability and climate-change-related
risk areas.

After analyzing the results, we can extract the following conclusions. The study
uses free, multispectral satellite images (through the NASA /USGS Landsat program) and
radar images (through the European Union Earth Observation Program, Copernicus), as
well as the European LCZ map (available on the WUDAPT data portal) and the current
use of existing buildings in the study area of Barcelona (through the INSPIRE service of
cadastral mapping). This allows the development of urban planning and management
instruments to equip city authorities and managers with the necessary decision-making
tools to effectively address the current climate emergency and mitigate potential issues in
urban infrastructures. This, in turn, can significantly improve the quality of life for citizens
by reducing risk and inequalities within the city.

This study represents a pioneering effort to identify areas that are particularly un-
suitable for public health during the hottest nights caused by the urban heat island phe-
nomenon resulting from global warming. The approach involves analyzing nighttime land
surface temperature (LST) and linking it to the location of unstable infrastructure using
the Mt-InSAR (Multitemporal Interferometric Synthetic Aperture Radar) technique, which
is capable of detecting the speed of Earth’s surface displacement. The expectation of this
research is to enhance city resilience by exploring strategies for modifying land cover and
land use to create safer and more sustainable cities.

The development of a Bayesian Network model represents a key step in equipping
urban planning authorities with the means to deal with climate change. This model uses
multispectral satellite and radar images, leveraging the power of probabilistic graphical
models to account for model uncertainties. Comparison with the Multiple Linear Re-
gression model, a reliable technique for predicting complex relationships, confirmed the
effectiveness of our approach as a tool for predicting ground motion in urban infrastruc-
tures in order to localize the risk areas of ground stability in the study area or, in other
words, to localize areas with urban inequalities due to global climate change through
the new approach of resilient urbanism: one resilient urbanism focused not on solving
problems but on anticipating them [67].
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