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Urban Heat Vulnerability Assessment 
of Smart Border 

Abstract—The paper presents the comparative 
assessment of urban heat vulnerability for El Paso, USA 
and Ciudad Juarez, Mexico as a part of smart resilient city 
index. First, the heat vulnerability framework is presented. 
Based on available data the urban heat vulnerability index 
for the both cities are calculated. The results of analyse are 
discussed as an illustrative example of smart border 
concept. 

Keywords—Smart border, Urban heat vulnerability, El Paso, 
Ciudad Juarez 

I. INTRODUCTION 
L PASO – Ciudad Juárez bi-national metropolitan area is 
the largest cross-border metropolitan area in the United 

States and Mexico with combined population of over 2.4 
million people and the second largest international trade 
crossing in the United States [1]. El Paso itself has a population 
of approximately 700,000 and is connected with Ciudad Juárez 
by three major international road bridges (ports of entry): The 
Paso del Norte Bridge, The Stanton Street Bridge and The 
Ysleta Bridge [2]. In 2017, the City of El Paso adopted a 
Resilience Strategic Plan that aims at transforming the city into 
smart and resilient city [3].  

It is clear that the concept of smart resilient city El Paso is 
an interdisciplinary issue that presents a new way of managing 
the city with the help of available knowledge and technologies 
that were unimaginable until recently. In this concept, it is 
possible to use models of different situations that can occur in 
the city, analyse them and ensure implementation of the most 
optimal response with respect to given criteria. 

Currently, many methodologies are used to evaluate city 
smartness - the smart city index. It involves evaluating the 
degree of digitization of different processes, evaluating subsets 
of the functional subsystems such as mobility, energy, security, 
or assessing information links between smart service operators 
and their users. Based on different methodologies, the annual 
assessment of the best smart cities takes place at the global 
level. [4] [5] 
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II. VULNERABILITY TO EXTREME HEAT EVENTS  
Vulnerability is a complex concept; therefore, many factors 

impact its definition and evaluation. The Intergovernmental 
Panel on Climate Change (IPCC) has given a general definition 
as “the propensity or predisposition to be adversely affected”. 
According to the reports published by the IPCC, as well as 
existing studies, the majority of researchers define vulnerability 
of a system to a climate change impact as a function of 
exposure, sensitivity and adaptive capacity of the system to that 
climate change impact. [6] [7] 

V = f (E, S, AC) 

According to the IPCC reports, extreme heat events along 
with their increased frequency and intensity is an impact of 
climate change. The interest of the study presented in this paper 
is to provide a similar tool with more focus on individual cities 
using the existing geospatial data that is available as open-
source.  

Exposure – It refers to the direct danger of urban heat that 
affects the considered area. It manifests as the prevalence of 
very high temperatures across the whole city area hereby 
referred to as “hot-spots”. It can vary based on various factors 
of the given area and its built environment. 

Sensitivity – It refers to the strength of a human's reaction 
to high temperatures and depends on individual characteristics 
such as age, existing health problems, etc. Sensitivity is 
assessed by identifying the people within a given area who are 
most affected by extreme heat. 

Adaptive Capacity – It refers to the ability to cope with, 
recover and adjust to the impacts of heat events. In simple 
words, adaptive capacity is the capacity for the systems that 
constitute the urban environmental ecosystem to adapt and 
respond to this change, which in this case is extreme heat. 

Heat Vulnerability Calculation – It can be calculated by 
quantifying the above three components. This quantification is 
done using spatial data analysis. Satellite data was the primary 
source of data for this quantification and the sources of these 
datasets are listed in Table 1. 
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Table 1 – List of indicators that make up the indices of Exposure, 

Sensitivity and Adaptive Capacity. Source: [6] [7] 

Component of 
Vulnerability 

Indicator Data Source Year 

Exposure Iut Landsat 8 
[Annex 2] 

2011 

Sensitivity Ivp GHS-POP, 2015 
[Annex 3] 

2015 

Adaptive 
Capacity 

IEVI Sentinel 2 [Annex 1] 2019 

INDWI Sentinel 2 [Annex 1] 2019 

The framework adapted for this study is based on the 
framework used by [8]. Exposure and sensitivity combined 
together to represent impact of a hazard (in this case, extreme 
heat) on the city and adaptive capacity is supposed to 
decreasing this impact as shown in Fig. 1. 

 

Fig. 1: Framework for constructing UHVI, adapted by authors. 
Source: [8] 

III. EXPOSURE TO EXTREME HEAT FOR EL PASO, USA AND 
CIUDAD JUAREZ, MEXICO  

The exposure to extreme heat events for El Paso, USA and 
Ciudad Juarez, Mexico is calculated by assessing the Land-
Surface temperatures across the areas of the 2 cities from 
Landsat 8 Earth Observation satellite. 

A. Land-Surface Temperature (LST) 
The LST are obtained from the at-satellite brightness 

temperatures which is a measurement of the radiance of 
microwave radiation traveling upward from the top of the 
atmosphere to the satellite. It is expressed in units of the 
temperature of an equivalent black body. The LST dataset is 
obtained with the help of remote-sensing technique from 
NASA’s Earth observation satellite series called Landsat. It 
provides repetitive acquisition of high-resolution multispectral 
data of the Earth’s surface on a global basis. Among these 
satellites, Landsat 8 contains the Thermal Infrared Sensor 
(TIRS) payload which measures the land surface temperature 
which can be represented by ASB temperatures. This satellite 

orbits around the Earth and passes over each point of the globe 
every seven days. TIRS contains two bands: Band 10 and Band 
11. The LST temperatures were calculated from Band 10 data 
taken from Landsat 8 for all available days in June, July and 
August for all years between 2015 and 2019. Appropriate 
atmospheric corrections were applied for each Band 10 data to 
obtain the LST temperatures. 

B. Weighted Average of Annual Maximum ASB 
Temperatures 

The weighted average of the 5 years was calculated by 
taking the number of hot days as the weighting factor using the 
equation given below: Given the atmosphere of previous years, 
when the technocratic focus prevailed, a positive shift in 
citizen perception can be observed. We believe that if people 
expect from smart city to be more efficient, human approached 
and sustainable, this will put pressure on city leaders in 
choosing right solutions within a properly set strategy. 

 

Where: 
Tmax : Maximum temperature dataset from Landsat 8 for each 
year obtained in Step 3 
Dheat : Number of heat days for each year obtained in Step 2 
Tavg : Average weighted temperature dataset for all 5 years 
(2015- 2019) 
 

The weighted factor is based on the number of days within 
each respective year when El Paso, USA and Ciudad Juarez, 
Mexico experienced a temperature above 35.0 °C. They are 
presented in Table 2. After obtaining the weighting factors for 
each year, the weighted average Surface Temperatures of El 
Paso, USA and Ciudad Juarez, Mexico are illustrated in Fig. 3. 

Table 2 – Number of Hot Days per Year. Source: authors 
YEAR HEAT DAYS (>35ºC) - WEIGHTING FACTOR 
2015 80 
2016 70 
2017 51 
2018 66 
2019 68 
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Fig. 2 – Calculation of the Weighted Average. Source: authors 

C. Exposure Index (EI) 
To measure the EI, annual weight average temperatures 

were normalized between 35.0 °C to 55.0 °C to obtain a value 
between 0 and 1. Fig. 3 illustrates this step. 

 
Fig. 3 – Calculation of Exposure Index for El Paso, USA 

and Ciudad Juarez, Mexico. Source: authors 

IV. SENSITIVITY TO EXTREME HEAT FOR EL PASO, USA 
AND CIUDAD JUAREZ, MEXICO 

The sensitivity to extreme heat events for El Paso, USA and 
Ciudad Juarez, Mexico is calculated by assessing the Global 
Human Settlement Layer (GHSL) dataset. [9] [10] The GHSL 
produces new global spatial information, evidence-based 
analytics and knowledge describing the human presence on the 
planet Earth. It has produced a raster dataset that depicts the 
distribution and density of population, expressed as the number 
of people per cell. Residential population estimates for target 
years 1975, 1990, 2000 and 2015 provided by CIESIN Gridded 
Population of the World, version 4.10 (GPWv4.10) at polygon 
level, were disaggregated from census or administrative units 
to grid cells, informed by the distribution and density of built-
up as mapped in the Global Human Settlement Layer (GHSL) 

global layer per corresponding epoch. The disaggregation 
methodology is described in [11]. For calculating sensitivity, 
the GHSL data set was cropped and normalized for the El Paso, 
USA and Ciudad Juarez, Mexico (Fig. 4). 

 
Fig. 4 – Vulnerable Population Density Index (VPDI). 

Source: authors 

V. ADAPTIVE CAPACITY TO EXTREME HEAT FOR EL PASO, 
USA AND CIUDAD JUAREZ, MEXICO 

The adaptive capacity to extreme heat events for El Paso, 
USA and Ciudad Juarez, Mexico is calculated by assessing the 
level of green areas and moisture content in the across the areas 
of the 2 cities. This is done by calculating the enhanced 
vegetation index and the normalized difference water index 
from Sentinel 2 Earth Observation satellite. 

A. Enhanced Vegetation Index (EVI) 
The EVI is an 'optimized' vegetation index designed to 

enhance the vegetation signal with improved sensitivity in high 
biomass regions and improved vegetation monitoring. The 
European Space Agency has been developing a new family of 
missions called Sentinels which consists of a set of two earth 
observation satellites for each mission in order to fulfil revisit 
and coverage requirements. The EVI was calculated using the 
Band 2, 4 and 8 from Sentinel 2A (Fig. 5). 

 

 
Fig. 5 – EVI Map obtained from Sentinel 2A. Source: authors 
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B. Normalized Difference Water Index (NDWI) 
The NDWI is a remote sensing-derived index related to 

liquid water. It was calculated using the Band 8 and 11 from 
Sentinel 2. It is most appropriate for water body mapping 
because water body has strong absorption and low radiation in 
the range from visible to infrared wavelengths. The index uses 
the green and Near Infra-red bands of remote sensing images 
based on this phenomenon (Fig. 6). 

 
Figure 6 – NDWI Map obtained from Sentinel 2A. 

Source: authors 

C. Adaptive Capacity Index (ACI) 
To obtain the ACI, the EVI and the NDWI were added. 
Normalization was not needed here as both were already 
normalized and had values remained between 0 and 1. This step 
is illustrated in Fig. 7. 
 

 
Fig. 7 – Calculation of ACI. Source: authors 

VI. CALCULATION OF URBAN HEAT VULNERABILITY INDEX 
(UHVI) 

The UHVI is calculated by obtaining the difference between 
the ACI and the product of EI and SI as shown in the following 
equation and as illustrated in Fig. 8: 

 
UHVI = EI + SI – ACI 

 
Fig. 8 – Urban Heat Vulnerability Map of El Paso, USA and 

Ciudad Juarez, Mexico. Source: authors 

VII. CONCLUSION 

A. Overall urban heat vulnerability 
For comparing the urban heat vulnerability index of El Paso, 

USA and Ciudad Juarez, Mexico, the total populated areas were 
mapped and the surface areas for the 2 cities were calculated by 
using GHSL Data Package, 2019 (Table 3). For those areas, the 
urban heat vulnerability index for the 2 cities were calculated 
as the ratio of the total areas with urban heat vulnerability value 
above 0.5 to the total populated areas (Fig. 9). 
 

 

 
Fig. 9 – Populated Area and Heat Vulnerable area 

(UHV >= 0.5). Source: authors 
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Table 3 – Urban Heat Vulnerability Index for El Paso, USA and Ciudad 

Juarez, Mexico, Source: authors 
 Total area, 

!"# 
Heat vulnerable 

area, !"# 
UHVI 

El Paso 411,73 210,20 0,5105 

Ciudad 
Juarez 

337,98 191,42 0,5694 

B. Urban Heat Vulnerability along 5 Miles of the 
International Border 
For comparing the urban heat vulnerability index of El Paso, 

USA and Ciudad Juarez, Mexico, the total populated areas were 
mapped and the surface areas for the 2 cities were calculated by 
using GHSL Data Package, 2019. For those areas, the urban 
heat vulnerability index for the 2 cities were calculated as the 
ratio of the total areas with urban heat vulnerability value above 
0.5 to the total populated areas (Fig. 10). 

 

 

 
Fig. 10 – Populated Area and Heat Vulnerable area 

(UHV >= 0.5). Source: authors 
 
 
 
 

 
Table 4 – Urban Heat Vulnerability Index for El Paso, USA and Ciudad 

Juarez, Mexico along 5 Miles of the International Border 
 Total 

area, 
!"# 

Heat 
vulnerable 
area, !"# 

UHVI 

El Paso 208,83 93,61 0,4483 

Ciudad 
Juarez 240,44 143,83 0,5982 

 
C. Density of Heat Vulnerable Areas and Building Roof Colors 

El Paso has a larger populated area of 411,73 km2 for a 
smaller number of inhabitants (700,000 people) in comparison 
to Ciudad Juarez where the populated area of 337,98 km2 has 
1,4 mil inhabitants. The difference in the density [12] is very 
significant (EL Paso 1,700 inhabitants/km2 of inhabited area; 
Ciudad Juarez 4,200 inhabitants/km2 of inhabited area). 

Heat vulnerable areas are more scattered in El Paso (Fig. 
11), however, there are certain “zones” defining the higher 
density of heat vulnerable areas. There are two zones in El Paso: 
Zone I is between the Dyer street and Railroad Dr. and Zone II. 
is between Montana Ave and Montwood Dr. Zone III in Ciudad 
Juarez is situated between Eje Vial Juan Gabriel and almost to 
Perif. Camino Real. 

 

 

 
Fig. 11 – Heat Vulnerable Areas (Up) and True Color Satellite 

Image from Sentinel 2 (Down) 
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Comparing El Paso and Ciudad Juarez in Fig. 11, small 
differences between Zones 1+II and III are roof colors. The 
Ciudad Juarez have white (light color) painted flat roofs. El 
Paso shows  darker colors pitched roofs. Those are reflected in 
the Exposure Index slightly. However, it is important to 
mention that the density of inhabitants visible from vulnerable 
populations density map (Figure 4) is the main driver in Heat 
Vulnerability. The mentioned density is visible also from 
house/plot sizes in selected vulnerable areas. Zone I+II the 
average plot is 20x30 m. Zone III the average plot is 8x18 m. 

 

  
Fig. 12 – Typical Neighborhoods in Zones I, II and III in El Paso 

(Left) and Ciudad Juarez (Right). Source: Google Maps 
 
The aim of this study is to investigate the environmental 

effects of a border that is separating an urban area within a 
region which might be intuitively classified with the same 
criteria of climatology and how some of the urban features such 
as densification, vegetation and morphology could be exposing 
the cities with different levels of vulnerability towards heat. 

This study is based on evaluating indexes namely exposure, 
sensitivity and adaptive capacity that are projected as the Urban 
Heat Vulnerability Index (UHVI) which the authors have used 
for visualizing an urban map that identifies the more vulnerable 
locations within El Paso - Ciudad Juarez urban environment. 

The methodology is based on using available open source 
Geospatial data collected by Landsat 8 and Sentinel 2 and 
adapting the Global Human Settlement Layer (GHSL) to define 
the sensibility of population in this urban area which is later 
evaluated with respect to the exposure that it can have towards 
the extreme heat events that are caused because of climate 
change and may be intensified or be unpredictable to different 
extents which is alarming and crucial for scientific community 
as well as public decision making bodies to have a 
comprehensive approach towards what might be possible 
scenarios in terms of addressing these issues and where are the 
most vulnerable locations that can show significant results if the 
proper mitigation strategies are taken place. 

What must be emphasized is that due to a variety of reasons 
within an urban area, such as protection of heritage, established 
and sensitive infrastructure or in the case of El Paso and Ciudad 
Juarez, political reasons, not all the typical climate change and 
heat mitigation strategies such as increasing the vegetation 
footprint might be pragmatic. Therefore, it must be remarked 
that a specific and field study of the important environmental 
aspects such as maximum temperature within the vulnerable 
locations and the sociological patterns that are relative to heat 
and energy consumption should be investigated.  

It is also worth mentioning that due to dynamic nature of 
most of the phenomena that impacts the micro-climate entity of 

any given location, in terms of sustainability and achieving long 
terms solutions for the causes of climate change and in 
particular, the increase of heat, in cities such as El Paso and 
Ciudad Juarez, there needs to be close collaboration between 
the local governments, where there is a necessity for unified set 
of strategies to tackle the identified environmental challenges 
and further research would require also both of the parties to 
conduct coherent plans that is with respect to the existing 
infrastructure and urban planning priorities of the both 
governing bodies.  

Smart and resilient city management, thanks to current data, 
moves from the predefined static approach to adaptive control 
algorithms that ensure the assessment of entire territorial units 
as was shown in practical example of heat map vulnerability. 
The key factor in all smart resilient cities is the human being. 
Different simulation tools could be used to validate current city 
strategies with respect to his/her comfort in selected urban 
areas. We have shown practical examples of urban differences 
of El Paso - Ciudad Juarez. 
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