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Abstract: Portugal is the country in Europe where the death rate in winter and summer has the
highest correlation with outdoor temperatures. The Portuguese National Institute of Public Health
Ricardo Jorge has developed a national warning system for heat waves called ICARO, which has
been in place since 1999 (and is the oldest in Europe). However, it presents some limitations, namely,
the low spatial resolution (five regions in Portugal’s mainland), the low temporal forecasting period
(one day), and the fact that it was only accessible to health authorities until very recently. This
work describes the development of a new public dashboard that uses a new early warning index for
extreme weather events, the CLIMAEXTREMO index, which extends the current warning system
by improving the current forecasting models for risk by integrating new sources of public data and
increasing the spatial and time resolution of the warnings to the municipality or the parish level. The
new index is a combination of a new model to estimate the relative mortality increase (updating the
model used in ICARO) together with a model of the indoor temperature of building archetypes for
all municipalities and a vulnerability index that considers socio-demographic economic indicators.
This work discusses the results of the new risk indicator for the heat waves that occurred in Portugal
at the end of June and mid-August 2023, and it shows that the index was able to indicate a high risk
for the municipalities that had an increase in the number of deaths during that period.

Keywords: early warning system; vulnerability index; indoor temperature; relative excessive mortality;
risks to human well-being; health-related aspects of sustainability; sustainability tools

1. Introduction

Portugal is the country in Europe where the death rate in winter has the highest corre-
lation with outdoor temperatures, although it has one of the mildest winter climates [1,2].
The same happens in summer during extreme heat periods [3]. This is explained by the fact
that most buildings in Portugal do not comply with the minimum requirements regarding
thermal comfort conditions [4]; the occupants’ low average incomes along with high energy
prices [5]; and the aging of the population [6], since elderly people have fewer physiological
mechanisms to handle large and sudden variations of temperature.

Over the last decades, the Portuguese National Institute of Public Health Ricardo Jorge
(INSARJ) has developed a national warning system for extreme heat periods (“ICARO”)
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and extreme cold periods (“FRIESA”) that might have a potential impact on mortality [3].
Based on the weather forecast, these systems calculate a risk measure at the regional level,
which is then used by different public agents to implement actions previously defined in
contingency plans to minimize the risks to the population (e.g., reinforcement of hospital
staff during the extreme cold or heat periods).

This work aimed to develop a public geographic dashboard with real-time informa-
tion and a high spatial resolution on the building occupants’ health risk during extreme
weather events—heat and cold. The objective of the dashboard was to extend the current
surveillance capabilities in two dimensions:

• Improving the current forecasting models for risk by integrating new sources of
public data;

• Increasing the spatial and time resolution of the warnings, if possible, to the munici-
pality or the parish level and for longer forecasting periods (7 days).

The model and the data are available in a public dashboard at http://climaextremo.
tecnico.ulisboa.pt (accessed on 29 April 2024) that can be accessed by different public
authorities or the general public. The information is updated every day for the next week.
The webpage enables any institution or person to get direct warnings regarding a specific
location (for example, managers of nursing homes; citizens who wish to have specific
warnings regarding their parents’ or relatives’ residences; and policymakers, namely,
indirect public administration, such as municipalities). The underlying research hypothesis
is that the new proposed risk model can predict the locations where extreme weather events
will have more impact on the population’s well-being with a higher accuracy.

This work contributes to predicting and communicating the impact of climate change
on public health by proposing an innovative multidisciplinary approach to improve social
well-being in cities and territories. In this way, this work contributes to three sustainable
development goals for 2030: good health and well-being (goal 3) by ensuring healthy lives
and promoting well-being for all at all ages; sustainable cities and communities (goal 11)
by making cities and human settlements inclusive, safe, and resilient; and action on climate
change (goal 13) by taking urgent action to combat climate change and its impacts [7].

The rest of this article presents the relevant literature review on the topic, describes
the methodology to calculate the new risk index, and analyzes the risk warning results for
the heat waves that occurred in Portugal at the end of June and mid-August of 2023.

2. Review of the Literature
2.1. Climate Change and Heat Waves

Extreme weather events, like heat waves, have become more frequent and intense
across most land regions since the 1950s, according to the Sixth Assessment Report from
the Intergovernmental Panel on Climate Change (IPCC) [8]. All regions in the globe are
affected. In terms of the impact on society, heat waves are happening more regularly,
starting earlier and ending later. Temperatures over 40 ◦C and even 50 ◦C are becoming
increasingly frequent in many parts of the world, posing a major threat to human health
and well-being. The risks of climate change to cities, settlements, and key infrastructure
will rise rapidly in the mid- and long-term with further global warming, especially in places
already exposed to high temperatures, along coastlines, or with high vulnerabilities.

Limiting global warming to 1.5 ◦C instead of 2 ◦C could result in around 420 million
fewer people being frequently exposed to extreme heat waves [9]. Two extreme heat
waves in 2003 (western Europe) and 2010 (Russian Federation) accounted for 80 percent of
weather-related deaths in Europe from 1970 to 2019. The lessons learned from the 2003 heat
wave were instrumental in ushering in heat–health early warnings and action plans [3]. In
Portugal, the effects of extreme heat on health, specifically on mortality, in situations where
there is a sudden and intense temperature increase have been identified [10]. The same
is true for other extreme events like extreme cold days, especially when the incidence of
influenza is high [6].

http://climaextremo.tecnico.ulisboa.pt
http://climaextremo.tecnico.ulisboa.pt
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The World Health Organization (WHO) defines a “heat wave” as a period charac-
terized by abnormally high temperatures during consecutive days for the time of year.
Relative humidity, wind speed, and the habituation of the population to the climate of a
given region affect people’s ability to withstand this climate situation.

The effects of heat waves on the environment (such as increased concentrations of
airborne contaminants such as ozone, deterioration of water quality or reduced availability
of water, and the spread of pathogens) may contribute to the development of diseases
such as allergic rhinitis, diseases related to the consumption of and contact between water
and food, and diseases transmitted by vectors. There is an association between excess
mortality and the existence of periods of three or more consecutive days of unusually high
temperatures. This association is observed on the first day, or with a delay of up to three
days after the rising temperatures. Changes in the frequency and intensity of extreme
climatic events can pose a serious risk to human health and are associated with a higher
number of deaths, as well as heart and respiratory problems aggravated by air pollution.
In regions with greater difficulties in the supply of drinking water, there is also an increase
in the diseases transmitted by water and food.

The effects of heat waves depend on exposure (frequency, severity, and duration), size,
and the vulnerability of the exposed population. The occurrence of extreme temperatures
in early summer is often associated with higher mortality when compared to that observed
in exposure during the rest of the summer. In cities, the events can be exacerbated by
the “heat island effect”, which describes the existence of temperatures higher than those
observed in peripheral areas, since materials like asphalt and concrete reflect less sunlight
and absorb more heat than natural surfaces. This effect intensifies the phenomenon of
“thermal stress” and affects the health of people and the comfort of the inhabitants of the
cities; it also has consequences for the air quality and the consumption of water and energy.

The impact of ambient temperature on health is becoming an increasing matter of
concern with climate change and the aging of the population. Significant excess mortality
is associated with extreme cold and heat periods and there is a significant short-term effect
of ambient temperature on morbidity [11]. Most of the available studies on the association
between ambient temperature and health relate to outdoor climate conditions. People
spend most of their time indoors, particularly more vulnerable groups like infants or
the elderly. However, studies that have assessed the association between indoor thermal
comfort and health are scarce, their study methods differ, and the quality and consistency
of the evidence is variable. In this work, we consider that the indoor temperature is an
important factor to take into consideration [12].

2.2. Heat Wave Definitions

There is no universally acceptable definition of heat waves [13]. They are understood
to be periods of unusually hot and dry or hot and humid weather that have a subtle onset
and cessation, a duration of at least two to three days, and a discernible impact on human
activities [14]. During such periods of hot weather, not only do daytime temperatures reach
high values but nocturnal temperatures and humidity levels may also rise well beyond their
long-term mean. Heat waves are relative to a location’s climate; the same meteorological
conditions can constitute a heat wave in one place but not another. Similarly, not all heat
wave events are the same as their spatial extent, and the intensity may vary considerably
across a region.

In this way, different countries adopt different definitions. However, they share the
commonality of considering that a heat wave happens when, for more than a few days, the
temperatures (usually but not exclusively the maximum) are above a certain threshold that
is defined using the historical temperature series.

For example, in the US, the National Oceanic and Atmospheric Administration
(NOAA) considers a heat wave as a period of abnormally and uncomfortably hot and
unusually humid weather that typically lasts for two or more days. The Environmental
Protection Agency (EPA) further specifies that a heat wave is a period of two or more
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consecutive days when the daily minimum apparent temperature (the actual temperature
adjusted for humidity) in a particular city exceeds the 85th percentile of the historical July
and August temperatures (1981–2010) for that city [15].

In Australia, a heat wave is a climatic event when, during three or more days in a
row, both daytime and night-time temperatures are unusually high compared to the local
long-term climate and the recent past. However, there is no single temperature threshold
for a heat wave in Australia. For each part of the country, the forecast of the maximum
and minimum temperatures for each three days in the coming week is compared to the
average temperatures expected for that location at that time of year and to the observed
temperatures over the last 30 days [16].

In Madrid, Spain, a heat wave occurs when the daily maximum temperature surpasses
the threshold of 34 ◦C in the Observatory in Madrid [17]. For the UK, Ref. [18] uses the
same definition as [13], which considers a heat wave to be a period with three or more
consecutive hot days, where a hot day is a day that lays in the 95th percentile of the
historical data for a moderate heat wave or in the 98th percentile for an extreme heat wave.

In Portugal, the national weather forecast agency IPMA adopted the World Weather
Organization and considers that a heat wave occurs when, in a period of six consecutive
days, the maximum air temperature is 5 ◦C higher than the average value of the maximum
daily temperatures in the reference period (1981–2000) [19].

The main challenge with heat wave definitions using historical data is that, due to
climate change, it is easy to observe two or more days with temperatures higher than the
statistical average. That may explain the significant increase in heat wave events over the
last decade, but these events do not necessarily pose any considerable health challenges.
Therefore, a warning system for extreme heat or cold periods should consider more than
the outdoor temperature.

2.3. Heat–Health Warning Systems

Heat–health warning systems (HHWSs) are used worldwide as the main system
to alert decision-makers and the public of dangerous heat situations [20]. The different
systems around the world can be categorized into two main groups: one based on weather
forecasts and another based on weather–health relations.

The ones based on weather forecasts usually use a color code or numerical scale to
indicate the level of associated risk or severity of the heat wave. In most countries, this level
is exclusively based on the utilization of the single metric of temperature or a modified
form of temperature (average, percentile) [14]. Some also include a minimum duration of
the heat event and/or are based on a combination of several meteorological variables or
indices like relative humidity.

Regarding the methods that assess the weather–health relations, the first component
is to choose the variables that describe that relation and define the threshold(s) of the
weather variable(s) linked to the impact (e.g., in the epidemiological studies that study
the associations between temperature and mortality). The thresholds trigger a system
of graded alerts, often related to specific actions for specific target groups, which are
then used to advise governmental agencies about the severity of health impacts [21]. The
communication of the warnings to the general population is usually performed through
media using press releases.

2.4. The Existing HHWS for Portugal

In Portugal, the weather forecast-based system provided by the national authority for
weather forecasts (IPMA) uses a three-level warning system (yellow, orange, and red) based
on the WMO definition, where for each district (18 in the mainland) there is a temperature
threshold for each level (yellow, orange, and red) above which it is considered that a heat
wave is occurring if the threshold is surpassed during two or more days [22].

The heat–health-based system is the ICARO national warning system. This system
was developed by the INSARJ in 1999 for heat waves [23]. Every working day between
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May and September, a bulletin reporting a risk level for each of the five mainland health
regions is shared with a list of the healthcare institutions—the Directorate-General of
Health (DGS), the Regional Health Administrations (ARSs), the Civil Protection Authority
(ANPC), and local agencies (municipalities, police, and fire officers)—that implement
measures to mitigate the possible effects predicted by ICARO system. ICARO is a numerical
measure of the potential risk that high ambient temperatures have for the health of the
population, which can lead to death. It compares the deaths predicted by the statistical
model underlying ICARO with the expected deaths without the effect of the extreme
temperatures. The values are greater than or equal to zero and correspond to a relative
excess of risk at the regional level. A similar index has been used since 2015 for extreme
cold periods (“FRIESA”): FRIo Extremo na SAúde [6].

2.5. Guidelines to Improve the HHWS

According to the World Health Organization and World Meteorological Organization,
the development of an HHWS should follow a set of guidelines [9].

A warning is the process by which people are made aware in advance of actual or
potential harm. How warnings are communicated is one of the critical determinants of
the success of an HHWS, and, therefore, the use of emerging communication technologies
is increasing. This enables precise and targeted communication with specific groups like
the elderly. Warning messages need to be composed in clear, unambiguous language.
Finally, knowing the factors that influence human responses to warnings can assist with
the development and implementation of communication and education strategies.

2.6. Designing a Risk Indicator for Heat Waves

Natural disasters can be defined as a combination of the natural hazards—forest
fires, floods, hurricanes, earthquakes, and heat waves—and vulnerabilities that endanger
vulnerable communities that are incapable of withstanding the adversities arising from
them [24]. Previous knowledge of the natural hazards and potential impacts is essential to
authorities to design strategies to minimize the impact in communities, which is known as
disaster management.

In disaster management, the use of a risk indicator is often designed to describe the
ability of a population to absorb and ultimately recover from the effects of the hazard, that
is, the exposure to an event that might present a grave threat to its people and economy
given the level of vulnerability of the population and the available resources to mitigate
the hazard. The main objective of designing a risk indicator is to allow the development of
actions that can hinder the impact of certain events and therefore increase the resilience of
systems by implementing a mix of dynamic and static responses [25].

Risk indicators are usually defined as a function of hazard, exposure, and vulnerabil-
ity [26,27], as proposed in the following equation:

R = f (H(θH), E(θE), V(θV)) (1)

where R is the risk; H is the Hazard and θH are the variables that define the hazard; E is
the Exposure and θE are the variables that define the exposure; and V is the Vulnerability
and θV are the variables that define the vulnerability. This approach has already been
used to address the risk assessment for a heat wave in [28], following the IPCC Fifth
Assessment Report.

Hazard is a natural phenomenon or human activity that may cause loss of life, injury or
other health impacts, property damage, social and economic disruption, or environmental
degradation. For the risk calculation, hazard generally describes the likelihood of the event.
In the case of extreme heat periods, it can be evaluated using weather forecast methods, for
example, when a certain temperature is above a certain historical threshold.

Exposure in risk analysis is usually a measure of the losses related to a specific asset.
In the case of natural phenomena, it may refer to the losses of the people or infrastructure
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affected by hazardous events. In cases of extreme heat periods, it can be evaluated by the
increase in mortality.

Vulnerability is defined generically as the propensity or predisposition to be adversely
affected. Such predisposition constitutes an internal characteristic of the affected element.
In the field of disaster risk, this usually includes the characteristics of a person or group and
their situation that influence their capacity to anticipate, cope with, resist, and recover from
the adverse effects of physical events [29]. For the risk calculation, vulnerability describes
the likelihood of the consequences (e.g., the age of the population).

Risk results from a combination of the three items, and each of the three items may also
result from the combination of multiple variables. The way these variables are combined
affects the index itself [30]. The combination may be an additive normalization approach
based on the summation of the values of multiple indicators that are assumed to contribute
to the item or the risk. It may or may not be weighted to express some relative importance
among the variables. When the number of variables is very high, a variable reduction
approach using methods like Principal Component Analysis may be used. This approach
reduces partly collinear indicators to a smaller number of unitless uncorrelated variables.

The additive approach is favorable when it is assumed that each factor adds a different
element to the overall composite index; as a result, it will be used for the global risk
indicator. For the vulnerability calculation, as it depends on many variables that can be
correlated, a variable reduction approach will be used.

3. Materials and Methods

The main objective of this work was to improve the national HHWS working since
1999. According to the framework previously described, the existing index (ICARO) can be
seen as a risk indicator that uses the hazard and exposure dimensions but does not include
the vulnerability. In this way, the CLIMAEXTREMO index improves the existing system in
five ways.

First, it was important to improve the exposure dimension, namely, the models that
correlate the incidence of extreme weather events with the type of events in the healthcare
system (e.g., people seeking health treatment and deaths). Secondly, as it is known that
indoor conditions play such an important role in exposure, it was important to explicitly in-
clude the impact of outdoor temperatures in indoor environments. Thirdly, it was necessary
to explicitly include the vulnerability dimension by updating the previous work of [30],
which presents a vulnerability map for Portugal based on socio-economic information
from the census of 2011 and the impact of the heat wave in 2013. Here, we updated the
socio-economic data, used more detailed datasets for several of the variables, and ran the
model for the heat wave of 2018. Fourthly, it was important to provide this information
with a more detailed spatial resolution than the current five health regions. The objective
was to increase, at least, to the municipality level in the mainland (278) and, if possible, to
the parish level (3091). This implied the collection of data and the development of models
at the municipal or parish level for hazard, exposure, and vulnerability dimensions. Finally,
the index was calculated for the next seven days, taking advantage of the improved weather
forecast models.

In the following sections, we describe in detail the methods used for the risk in-
dex calculation.

3.1. Hazard: Thermal Comfort and Indoor Temperatures

In recent years, Portugal has been particularly affected by extreme weather events,
such as the droughts of 2004/2005 and 2011/2012 and the fact that the spring of 2009
was the driest since 1931. The prolonged drought periods associated with a considerable
increase in the number of fires resulted in higher periods of high temperatures, which
might have also contributed to the increased risk of desertification. The heat wave of
2003 was associated with an excess mortality of 1953 deaths, particularly severe in people
aged 75 or over [31]. In 2010, there were four climatological heat waves between 17 May
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and 11 August, and it was estimated that the excess mortality for these periods of intense
heat reached 2167 deaths [32]. It is expected that the average annual temperature rises for
Portugal, with a marked increase in maximum temperatures and, consequently, an increase
in the number of days with very high temperatures—above 35 ◦C—and an increase in the
number of tropical nights, with minimum temperatures above 20 ◦C. Thus, the number of
heat waves will also be more frequent and intense.

Thermal discomfort is not just a lack of satisfaction with the ambient temperature but
reflects a situation where there is a potential threat to health—that is, when the indoor
temperature falls below 18 ◦C or rises above 24 ◦C for a certain time. This range is
based on the World Health Organization’s guidance on thermal comfort for the home
environment, which is aimed at protecting health, particularly the health of those most
susceptible to low or high temperatures [33]. The guidance is directed specifically at
the housing environment and so differs from the Predicted Mean Vote and Predicted
Percentage Dissatisfied, which are geared toward the working (office) environment and
are inappropriate for households [34]. The WHO guidance, followed by most European
countries, also recommends that for certain groups, such as the very young and the elderly
(65 years and over), the lower limit should be 20 ◦C.

In a study on the relationship between the temperature and urban mortality in 12 cities
with temperate, tropical, and subtropical climates, the temperature was associated with
daily mortality and with an increased mortality risk at both extremes [35]. There are
some forced or unavoidable responses or circumstances, where the occupier has few
or no alternatives, and others that may be unintentional, where the occupier lacks the
knowledge to adopt precautionary behavior to avoid either overheating or exposure to the
cold characteristics of the dwelling or has a limited adaptive capacity.

The impact of heat waves in buildings can be estimated at different spatial scales,
spanning from a mesoscale (below 1000 km) [36] to a microscale level (below 1 km) [37].
While is only possible to fully capture the complex composite impacts of the urban forms
using microscale models, mesoscale models can reproduce the average behavior of variables
like the mean radiant temperature, even in highly urbanized areas, although the spatial
differences during daytime are not fully reproduced [36].

In this work, we proposed to use the indoor temperature as the hazard measure
instead of the outdoor temperature. For that, we modeled the indoor temperature for
all types of residential housing in Portugal at the municipality or parish level. As it is
impossible to simulate each building of a large urban area, taking into account, in particular,
the variability in building materials and insulation, as well as ventilation patterns or air
conditioning systems, there is a need to use a simplified approach in the simulation of
building energy, usually called building archetypes [38]. An archetype represents a share
of buildings and is defined by the most statistically representative construction parameters,
the average geometrical characteristics, and the systems for a certain location.

These archetype models were generated in Energy PlusTM, 23.1.0, a software tool that
is mainly used for the simulation of thermal comfort and energy consumption. The program
simulates air movements and the interactions between zones using the Transfer Function
Method (TFM) for the calculation of thermal loads. This function has been adopted by
ASHRAE and is regarded as one of the most accurate methods for the calculation of heating
and cooling loads [39]. The TFM calculates the heating and cooling loads by initially
computing the heat gains from walls, windows, floors, and roofs, and then by multiplying
the heating loads by the heat transfer coefficients. It was demonstrated that this approach
can accurately reproduce the indoor temperature for the whole year in residential settings
in Portugal [40].

To generate the models, we used the data that specify the constructive solutions,
materials, and systems available from the Energy Performance Certificates (EPC) database
of residential buildings in Portugal, which has been issued since 2008 and covers more
than 2 million households from different construction periods and types of buildings
(from singular houses to multifamily apartment buildings) [41]. As there are hundreds
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to thousands of EPCs for each municipality, it was necessary to define which archetypes
describe the existing buildings in that area. In the case of residential areas, the archetypes
can describe single or multifamily buildings and buildings of specific construction periods
(before 1919, 1919–1945, 1945–1960, 1961–1970, 1971–1980, 1981–1990, 1991–1995, 1996–2000,
2001–2005, and after 2006), in a total of twenty. These models were then simulated using
the real weather data from the municipality for the past two weeks [42] and the forecasting
data for the next week [43].

The results were validated for one archetype (1946–1960) in one municipality (Montale-
gre) with the real measurements for a month between May and June 2020. The archetype
and the results are presented in Figures 1 and 2. It shows a comparison between the Energy
Plus model shown in continuous color lines for the different archetypes and the real indoor
data, which is represented by a blue dashed line. The light-brown line represents the results
for the Energy Plus model for the 1946–1960 archetype during a week with mild weather.
Although for this week there was an average 2 ◦C difference, the performance complies
with the ASHRAE guidelines for model validation, both in terms of MBE (4.02%) and
cvRMSE (12.12.9%), which demonstrates the sensitivity of the model to the EPC data. No-
tice that the model was not calibrated specifically for the building’s constructive solutions,
systems, or the occupants’ behavior.
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In this way, the twenty archetypes for all 278 municipalities were run daily using the
weather forecast for the next week and considering the information from the previous
weeks (to account for the thermal inertia in the models). In Figure 3, the lowest or highest
temperature achieved in all archetypes during two extreme weather episodes (a cold wave
on 2 March 2023 and a heat wave on 3 June 2022) is represented for each municipality. We
can observe that, for winter, in some municipalities, the indoor temperatures are clearly
below 18 ◦C (dark blue); for summer, in some municipalities, the model predicts indoor
temperatures around 30 ◦C (orange), which are clearly above the thermal comfort threshold
of 24 ◦C.
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3.2. Exposure: Increased Relative Risk (RR) of Mortality

The impact of heat waves on mortality or morbidity is normally derived from time
series regression models that treat the occurrence of heat waves as a binary variable
and do not control for temperature [44]. This caveat is partially overcome when the
evidence for the attributable risk of temperature is accounted for [45]. Nevertheless, this
approach is often restricted to extreme events and does not account for the continuity
of temperature. One way to overcome this limitation is to rely on statistical modeling
approaches that account for the complex temperature–mortality dependency, calculating
the total mortality burden attributable to non-optimum ambient temperatures. The relation
between excessive cold/heat varied in locations, showing the existence of an “optimal”
temperature for minimized mortality and significant increases towards both extreme cold
and heat conditions [45].

For this work, a generic model for the whole year (which includes heat and cold
periods) was developed. The data include daily information about all-causes mortality [46],



Sustainability 2024, 16, 5171 10 of 20

temperature [42], demographics [47], and influenza incidence. Focus was given to the
1995–2020 time period and to mainland Portugal. Statistics Portugal provided the de-
mographic and daily mortality data disaggregated to the municipality level [47]. The
meteorological data for each municipality was provided by MARETEC\LARSyS [43]. Ad-
ditionally, the influenza incidence rate was provided by the INSARJ as a weekly indicator
for the whole country. After performing a linear interpolation to get the daily values, we
assumed the same value for all the municipalities Figure 4 displays the daily time series for
the deaths and maximum and minimum temperatures at a national level for 2012 and 2013.
During this period, 23 February 2012 and 8 July 2013 (identified with the dashed vertical
lines) were the deadliest days. In the graph, it is clear that there is, in general, an inverse
correlation between the number of deaths and the temperature (maximum and minimum),
as the number of deaths is higher in winter. However, in summer, when the maximum
temperature is above 30 ◦C, the number of deaths starts to increase.
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Regarding the statistical modeling approach, Poisson regression models combined
with distributed lag models were applied to assess the exposure–response relationship
and the lag patterns of the association between the temperature (minimum and maximum)
and the all-cause mortality from 1995 to 2019 in each area level of Portugal’s Mainland
Districts [45,48]. The models were adjusted for the confounding effect of influenza, overdis-
persion, and population size. Due to the small numbers in some municipalities, the data
were aggregated at the district level (18). For details, please refer to [49].

To aggregate the temperature data to the district level, we estimated a temperature
index using the weighted average of the temperatures recorded in each municipality of
a district, with the weights being the resident population number of each municipality
according to national statistics.

Modeling at the district level still allows the risk forecast to be given at the mu-
nicipality level, since we have decided to use municipality-specific exposures for the
municipality-specific forecasts. To do this, we assumed that the characteristics of the effects
of temperature on mortality estimated for the district would apply and generalized to each
of the district’s municipalities.

Thus, the temperature thresholds were defined, below or above which there would be
an expected temperature effect on mortality. The temperature thresholds corresponded to the
quantiles in the distribution of the minimum and maximum temperatures for each district.

In this way, in the first phase, the temperature thresholds for each district were chosen
based on which values improved the model fit. In the second phase, the models were used
to estimate the daily relative risk (RR) values for each district and to obtain their distribution.



Sustainability 2024, 16, 5171 11 of 20

The RR was calculated by the number of expected deaths given that day’s temperatures
divided by the number of expected deaths for that day if none of the thresholds were
exceeded. This provided us with the district-specific RR distribution, on which we based
our daily risk indicator: if the index was 1 or below, the risk was 0; otherwise, it was 1, 2, or
3 if the RR was between 1 and 1.1, 1.1 and 1.2, and above 1.2 respectively.

Finally, and taking advantage of weather forecasts at the municipality level, it was
possible to extrapolate the district-level model to the municipality scale. With maps A and B
in Figure 5, we aim to present what types of warnings would have been issued to the whole
country at the municipality level on both days. We can clearly see that the municipalities
belonging to the same district have different warning levels, which reinforces the need to
have higher spatial resolution in risk warnings.
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3.3. Vulnerability: Social, Economic, and Environmental Characteristics

There is not much information about the impact of heat on morbidity in Portugal,
namely, its effect on hospital admissions, nor about the vulnerability of the Portuguese
population to heat, taking into account the area where people live [50]. Some studies have
an approach at the national or regional level, but it is known that there are variations. These
spatial dissymmetries may be due to climatic contrasts on the one hand, and, on the other
hand, the inequality of the vulnerability of populations. Nevertheless, a vulnerability index
to identify and compare the geographical areas and local populations most vulnerable
to the effect of extreme heat periods in mainland Portugal has been proposed [31]. In
that study, nine variables known to be associated with vulnerability to the extreme heat
effect of 2013 were analyzed. A principal components analysis was applied obtaining
three variables that accounted for more than 70% of the total variance. The factor scores
were then summed to obtain a vulnerability index. The results of this index can be seen
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in Figure 5 (left), where it is clear that spatial variability to the heat effect is found at the
national level, generally being higher at the interior center and south of Portugal.

In this study, we followed the same approach using the results for the heat wave of
2018 and adding some additional socio-economic information at the municipality or parish
level if available in [47]. The data cover nine variables in five dimensions: demographic data
(to identify the percentage of elderly people, especially if living alone), economic factors
(to determine income, as it has been demonstrated that a low-income population is more
vulnerable to heat waves), health factors, building conditions (to determine the existence of
cooling systems), and vegetation (to determine the existence of green vegetation, which
helps to regulate temperature and relative humidity).

Regarding the demographic factors, as in the original study, we used demographic
data from the 2021 and 2011 censuses, in order to interpolate the data for 2018. In detail, we
considered the percentage of classic households with one individual in relation to the total
classic households by parish; the percentage of classic households with an individual aged
65 or over, relative to the total number of classic families by parish; and the percentage of
classic households with an unemployed, retired or disabled person, in relation to the total
number of classic families by parish. All of these data are available in [47].

Regarding the economic factors, we consider as in the original study the unemploy-
ment rate in percentage, by parish of residence, but we include additional variables like the
percentage of the population that has access to the energy social tariff and the average tax
over individuals (IRS). All of these data are available in [47].

For the health factors, we consider the percentage of episodes (outpatient and inpatient)
recorded in percentage of the resident population aged 65 and over, in relation to the total
resident population, by municipality. These data are available in [46].

Regarding the building conditions, similar to the original study, we used the percent-
age of the resident population without air conditioning by parish, in relation to the total
resident population; the percentage of buildings that need repairs by parish; as well as infor-
mation from the Energy Performance Certificates regarding the access to air conditioning
system. These data are available in [41,47].

Finally, regarding the vegetation, instead of the original percentage of the parish area
not covered by vegetation or water bodies in the Corine Land Cover 2006, we used the
Corine Land Cover 2018 data (the most recent available) [51].

The methodology was replicated from [31]. A factor analysis was performed and
a compounded score for each observation was derived by calculating the sum of the
factor scores, which reflects the number of standard deviations each observation’s score is
from the mean. The number of factors was chosen based on the eigenvalues, with those
having values above 1 being selected. The compound score in this analysis was calculated
by summing the standardized factor scores from the variables that were most strongly
associated with each factor, creating a composite index that encapsulated the cumulative
influence of all the factors. This analysis showed that there are four compound variables
that are related to health episodes during heat and cold waves. The compound variables
are categorized in four levels (from 0 to 3) resulting in a final scale between 0 and 24. The
compound variables include the following variables: the percentage of the population with
an income lower than 5 k€ per year, the employment rate, the percentage of the population
above 65, the percentage of houses built before 1980, the percentage of vegetation, the
percentage of buildings that require renovation, and the percentage of hours where the
outdoor temperature is below 15 ◦C or above 32 ◦C.

Figure 6 presents the updated version of the vulnerability map taking into considera-
tion the 2021 census data calibrated for the 2018 heat wave at the municipality level (left)
and the results at the parish level (right). We can observe that the main results are similar
to those of [31], with the interior center and south being the most vulnerable areas, together
with some parishes in the northeast. From the 2016 map [31] to the current one (Figure 6),
the main difference is in the south, where the vulnerability decreased.



Sustainability 2024, 16, 5171 13 of 20

Sustainability 2024, 16, x FOR PEER REVIEW 13 of 20 
 

influence of all the factors. This analysis showed that there are four compound variables 
that are related to health episodes during heat and cold waves. The compound variables 
are categorized in four levels (from 0 to 3) resulting in a final scale between 0 and 24. The 
compound variables include the following variables: the percentage of the population 
with an income lower than 5 k€ per year, the employment rate, the percentage of the 
population above 65, the percentage of houses built before 1980, the percentage of 
vegetation, the percentage of buildings that require renovation, and the percentage of 
hours where the outdoor temperature is below 15 °C or above 32 °C. 

Figure 6 presents the updated version of the vulnerability map taking into 
consideration the 2021 census data calibrated for the 2018 heat wave at the municipality 
level (left) and the results at the parish level (right). We can observe that the main results 
are similar to those of [31], with the interior center and south being the most vulnerable 
areas, together with some parishes in the northeast. From the 2016 map [31] to the current 
one (Figure 6), the main difference is in the south, where the vulnerability decreased. 

 

   
Figure 6. Vulnerability index updated versions based on the 2018 heat wave at the municipality 
level (left) and the parish level (right). 

3.4. Designing the CLIMAEXTREMO Index 
The design of the CLIMAEXTREMO index results from a combination of these three 

dimensions: the indoor temperature (hazard), the mortality relative risk (exposure), and 
the vulnerability. The first two are dynamic, as they depend on the outdoor temperature, 
while the third is static (though it can be updated every year by updating the information). 

Firstly, the risk components were normalized to a classification between 0 and 3, 
where 0 represents no risk, 1 represents a low risk, 2 represents a moderate risk and 3 
represents a high risk. The threshold levels for each component are represented in Table 
1. For the indoor temperature, we used the temperature levels that, according to the 
WMO, define the thermal comfort (see Section 3.1); for the mortality increase, we used the 
levels defined by the INSARJ (see Section 3.2); and for the vulnerability, we used a simple 
division between the interval of the scale (24) and the number of levels (4). 

Table 1. Risk components categorization. 

 Hazard  
(Indoor Temperature) 

Exposure 
(Mortality Increase) Vulnerability 

 Cold Heat   
0 T୧୬ୢ୭୭୰ ≤ 20 T୧୬ୢ୭୭୰ ≤ 25 RR ≤ 1 V ≤ 6 

Figure 6. Vulnerability index updated versions based on the 2018 heat wave at the municipality level
(left) and the parish level (right).

3.4. Designing the CLIMAEXTREMO Index

The design of the CLIMAEXTREMO index results from a combination of these three
dimensions: the indoor temperature (hazard), the mortality relative risk (exposure), and
the vulnerability. The first two are dynamic, as they depend on the outdoor temperature,
while the third is static (though it can be updated every year by updating the information).

Firstly, the risk components were normalized to a classification between 0 and 3, where
0 represents no risk, 1 represents a low risk, 2 represents a moderate risk and 3 represents
a high risk. The threshold levels for each component are represented in Table 1. For the
indoor temperature, we used the temperature levels that, according to the WMO, define the
thermal comfort (see Section 3.1); for the mortality increase, we used the levels defined by
the INSARJ (see Section 3.2); and for the vulnerability, we used a simple division between
the interval of the scale (24) and the number of levels (4).

Table 1. Risk components categorization.

Hazard
(Indoor Temperature)

Exposure
(Mortality Increase) Vulnerability

Cold Heat

0 Tindoor ≤ 20 Tindoor ≤ 25 RR ≤ 1 V ≤ 6
1 18 < Tindoor ≤ 20 25 < Tindoor ≤ 27 1 < RR ≤ 1.1 6 < RR ≤ 12
2 14 < Tindoor ≤ 18 27 < Tindoor ≤ 30 1.1 < RR ≤ 1.2 12 < RR ≤ 18
3 Tindoor ≤ 14 Tindoor0 > 30 RR > 1.2 18 < RR ≤ 24

Secondly, the risk components were added, assuming that each one had its own
individual contribution. The following equation describes the risk index:

R =


0 i f θH + θE + θV ≤ 3

1 i f 3 < θH + θE + θV ≤ 5
2 i f 5 < θH + θE + θV ≤ 7

3 i f θH + θE + θV > 7

(2)

The logic was that the risk remains null if two of the factors were null (0), even if
the other factor was high (3). For example, if the indoor temperature is very high but the
relative risk in that location is null and the vulnerability is null, the overall risk is null.
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However, if two factors are high (6) and the other is not null (1 or more) or two parameters
are moderate (4) and one is high (3), then the risk is high.

3.5. Potential Application of the Methods to Other Regions and Limitations

The developed methodology can be easily applied to other countries, in particular
countries in the European Union where all the information used to implement the model
should be publicly available, namely, the weather forecast, energy performance certificate
information for the indoor temperature modeling, public health data for the increased
mortality model, and socio-economic data for the vulnerability model.

The model is, therefore, scalable, and the computational effort mostly depends on the
number of archetype simulations that are performed in the EnergyPlus model. For the
twenty archetypes in the 278 municipalities (over 5560 EnergyPlus runs), the server takes
4 h to generate the risk for the next 7 days. During World Youth Day, a Catholic religious
event that gathered more than 1 million people in the area of Lisbon that took place in the
first week of August 2023, the model was extended to estimate the risk at the parish level
in the municipalities around Lisbon, from Setúbal in the south to Fátima in the north.

There are some limitations to the methodology. The first is that the models of the
buildings are based on archetypes (which are representations of buildings that are modeled
with average characteristics) and do not represent particular buildings; for example, it may
not take into account the existence of a particular HVAC system in a building, because
most of the buildings for that construction period may not have those type of systems. The
second limitation has is related to the increased mortality risk, which has to be calculated
at the district level and not the municipality level. For many municipalities, the number
of deaths is so small that the models do not have sufficient statistical representation at
this spatial resolution. The third main limitation concerns the updating rate of the socio-
economic indicators; most of the used data are annually updated by Statistics Portugal, but
for some variables like income, the publication has a significant lag and may not properly
reflect rapid socio-economic changes like those that occur during an economic crisis.

4. Results

In this section, we present the results of the methodology for the live dashboard that
was developed in this project and is available at climaextremo.tecnico.ulisboa.pt. Although,
in this paper, we have focused mostly on heat waves, the developed methodology is also
applicable to extreme cold events.

The dashboard represents the global index risk for the current day and the next
six days. It also represents the maximum outdoor temperature (in summer) or the minimum
temperature (in winter). Then, it further represents the maximum indoor temperature
(or the minimum temperature) for the worst archetype in the municipality or parish. Finally,
it represents the vulnerability on a scale from 4 to 24. The relative risk of increased ambient
temperatures on mortality is not represented, because the stakeholders considered that it
might be misinterpreted by the general public.

4.1. Heat Wave in June 2023

Between 23 June and 28 June 2023 (weeks 25 and 26), there was a heat wave in
Portugal that lasted six days in the interior north and center and south regions, according
to the national weather agency, IPMA. Furthermore, in the first week of July (week 27) the
temperatures remained high. For the analysis, we used the first week of July, when the
warning for a heat wave was no longer active but the temperatures remained high after the
heat wave. According to the Portuguese mortality surveillance dashboard [46], during the
heat wave and two additional days, from 23 June to 1 July, there were 37 more deaths than
the 3rd quartile between 2007 and 2023 for the same period.

The dashboard for 4 July (middle of week 27) is represented in Figure 7. It shows
the different municipalities classified with an index risk between 0 and 3 on the map
on the left. On the right, there are the municipalities in the south-east like Alandroal,
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Arronches, Barrancos, and Beja, as well as Castanheira de Pêra and Castelo Rodrigo in
the interior center, that were categorized as high risk. In the same table, the maximum
indoor temperature in the worst archetypes is above 30 ◦C and the vulnerability index is
high, because in these municipalities there was a significant percentage of elderly people
(above 65) with very low incomes (below 5 k€ per year), who were living in old houses that
needed refurbishing. The mortality relative risk is above 1.2 for all these municipalities,
which means that the model predicted an increase of at least 20% in deaths compared to
the average.
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Figure 7. Public dashboard view during the heat wave on 30 June 2023 in Portugal (in Portuguese).
In the Table (Tabela) on the right, we can observe the location (Local), risk index (Índice de risco),
outdoor temperature (Temperatura exterior), indoor temperature (Temperatura interior), and vulner-
ability (Vulnerabilidade).

In Table 2, we present the weekly number of deaths in the two weeks prior to the
heat wave (weeks 23 and 24) and after the heat wave (weeks 27 and 28). We also present
the average for 2023. The heat wave lasted for six days from the middle of week 25 to
week 26. As can be seen, the number of deaths in the weeks of the heat wave increased
significantly. During week 27, after the heat wave was over, at least according to the
IPMA/WOA definition, it can be seen in Figure 6 that the warning remained high for the
six municipalities. In Table 2, the results show that the real number of deaths remained
high in four out of the six municipalities, which indicates that the risk remained high, even
though the heat wave was apparently finished.

Table 2. Number of deaths per week in municipalities ranked as high risk during the heat wave in
June 2023.

Municipality Week 23 Week 24 Week 25 Week 26 Week 27 Week 28 2023 Average

Alandroal 1 1 3 2 0 1 2
Arronches 1 2 2 1 0 1 1
Barrancos 0 1 1 0 1 0 1

Beja 4 9 16 13 9 6 10
Castanheira de Pêra 0 0 0 0 2 0 1

Figueira de Castelo Rodrigo 1 3 3 0 4 1 2
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4.2. Heat Wave in August 2023

In August 2023, there were two heat waves in Portugal. The first one occurred
between weeks 31 and 32 (from 5 to 11 August) but only affected the interior center of
Portugal. The second one took place between weeks 33 and 34 (from 18 to 25 August) and
affected the interior center and south. According to the Portuguese mortality surveillance
dashboard [46], during the heat wave and two additional days, the mortality in Portugal
from 5 August to 13 August and 18 August to 27 August was, respectively, above 37 and
182 deaths above the 3rd quartile between 2007 and 2023 for the same period.

Figure 8 represents the table on the dashboard for 23 August in the middle of the sec-
ond extreme heat episode. Table 3 presents the weekly number of deaths in the two weeks
prior to the heat wave (weeks 29 and 30) and after the heat wave (weeks 35 and 36). We
also present the average for 2023.
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Figure 8. Detail of the public dashboard view during the heat wave on 23 August 2023 in Portugal
(in Portuguese). We can observe the location (Local), risk index (Índice de risco), outdoor temperature
(Temperatura exterior), indoor temperature (Temperatura interior), and vulnerability (Vulnerabilidade).

Table 3. Number of deaths per week in municipalities ranked as high risk during the heat wave in
August 2023.

Municipality Week 29 Week 30 Week 31 Week 32 Week 33 Week 34 Week 35 Week 36 2023 Average

Mértola 3 3 2 4 1 1 3 2 2
Redondo 0 2 6 0 2 3 1 0 2

Serpa 4 3 2 8 4 5 3 3 5
Marvão 3 0 2 0 1 1 2 0 1

Santarém
(Parish Arneiro de

Milharaças)
12 18 9 9 12 18 12 13 14

Portel 1 2 1 3 2 1 0 0 2
Mesão Frio 1 0 1 2 1 2 1 1 1
Alcoutim 1 1 1 1 2 3 0 1 1
Ourique 4 1 2 4 3 4 1 2 2

Once again, for most of the municipalities in the table, the average number of deaths
during the heat wave was higher than the weekly average for the year. For the munici-
palities of Serpa, Marvão, and Portel, the effects were more visible in the first two weeks,
while for the parish of Arneiro de Milharaças and the municipalities of Santarém and
Alcoutim the effects were more visible in the last two weeks. For Ourique, the average
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increased throughout the whole four week period. For Mesão Frio, which was given a risk
of 2 because the vulnerability was low (2), we can observe that the average also increased.

4.3. Discussion

The underlying hypothesis was that the new proposed risk model could predict with
a higher accuracy the locations where extreme weather events would have more of an
impact on the population’s well-being. Not much research work quantitatively discusses
the impact of early warning systems for extreme weather events that the authors know of,
except for [52], who survey the literature, and [53], who estimate that 4000 early deaths
were avoided in France in 2006 as a result of the early warning system.

As shown by the examples discussed in the previous subsections, the new risk indi-
cator could identify locations where the mortality did, in fact, increase during extreme
heat episodes. Further, it signals the risk even outside the periods recorded as heat waves
according to the WMO definitions. As the dashboard was only publicly released at the
end of June 2023, the dissemination process was not yet fully completed at the time, even
among local health and civil protection authorities, so the chances that the dashboard
had any positive impact are very small. In this way, despite all the limitations of the
methodology that were discussed in Section 3.5 and the high uncertainty that results from
its application, the results suggest that the index could be used by different stakeholders
to design local strategies at least at the municipality level to reduce the impact of extreme
weather episodes.

5. Conclusions

The new proposed CLIMAEXTREMO risk index developed for the new public heat–
health warning system climaextremo.tecnico.ulisboa.pt extends the current warning system
ICARO in Portugal in several dimensions: it provides a higher spatial resolution (at the
municipality level with the possibility to be extended to the parish level); it updates the
mortality relative risk model currently used in ICARO by predicting excess mortality
during heat and cold periods; it includes the indoor temperature estimation, which has
more of a direct effect than the outdoor temperature; and it also takes into account socio-
demographic economic factors that describe the vulnerability of the population to these
extreme weather events.

This paper describes the results of the new warning system for a heat wave at the end
of June 2023 and mid-August 2023 in Portugal and analyzes the high risk indicated for
15 municipalities the week after the heat wave, where the temperatures remained high.
The analysis of the number of deaths in those municipalities shows that nine out of the
fifteen presented a higher number than the weeks before the heat wave, which may indicate
that the effects on the vulnerable population remained after the heat wave. These are just
preliminary results, and a more detailed analysis is required to validate the new risk model.

The advantage of the proposed methodology is that it can be automatically applied
to winter and extreme cold periods, as the indoor temperature models are the same. The
excessive deaths model was developed for all temperatures, and the vulnerability index
was also calculated for the whole year. Further, the same methodology could be applied to
other countries.

Finally, the same type of approach could be used to generate early warning risk
indicators for other important areas where the impact of climate change is also significant,
like water resources, with water being not only an important raw material with strategic
meaning and an irreplaceable component of the environment and all living ecosystems
but also the raw material that is present in all technological processes and the limiting
factor of sustainable development in regions and all society [54]. The development of these
types of tools, which take advantage of new information and communication technologies,
contributes to the commitment of countries and cities to foster smart solutions for a better
quality of life for citizens [55].
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