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Abstract

Although there is growing evidence on the effects of climate change on
population health, important gaps remain as these effects are largely local and
evidence mainly comes from particular countries. In Chile, global data cannot be
fully applied given its diverse climates and population characteristics. Therefore,
this thesis aims to contribute by proposing indicators of the impacts of climate
change on population health that can be integrated into public health surveillance,
and evaluating the potential impacts of climate change on population health in
Chile.

The methods cover two main approaches. Firstly, a systematic review and
a suitability analysis were performed to evaluate indicators for integration into
Chilean public health surveillance systems. Secondly, historical exposure-
response functions for climate indices and health outcomes were estimated using
Negative Binomial Generalised Linear Models, which were then applied to
projected climate indices under different climate scenarios. Estimates by region,
age categories, and gender were obtained for all-cause and cardiovascular and
temperature-related (CVT) deaths and hospitalisations.

The suggested high-priority indicators included incidence and mortality of
vector-, food-, and water-borne diseases, and temperature-related health
outcomes, which can be easily integrated into current surveillance systems.
Regarding the potential effects of climate change on population health, it seems
that all-cause deaths and CVT deaths and hospitalisations are sensitive to a
decrease in low temperature climate indices, and all-cause hospitalisations are
sensitive to an increase in high temperature climate indices. Overall, in northern
regions, deaths and hospitalisations increase; in central and central-southern
regions, health outcomes increase in summer and decrease in winter; and in

austral regions, there is an overall decrease in all health outcomes.

The findings expand previous existing evidence on the topic in Chile, and
open several other areas to explore, such as local analyses and the refinement

of estimates by causes of deaths or hospitalisations.






Impact statement

This thesis provides important information on the relationship between
climate change and population health, which can have a three-fold impact. First,
it is a direct contribution to the overall knowledge on the field of population and
public health. It establishes a comprehensive tool to evaluate indicators on the
impacts of climate change on population health that can be integrated into public
health surveillance systems and provides regional estimates of the potential
effects of climate change warming scenarios on mortality and hospital admissions
in Chile. This contributes evidence from a southern hemisphere country to the
large body of evidence that is largely dominated by northern and high-income
countries, partly increasing the global representation of different parts of the

world.

Second, this thesis has a direct impact on public policy, especially in Chile.
Firstly, prioritised indicators on the impacts of climate change on population
health are presented with the purpose of supporting public health surveillance
systems in Chile, which currently do not include this perspective. This issue was
recognised by the Ministries of Health and Environment in the Health National
Adaptation Plan; therefore, the indicators are intended to support policymakers
at the national level and this public policy. Secondly, the estimations of the
potential effects of climate change on health outcomes help policymakers
understand the potential consequences that could occur in Chile under different
warming scenarios. Consequently, this information will support the decision-
making processes and prioritisation of activities and resources in this area at the
regional level in order to mitigate the impacts of climate change on population
health. Overall, this thesis helps translate research into practice and facilitate

evidence-based decision-making.

Finally, this thesis has a social impact by providing information that would
support different policies and interventions at national and regional levels with the
purpose of protecting population health overall. This might help save lives,

prevent ilinesses, and improve the quality of life of many people in Chile.
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Chapter 1. Introduction

1.1. Chapter overview

This chapter briefly introduces the general context and rationale of this
thesis, explaining the main research problem and its significance. The purpose,
objectives, and the structure of the chapters are also described.

1.2. General context

For thousands of years, people have been in an intrinsic relationship with
the natural environment, modifying and taking advantage of natural resources to
survive. As a result, human populations have thrived globally, but at the same
time, human activities have triggered several changes in the local and global
environment by, for example, increasing the atmospheric concentration of

greenhouse gases (GHGS).

The rapid atmospheric increase of GHGs has been associated with the
fast-paced burning of fossil fuels and land use change, which have unequivocally
led to global warming and anthropogenic climate change! (IPCC, 2021). Changes
in the climate system affect other natural and human systems, activating
feedback loops between and within those systems and triggering direct, multiple,

compound, and cascading effects (See Chapter 3)

Changing climate hazards, such as more frequent and intense heatwaves
or heavy precipitation events, coupled with lack of preparedness to deal with
these hazards, increase the risk of negative effects on human systems (Field et
al., 2012; IPCC, 2022a). For example, intense and prolonged droughts threaten
freshwater availability, agriculture and crop production, and food security (Bras
et al., 2021); heavy precipitation events that affect poorly planned cities result in
damages to critical infrastructure, interruption of basic services (e.g., drinkable
water), and potentially high morbidity and mortality (Peirce, Espira and Larson,

2022); intense heatwaves can increase the risk of several illnesses and death

1 Qverall, the concept of climate change refers to changes in the climate that can be triggered by
several factors, including natural and human-induced. Detailed definitions are presented in
Chapter 3. In this thesis, the concept of climate change refers to changes induced by human
actions (i.e., anthropogenic climate change), unless otherwise indicated.
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among the most vulnerable populations (Fouillet et al., 2006; Romanello et al.,
2022) (see Chapter 3). Although some impacts might be limited to material or
economic losses, in the end, they widely affect the development and prosperity

of societies, including the health and wellbeing of populations.

Reducing the emission of anthropogenic GHGs through mitigation
strategies would limit global warming and subsequent projected changes in the
climate system (IPCC, 2021, 2022b); however, two important challenges emerge.
First, according to the scientific evidence, the current pathways of GHGs
emissions are likely leading to a global warming above 2°C by 2100 relative to
1850-1900 (IPCC, 2022b). Second, even if these emissions are effectively
reduced during this decade, the effects of a changing climate will continue over
a period of time due to long-lived GHGs and the interacting and slow changes of
the climate system components (Lacis et al., 2013). Therefore, different
adaptation strategies are needed to limit the potential adverse impacts of climate

hazards on human systems, including population health and wellbeing.

Climate change adaptation strategies focus on reducing the exposure and
vulnerability to climate change through processes of adjustment to actual or
expected climate hazards in order to mitigate damages or take advantage of
beneficial opportunities (Field et al., 2012; IPCC, 2022a). Because of the multiple
potential effects of climate hazards on human systems, multisectoral and
intersectoral adaptation strategies should be planned and implemented to
maximise overall resources and social benefits (Tangcharoensathien et al., 2017;
Marten et al., 2021; Buse et al., 2022).

In this sense, in order to protect and promote population health and
wellbeing, the health sector has to implement climate change adaptation
strategies within the sector and also work collaboratively with other sectors,
acknowledging that several determinants of population health lie outside the
scope of the health sector and health services (Lalonde, 1974; Marmot et al.,
2008).

Global evidence shows that the health sector has slowly taken an active
role in the area (World Health Organization, 2021; Romanello et al., 2022) and
essential public health functions have hardly included climate change as a topic.

For public health to be responsive and proactively prepared for the short- and
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long-term effects of climate change, basic, critical, and reliable information is

needed (see Chapter 3).

Understanding current and projected climate change hazards; the degree
of population exposure and sensitivity to those hazards; the relationship between
climate hazards and climate-sensitive health outcomes; and the capacities to
respond or adapt to rapid- or slow-onset climate hazards is critical to reduce
vulnerability and negative risks of climate change to population health (Fissel
and Klein, 2006). However, this understanding partly depends on the availability
of reliable information coming from different actors, including climatological
services, population and health statistics offices, and other critical sectorial
services. This information is generally explored using metrics or indicators that
can be further analysed to inform and guide decision-making processes and

adaptation policies at national and local levels.

Nonetheless, the information on social vulnerability to climate change
hazards, potential population health impacts attributable to climatic hazards, and
capacity assessments has been unevenly generated worldwide, with most of it
coming from high-income countries (Berrang-Ford et al., 2021; World Health
Organization, 2021). This situation might be explained by the diverse technical
and financial capacities of national institutions to analyse health and climatic
information, the completeness and quality of health and demographic
information, and the local prioritisation of health problems. While global
information or information generated in specific countries might be informative to
some extent, it cannot be directly used at regional or local levels due to context-

specific factors that partly determine adaptation strategies.

Although Chile has made important progress in terms of social security
and population health over the last decades, it still faces several challenges
related to climate change. The country has adopted a framework law on climate
change and prioritised mitigation and adaptation measures related to the energy,
agriculture, and transport sectors (Ministerio del Medio Ambiente - Chile, 2022).
However, advances on climate change and population health are still limited,
partly because of scarce local evidence. This situation has been implicitly
recognised in the Health National Adaptation Plan (Ministerio de Salud - Chile
and Ministerio del Medio Ambiente - Chile, 2017), where strategies associated

with basic and baseline data generation and analysis are central.
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Having local data that analyse the relationship between climate change
and population health is key for decision-making and public health measures that

help decrease the risk of adverse health outcomes in the population.

1.3. Research questions, aim, and objectives
Considering the global and local challenges of climate change and
population health, two complementary research questions arise for the Chilean

context.

The first question is Based on the evidence, which population health
indicators have been proposed and used to evaluate the impacts of climate
change on population health? If there are population health indicators, which
ones may be suitable for the public health surveillance system in Chile?6 The
guestion considers a broad perspective of the relationship between climate
change and population health, helping understand a more general perspective of
the relationship between climate change and population health.

The second question is fConsidering that scientific evidence shows
consistent and robust results regarding the relationship between ambient
temperature and health outcomes (i.e., morbidity and mortality), especially
cardiovascular, what might be the effects of climate change on health outcomes
under different scenarios of global greenhouse gas emissions by 2090 in Chilea
In this case, this question is narrower than the first question, providing more
specific and deeper evidence on one aspect of the relationship between climate

change and population health.

By answering these two questions, this thesis provides new evidence that
strengthens the public health system in Chile and contributes to the global
knowledge by analysing two complementary policy-relevant perspectives on the
intersection between climate change and population health. This information can
be used by national and regional decision-makers in Chile to strengthen public
health surveillance of climate-sensitive health outcomes, as well as to evaluate
adaptation strategies based on climate-related changes in mortality and
hospitalisation under different scenarios of global greenhouse gas emissions
(climate scenarios hereinafter). Although these results cannot be directly applied

to other countries or contexts, they provide a complementary perspective to the
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global scientific evidence already published. Also, the methodological approach

taken during this thesis can also inform other researchers to continue developing

further evidence on the topic. To achieve the aim of this thesis, two general

objectives are proposed.

General Objective 1. To analyse population health indicators that inform

about the impacts of climate change on population health and that are suitable

for public health surveillance in Chile. The specific objectives are:

T

To systematically examine the range of population health indicators
related to climate change impacts already published.

To determine which population health indicators extracted from the
systematic review are suitable for public health surveillance in Chile.

General Objective 2: To estimate all-cause and cardiovascular and

temperature-related (CVT) deaths and hospitalisations under four climate

scenarios up to 2090 in Chile. The specific objectives are:

T

M

T

T

To examine a set of climatic indices relevant to the intersection between
population health and climate change in Chile, in the historical period
(1990-2019) and under different climate scenarios up to 2090.

To explore spatial and temporal data on mortality, hospitalisations, and
climatic indices to characterise them, as well as their relationships
according to different age groups, gender, regions, and time periods in
Chile.

To develop statistical models that capture the exposure-response
relationship between climatic indices and mortality and hospitalisations for
all-causes and CVT causes, based on Chilean data from 1990 to 2019.
To estimate all-cause and CVT mortality and hospitalisations by age
groups, gender, and region according to bias-corrected climatic indices
projected under four climate scenarios in Chile.
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1.4. Thesis structure

To achieve the two general objectives, this thesis has been divided into
seven chapters. Chapter 1 introduces the general context of this thesis, the main
motivation and problem to be addressed, the purpose and objectives, and the

structure of this thesis.

Chapter 2 provides a brief overview of the region under study, Chile. This
information is essential to understand administrative, geographical,
climatological, and social features about the country that might play a role in the

analysis and results of this thesis.

Chapter 3 presents background information on climate change and its
relationship with population health in order to contextualise main concepts and

clarify the importance of this knowledge to public health.

Chapter 4 presents the development of the general objective 1. First, a
brief introduction on the role of indicators in public health surveillance systems is
presented. Then, the methodology of a systematic review is presented, which
was conducted to identify population health indicators related to climate change.

It concludes with the results and suitability analysis of the identified indicators.

The general objective 2 is presented in Chapter 5 and Chapter 6. Chapter
5 describes the exploratory data analysis and statistical modelling process. This
chapter includes a brief introduction of the relationship between ambient
temperature indicators and human health. The following sections cover the
sources and preparation of health and climatic data; the calculation of
temperature indices; the exploratory data analysis and main features of the data;
and the model building process, including the selection of models and cross-
validation. Chapter 6 presents the methodology for estimating the effects of
climate change on health outcomes under different climate scenarios, as well as
the results for all-cause deaths, CVT deaths, all-cause hospitalisations, and CVT

hospitalisations.

Finally, Chapter 7 discusses the results from this thesis, their implications

for science and public policy, as well as further research.
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Chapter 2. Region under study: Chile

2.1. Chapter overview

This chapter briefly contextualises the region under study, which is
important for understanding the methodological decisions made subsequently, as
well as the implications of the results and discussions in following chapters.

The chapter is divided into five main sub-sections, each of which offers a
brief overview of key aspects of the country, including geographical
characteristics; administrative division and population distribution; economic
status; population health status; main natural hazards and climate change

features; and the national evidence on climate change and population health.

2.2. Geographical and administrative overview

Continental Chile is located in South America between latitudes 17°S and
55°S, and longitudes 76°W and 66°W. It is approximately 4,400 km long and 180
km wide, on average. The insular area includes the Easter Island, Salas y Gomez
Island, San Félix and San Ambrosio Islands, and Juan Fernandez Archipelago.
Of these, Easter Island (locally known as Rapa Nui) and Robinson Crusoe Island
are inhabited with approximately 8,000 and 900 people, respectively (Instituto
Nacional de Estadisticas - Chile, 2018).

Regarding its topography, Chile is characterised by north-to-south areas.
In Figure 2.1, brown zones indicate high altitudes (1,200 m to over 5,000 m above
sea level) and green zones represent low altitudes (0 to 400 m above sea level)
(Instituto Geografico Militar de Chile, 2022). This varied topography and the
country's long north-south extension give rise to more than five climate types

according to the Koppen classification (Kottek et al., 2006).

Chile is administratively divided in 16 regions, from north to south (Figure

2.1). More information on each region is provided in Appendix 2.1.
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Figure 2.1 Physical map (a) and administrative map (b) of Chile. Source: Free use images from
Instituto Geogréfico de Chile (IGM) www.igm.cl.
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2.3. Economic overview

From 1990 to 2019, Chile experienced a growing economy with a
significant reduction in income poverty?. The human development index (HDI)3
has increased up to 0.855 in 2021 (UNDP, 2022). However, economic inequality
remains a significant challenge with a Gini coefficient* of 44.9 in 2020 (World
Bank, 2021).

Overall, Chile is classified as a high-income country® (World Bank, 2022b)
but is still considered an emerging economy®. The country's economy is largely
dependent on natural resource extraction, including mining, agriculture, fishing,

and forestry.

2.4. Population and population health overview

Based on the 2017 Census, the total population reached 17,574,003
people, with approximately 49.3% of males and 50.7% of females. In terms of
age structure, 19.5% of the population have between 0 and 14 years, 68.7% have
between 15 and 64 years, and 11.8% is 65 years old or above. However, this
structure changes depending on the region. In northern and southern regions
(i.e., from Arica y Parinacota to Valparaiso and from La Araucania to Magallanes)
populations is relatively young, but population pyramids show a slight constriction
of young age categories (i.e., 0-19 years). Central regions (i.e., from
Metropolitana to Biobio) show more constrictive population pyramids. In
particular, the pyramid for the Metropolitan region (available here:
http://resultados.censo2017.cl/Region?R=R13) shows an important constriction

2 Understood as whenmont hly income is below the fApoverty
income to meet the consumption of a basic set of food and non-food goods (CEPAL and Ministerio
de Desarrollo Social - Chile, 2018).
SDefinedasaficomposite index measuring average achiev:
human developmentd a | ong and healthy I|ife, knowlandltge and
is calculated based on life expectancy at birth, expected years if schooling, mean years of
schooling, and Gross Domestic Income per capita (PPP $). It ranges from 0 to 1, with O
representing lowest possible human development and 1 representing highest possible human
development (UNDP, 2022).
4 This coefficient represents income inequality by analysing the cumulative percentage of income
versus cumulative percentage of households (Lorenz curve). Although, it has several drawbacks,
it is widely used worldwide. It ranges from 0 to 100, with O representing perfect equality in
household income distribution and 1 representing perfect inequality (Sitthiyot and Holasut, 2021).
5> Understood as economies with Gross National Income per capita of US $13,205 or more in 2022
(World Bank, 2022a, pp. 20221 2023).
6 Understood as fa generic term for developing countries which are attracting foreign portfolio
i nvest men (MolesamiTdrrg, L997)
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of population between 0 and 19 years old compared to older age categories
(Table 2.1).

Geographically speaking, population tends to be concentrated in specific
regions (Metropolitana region, Valparaiso, and Biobio), with the majority of the
population living in urban areas between Coquimbo and Araucania regions
(approximately between latitudes 28°S and 39°S). Table 2.1 shows overall and
by age categories population figures for each administrative region based on the
2017 Census (Instituto Nacional de Estadisticas - Chile, 2018).

Table 2.1 Regional population and age group distribution in Chile based on Census 2017.

Population distribution

. by age category Population 2017

Region (from north to south) Above (%%f national total)
0-14 15-64 65
Arica y Parinacota 21.8% | 67.3% | 10.9% | 226,068 (1.29%)
Tarapaca 23.4% | 69% 7.6% 330,558 (1.88%)
Antofagasta 21% 71.5% | 7.5% 607,534 (3.46%)
Atacama 22.9% | 67.3% | 9.8% 286,168 (1.63%)
Coquimbo 21.7% | 66.5% | 11.8% | 757,586 (4.31%)
Valparaiso 19.1% | 67.3% | 13.6% | 1,815,902 (10.33%)
Metropolitana de Santiago 19.4% | 69.8% | 10.8% | 7,112,808 (40.47%)
Del Libertador Bernai20.7% |67.4% |11.9% | 914,555 (5.2%)
Maule 20.4% | 67.3% | 12.3% | 1,044,950 (5.95%)
Nuble 19.5% | 67% 13.5% | 480,609 (2.73%)
Biobio 20.3% | 67.9% | 11.8% | 1,556,805 (8.86%)
La Araucania 20.9% | 66.5% | 12.6% | 957,224 (5.45%)
Los Rios 20% 67.4% | 12.6% | 384,837 (2.18%)
Los Lagos 20.8% | 68% 11.2% | 828,708 (4.72%)
Aysén del General Ibafiez del Campo 22.5% | 68.5% | 9% 103,158 (0.59%)
Magallanes y la Antértica Chilena 18.6% | 69.8% | 11.6% | 166,533 (0.95%)
Total Chile | 19.5% | 68.7% | 11.8% | 17,574,003 (100%)

Source: Instituto Nacional de Estadisticas, Chile. (Instituto Nacional de Estadisticas - Chile, 2018)

Regarding population health and according to the latest official national
vital statistics, cancer, COVID-19, and cardiovascular diseases (i.e., ischaemic
heart disease, stroke, and hypertensive heart disease) were the main causes of
deaths in Chile in 2020 (Instituto Nacional de Estadisticas - Chile, 2023).
According to the latest National Health Survey (2017), noncommunicable
diseases are mainly driven by factors such as sedentary lifestyle (86.7%
prevalence), low consumption of fruits and vegetables (85% prevalence), tobacco
use (33.3% prevalence), and obesity (31.2% prevalence). Infectious diseases,

such as respiratory infections (except for COVID-19), gastroenteritis, HIV/AIDS,
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and other small infectious outbreaks are less prevalent. Mental health issues
have not been comprehensively measured; however, depression reached a
prevalence of 6.2% and suicide attempt 0.7% in 2017 (Ministerio de Salud - Chile,
2017, 2018a). Due to economic and social development along with healthcare
improvements, life expectancy at birth was 79 years, 82 years for women and 77
years for men in 2021 (Ministerio de Salud - Chile, 2018b; Instituto Nacional de
Estadisticas - Chile, 2021). This life expectancy together with low fertility rates
have led to a demographic transition and an aging process of the Chilean
population (Vollset et al., 2020; Instituto Nacional de Estadisticas - Chile, 2021).

2.5. Natural hazards and climate change overview

Geological events (e.g., earthquakes, tsunamis, and volcanic activity),
hydrological events (e.g., flood and mass movements), and climatological and
meteorological extreme events are common natural hazards across the country.
Anthropogenic environmental hazards include air, water, and soil pollution from
different sources (Cakmak, Dales and Vida, 2013; Pino et al., 2015). The impacts
of these hazards on population differ by region due to different degree of

population exposure and social vulnerabilities.

The Meteorological Office of Chile (DMC’) produces annual reports on the
evolution of the climate in Chile. The latest report shows that the mean
atmospheric temperature has increased, on average, 0.15°C per decade from
1961 to 2021. Similarly, the minimum and maximum temperatures have
increased, on average, 0.13°C and 0.17°C per decade from 1961 to 2021,
respectively (Direccion Meteorologica de Chile, 2021b). Although this official
information describes climate change and variability since 1961, it is based on
approximately 100 land-based weather stations, which could misrepresent some
climatic exposures due to the uneven distribution of these stations across the
country and varied temporal coverage. Additionally, DMC reports raw data
(Catalan et al., 2022); thus, the end user should conduct quality control and
treatment of inconsistencies in order to get credible results of data products from
any observation-based analysis (Chandler et al., 2012). Appendix 2.3 contains a

map with the geographical distribution of the weather stations with information on

" Direccién Meteoroldgica de Chile (DMC) in Spanish.
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climatic indices throughout the country and a table with data availability. Given
the unclarity of the quality of these data, the use of land-based is limited for
assessing population exposure to ambient temperature and, therefore, direct

data from land-based monitors were not used in this thesis (see Chapter 5).

Nonetheless, other sources of information agree with the DMC, and
complementary evidence shows that Chile has experienced more frequent and
intense climate-related extreme events, such as hot days or heatwaves (Romero
and Opazo, 2017; Piticar, 2018; Direccion Meteoroldgica de Chile, 2021b; IPCC,
2021), droughts (Center for Climate and Resilience Research, 2015), floods, and
mass movements (SERNAGEOMIN - Chile, 2017). However, the geographical
characteristics of Chile (extension and altitude from Nort to South and from East
to West) affects the distribution of climate hazards. For example, heatwaves have
shown an upward trend across the country, with higher magnitudes in the central
and east (i.e., the Andes) areas of the north of Chile. On the contrary, the coastal
areas of almost the entire country have shown a slight decrease in heatwave
events per decade (Piticar, 2018; Gonzélez-Reyes et al., 2023).

As an example of changes in climate-related extreme events, Figures 2.2
and 2.3 show the spatial and temporal evolution (by decade since 1990 and
season) of two temperature indices that change as the climate changes: the
monthly number of cold nights and warm days. Briefly, cold nights are defined
when the daily minimum temperature is below the 10™ percentile of a historical
climatology (or climate normal), and warm days are defined when the daily
maximum temperature is above the 90" percentile of a historical climatology (for

complete definition, see Table 5.3 in Section 5.3.1).

Overall, the monthly number of cold nights has decreased over time in
each season under analysis, with some exceptions in specific areas, such as the
central-south coastal area (i.e., latitude -40°S). The highest decrease is seen in
the southern regions across all seasons (Figure 2.2). Complementarily, the
monthly number of warm days has increased over time in each season, also with
some exceptions in specific areas (i.e., northern regions). In this case, monthly

warm days have particularly increased in southern regions (Figure 2.3).
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Figure 2.2 Spatial and temporal (by decade and season) evolution of monthly cold nights in
Chile. Plot (a) shows the seasonal average of monthly cold nights in summer months (December,
January, February); plot (b) shows the seasonal average of monthly cold nights in autumn months
(March, April, May); plot (c) shows the seasonal average of monthly cold nights in winter months
(June, July, August); and plot (d) shows the seasonal average of monthly cold nights in spring
months (September, October, November). Source: ERA5S reanalysis dataset.
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Figure 2.3 Spatial and temporal (by decade and season) evolution of monthly warm days in
Chile. Plot (a) shows the seasonal average of monthly warm days in summer months (December,
January, February); plot (b) shows the seasonal average of monthly warm days in autumn months
(March, April, May); plot (c) shows the seasonal average of monthly warm days in winter months
(June, July, August); and plot (d) shows the seasonal average of monthly warm days in spring
months (September, October, November). Source: ERA5 reanalysis dataset.

These geographical characteristics along with the population distribution
in the country (see Section 2.4) imply that population is exposed to these hazards
in different degrees, and therefore, impacts of climate change and climate

hazards on population may also vary.

In general, current impacts of climate change and its projections have
been mainly studied from economic, agricultural, and industrial perspectives. For
example, it is expected that environmental, social, and economic losses
associated with climate change will account for 1.1% of annual Gross Domestic
Product (GDP) by 2100 under A2 scenario (for definition, see Appendix 2.2) (UN
CEPAL and Gobierno de Chile, 2012). These losses include i) biodiversity loss,

specifically native forest in southern regions (Ministerio del Medio Ambiente -
36



Chile, 2014); ii) freshwater scarcity and glacier retreat (AGRIMED, 2008; Vargas
etal., 2012), especially from central to southern regions of the country (Coquimbo
to Los Lagos, where more than 50% of population live); iii) infrastructure damages
and risk of interruption of terrestrial connection; iv) less hydroelectric power
generation and the potential increase of fossil fuels use for electricity generation;
and v) crops displacement due to water scarcity (UN CEPAL and Gobierno de

Chile, 2012), especially in agricultural areas of the central and southern regions.

As most of these changes and impacts would happen in very populated
areas or affect economic activities on which people depend (i.e., agriculture), they
would consequentlya f f ect peopl ,gob eppgstunities, ammdtmonetary
income, with potential impacts on the health and wellbeing of these populations.
However, less evidence exists on health outcomes associated to changes in the

climate.

2.6. Population health and climate change overview

In 2012, one study estimated the projected impacts of climate change on
population health (GreenLabUC, 2012), serving as a basis for the first Health
National Adaptation Plan (H-NAP). In this study, hospital admissions from 2000
to 2010 were modelled using historic climatic information (mean and maximum
ambient temperature) from eight land-based weather stations. It used a case-
crossover design where each case was its own control (Bell et al., 2008) and the
exposure-response relationship was estimated by conditional logistic regression
models. Projections of hospitalisations up to 2100 were estimated using climatic
data from global and regional climate models (HadCM3 and PRECIS?). Although
this study is a first approach to examine the relationship between health
outcomes and climate change in Chile, its methodology is not completely clear,
and results might not be extrapolated to the entire country because of the limited

information taken into account.

To date, this lack of evidence has been acknowledged in the H-NAP

published in 2016 by explicitly adding one objective related to the identification of

8 HadCM3 stands for Hadley Centre Coupled Model, version 3, which is a coupled atmosphere-
ocean general circulation model (AOGCM). PRECIS stands for Providing REgional Climates for
Impacts Studies and is a regional climate model. Both are developed at the Hadley Centre in the
United Kingdom.
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indicators related to climate change and health that can be used in Chile, as well
as the need to estimate the impact of climate change on the population health
(Ministerio de Salud - Chile and Ministerio del Medio Ambiente - Chile, 2017). In
this sense, there is a clear need for up-to-date evidence that addresses this
policy- and scientific-relevant gap.

2.7. Chapter summary

This chapter introduced the reader to Chile, which is the region under
study in this thesis. Chile is a very narrow and long country with diverse climatic
zones. It is divided into 16 administrative regions, each of them with specific
socio-economic characteristics. In terms of population health, non-communicable
diseases and their associated factors are highly prevalent in the population.
Climate change hazards have been present across the country, having diverse
effects in the population and other economic sectors. However, specific
information on climate change and population health is scarce, which has partly

affected the policymaking processes in terms of adaptation to climate change.
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Chapter 3. Background on population health and climate

change

3.1. Chapter overview

This chapter provides an overview of key concepts related to population
health and the environment along with central evidence about the climate system
and climate change. It also transitions to the connections between population
health and climate change, focusing on the impact of changes in ambient
temperature and the health outcomes under projected climate scenarios. Overall,
this chapter aims to offer a foundation for understanding the complex interplay
between climate change and population health.

3.2. Introduction

Population health, understood as the health status and dynamics of
groups of people (Kindig and Stoddart, 2003), is a result of multiple factors. Some
of these factors include individual lifestyles, but most of them lie outside the
traditional biomedical perspective of health. Social determinants of health,
including social, economic, political, and environmental factors highly influence

the health and wellbeing of populations (Marmot and Bell, 2019).

Humans have always modified the near environment to take advantage of
natural resources and ensure survival. However, some of these interventions
have induced negative environmental changes for the natural environment itself,
as well as for human health and wellbeing. Some examples include air, water,

and soil pollution, and anthropogenic climate change (IPCC, 2021).

Changes in the climate system affect populations by altering the expected
climatological and meteorological patterns in terms of ambient temperature and
precipitation, for example. These changes and climatic factors i also known as
climatic impact-drivers (Ruane et al., 2022) 1 along with social vulnerabilities and
limited preparedness and coping capacities, increase the risk of adverse
outcomes in the population. Although these increased risks are generally

recognised by the general public and public health agencies, to date they have
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not been widely integrated into public health or population health policies

worldwide.

Scientific evidence on the effects of climate change on population health
has shown that the incidence and spatial distribution of vector-, water-, and food-
borne diseases are changing; however, these diseases are also highly influenced
by human actions and behaviours. Similarly, non-communicable diseases,
especially cardiovascular diseases (CVD), have seen to be associated with
changes in climatic and meteorological patterns; therefore, a changing climate

may affect the incidence of them.

The aim of this chapter is to provide general background information to
frame the scope of this thesis. First, information on population health, its main
characteristics, and its relationship with the environment is presented. Then, an
overview of the climate system is introduced to facilitate a better understanding
of the concepts and analyses carried out in the following chapters. Finally, the
chapter concludes by delving into two sections that explore the relationship

between climate change and population health.

3.3. Population health

When studying hazards® and exposures'® that affect the health of a group
of people, communities, or populations, the concept of population health is used
to frame and guide the analysis. Population health expands the individual
biomedical perspective of health by considering social determinants of health and
other factors that affect health and wellbeing outcomes and that lie outside the
healthcare sector!’. Overall, population health examines entire populations,
identifying structural factors and inequities that are responsible for differential

health exposure, vulnerabilities, and outcomes, and guiding public policies that

9A hazard is acomponentofriskandi s u n d e r aprosess]phensmeifion or human activity
that may cause loss of life, injury or other health impacts, property damage, social and economic
disruption or environmental degradationa Hazards may be natural, anthropogenic or socionatural
in origin. (UNDRR, 2016)
DYExposure is a component othe situatisrkof peopld, infrastructured er st ood as
housing, production capacities and other tangible human assets located in hazard-prone areasa
(UNDRR, 2016)
1 The healthcare sector usually considers the Ministry of Health, healthcare financing, healthcare
institutions (e.g., healthcare clinics private and public, primary healthcare centres, hospitals,
medical laboratories), healthcare workers, among others.

40



address these inequities or outcomes (Evans and Stoddart, 1990; Kindig and
Stoddart, 2003).

Nonetheless, several controversies and discussions surround the concept
of population health due to its interchangeable use with the concept of public
health. In this sense, it is essential to note that these terms have distinct scopes
and methods that have evolved over time, in line with different historical and

social contexts (Szreter, 2003; Diez Roux, 2016).

In order to clarify the concepts, public health has been traditionally

understood as:

"the science and art of preventing disease, prolonging life, and
promoting physical health and efficiency through organized community
efforts for the sanitation of the environment, the control of community
infections, the education of the individual in principles of personal
hygiene, the organization of medical and nursing service for the early
diagnosis and preventive treatment of disease, and the development
of the social machinery which will ensure to every individual in the
community a standard of living adequate for the maintenance of health"
(Winslow, 1920).

This definition, although it has historically shaped the development of
public health science, still partially reflects a biomedical perspective. To
complement the definition, essential public health functions have been proposed
over time, including the monitoring of population health, the development of public
health policies, the maintenance of infrastructure for public health, among others.
All these functions aim to promote health and prevent diseases through the
combination of programmes, services, and public health policies (Bettcher,

Sapirie and Goon, 1998; Pan American Health Organization, 2020).

Overall, population health is a broad approach that guides the analysis of
health and disease dynamics within and between populations, social
determinants of health, social inequities, and other wider social and global
factors, supporting its methods using disciplines such as epidemiology, statistics,
sociology, geography, and several others. The information and knowledge from

this approach might be used by public health practitioners or authorities to guide
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actions, programmes, services, and policies that protect the health of

populations.

Regarding the state of population health, global estimates in 2019 showed
that the most prevalent causes of mortality are nhoncommunicable diseases,
including ischaemic heart disease, stroke, and chronic obstructive pulmonary
disease. However, the prevalence of these causes differs depending on the level
of ¢ o u n timcgm@,sas well as gender and age group under analysis, with
infectious diseases mainly affecting children and adolescents and
noncommunicable diseases affecting adults (Vos et al., 2020; World Health

Organization, 2022a).

3.4. Population health and the environment

Humans have always been in an intrinsic relationship with the natural
environment, modifying it and taking advantage of natural resources to satisfy
different needs. Progress in water sources managing, cultivation and
preservation of food, and domestication of animals, have led to population
development and growth. At the same time, environmental factors in the natural
or built environment*? have affected the development of populations, including
their health and wellbeing. Among these factors, some have naturally occurred in
the environment (e.g., earthquakes) while others have been a consequence of
human activities (e.g., water pollution or anthropogenic climate change).

The relationship between the environment and population health has been
explored extensively throughout history. Hippocrates, in his book "On Airs,
Waters and Places" circa 400 BCE, proposed that environmental factors such as
water quality, seasonality, and wind can impact human health through humours
imbalance (Hippocrates, 2009). During the Roman Empire, advances in water
transportation and sewage infrastructure were made to improve human
settlements and avoid water contamination (Deming and Deming, 2020).
However, from the Middle Ages to the early 19t century, crowded and unplanned

human settlements led to the spread of infectious diseases such as leprosy,

2Understoodasfit he parts of the places in which humans I|ive t
example buildings and streets, r gCamwidge Dictiehary,t he parts t
2023)
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bubonic plague, smallpox, cholera, and scabies (Peset, 2015). Basic hygiene
measures, hospitals, and quarantines were established to control disease
outbreaks (Rosen, 2015); however, the prevailing miasma theory at that time
(Halliday, 2001) could have led to ineffective medical and public health
interventions, resulting in poor population health.

The scientific and public health advances led to major population health
improvements. For instance, Sir Percival Pott's observation in 1775 that chimney-
sweepers were particularly susceptible to cancer of the scrotum and testicles due
to exposure to soot (Pott, 2018), and John Snow's discovery in the 1800s that
contaminated water in London was causing cholera (Snow, 1849) led to
significant advancements in public health measurements regarding

environmental exposures and health outcomes.

The profile of diseases and the fast-evolving progress in science and
medicine changed the focus towards the discovery of pathogens causing
contemporaneous infectious diseases and their medical treatment. The germ
theory was established within the scientific and medical community, influencing
public health practice and actions (Pearce, 1996; Opal, 2009) and strengthening
the control of some infectious diseases. As a result, the focus of public health
interventions shifted from basic hygiene measures and quarantines to the
development of vaccines, antibiotics, and other medical treatments to tackle

infectious diseases.

Entering to the 20" century, industrialisation played a key role in
population health and public health. Major advancements in medicine allowed
better medical treatments to a large number of people, more healthcare centres
were created providing more access to healthcare services, and massive
production of technological equipment was available worldwide. However,
industrialisation and poor environmental management have had some
drawbacks. The increasing use of fossil fuels, pesticides, artificial fertilisers, and
other industrial substances has impacted the environment and created several
human-induced environmental hazards (Rosner and Markowitz, 2020;

Bonnemain and Ricordel, 2022).

Progress on toxicology, environmental health, and occupational health has

helped understanding the association between the exposure to air pollution,
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pesticides, and other chemicals with certain diseases, such as cancer or children
cognitive impairment (Alavanja, Hoppin and Kamel, 2004; Ehrenstein et al.,
2019). However, these areas have been mainly focused on traditional physical,
chemical, or biological environmental hazards, leaving aside some other
important wider and global determinants of population health. Additionally, these
disciplines have conventionally analysed exposures and health outcomes
unidirectionally 7 from the environment to human health i and sometimes
ignoring the issue that, like any complex ecosystem, the effects of human
activities and human-induced environmental hazards are completely interlinked

and might trigger multiple effects on human health.

Nowadays, it is recognised that human activities, such as the burning of
fossil fuels, land degradation for agriculture, and deforestation have led to
multiple changes in natural systems including the climate (IPCC, 2021; Winkler
et al., 2021), which now is affecting population health and wellbeing worldwide
(Plowright et al., 2021; IPCC, 2022a). All these human-induced changes, as
determinants of population health, have been barely linked to population health
analyses and policies (Fox et al., 2019), negatively affecting responses,

preparedness, and actions to mitigate negative impacts on population health.

To understand the potential relationships between the climate system and
population health, the next section briefly presents central concepts related to the

climate system and climate change.

3.5. Overview of the climate system and climate change

3.5.1. The climate system
Life on Earth is possible due to complex interactions between five
components of the climate system, namely, the atmosphere, hydrosphere,
cryosphere, lithosphere, and the biosphere. The atmosphere is a gaseous layer
thatextendsf r om t he Earthdés surface to a ,no defini:i
and consists mainly of nitrogen (N2), oxygen (O2), argon (Ar), and traces of
carbon dioxide (COz), methane (CHa), water vapour, clouds, aerosols, and other
gases. The atmosphere is divided into four layers: troposphere, stratosphere,
mesosphere, and the thermosphere. The hydrosphere encompasses all water on
Earth, including oceans, fresh water in rivers and lakes, underground water, and
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vapour. The cryosphere includes all frozen water, including ice sheets, glaciers,
permafrost, sea ice, and areas covered by snow or ice. The lithosphere refers to
the upper oceanic and continental layer of the solid Earth. The biosphere includes
all living organisms and ecosystems on Earth, as well as organic matter and

microorganisms (Ruddiman, 2013; Schlesinger and Bernhardt, 2020).

Different interactions between these components, adding latitude,
continentality, altitude, local topography, and precipitation patterns determine a

speci fic regi onos climat e, whi ch i s c
weat her o or av er a gature, weetipitatias, wind spdeed raqpde
humidity (Dunlop, 2008a; IPCC, 2021). More specifically, the climate is defined
asfithe statistical description in terms

guantities over a period of time ranging from months to thousands or millions of
y e a (IRCE, 2021).

The climate system changes and evolves over time due to internal
interactions and external forcings (or climate drivers). Three natural external
forcings have been described: i) tectonic plates interactions and volcanic
eruptions; ii) Earth-orbital changes; and iii) changes from solar radiation. A fourth
agent has been proposed over the past decades, the anthropogenic forcing. This
occurs due to large emissions of carbon dioxide and other greenhouse gases
(GHGs) to the atmosphere coming from human activities as well as land-use
change and deforestation (i.e., carbon sink loss). Overall, this anthropogenic
forcing has triggered important changes in the climate system (Ruddiman, 2013;
IPCC, 2021).

All of these internal interactions and external forcings trigger changes in
each component of the climate system and the system as a whole, resulting in
responses that can be observed and measured over time scales ranging from
hours up to thousands of years. The most known responses are changes in global
mean temperature, the extent of ice sheets, the patterns of rainfall and snowfall,
the ocean temperature and pH, and the types and amounts of vegetation
(Ruddiman, 2013; IPCC, 2021). More details about responses and effects are

presented in the sections below.
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3.5.2. Greenhouse effect and greenhouse gases

The greenhouse effect balances the energy that comes from the Sun and
its loss back into the space, keeping the global mean temperature at the Earth's
surface at a fairly constant level in the absence of systematic changes in the
external forcings (Fourier, 1824).

In simple terms, the mechanism of the greenhouse effect is as follows. The
Sun emits radiation at different wavelengths that reaches the atmosphere,
heating the Earth. Depending on the specific wavelength, this radiation is

reflected or absorbed by different elements (particles and gases) in the

at mosphere and/ or (Ruddimah,a2013;h Hosghtos,u201b)a ¢ e

Approximately, one-third of this incoming radiation is reflected back out the space

by c¢clouds, dust, aerosol s, and Earthés surfac

albedo. Of the remaining radiation, more than 20% is absorbed in the atmosphere
(mainly by water vapour and other GHGs) and almost 50% is absorbed by the
Earthoés surface, | a(Ruddimah, 201&; $ioughion, 2015).
This absorbed energy heats the Earth, but the effect is offset by the radiation of
thermal infrared radiation into the space (outgoing radiation). Nonetheless, part
of this thermal infrared radiation is re-absorbed by clouds and GHGs. As a result,
the surface temperature of the Earth represents the net effect of incoming versus
outgoing radiation (Houghton, 2015).

Greenhouse gases play a fundamental role in the greenhouse effect due
to the physical and chemical structure of the molecules that allow the absorption,
transmission, or emission of energy (Tyndall, 1861; Houghton, 2015). Water
vapor, carbon dioxide, methane, nitrous oxide, and stratospheric ozone, have
been naturally present in the atmosphere over thousands of years. However, over
the past decades, human activiies have increased the atmospheric
concentration of some of them and introduced other kinds of GHGs (IPCC, 2021),
becoming important radiative forcing®® factors and altering the natural cycles of

GHGs and the climate system.

Water vapour in the atmosphere is one of the most important GHGs. It is
found predominantly in the lower part of the atmosphere, and its concentration

BQverall, radiative forcing is the difference between incoming and outgoing energy in the climate

ocean

system. The IPCC definesitasit he change in the net, downward minus
due to a change in an ext @RCER021)dr i ver of <climate chang
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varies considerably in time and space according to local climatological and
geographical features. This gas has been barely affected by human activities,
and is considered a climate response since a warmer atmosphere implies a
greater ability to retain water vapour (Houghton, 2015). This phenomenon may
potentially lead to changes in the frequency and intensity of precipitation events.

Carbon dioxide (CO2) is a long-lived gas and a natural component of the
atmosphere due to volcanic eruptions, animal respiration, and organic matter
decomposition. It is also a by-product of burning fossil fuels, such as oil, gas, and
coal. It is naturally captured by the ocean, land, and biosphere as part of the
carbon cycle (Ruddiman, 2013; Houghton, 2015).

Methane (CHa4) is a relatively short-lived gas and is produced naturally by
anaerobic digestion of organic matter, natural wetlands and swamps, as well as
some coastal sediments. It has also been increasingly produced by human
activities related to agriculture, livestock production, landfills, rice paddies, and
natural gas production. (Hmiel et al., 2020; IPCC, 2021).

Nitrous oxide (N20) is a long-lived gas naturally produced by microbial
action in wet soils. Its atmospheric concentration has also increased due to
human activities, including agriculture, fertilisers use, biomass burning, sewage

treatment, and industrial processes (Tian et al., 2020; IPCC, 2021).

Stratospheric ozone (Os) is an important natural GHG that absorbs
ultraviolet radiation and also captures heat. It is different from the tropospheric
ozone, or ground-level ozone, which is a harmful pollutant that derived from
photochemical processes that involve fossil fuel combustion, oxides of nitrogen
(NOXx), volatile organic compounds (VOCs), hydrocarbons, and carbon monoxide
(Crutzen, 1988; IPCC, 2021; Nguyen et al., 2022).

Halocarbons, such as chlorofluorocarbons (CFCs),
hydrochlorofluorocarbons (HCFCs), hydrofluorocarbons (HFCs), halons, methyl
chloride, and methyl bromide, are found in low concentrations in the atmosphere
and they mostly derive from human activities. Due to their chemical composition,
they have a significant effect on the climate due to their long lifetimes, high
capacity of absorbing energy, and capacity of destroying the ozone layer
(Lamarque and Solomon, 2010; Hodnebrog et al., 2020; Orkin, Kurylo and
Fleming, 2020; IPCC, 2021).
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The effect of the GHGs previously mentioned is mainly to reduce outgoing
radiation and hence is generally associated with an atmospheric warming
tendency. However, aerosols, which are very small solid or liquid particles
suspended in the atmosphere, have very complex effects on the climate that
range from negative to positive forcings. Natural aerosols include sulphates, sea
or ammonium salts, and mineral dust from desert surfaces, while anthropogenic
aerosols include soot and black carbon, which derived from fossil fuel and
biomass combustion (Wang, 2015; Zhang, 2020; IPCC, 2021).

Overall, atmospheric GHGs are key to the greenhouse effect and life on
Earth, but their increasing concentration has had several effects on the climate
system due to their physico-chemical characteristics and global warming
potential (GWP) (IPCC, 2021).

3.5.3. Global warming and climate change

The effects of higher levels of GHGs in the atmosphereandan fienhancedo

greenhouse effect have been scientifically described since several decades ago.
In 1896, Svante Arrhenius proposed that lower CO2 atmospheric concentration
(compared to that date) might plunge the Earth into an ice age, and a higher
concentration might increase atmospheric temperature and prevent the ice age
situation (Arrhenius, 1896). In 1938, Guy Steward Callendar calculated that world
temperature had increased 0.25°C between 1887 and 1937, and suggested that
this phenomenon was linked to human activities, mainly because fossil fuel
combustion and CO2z emissions to the atmosphere (Callendar, 1938; Hawkins
and Jones, 2013). Complementary, Gilbert Plass pointed out that doubling
atmospheric CO2 concentration, the temperature on Earth would increase about
3.6°C, and concluded that CO2 emissions derived from human activities would
cause temperature rise during the 20" century (Plass, 1956). To measure the
atmospheric concentration of CO2, Charles Keeling, in 1958, began measuring
CO2at op Hawaii 6s Mauna Loa Observator
of atmospheric CO2 and also a steady long-term increase (Keeling, 1960; Keeling
et al., 1976; Tans and Keeling, 2022).
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As a result of the increasing atmospheric concentration of GHGs since
pre-industrial levels4, the atmosphere has been warming. This phenomenon is

known as global warming and defined as

fé the increase in global surface temperature (GST) relative to a
baseline reference period, averaging over a period sufficient to remove
interannual variations (e.g., 20 or 30 years). A common choice for the
baseline is 1850-1900 (the earliest period of reliable observations with
sufficient geographic coverage), with more modern baselines used
depending upon the applicationo(IPCC, 2021).

Global mean surface temperature (GMST,; also refers to as global surface
temperature, GST, or global average surface air temperature) has been
increasing since pre-industrial times (1850-1900) (IPCC, 2021). In 2021, it was
1.11 +0.13°C above the 1850-1900 average (World Meteorological Organization,
2022), showing regional differences due to climatic and geographical features
(IPCC, 2021; World Meteorological Organization, 2022). This atmospheric
warming together with ocean warming, have triggered different changes in the
climate system, including rainfall patterns changes, sea level rise, ocean

acidification, droughts, among others (IPCC, 2021).

As previously mentioned, changes in the climate system might occur due
to natural or anthropogenic forcings (IPCC, 2021). In this sense, climate change

has been defined by the Intergovernmental Panel on Climate Change (IPCC) as:

~

fa change in the state of the climate
in the mean and/or the variability of its properties, and that persists for

an extended period, typically decades or longer. Climate change may

be due to natural internal processes or external forcings such as
modulations of the solar cycles, volcanic eruptions and persistent
anthropogenic changes in the composition of the atmosphere or in land

us €IBCC, 2021).

14The concept of pre-industrial levels is not universally defined. There is no standard time period

that clearly identifies fi p4i @ d u s but thegdriad 1850-1900 is generally used as pre-industrial

level (IPCC, 2021). However, some authors point out that the industrial revolution started before

that period (circa 1750) (Hawkins et al., 2017). The definition of a baseline level to compare

current trends with is relevant as policies and global temperature targets are defined based on it.
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Additionally, the United Nations Framework Convention on Climate

Change (UNFCCC) in the Article 1 of its declaration, defines climate change as:

fa change of <c¢climate which is attri

activity that alters the composition of the global atmosphere and which
is in addition to natural climate variability observed over comparable
t i me p éUniiecbNAatods, 1992).

3.5.4. Observed climate change

In line with previous information, it has been estimated that the GMST has
increased between 0.8°C and 1.3°C from 1850-1900 to 2010-2019 (IPCC, 2021).
These increases have also been linked to increases in heat extremes and
reductions in cold spells globally, with regional differences in their magnitude. The
average total precipitation on land has changed its patterns; for example, total
precipitation has increased over Europe, parts of North America, but mixed
results (increases and decreases) have been seen in South America. On the
other hand, agricultural and ecological droughts have increased due to increased
land evapotranspiration where evaluated, with some limited evidence in South
America. Finally, glacier retreat has occurred in several parts of the world, with
marked decreases in North America, Europe, while limited evidence exist for
South America (IPCC, 2021).

The global upper ocean (0-700 m depth) has warmed over the last five
decades, with an important acidification of the surface open ocean. Due to glacier
and ice sheet melting and water expansion due to ocean heating, global mean
sea level has increased by 0.20 m between 1901 and 2019 (IPCC, 2021).

3.5.5. Estimating past, present, and future changes in the climate
Estimating the past, present, and future state of the climate system is a
complex process that requires a comprehensive understanding and awareness
of Earth's physical and biogeochemical processes, as well as known and
potential unknown uncertainties. Due to different assumptions, methods, scopes,
instruments, and data, different estimates have been generated to represent the

climate system in different locations and time points.
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Past and present climate observations are directly or indirectly obtained
from different instruments that vary in quality and coverage. They include aircraft
sensors, ocean data buoys, weather ships, surface stations, upper-air stations,
satellites, ice cores, among others (Bluestein, Carr and Goodman, 2022). The
climate observations from these instruments are key to understand the climate in
different locations; however, the uneven spatial and sometimes temporal
coverage of the instruments does not always provide a complete view of the world
and regions. Also, some inhomogeneities may occur due to, for example,

changes of the instruments over time (Ribeiro, Caineta and Costa, 2016).

Given the challenges with climate observations, reanalysis data appear as
another source that provide more complete and consistent temporal and spatial
description of the recent climate by analysing past observations and advanced
climatic models through data assimilation (Kalnhay, 2003). After collecting and
processing all the data, different datasets with essential climate variables (e.qg.,
precipitation, near surface temperature) are analysed to understand the global
state of the climate (Bojinski et al., 2014). Reanalysis data are commonly used in
climate assessments (World Meteorological Organization, 2019; IPCC, 2021)
and other fields (Mufioz-Sabater et al., 2021; Urban et al., 2021).

Climate models, which vary in scope and complexity, are used to generate
reanalysis data and project future climate states according to different input data.
In this case, reanalysis products are based on estimates of historical forcings
whereas future climate projections are based on forcing scenarios, which are

discussed in more detail later.

These climate models are simplified numerical representations of the
climate system based on differential equations that consider physical, chemical,
and biological processes of the system. To obtain a comprehensive
representation of the global climate system (e.g., atmospheric temperatures at
different levels), global climate models (GCMs) are used. They simulate the
climate system by dividing the Earth int
c el | s odimensibnalegad) in order to facilitate computation (Maraun and
Widmann, 2018a). These grid cells can be of different sizes, resulting in specific
spatial resolution of the models. The spatial resolution of some of the first GCMs
was approximately 500 km; however, more modern GCMs have a higher spatial
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resolution of about 100 km in the mid-latitudes, including more specific

information for particular regions.

As different modelling groups generate different GCMs, the Coupled
Model Intercomparison Project (CMIP) was established in order to promote a new
set of coordinated climate model experiments and, consequently, facilitate the
comparison across all models and provide a better understanding of the climate
(Taylor, Stouffer and Meehl, 2012). The CMIP Phase 5 (CMIP5) started in 2008
(International CLIVAR Project Office, 2009) and is still under use, but the new
generation of models CMIP6 is under development (Eyring et al., 2016).

Unfortunately, the coarse spatial resolution of GCMs limits their application
in regional and more local settings (e.g., impact studies for agricultural or public
health sectors); therefore, other higher-resolution climate models are needed to
better capture local topographical features and climate conditions. Regional
climate models (RCMs) cover a smaller area (i.e., domain) than GCMs and can
provide climate information in greater detail (Giorgi and Gutowski, 2016). RCMs
are obtained using dynamical downscaling, which takes lateral boundaries from
the selected driving GCMs and simulating the specific climate within the RCM
domain (Maraun et al., 2010; Rummukainen, 2010; Giorgi, 2019). In general, the
horizontal spatial resolution of RCMs ranges from 1 km to 25 km. Another
technique to obtain higher-resolution models is statistical downscaling, which
consider statistical relationships between global and local climate (Maraun et al.,
2010).

Similar to GCMs, different experiments using RCMs have been performed
covering different global domains, such as Europe (e.g., ENSEMBLES), North
America (e.g., NARCCAP), and South America (e.g., CLARIS). Therefore, in
order to standardise the modelling processes and experiments across the
domains, the Coordinated Regional Downscaling Experiment (CORDEX) was
created to provide high-resolution regional climate projections based on a
coordinated experiment framework (Giorgi, Jones and Asrar, 2009; Giorgi and
Gutowski, 2016).

Looking at the future, projections of the climate are produced by GCMs
and RCMs; however, predicting the future climate is almost impossible because

of the several uncertain elements that depend on the climate system itself and
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societal factors related to, for example, future GHGs emissions from human
activities. In this sense, future climate projections are based on several
assumptions, which allow plausible and coherent scenarios or pathways that

describe possible future changes in the climate.

Historical and future simulations based on different scenarios are
performed by different modelling groups under the CMIP and CORDEX
frameworks. The model outputs are then compared and jointly analysed to
provide more comprehensive possible futures of the climate. Historical
simulations are conducted by simulating the climate based on past forcings,
including past volcanic eruptions, radiation from the sun, historical GHGs, among
others (Joos and Spahni, 2008). The outputs are then compared against past
climate observations. This comparison is important because it provides some
confidence that a model is able to produce realistic outputs, although it says
nothing about the model's performance under changed climate conditions
(Maraun and Widmann, 2018a).

GCMs and RCMs have used different scenarios or pathways to project
future climate. As mentioned above, there are different types of scenarios or
pathways that capture different assumptions about the potential trajectories in
terms of economic, social, and physical changes that will influence climate in the
future. The CMIP5 climate projections are based on the Representative
Concentration Pathways (RCPs) which are being superseded by the Shared
Socioeconomic Pathways (SSP) used in CMIP6.

The four RCPs are based on GHGs concentration pathways that represent
four different radiative forcing values by the year 2100 relative to pre-industrial
levels (1850-1900). Each pathway is associated with different values of global
mean temperature increases by 2081-2100, ranging from 1.6°C (RCP2.6) to
4.3°C (RCP8.5) (van Vuuren et al., 2011).

The new five SSPs expand the RCPs by combining projected
socioeconomic and technological development narratives (e.g., population and
gross domestic product) with future climate radiative forcing outcomes (those
from RCPs) by 2100. They range from SSP1, which represents a pathway of

sustainability, to SSP5, which represent a pathway of social development based
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on fossil fuels (Gidden et al., 2019). For more information on projections, see

Appendix 2.2.

Several climate projections have been produced based on the CMIP5
GCMs and CMIP6 GCMs (IPCC, 2013, 2021); however, finer-scale projections
using RCMs have been mainly developed using CMIP5 and a few using CMIP6
because the CORDEX-CMIP6 RCMs are still under development (WCRP-
CORDEX, 2022). For the South America domain, six CMIP5 RCMs exist focusing
on single levels (one vertical atmospheric level 7 the closesttoEar t h 6 s)
with different spatial resolution and emission-concentration scenarios (WCRP-
CORDEX, 2020). Table 3.1 shows RCMs driven by different GCMs considering
different RCPs. One of these RCMs has a spatial resolution of 0.20 degree
(approximately 22 km), two of 0.22 degree (approximately 25 km), and three of
0.44 degree (approximately 50 km), and most of them have been run only under
the RCP2.6 and RCP8.5 scenarios (WCRP-CORDEX, 2020).
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Table 3.1 Combinations of global and regional climate models for the South America domain under CMIP5.

GCMs
_ 5 = O g
e %) =~ = @ & w 5 c
i 5 m g — < = (@] E o a Z
= = 5 = o = 14 = Q ] = =
= = o = = o = = O & o =
& @ iy = = = o& =z = = @ o
£ ir} iy = : o I o 6 o = ¢ >
= = & 4 = & 7 z b z ] = w
= % g i w u 4 2 5 % 2 o a
@ : = o & ® , i & o
@ RCMs o T & 2 = = o = 3 = B G]
0.20° |Eta (nPE) E|H 45(85 45(85 45|85
022° |rREMO2015(GERICS) |E| H |26] |85 26| [85|H |26 |85
022° |Regcma-7 (CTP) E|H[26] |85 26| |85 26| |85
0.44° |RegCM4-3 (ICTP) E|H 45/85 8.5
0.44° |REMO2000 (MPI-CSC) | E H (264585
0.44° |RCA4 (SMHI) E|rH|26{45/85| H |26|a5|85| 1 |26{45/85] H |26|a5|85 H 45(85 45|85 45(85| H|26|25|85 45|85 45|85

RCMs: Regional Climate Models; INPE: Instituto Nacional de Pesquisas Espaciais; GERICS: Climate Service Center Germany; ICTP: International Centre for

Theoretical Physics; MPI-CSC: Max Planck Institute-; SMHI: Swedish Meteorological and Hydrological Institute; ERAINT: ERA-Interim analysis; MOHC: Met Office

Hadley Centre; ICHEC : Irish Centre for High-End Computing; NCC: Norwegian Climate Centre; MPI: Max Planck Institute; IPSL: Institut Pierre Simon Laplace;

CNRM-CERFA: Centre National de Recherches Météorologiques-cacaCentre Europeen de Recherche et Formation Avancees; CCCma: Canadian Centre for

Climate Modelling and Analysis; MIROC: Model for Interdisciplinary Research On Climate; QCCCE: Queensland Climate Change Centre of Excellence; NOAA:

National Oceanic and Atmospheric Administration; E: Evaluation; H: Historical, 2.6: RCP2.6; 4.5: 8.5: RCP8.5. Source: Image reproduced from World Climate
Research Programme - CORDEX (WCRP-CORDEX, 2020)




3.6. Overview of climate change effects on human health

As previously stated, humans have historically faced and adapted to

climatic and meteorological conditions; however, some hazards have exceeded

humanés coping capacities and, together

to important negative consequences on human systems and population health
(Pescaroli and Alexander, 2016; Kelman, 2020). As future projections estimate
changes in climate conditions or factors, such as heatwaves or heavy
precipitation events (IPCC, 2021), understanding the dynamics of these changes
is relevant to better comprehend the potential impacts on human populations and

inform public policies.

Changes in the climate and climate-related and weather-related extreme
events have been affecting human populations globally, resulting in higher or
lower incidence of diseases, injuries, and mortality (Rocque et al., 2021; IPCC,
2022a) depending on the context. However, analysing the impacts of climate
change on population health is challenging because of two main reasons. First,
population health is determined by numerous intertwined interactions of non-
climatic factors and social determinants of health; therefore, advanced analysis
should be carried out to identify potential associated factors (McMichael, 2013).
Second, it is necessary to identify whether particular population health outcomes
are indeed results of climate change (i.e., climate change-related health
outcome) or health outcomes associated with climatic or meteorological factors
(i.e., climate-related health outcomes). The distinction relates to the time scales
considered: climate change-related outcomes must be considered over decadal

or longer time scales.

Based on theoretical and empirical evidence, different slow-onset (e.g.,
droughts) or rapid-onset (e.g., heavy precipitation event) climate hazards can
affect population health through direct or indirect pathways and interacting

elements from the natural or built environment. However, the magnitude of the
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impact is highly mediated by the population vulnerability® level (exposure!® and
adaptive capacity’) to these hazards (McMichael, 2013; Watts et al., 2017).

Scientific evidence, generated primarily in Europe and North America, has
identified infectious diseases, non-communicable diseases, injuries, and nutrition
and mental health issues to be associated with changes in the climate and
extreme weather events (Wolf et al., 2015; Rocque et al., 2021). In terms of the
projected impacts of climate change on population health, the evidence is more
limited and varies across countries due to data availability and different
methodological approaches. However, changes in the climate together with local
adaptation pathways would lead to a wide spectrum of health outcomes (IPCC,
2022a).

3.6.1. Vector-borne diseases

Changes in ambient temperature, humidity, and rainfall lead to changes in
the environment and ecosystems which, along with other human-induced
environmental changes, have been associated with vector-borne diseases
(Thomson and Stanberry, 2022). Vectors, including mosquitoes, rodents, and
ticks are highly sensitive to ambient climatic conditions and can adapt their habits
and physiological responses to these conditions. Warmer temperatures could
induce higher vectorial capacity®®, as well as reproduction and transmission rates
of the vectors themselves or viruses or parasites carried by these vectors ( M6 Br a
et al., 2018; Caminade, Mclintyre and Jones, 2019; Rocklév and Dubrow, 2020;
Semenza and Paz, 2021; Romanello et al., 2022). Additionally, because of the
ecological changes, new ecological niches may appear suitable for vectors,
making them able to populate different geographical ranges where they were not

15 Although there are different definitions, in this thesis, this concept is understood as firhe
propensity or predisposition to be adversely affected. Vulnerability encompasses a variety of
concepts and elements, including sensitivity or susceptibility to harm and lack of capacity to cope
and a dRCLt2022a).
16 Although there are different definitions, in this thesis, this concept is understood as fThe
presence of people; livelihoods; species or ecosystems; environmental functions, services, and
resources; infrastructure; or economic, social, or cultural assets in places and settings that could
be adver sel(lgCCaR022x0.ct ed o
17 Although there are different definitions, in this thesis, this concept is understoodasfi The abi | i t
of systems, institutions, humans and other organisms to adjust to potential damage, to take
advantage of opportunities (MA 2005 respond to conse
18 Generally speaking, it refers to the transmission potential of a vector-borne pathogen within a
susceptible population (population that is at risk) on a single day (Garrett-Jones, 1964).
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found before (Semenza and Paz, 2021). For example, changes in climatic
patterns and the emergence of new ecological niches are influencing the spread
of chikungunya virus (Yactayo et al., 2016) and Zika virus (Tesla et al., 2018) in
the Americas, West Nile virus in south-eastern Europe (Semenza and Paz, 2021),
as well as Lyme disease vector (Cheng et al., 2017; Estrada-Pefia and
Fernandez-Ruiz, 2020).

Considering future projections of climate change, it is likely that vectors
will expand their geographical range towards temperate areas (Ryan et al., 2019;
Estrada-Pefia and Fernandez-Ruiz, 2020; Colén-Gonzalez et al., 2021), and
increase their vectorial capacity (Liu-Helmersson et al.,, 2014, 2016) and
seasonal suitability (Colon-Gonzalez et al., 2021); however, these projections
strongly depend on population dynamics and social adaptation measures (Akter
et al., 2017).

3.6.2. Water-borne diseases

Warmer temperatures also affect the temperature of natural bodies of
water or water contained in human-designed containers, where pathogens such
as bacteria or protozoa could increase their populations due to more rapid
reproduction. Also, if large floods and flash floods occur after a heavy
precipitation event, there is a possibility of spreading pathogens, including
mosquitoesd | arvae, from one | ocation to ano
with contaminated water. If people are exposed to contaminated water, they can
suffer from water-borne diseases (Horn et al., 2018; Levy, Smith and Carlton,
2018; Musacchio et al., 2021), including diarrhoeal diseases (Hassan et al.,
2020), schistosomiasis (Leo et al., 2020), leptospirosis (Lau et al., 2010), and
hepatitis A and E (Saad-Hussein et al., 2022). However, the resulting health
outcomes are highly mediated by measures of sanitation, vaccination rates,
public infrastructure, among others social determinants (Semenza and Paz,
2021).

Overall, these diseases have been estimated to increase depending on
the geographical location and future socio-economic development pathways.

Heavy precipitation events along with warmer temperatures will potentially lead
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to higher rates of mortality and morbidity due to water-borne diseases (Chhetri et
al., 2019; Rushton et al., 2019; Deshpande, Chang and Levy, 2020).

3.6.3. Food-borne diseases

Changes in the ambient temperature and humidity have also been
associated with food-borne diseases (Cissé, 2019), although the incidence of
these diseases is multifactorial with intricate links to social and sanitation
determinants (Lake, 2018). For example, higher prevalence of Salmonella spp
infections, as well as human and animal Cryptococcus infections, have been
linked to warmer ambient temperatures (Milazzo et al., 2016; Smith and Fazil,
2019; Morgado et al., 2021).

The incidence of food-borne diseases has also been estimated to increase
under warmer ambient temperatures, and similar to water-borne diseases, they
share common conditions related to social and adaptation pathways (Lake, 2017;
Smith and Fazil, 2019).

3.6.4. Infectious respiratory diseases

Another group of diseases that has been under analysis are respiratory
tract infections, which are also product of interrelated non-climatic and climatic
factors (Choe, Smit and Mermel, 2019; Price, Graham and Ramalingam, 2019),
with no clear triggering mechanism. Some factors that can alter the transmission
of microorganisms responsible for respiratory infections include ambient
temperature and relative humidity, as well as human behaviour, changes in
indoor ventilation, and outdoor and indoor pollution (Moriyama, Hugentobler and
Iwasaki, 2020). However, the link between these diseases and climate change is
still unclear ( D 6 A neadl.,02015). In general, the incidence of these diseases
increases in winter in temperate climates, while in tropical and sub-tropical
climates, the incidence is relatively constant throughout the year with some

outbreaks during the rainy season (He et al., 2023).
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3.6.5. Non-communicable diseases

Non-communicable climate-sensitive diseases include non-infectious
respiratory diseases, cardiovascular diseases (CVDs), cancer, mental disorders,
and others (Blois et al., 2015; Frumkin and Haines, 2019). Similar to infectious
diseases, the association between this group of diseases and climate change is
complex to disentangle because of the diverse exposure pathways and
interacting factors, including non-climatic, population dynamics, and social
factors. Aging processes, individual lifestyles, obesogenic environments, polluted
indoor and outdoor environments, and inadequate access to healthcare partly
determine the incidence and severity of these diseases within the population
(Marmot and Bell, 2019; Anenberg et al., 2020; Wilding et al., 2020).

One of the most studied group of non-communicable diseases (NCDs) is
CVDs and its relationship with high temperatures and extreme heat (Jingwen Liu
et al., 2022). However, there are several overlapping factors in the exposure
pathway, particularly with fine particulate matter (PM), which mostly derive from
biomass and fossil fuels burning, as well as construction and other industrial
activities (Landrigan et al., 2018; Daellenbach et al., 2020; Jacobsen et al., 2022).
Several acute outcomes related to NCDs, especially associated with CVDs, have
been linked to heat and cold ambient temperatures, as well as heatwaves and
cold waves (Giorgini et al., 2017; Khraishah et al., 2022; Office for National
Statistics and UK Health Security Agency, 2022). From climatology, evidence on
extreme temperature changes due to anthropogenic climate change is well
established (IPCC, 2021), and subsequent evidence on associated human
morbidity and mortality outcomes has grown over time. One of the clearest effects
of extreme temperatures on human health has been observed during the
heatwave events in Europe in 2003 and Russia in 2010, which resulted in
significant excess of death and hospitalisation tolls (Robine et al., 2008;
Trenberth and Fasullo, 2012). Additional evidence on CVDs is presented in
Sections 3.7.3 and 3.7.4.

Population heat exposure and heat-related cardiovascular morbidity and
mortality is projected to increase (Limaye et al., 2018; I. H. Silveira et al., 2021;
Yang et al., 2021), but the magnitude would depend on the degree of warming

and adaptation measures (Chambers, 2020) as well as human behaviour.
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Another potential impact of climate change is on the incidence of non-
communicable respiratory diseases, including asthma, chronic obstructive
pulmonary disease, and lung cancer. Similar to CVDs, these diseases are also
intrinsically linked to lifestyles (e.g., tobacco use) and air pollution (Landrigan et
al., 2018). Allergic diseases have been associated with anthropogenic climate
change due to the increase of air pollen concentration and lengthening of pollen
seasons (Ziska et al., 2019; Anderegg et al., 2021). This ecological change could
induce more cases of allergies and asthma, worsen the severity of cases, and
expand the allergy period throughout the year (Katelaris and Beggs, 2018;
D 6 A meattalg 2020). Considering climatic projections, it has been proposed that
the burden of disease associated with aeroallergens (e.g., mould and pollen) will
increase in regions where climatic conditions favour the generation and
proliferation of these agents ( D 6 A neaal., @015, 2020; Paudel et al., 2021).

Cancer has been identified as a health outcome derived from climate
change (Hiatt and Beyeler, 2020); however, evidence is limited and the exposure
pathway is still unclear (IPCC, 2022a) and highly mediated by other human-
induced exposures and human behaviours (e.g., tobacco use). It has been
proposed that increased exposure to different carcinogenic elements and
disruption of healthcare services after climate-related disasters may be
responsible for higher rates of cancer (Landrigan et al., 2018; Hiatt and Beyeler,
2020). However, these factors are mainly associated with human activities and
not with climate change itself. Also, skin cancer has been identified as an climate-
related outcome due to increase exposure to ultraviolet radiation, but the reason
is not that there is more incoming radiation from the sun (IPCC, 2021) but that
people tend to be more exposed to the sun during warmer days (Diffey, 2003).
Finally, due to ecosystem changes, exposure to liver flukes (Fox et al., 2011) and
aflatoxins (Cotty and Jaime-Garcia, 2007; Battilani et al., 2016) is likely to change
geographically and temporally, leading to different types of cancer within the

population.
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3.6.6. Injuries associated with extreme weather events

Extreme weather events along with inadequate human settlement
planning and preparedness could lead to high incidence of injuries and deaths
(Kristie L. Ebi et al., 2021; Clarke et al., 2022). Attribution assessments have
identified that, for example, climate change likely exacerbated heavy rainfall in
West Africa (Zachariah et al., 2022) and Pakistan (Otto et al., 2022) and led to
massive floods, which had associated numerous injuries and deaths (NDMA,
2022; OCHA, 2022). However, more systematic analyses are needed to clarify to
what extent these health outcomes can be linked to anthropogenic climate
change or inadequate human settlement planning and preparedness to these
hazards. Complementarily, extreme weather events also disrupt daily routines
and affect critical infrastructure, including health centres; consequently,
population health can also be affected by health services interruption or a limited
capacity to provide health services to people with urgent needs or chronic
illnesses (Curtis et al., 2017; Kristie L. Ebi et al., 2021).

3.6.7. Food security and nutrition

Changes in ecosystems also tend to affect agricultural practices and food
systems, impacting in food security and potentially human nutrition (Myers et al.,
2017; Swinburn et al., 2019). Extreme temperatures, heavy precipitation events,
and other extreme weather events affect seasonal food production by limiting the
growth rate (Agnolucci and De Lipsis, 2020; Beillouin et al., 2020) or affecting the
nutritional composition of some crops (Semba et al., 2022). Complementary,
limited evidence has shown that thawing permafrost could release sequestered
mercury and contaminate agricultural soil and water, potentially entering to the

food chain and affecting human health (Schaefer et al., 2020).

Considering projected emission scenarios, crops and agricultural
production would be affected (Macdiarmid and Whybrow, 2019), increasing the
risk of food insecurity, malnutrition, hunger, and mortality (Springmann et al.,
2016; Sulser et al., 2021; van Dijk et al., 2021), especially under RCP8.5 (Lloyd
et al., 2018). Also, changes in the climate might also generate new areas for
agriculture and food production that were previously unsuitable for agriculture
(King et al., 2018). However, the scarce historical evaluation and uncertainties

from climate models and future agricultural practice limit the evaluation of impacts
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of climate change on food systems and food-borne diseases (Gornall et al.,
2010).

3.6.8. Mental health and wellbeing

In terms of mental health and wellbeing, more evidence has been
published globally, but it is still highly focused on high-income countries and with
several limitations in terms of concept and measurement standardisation (Hwong
et al., 2022). Additionally, one of the main issues with the analysis of the effects
of anthropogenic climate change on mental health and wellbeing is the complex
exposure pathways and interrelated non-climatic and social factors.

In general, it is possible to identify four main groups of effects. Firstly,
people exposed to extreme weather events, for example heavy precipitation
events and floods, are directly exposed to suffer from trauma, acute stress and
anxiety, and post-traumatic stress once the event has passed (Obradovich et al.,
2018; Cianconi, Betro and Janiri, 2020; Charlson et al., 2021; Yoo et al., 2021;
Nori-Sarma et al., 2022). Secondly, cascading consequences of extreme weather
events also affect mental health and wellbeing; for example, increasing stress
and anxiety due to economic losses after hurricanes or wildfires (S. Silveira et al.,
2021). Thirdly, if people should move from their usual places of residence due to
adverse climatic conditions, such as hydrological droughts, they may experience
depression, substance abuse, or sleep problems (Obradovich et al., 2018). For
example, it might be possible that people living in coastal areas should be
relocated to safer settlements due to sea level rise and coastal erosion (IPCC,
2019; Rahman et al., 2019). Nonetheless, it is possible that people who move to
another place due to climate change may improve their mental health because of
more thriving living conditions than before; however, there is very limited

evidence that explores this situation (Issa et al., 2023).

Several new concepts have been proposed linking the relationship
between mental health and the progressive anthropogenic climate change,
environmental change, and the associated political inaction (Hayward and Ayeb-
Karlsson, 2021), including the concepts of solastalgia and eco-anxiety (Albrecht
et al.,, 2007; Coffey et al., 2021); however, these concepts have not been
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medically recognised yet and more developments on this area are needed
(Hayes et al., 2018).

Given the continued warming trend and the increased likelihood of
extreme weather events, it is possible that negative impacts on mental health and
wellbeing will be frequently seen among the population. However, the evidence
on this relationship is limited due to intertwined social, demographic, and
adaptation factors (Obradovich and Rahwan, 2019).

Migration, displacement, and conflict are also mentioned as population
health outcomes from anthropogenic climate change; however, the evidence is
also very limited and shows mixed results due to the complex relationships
between social, economic, and political factors (Barnett and McMichael, 2018;
Mach et al., 2019; Hof f mann, G e .dTbeve®re, dherd is Noi n Kk e, 2021

substantive measurement of them as impacts.

3.7. Ambient Temperature and Human Health

In order to deepen the understanding of the effects of ambient
temperature and extreme temperature on human health, this section summarises
information on human physiology that is relevant when considering the potential

effects of ambient temperatures in a changing climate.

3.7.1. Human physiology and thermoregulation

Humans are endotherms, which means they can maintain a stable body
core temperature (BCT) between 35.5°C and 37.5°C independently from ambient
air temperature (AAT) by thermoregulation processes (Tansey and Johnson,
2015; Obermeyer, Samra and Mullainathan, 2017). The BCT and
thermoregulation are influenced by internal factors such as physical exercise,
hormone changes, circadian rhythm, age, gender, drugs consumption,
comorbidities, acclimatisation, as well as external factors, including AAT,
humidity, air velocity, solar radiation, exposure to sources of heat or cold, time of

day, and season (Beker et al., 2018).

Physiological thermoregulation (PT) is mainly regulated by the nervous
system. If the BCT increases, cutaneous vasodilation and sweating occur to
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promote heat exchange by radiation, conduction, convention, and evaporation.
On the other hand, if BCT decreases, the body reduces heat loss by cutaneous
vasoconstriction and increases heat production by shivering and other
thermogenic processes. Moreover, behavioural thermoregulation (BT) is
consciously triggered, when necessary, by changing the immediate environment,
drinking cold/hot fluids, adding more clothes to keep the body warm, or turning
the fan or heater on. It generally happens along with PT and partially
predetermines the body response to AAT; however, it depends on personal
choices and social factors, including isolation and access to cold/warm spaces
and resources (Pocock, Richards and Richards, 2018; Périard, Eijsvogels and
Daanen, 2021).

If these thermoregulation processes are overwhelmed or fail due to
increased personal susceptibility (e.g., pre-existing comorbidities), environmental
exacerbating factors (e.g., high temperature and humidity), or insufficient
behavioural mitigating actions, the BCT might cross a safe threshold. When heat
dissipation starts to fail, the human body is under heat stress, which might
potentially lead to hyperthermia (BCT >40°C). Some common alterations
associated with heat stress or hyperthermia range from water-electrolyte
imbalances, cardiac alterations, organ failure to even death. On the other hand,
cold stress is associated with failures in heat production and if the BCT decreases
below 35°C (hypothermia), changes in blood viscosity occur, potentially leading
to blood clots formation, urine reduction, and cell damage (Hanna and Tait, 2015;

Tansey and Johnson, 2015; Périard, Eijsvogels and Daanen, 2021).

3.7.2. Ambient air temperature and temperature indices

As an external factor, AAT or near-surface air temperature affects the
human body and its thermoregulation processes. AAT is understood as the air
temperature determined by a thermometer in a thermoscreen at 1.5 to 2 meters
above the surface on land (Dunlop, 2008b; World Meteorological Organization,
2018). It is commonly used in climatology and climate change studies to analyse
the effects of ambient temperature on human systems, including human health
(IPCC, 2022a).
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To estimate the potential effects of AAT and other related ambient
variables on human health, several thermal climate indices (ThCIs) have been
proposed with different purposes and approaches (Freitas and Grigorieva, 2015,
2017). Although there is no standard definition of ThCIs, they represent a proxy
parameter of the experience of the human body in relation to AAT, ambient
humidity, wind, and/or radiant temperature, as well as physiological and

behavioural factors (Freitas and Grigorieva, 2015, 2017).

ThCls have been mainly developed to evaluate the effects of cold or heat
stress on human health and wellbeing under different environmental
circumstances, such as working or physical exercise conditions. In order to
maximise a real representation of these effects, some indices consider only one
meteorological variable, while others include several meteorological, behavioural,
and physiological variables at the same time (Epstein and Moran, 2006). The
heat index (HI), wet-bulb globe temperature (WBGT), and the Universal Thermal
Comfort Index (UTCI) are commonly cited in the scientific literature (Di Napoli,
Pappenberger and Cloke, 2018; Zare et al., 2018), showing relative consistency
regarding the relationship between extreme values and health outcomes
(Vaneckova et al., 2011; Morabito et al., 2014; Di Napoli, Pappenberger and
Cloke, 2018; Cao et al., 2021; Zottarelli et al., 2021; Lewandowski and Shaman,
2022). However, the general use of some ThCls is limited due to the specific
setting development, methodological complexity, diverse variables included for
the calculation, and restrictions in geographical applications (Lemke and
Kjellstrom, 2012; Anderson, Bell and Peng, 2013; Petersson, Kuklane and Gao,
2019; Staiger, Laschewski and Matzarakis, 2019; Binarti et al., 2020). For
example, the HI is commonly used and integrates air temperature and relative
humidity along with some other parameters that represent body and clothes
factors. However, it has some limitations when it is applied outside the range of
temperatures and humidities for which it was designed (Steadman, 1979;
Anderson, Bell and Peng, 2013), reducing its application to other geographical
settings. Similarly, the WBGT was created to be applied in military, outdoor
working, and athletic settings, which might limit its application to general
population contexts (Lemke and Kjellstrom, 2012; Burgstall et al., 2019; Kong
and Huber, 2022). Additionally, other limitations and uncertainties arise when

analysing the estimation of complex parameters in future climate scenarios, such
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as clothing type, the potential degree of acclimatisation, and data availability: both
historical data to enable the calculation of these indices, and information on the

required meteorological variables from the climate projections.

As an alternative to the use of ThCls that are intended to capture specific
aspects of weather and climate that affect human physiology, a variety of other
temperature climate indices (TCIs) can be considered as providing information
on the AAT. Although they might not include physiological or behavioural
variables, they follow a standardised methodology, capture AAT extremes
potentially dangerous to human health (Klein, Zwiers and Zhang, 2009), and data
availability allows analyses of projections. Additionally, they are used globally,
allowing temporal and spatial comparability. A total of 27 core TCls based on
climatic daily values have been defined by the Expert Team on Climate Change
Detection and Indices (ETCCDI) (Karl, Nicholls and Ghazi, 1999; Peterson et al.,
2001; Peterson, 2005).

The simplest TCls are the extremes of the minimum and maximum AAT,
and it is possible to obtain monthly or annual values according to the user needs.
For example, the monthly maximum value of the daily maximum temperature
(TXx) represents the warmest day of a specific month, or the monthly minimum
value of the daily minimum temperature (TNn) represents the coldest day of a
specific month. One of the limitations of these indices is that they only represent
one specific value, disregarding other characteristics of AAT to complement the
evaluation of potential impacts on human health (Herold et al., 2018), such as the
AAT in relation to critical thresholds or the duration of events over a period of

time.

Indices based on fixed thresholds are calculated using standard
temperature values for daily maximum or minimum temperature, such as summer
days (SU20) that are obtained when daily maximum temperature is above 20°C.
Complementarily, percentile-based thresholds are calculated using relative
values derived from local climatology, acknowledging local climate features.
Some examples of these indices are warm days or cold nights. Different studies
have found an association between health outcomes and these extreme indices,
either using fixed or relative thresholds (Murage, Hajat and Kovats, 2017; Royé,
2017). More information about this is detailed in Sections 3.7.3 and 3.7.4.
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The human body reacts differently if it is exposed to one day of high AAT
than if it is exposed for three or more days at high temperatures. Therefore, to
capture this effect, some TClIs consider the length of AAT extremes, such as
warm spell duration index or heatwaves. According to the ETCCDI, warm spell
or cold spell duration index are defined as the number of days with at least six
consecutive days when daily minimum or maximum temperature is above or
below a specific base threshold of 30-years period (Karl, Nicholls and Ghazi,
1999; Peterson et al.,, 2001). Similarly, heatwaves are important climatic
phenomena that impact human health (Simon et al., 2005; Fouillet et al., 2006;
Faye et al., 2021; Belj al.J 20p2%; hgwever, there is no universal
definition of heatwaves (McCarthy, Armstrong and Armstrong, 2019; Faye et al.,
2021), limiting the comparability of several studies. In general, a heatwave is
understood as a period of days of unusual high temperatures during summer
season. The World Meteorological Organisation (WMO) provides a definition of

a heatwave as

fa period of marked unusual hot weather ove
least three consecutive days during the warm period of the year based

on local climatological conditions, with thermal conditions recorded

above gi ven(WordMeteolological ©rganization, 2016).

This definition standardises the period of time and recognises the role of
local climatology on potential effects on human health; however, it does not
specify the thresholds to be surpassed.

One limitation of these TCls is that they are based on AAT, representing
only outdoor temperatures. This contrasts with the evidence that people tend to
spend most of their time indoors (Brasche and Bischof, 2005; Schweizer et al.,
2006) and the exposure to and potential impacts of AAT could be different.
Nevertheless, estimations of indoor temperatures at regional or national levels

are very limited.
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3.7.3. Temperature-related health outcomes

As mentioned before, exposure to extremes of AAT affects BCT and might
potentially lead to cold or heat stress and the associated physiological alterations.
These alterations are generally known as temperature-related or climate-related
causes of morbidity and mortality and are associated with exposure to natural

heat or cold, excluding other human-made sources.

Scientific evidence has shown that the relationship between AAT and

o
=

morbidity and mortalityisnon-l i near and tends to fo
(Figure 3.1), where morbidity or mortality increases below or above certain AAT
values (Basu and Samet, 2002; Gasparrini et al., 2015; Scovronick et al., 2018;
Kephart et al., 2022). These values have been named as minimum
mortality/morbidity temperature and, along with the relationship shape, both
change depending on the geographical location, population acclimatisation and
adaptation (Yin et al., 2019; Zhang et al., 2019; Tobias et al., 2021), as well as
the temperature index under analysis. Complementary, temperatures associated
with higher morbidity and mortality rates have been called fmon-optimal
temperaturesd®, however, this definition has been mainly based on specific
statistical analyses and not on biometeorological evidence, being highly
influenced by the type and quality of data as well as the statistical method used.
Finally, when analysing only cold- or heat-related outcomes, the relationship
would change because only one area of the plot is under analysis, which might

miss the full complexity of temperature-mortality relationships.

Mortality
Mortality

Temperature Temperature

Figure 3.1 Examples of temperature-mortality relationships.

19 Defined as iabove (high temperature) or b e-¢pecific (| ow
theoretical minimum-risk exposure level, or the temperature associated with the lowest mortality
r at @israshah et al., 2022).
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It is important to highlight that the temperature-mortality and temperature-
morbidity relationships do not only depend on the characteristics of the hazard,
but also on the degree of population exposure, vulnerabilities, and adaptation to
the hazard (Cutter, Boruff and Shirley, 2003; Kelman et al., 2016). Nonetheless,
these three components are often partially considered when estimating the risk
of disease or death to heat or cold, and vulnerabilities are often reduced to
biological factors, such as age or gender (Son, Liu and Bell, 2019; Romanello et
al., 2022).

Another characteristic of the relationship between AAT and health
outcomes is that generally there is clear seasonality in both. In general, morbidity
and mortality increase in winter and decrease in summer due to cold-induced
activation of sympathetic nervous system and second the renini angiotensini
aldosterone axis (Goel et al., 2022); however, depending on the specific
geographic area, age group, and causes under analysis, this pattern could
change (Stafoggia et al., 2009; Office for National Statistics, 2021). Finally, when
analysing daily outcomes, it is important to consider potential lags between the
exposure and the outcome. Based on the evidence, the effects of cold could be
spread over the following days after the exposure (7 to 21 days), while the effects
of heat might be more immediate (O to 2 days) ( Lubczy Es k a, Christophi
Lelieveld, 2015). These lags should be considered when analysing daily data,
although they are typically much more difficult to detect using monthly or annual
data (Huang, Wang and Yu, 2014; Pascal et al., 2018; Arbuthnott et al., 2020).

From a biomedical perspective, two groups of temperature-related
diseases can be identified. First, cold-related diseases are pathological
processes associated with low AAT. Hypothermia and frostbite are included in
this group; however, underlying pathophysiological processes induce
physiological changes, such as increased blood viscosity and heart rate, which
in turn, trigger other diseases not usually recognised as cold-related diseases
(Beker et al., 2018; Danzl, 2018b). Second, heat-related diseases are
pathological processes associated with high AAT. In this case, heat syncope,
heat cramps, heat exhaustion, heatstroke, and hyperthermia have been
recognised as heat-related diseases (Beker et al., 2018; Danzl, 2018a). The

extent to which individuals suffer from these diseases largely depends upon
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individual susceptibility factors and other vulnerabilities rather than only specific

cut-off points of, for example, daily mean temperature.

Due to the increased awareness of the potential effects of climate change
and increasing AAT on human health, an important body of scientific evidence
has been generated to understand the role of low or high ambient temperatures,
AAT extremes, non-optimal temperature, and TCIls on human morbidity and
mortality (Huynen et al., 2001; Gaspatrrini et al., 2015; Zhang et al., 2019; Zhao
et al., 2019; Weinberger et al., 2020; Kephart et al., 2022). Nevertheless, overall
comparison of health outcomes is difficult due to different definitions of the
exposure and outcomes, methods, covariates (e.g., air pollution or
socioeconomic status), and timeframes. Therefore, the consistency and
coherence of all the studies should be considered and analysed to obtain a

general perspective of the relationship and potential outcomes.

According to the Global Burden of Diseases, Injuries, and Risk Factors
Study (GBD), non-optimal temperature was associated with 1.96 million (95%CI
1.71 - 2.21) deaths in 2019, being the 11™ risk factor for deaths due to
cardiovascular, chronic respiratory, diabetes, and kidney diseases (Vos et al.,
2020). However, these global estimates were obtained by extrapolating
information from eight countries only, which could limit its reliability and

extrapolation to other regions.

Another global study estimated that the mortality attributable to non-
optimal temperatures between 1985 and 2012 was 7.71% of total deaths, where
most of it was attributed to cold temperatures. This study considered mean daily
temperature as the main exposure and included information from specific
locations in Australia, Brazil, Canada, China, Italy, Japan, South Korea, Spain,
Sweden, Taiwan, Thailand, the United Kingdom (UK), and the United States of
America (USA), covering different time periods for every country (Gasparrini et
al., 2015). Although, this study is one of the first studies that studied mortality risk
attributable to high and low ambient temperature in several countries and cities,
the extrapolation of this information to other countries and even worldwide is
limited because of the specific geographical locations and time periods included.
Additionally, the use of one temperature value based on the theoretical minimum-
risk exposure level to define cold or heat exposure, as well as the 2.5 and 97.5"

percentiles of temperature distribution as exposure to extreme temperatures are
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not aligned with biometeorological global recommendations in terms of

temperature indices relevant to human health (Freitas and Grigorieva, 2017).

Yet another global study found that between 2000 and 2019, 9.43% and
0.91% of all deaths were cold- and heat-related, respectively. In this case,
temperature-mortality associations and location-specific estimates were
calculated, and then grid-specific temperaturei mortality associations were
predicted (Zhao et al., 2021). One limitation of these global and national
estimations is related to selection bias because very specific locations (land-
based monitors) in each country were considered. Therefore, the global
estimates should be analysed considering that locations from the northern
hemisphere are overrepresented in comparison to the southern hemisphere. This
problem is also replicated within countries in this study. For example, in Chile,
only four cities from the central zone were included. This sample might introduce
some biases in the temperature-mortality relationship and limit the generalisation
to the whole country because Chile has an important north-south and east-west
temperature gradient; therefore, the relationships are different in the north,
central, and south zones. Another limitation, and similar to the previous study, is
that mean ambient daily temperature was considered which could limit the

evaluation of extreme temperatures.

Other regional and national studies have found that cold-related deaths
might be declining (Office for National Statistics, 2021); however, mortality and
morbidity rates associated with cold temperatures still exceed those associated
with heat (Zhao et al., 2021; Gasparrini et al., 2022; Wan et al., 2022), likely due
to social vulnerabilities and lack of preparation to deal with cold in some
geographical areas. Another important aspect to consider is that the overall adult
mortality rate has been decreasing over time in most countries (World Health
Organization, 2018). This could be associated with improvements in social and
other health-determining sectors, such as infrastructure, transport, energy, or

housing (Carson et al., 2006).

One general limitation with the analysis of temperature-related health
outcomes, and probably the main reason why studies have considered optimal
or non-optimal temperatures, is that the identification of heat or cold as causes of
diseases or deaths is very limited. These causes are generally underreported in

medical records due to the difficulty of attributing AAT to diseases or due to a lack
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of awareness of the role of AAT extremes on human health. Additionally, changes
in AAT or AAT extremes might worsen pre-existing comorbidities, including
cardiovascular, respiratory, metabolic, and renal diseases; therefore, these
comorbidities are usually identified and recorded as the main cause of the
disease or death. This situation affects medical treatment and consequent
prevention measures at individual level, but also biases population health

statistics and subsequent public health policies.

3.7.4. Cardiovascular health outcomes and ambient temperature

In general, cardiovascular diseases (CVDs) comprise disorders of the
heart and blood vessels, including hypertension, coronary heart disease,
cerebrovascular disease, peripheral arterial disease, heart failure, among others.
In 2019, CVDs were the leading cause of death and disability-adjusted life years
(DALYSs) globally, where ischemic heart disease and stroke were responsible for
the most part of them (Vos et al., 2020). In Chile, these disorders were the second
cause of deaths in 2019 (after neoplasms). From 1990 to 2016, cardiovascular
deaths represented, on average, 25% of total deaths (Troncoso-Pantoja et al.,
2020; Ministerio de Salud - Chile, 2022b).

There is no specific cause for CVDs and multiple modifiable and non-
modifiable risk factors are commonly reported in cardiovascular care guidelines,
such as age, high serum cholesterol, smoking, physical inactivity, diabetes,
obesity, among others (Hajar, 2017; Flora and Nayak, 2019; Roth et al., 2020).
Nonetheless, environmental factors, whether natural or human-induced, are often
not described as cardiovascular exacerbating factors, but might increase the risk
of causing physiological responses that trigger acute cardiovascular events. Also,
CVDs have been characterised according to circadian cycles, seasons, and
sunlight (Goel et al., 2022; Minzel et al., 2022).

It is well known that low and high temperatures are factors that could
increase the likelihood of cardiovascular morbidity and mortality, especially
among vulnerable people (Khraishah et al., 2022). Extreme low or high
temperatures can trigger physiopathological reactions that exacerbate existing
cardiovascular comorbidities, ending in cardiovascular events (Beker et al., 2018;

Goel et al., 2022). For example, if people with hypertension are exposed to a
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heatwave event and lack adequate adaptive capacity, they can develop a
hypertensive crisis, potentially leading to more complex health outcomes. In that
case, this event would be primarily classified as a cardiovascular event.
Additionally, some medications and their effect on the organism could trigger
exacerbated physiological alterations. For example, diuretics might enhance

some dehydration effects, potentially leading to water-electrolyte imbalances.

Based on scientific literature, approximately 20% of CVD deaths could be
attributable to non-optimal temperatures, with a higher burden associated with
cold rather than heat (Shrikhande et al., 2022); however, this estimate might vary
by the geographical area and population under analysis, as well as the data and
statistical analysis performed.

Overall, CVD deaths attributable to cold are approximately two to three
times the CVD deaths attributable to heat (Yang et al., 2015; Huang, Tan and Yu,
2017; Moghadamnia et al., 2017; Zhang et al., 2019; Saucy et al., 2021; Alahmad
et al., 2022; Lv et al., 2022; Shrikhande et al., 2022). Also, different magnitudes
in mortality and morbidity are seen depending on gender, age, and
socioeconomic factors. For example, in Spain, warmer temperatures increase
CVD risk among women, while lower temperatures increase CVD risk among
men, and even more among older men (Achebak, Devolder and Ballester, 2019).
Additionally, in Switzerland, older women with lower socioeconomic position and
education are at higher risk for heat-related mortality (Saucy et al., 2021). Similar
results were seen in 106 cities in the USA, where urbanisation, age, ethnicity,
and socioeconomic status modified the effect of AAT on cardiorespiratory
mortality (Zhang et al., 2019).

Diverse estimates have been published in relation to mortality and
hospitalisation risks associated with low AAT or cold days. Although they vary in
magnitude, the overall association shows that the lower the AAT, the higher the
risk of hospitalisations for coronary heart disease, acute myocardial infarction,
stroke (Bai et al., 2018), and cardiovascular mortality (Moghadamnia et al., 2018).
Nonetheless, the actual magnitude of the estimate from different studies is
difficult to compare due to the diverse methodologies chosen to, for example,

define cold days.
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Regarding heat, it has also been considered a contributing factor to CVD
morbidity and mortality (Phung et al., 2016; Moghadamnia et al., 2017; Jingwen
Liu et al., 2022), especially among susceptible elderly people and those with pre-
existing comorbidities (Bunker et al., 2016). It has been observed that high
temperature during the day and night have been associated with higher CVD
mortality rate among people, especially men over 60 years old (Majeed and
Floras, 2022).

Overall, it has been estimated that 0.42% of total deaths between 1985
and 2015 were attributable to heat in 13 countries; nonetheless, results between
cities were highly heterogeneous (Gasparrini et al., 2015). Another study found
that increasing maximum apparent temperature was associated with higher
hospital admissions due to respiratory diseases, especially among older people
in Mediterranean and North-continental cities in Europe (Michelozzi et al., 2009).
Similarly, two meta-analyses estimated that heat exposure was associated with
higher overall risk of cardiovascular disease mortality; however, the
heterogeneity of the included studies was very high, confirming the diverse nature
of studies in the field (Moghadamnia et al., 2017; Jingwen Liu et al., 2022).

Over time, the risk of CVD hospitalisations associated with high
temperatures has increased, especially among men, but cold effects has showed
a decreasing trend from 1995 to 2016 (Lu et al., 2020, 2021). Nevertheless,
contrasting evidence has shown that in Spain, cardiovascular deaths attributable
to heat have decreased by 42.06% for men and 36.64% for women during 2002-
2016 in comparison to 1980-1994 (Achebak, Devolder and Ballester, 2019),

possibly due to different adaptive responses or acclimatisation of the population.

Heatwaves have had varied effects globally; however, strong and lengthy
events have been associated with higher CVD morbidity and mortality, increasing
the risk of ischaemic heart disease, stroke, and heart failure (Cheng et al., 2019).
During the summer heatwave event in 2003 in Europe, which was very likely to
be exacerbated by human-induced climate change (Stott, Stone and Allen, 2004),
more than 70,000 additional deaths occurred in comparison to 1998-2002 period
(Robine et al., 2008). In France, approximately 15,000 additional deaths were
recorded alone (Fouillet et al., 2006) and in England and Wales, this number was
approximately 2,000 excess deaths (Johnson et al., 2005). In 2022, several

heatwave events occurred worldwide. Analyses from the UK Health Security
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Agency and the Office for National Statistics (ONS) revealed that there were
between 1,000 and 3,000 excess of deaths associated with the heatwave events
that occurred during July and August 2022 in the UK (Office for National Statistics
and UK Health Security Agency, 2022).

Most of the recent studies on the effects of AAT on cardiovascular
outcomes have followed a similar methodology that includes distributed lag non-
linear models and defines cold or heat exposure based on the theoretical
minimum-risk exposure level (Giang et al., 2014; Gasparrini et al., 2015;
Lubczy E&ska, Christophi and Lelieveled, 2015; F
al., 2018; Moghadamnia et al., 2018; Alahmad et al., 2020, 2022; Lu et al., 2021;
Saucy et al., 2021; Lv et al., 2022; Shrikhande et al., 2022). Also, other studies
arbitrarily established extreme cold or heat temperatures based on the 1" or 99t
percentile of daily mean temperature distribution. These different definitions of
exposure make these studies not fully comparable and have not formally been
tested to be reliable as indices for AAT exposure (Kang et al., 2021; Alahmad et
al., 2022).

Another limitation of the studies is related to the use of daily mean
temperature as the main variable of exposure, assuming that it is a representative
proxy to population exposure to daily and night temperatures ( Lubczy Es k a,
Christophi and Lelieveld, 2015; Moghadamnia et al., 2017; Bai et al., 2018). This
assumption could not be completely correct since physiological triggering
mechanisms of CVD can be associated with temperature extremes rather than
average temperatures. Other studies have further advanced and considered
other variables, such as apparent temperature (Michelozzi et al., 2009;
Moghadamnia et al., 2018; Shrikhande et al., 2022).

Finally, another limitation of some studies is related to the spatial
manipulation of the data and subsequent analyses. For example, some studies
take daily mean temperatures from a few land-based monitors and spatially
extrapolate those values over an extended geographical area by averaging those
values (Giang et al., 2014; Alahmad et al., 2020, 2022). This final temperature
might not be representative of population exposure in other geographical areas

and biases the results.
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Overall, based on the evidence and considering i) the high prevalence of
CVDs among population worldwide, ii) the relationship between CVDs and
ambient temperature, and iii) that climate change scenarios are associated with
higher ambient temperatures and higher frequency of extreme events (e.g., hot
days and heatwaves), it is expected that cardiovascular morbidity and mortality
rates would substantially change in the future with magnitudes depending on
future population dynamics (e.g., ageing), population adaptation, and health

status.

3.7.5. Cardiovascular and temperature-related health outcomes associated
with AAT under climate change scenarios

Based on previous information and global evidence that has estimated that
about 37% of warm-season heat-related deaths can be attributed to climate
change (Vicedo-Cabrera et al., 2021), diverse studies have estimated CVD and
temperature-related health outcomes under different climate and adaptation

scenarios up to 2100, following similar methodological steps.

Overall, the first step is to establish the historical relationship between
health outcomes and AAT through statistical models and exposure-response
functions (ERF), which are then used to obtain expected values of the health
outcomes associated with new values of AAT under projected climate scenarios.
In general, the statistical models include quasi-Poisson or negative binomial
regression models, generalised linear models (GLMs), and distributed lag non-

linear model.

It is worth noting that the expected health outcomes are influenced by the
historical data and statistical models used, as well as the assumptions made
during the analysis. Additionally, several studies have analysed health outcomes
using different adaptation scenarios in order to include the effect of hypothetical
changes or social adaptation measures to climate change in the future. However,
several assumptions are considered in terms of population dynamics,
development trends, and policy measures that might not necessarily represent
future actions or measures; therefore, these scenarios and the resulting health

estimates should be carefully analysed.
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Overall, some methods and assumptions to obtain expected health
outcomes vary, limiting the comparability of studies; therefore, the overall
appraisal of the impacts is mainly based on the coherence and consistency of

studies.

Studies have used diverse climate change and socioeconomic scenarios
over time depending upon the degree of development and global use of these
scenarios. Most of the studies have analysed the emissions and socioeconomic
scenarios used by the IPCC in its reports, including Special Report on Emissions
Scenarios (SRES) (Hajat et al., 2014), Representative Concentration Pathways
(RCPs) (Li et al., 2015; Guo et al., 2018; B. Zhang et al., 2018; Lee et al., 2019;
Wang et al., 2022), and Shared Socioeconomic Pathways (SSPs) (He et al.,
2022; Stalhandske et al., 2022). Although these scenarios are not completely
equivalent between them (see Appendix 2.2) studies have consistently found an
association between cold- and heat-related health outcomes and the type of

emissions and socioeconomic scenarios.

Another characteristic of these studies is given by the climatological data
used. On one hand, most of the evidence has used daily mean ambient
temperature, which might have some limitations in capturing the effects of
temperature extremes. Also, historical ERFs have been analysed based on
optimal/non-optimal temperatures, which might change according to population
adaptation and acclimatisation; therefore, this relationship cannot be fully
applicable to other scenarios (Li et al., 2015; B. Zhang et al., 2018). On the other
hand, some studies have used historical climatological data based on specific
land-based monitors, but then they used gridded products for climate projections,
generating a mismatch between data sources and their intrinsic measurement
characteristics (e.g., variability and errors). Studies using this approach are
further analysed in the following paragraphs.

The use of unique land-based monitors might limit the evaluation of
population exposure to specific temperatures. To cope with this situation, some
studies have extrapolated or averaged climatological information from some
monitors over a geographical area (Alahmad et al., 2022; Lv et al., 2022), which
might not completely capture population exposure accurately. Other studies have
taken another approach that involve the analysis of population-weighted

exposure level (PWEL), which takes into account the spatial distribution of
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population and the factor of exposure (Zhang et al., 2020). Comparative analyses
have shown that this approach has some advantages in evaluating population
exposure more realistically (Hanigan, Hall and Dear, 2006; de Schrijver et al.,
2021).

A study that used data from the UK showed that heat-related deaths would
increase by more than 200% (approximately 7,000 heath deaths in net values)
and cold-related deaths would decline by 2% (approximately 40,000 heath deaths
in net values) by the 2050s, compared to 2002 baseline mortality in absence of
any adaptation measure (Hajat et al., 2014). The heat and cold exposure
thresholds were determined by statistical models and main exposure was the
daily mean ambient temperature from SRES A1B (see Appendix 2.2). This study
did not use standard climatological thresholds; thus, comparison with other

studies is difficult to assess.

Similarly, another study found that in three Canadian cities (Montréal,
Québec City and Saguenay), mortality in summer would increase but slightly
decrease in autumn and winter by 2080 in comparison to historical mortality.
Considering daily mean ambient temperature, mortality in summer would be
slightly higher for SRES A2 than B2 (see Appendix 2.2) in all cities (Doyon,
Bélanger and Gosselin, 2008). One important aspect to analyse is that this study
used historical meteorological data from airport stations (land-based monitors) to
model the relationship between mortality and AAT, and then used GCMs and
downscaled temperature data for projections. This mismatch between modelled
historical data and projections could lead to biases in the estimates that need

further analysis.

Finally, a study in New York, USA, found that 16 downscaled climate
models projected warm-season increases and cold-season decreases in
temperature-related mortality considering daily maximum temperature under
SRES A2 and B1 (see Appendix 2.2). Similar to the previous study, data from a
station at Central Park in New York, USA, were taken for historical analysis and
data from a downscaled GCM grid box corresponding to Central Park were used
for projections. Additionally, historical analysis was performed using daily data,
but projections were based on monthly data (Li, Horton and Kinney, 2013),
potentially leading to misspecifications in the modelling. Unfortunately, the

methodology for the analysis of daily and monthly data is not described in depth.
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Considering RCPs, most of the studies have shown an increase in heat-
related mortality and a decrease in cold-related mortality (Heaviside et al., 2016;
B. Zhang et al., 2018). The burden of temperature-related health outcomes would
depend on the scenario, but in general, RCP8.5 is associated with higher rates
of CVD and heat-related mortality compared to RCP2.6 (Stalhandske et al., 2022)
and RCP4.5 (Li et al., 2015; Lee et al., 2019). Overall, this burden is consistent
with the anticipated effects of increased warming associated with higher levels of
GHG emissions in RCP8.5 compared with RCP2.6. Nonetheless, most of these
studies have the mismatch between land-based monitors and gridded projections
based on GCMs, as well as daily historical data and monthly projections of AAT.
The methodology to manipulate these spatial and temporal differences is

scarcely described.

A limited number of studies have analysed expected health outcomes
under the more recent SSPs mainly because of the ongoing development of
models with those projections. Some studies have analysed these scenarios from
a theoretical perspective (Ebi, 2014; Sellers, 2020).

Added to the studies that have analysed daily mean ambient temperature
(Li et al., 2015; Heaviside et al., 2016; B. Zhang et al., 2018), others have
considered daily maximum ambient temperature, diurnal temperature range
(DTR) (Lee et al., 2020), hot nights, and heatwaves; however, most of them have
used their own definition of these temperature indices. For example, a study that
considered 28 cities in East Asia found that the risk of mortality increases
between 30% and 50% during hot nights compared to non-hot nights. In this case,
the threshold for a hot night was considered to be the 95™ percentile of daily
minimum temperatures during historical periods (1981-2010). The mortality rate
would be higher under SSP2 compared to SSP1 (see Appendix 2.2) (He et al.,
2022), consistent with the anticipated effect of the increased warming associated
with those pathways.

A global study that included 20 countries/regions found that the largest
increases of heatwave-related excess mortality are expected to occur in tropical
and subtropical countries, while smaller increases will be observed in European
countries and the USA, under all RCPs and without taking any adaptation
measures. In this case, city-specific heatwave events were defined as at least

two consecutive days with daily mean temperature exceeding the 95™ percentile
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of the year-round daily temperatures of that city from recent date (Guo et al.,
2018). Although it applies a consistent definition of heatwaves across all cities,
the use of daily mean temperature still might not be capturing extreme events,

associated, for example, with maximum temperatures.

A study that considered nationally customised climate and adaptation
scenarios in the Netherlands found that, without adaptation, climate change
would result in a decrease in cold-related mortality and an increase in heat-
related mortality by 2050, with cold-related mortality outweighing heat-related
mortality. Depending upon the adaptation scenario, these rates would slightly
change (Huynen and Martens, 2015). These estimates were also obtained based

on non-optimal temperatures using daily mean temperature.

Another study in Augsburg, Germany, used specific limits of global
warming as scenarios and found that a scenario that limits warming below 2°C
(low emission scenario) would lead to a decrease in myocardial infarction cases,
but these cases would increase if global warming passes 3°C (Chen et al., 2019).
Although this study captured changes in global warming, it also included several
assumptions in relation to population structure and dynamics that might not be

completely accurate.

Overall and despite the different methodological approaches and variables
under analyses, studies are consistent and coherent in producing qualitatively

similar conclusions in terms of ambient temperature and human health.

3.7.6. Cardiovascular and temperature-related health outcomes associated
with AAT under climate change scenarios in Chile

Regarding information focusing in Chile, there are a couple of studies that
have assessed the association between CVD and temperature-related health
outcomes and AAT, most of them generated by the Multi-Country Multi-City
(MCC) Collaborative Research Network (https://mccstudy.lshtm.ac.uk). As

mentioned before, most of these studies have taken mean daily temperature data

from land-based monitors located in one to four cities, which might not completely

represent actual population exposure. Nonetheless, a study that compared

climate change due to natural forcings versus anthropogenic forcings found that,

between 2004-2014, the annual average heat-related number of deaths
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attributed to anthropogenic climate change was 5 in Chillan (95%CI 1 - 11); 136
in Santiago (95%CI 54 - 255), 2 in Temuco (95%CI 0 - 6), and 6 in Valparaiso
(95%CI -1 - 14) (Vicedo-Cabrera et al.,, 2021). These estimates might be
analysed carefully since temperature data were taken from one station in each

city, potentially misrepresenting population exposure.

In terms of cold- and heat-related mortality under RCPs, a negative net
excess mortality between 0% and -0.3% would occur under RCP2.6, RCP4.5,
and RCP6.0 for the 2050-2059 and 2090-2099 periods compared to 2010-2019
period. However, under RCP8.5, cold-related mortality would decrease and heat-
related mortality would increase, resulting in a potentially net-zero excess
mortality for the periods 2050-2059 and 2090-2099 compared to 2010-2019
period (Gasparrini et al., 2017). This is one of the first studies to analyse expected
health outcomes under RCPs scenarios; however, it has similar limitations as
aforementioned studies in relation to the use of mean daily temperature,
generalisation of results based on limited land-based monitors, and mismatch
between climatological data sources.

Another study coming from the same MCC research network analysed the
effects of heatwaves on health outcomes in Santiago, Chile. Considering a
hypothetical adaptation scenario (defined based on future heatwave threshold),
it estimated an increase of between 25% and 100% in all-cause deaths related
to heatwaves in Chile by 2031-2080 in comparison to 1971-2020 (Guo et al.,
2018). Nonetheless, this study included data from 2008 to 2014, from one single
weat her station (Parque OO6HiIiggins);

considered representative of the entire country, or even the entire city.

A national study analysed the expected hospitalisation rate due to non-
accidental causes associated with mean daily temperature under SRES A1B (see
Appendix 2.2) by 2099. Overall, it concluded that hospitalisation rates would
increase, with magnitudes depending on the city and time period under analysis.
Although this study is one of the first studies that analysed hospitalisations, it has
several methodological limitations. First, it included only eight municipalities
(Arica, Antofagasta, La Serena, Santiago, Concepcion, Temuco, Puerto Montt,
and Punta Arenas); therefore, the results cannot be extrapolated to other
geographical areas. Second, the analyses included data for all ages, disregarding
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the effects of age on hospitalisations and specific causes, which might affect the
final results (GreenLabUC, 2012).

The Ministry of Health in the Health National Adaptation Plan have
described potential impacts of climate change on health outcomes (Ministerio de
Salud - Chile and Ministerio del Medio Ambiente - Chile, 2017), but all of these
have been mainly based on international literature and no actual data analysis
has been conducted.

3.8. Chapter summary

This chapter provided an overview of key concepts related to population
health and the environment, along with central evidence about the climate system
and climate change. It also transitioned to the connections between population
health and climate change, focusing on the impacts of changes in ambient
temperature and the health outcomes under projected climate scenarios. Overall,
this chapter aimed to offer a foundation for understanding the complex interplay

between climate change and population health.

As presented, Chilean information on the relation between climate change
and population health is very limited and outdated. The information provided by
the MCC Network only captures four cities in the central zone of Chile, restricting
a national perspective. Additionally, despite the information on hospitalisations
considers eight very populated cities distributed throughout Chile, it is projected
based on outdated scenarios (i.e., SRES), which potentially misrepresent some
characteristics of climate projections. In this sense, for the evidence on this area
to be policy-relevant and scientifically sound, there is a need for new analyses
that consider the whole country, taking into account the geographical diversity of
it as well as the population composition of different regions as the health

outcomes may differ.

The next chapter addresses the general objective 1 of this thesis and is
focused on a systematic review of population health indicators related to climate

change and a suitability analysis for Chilean public health surveillance system.
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Chapter 4. Population health indicators related to
climate-related hazards for public health surveillance: A

systematic review and suitability analysis

4.1. Chapter overview

This chapter presents an analysis of population health indicators related
to the impacts of climate-related hazards that are suitable for public health
surveillance in Chile (general objective 1, see Section 1.3). Overall, two main
steps were followed. First, a systematic review was conducted to
comprehensively analyse the range and quality of global evidence on population
health indicators related to the impacts of climate-related hazards. Second,
indicators identified from the systematic review were analysed according to

relevant criteria for public health surveillance considering the Chilean context.

4.2. Introduction

As mentioned in Chapter 3, climate-related hazards significantly influence
population health, leading to potential health outcomes modified by population
vulnerability factors. To effectively plan and implement public health policies
aimed at mitigating the health risks associated with climate-related hazards, it is
crucial to have a comprehensive understanding of the proportion and
characteristics of the population exposed to climate hazards, vulnerability factors,

and the health outcomes associated with these hazards.

Public health surveillance (PHS), as an essential function of public health
(Pan American Health Organization, 2020), plays a vital role in providing timely
and consistent population health data and information. These inform community
interventions, programmes, and policies according to social contexts (Smith et
al., 2013; Thacker and Stroup, 2013; Detels et al., 2021). To fulfil its purpose,
PHS relies on high-quality data and indicators, with morbidity and mortality being

the most commonly used measurements.

To enhance the understanding of how population health indicators vary in

response to environmental changes, including those related to climate-related

85



hazards and climate change, it is crucial to analyse the intersection between
these indicators and specific environmental factors. This results in specific
environmental health indicators that are further examined under environmental

public health surveillance (EPHS) systems.

Historically, EPHS systems have included population exposure to specific
chemicals and pesticides, radiation, heavy metals, and air, water, and soil
pollution (Joas et al., 2018). However, the growing evidence of links between
population health and climate change have led to new indicators of exposures
and hazards such as climatic and meteorological factors (UK Health Security
Agency, 2022).

A global initiative that reports indicators on climate change and population

health is the Lancet Countdown (www.lancetcountdown.org) (Watts et al., 2015).

Although this initiative gathers and analyses important information on the topic,
the indicators aggregate information from different countries, potentially missing
local aspects (e.g., geographical features and social vulnerability) that modify
population health outcomes, and therefore, limiting their applicability at local
levels. In contrast, other local EPHS systems have integrated climate change in
their frameworks; for example, in Australia (Y. Zhang et al., 2018), the USA
(Centres for Disease Control and Prevention, 2020), England (Ffoulkes et al.,

2021), and New Zealand (Environmental Health Intelligence New Zealand, 2022).

In Chile, the PHS systems scarcely include a wide and comprehensive
environmental perspective, and there is not a well-integrated EPHS system that
include climatic and meteorological factors. As an example, the first Health
National Adaptation Plan (HNAP) proposed the creation of a set of indicators that
may support PHS in relation to climate hazards (Ministerio de Salud - Chile and
Ministerio del Medio Ambiente - Chile, 2017); however, there is limited progress
up to 2023. At present therefore, much of the evidence used by Chilean public
health agencies in relation to climate change and population health comes from

international sources due to the limited analysis of national and local data.

This national scenario along with a lack of detailed and systematic
information on population health indicators that can support EPHS systems
undermines public health policymaking, potentially increasing the risk of negative

population health outcomes. Additionally, despite the existence of global and
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other international indicators, the combination of different data sources and
surveillance systems, as well as the inherent uncertainties and variability of the
data, makes it hard to identify indicators that are relevant and suitable for use in
Chile.

4.3. Research question and objectives

Based on the evidence previously mentioned, the question that motivates
this chapter is, fwhich population health indicators have been proposed and used
to assess the impacts of climate-related hazards on population health under
climate change? If there are population health indicators, which ones may be

suitable forthe publicheal t h surveill ance system

As it was presented in Section 1.3, this chapter aims to analyse population
health indicators that inform about the impacts of climate-related hazards on
population health under climate change and that are suitable for public health
surveillance in Chile. The specific objectives are:

1 To systematically examine the range of population health indicators
related to the health impacts of climate-related hazards already
published in the literature.

1 To determine which population health indicators extracted from the

systematic review are suitable for public health surveillance in Chile.
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4.4. Background

This section briefly presents essential information on PHS systems and
EPHS systems in order to understand their main characteristics and relevance of
them for population health. Also, this information is the basis for the suitability

analysis and design of the subsequent study (see Chapter 5 and Chapter 6).

4.4.1. Public health surveillance
Public health surveillance (PHS), as an essential function of public health

(Pan American Health Organization, 2020), is defined as

Athe ongoing, systematic coll ecti
health data, essential to the planning, implementation and evaluation

of public health practice, closely integrated with the dissemination of
these data to those who needto knowandlinked t o pr event i
(Thacker and Berkelman, 1992)

Ultimately, PHS aims to provide decision-makers with timely and
consistent information that can guide public health interventions, programmes,
and policies in accordance with social contexts (Smith et al., 2013; Detels et al.,
2021). The most common specific objectives include to estimate the magnitude,
spatial, and temporal distribution of health outcomes; identify the natural history
of diseases; detect disease outbreaks of public concern; characterise and
evaluate epidemics, endemics or pandemics; evaluate the effect of control
measures; and temporally monitor new health conditions and health events in the

population (Lash et al., 2021).

Although there is no standard framework for PHS, some general attributes
have been described to effectively support public health efforts. For PHS to
achieve its purpose, it should be based on high-quality, accurate, and complete
data and analyses. If data collection and analyses are not reliable, clear, and
standardised, the insights that can emerge from the data may be misleading and
affect decision-making. Additionally, unlike information for research purposes, the
information for surveillance is aimed to inform public health actions (Thacker and

Stroup, 2013), and therefore, it should also meet other policy-relevant criteria.
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PHS should be sensitive, able to identify targeted events (cases) if a rapid
response is needed and be consistent but flexible and adaptable over time. As
PHS is time-consuming and uses an important range of resources, it should be
secure, simple, comprehensible, interoperable across different data sources, be
accepted by users, and add value to decision-making (Groseclose and
Buckeridge, 2017; Detels et al., 2021; Lash et al., 2021).

Historically, PHS has been developed for infectious diseases (World
Health Organization, 2016; Lash et al., 2021). However, with changes in
demographic and epidemiological population profiles, as well as the emergence
of different hazards and new technologies, PHS has expanded to incorporate
new areas and indicators. Information on injuries, non-communicable diseases
(e.g., diabetes, hypertension, and cancer), lifestyle factors (e.g., tobacco and
alcohol use), and environmental hazards (e.g., air pollution, metals) is now part

of several PHS systems worldwide (Groseclose and Buckeridge, 2017).

Complementary, there are different strategies of surveillance to effectively
monitor population health. On one hand, the sanitary authority can receive reports
of cases with defined health outcomes that come from healthcare institutions
(passive surveillance) or can actively seek information on cases with defined
health outcomes in the community (active surveillance). On the other hand,
depending on the main source of information and how this information is
collected, this surveillance can be mandatory (every diagnosed or suspected
case is informed), sentinel (a sample of healthcare centres report all cases),
syndromic (based on signs and symptoms instead of diagnosed cases), or
laboratory-based (laboratories reports) (Nsubuga et al., 2006; Detels et al., 2021;
Lash et al., 2021). Other sources, such as population-based surveys, vital
records, and health records are also used to inform PHS and public health actions
(Nsubuga et al., 2006).

4.4.2. Public health surveillance in Chile

In Chile, the sanitary authority is responsible for PHS as a legal
requirement (Ministerio de Salud - Chile, 1968). There are different official PHS
systems implemented, which mainly cover communicable and non-

communicable diseases.
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Regarding communicable diseases, specific ones are subject to
mandatory notification, including immediate and daily notification, as well as
sentinel notification. Additionally, there are laboratory-based surveillance of
specific and pre-defined microbiology agents, as well as surveillance for
antimicrobial resistance (Ministerio de Salud - Chile, 2004b).

In addition to communicable diseases, a few non-communicable chronic
and acute health conditions are under surveillance, including cancers (Ministerio
de Salud - Chile, 2002), pesticide poisoning (Ministerio de Salud - Chile, 2004a),
and chronic diseases and risk factors (e.g., physical inactivity, tobacco use)
(Ministerio de Salud - Chile, 2011). There are other specific surveillance
programmes focused on occupational health (Ministerio de Salud - Chile, 1999).

Regarding the communication of information in the Chilean systems, data
come from public and private healthcare centres, public health agencies (e.g.,
National Institute of Public Health and regional offices of the Ministry of Health),
National Institute of Statistics, National Meteorological Office, and other
ministries. Then, all these data are collected by the Ministry of Health and is
integrated and analyse considering different levels. The information that emerges
is then used to inform national or local health programmes.

4.4.3. Data and indicators for public health surveillance
PHS needs several well-defined elements, including valid and reliable data
sources, data, and indicators that can be then used to inform public health

decisions and actions.

Overall, there are different sources of data for PHS, including case to case
reports of notifiable diseases (immediate, daily, or weekly), laboratories reports,
health records (electronic or paper-based), emergency department visits records,
demographic surveys (e.g., censuses), vital records (birth and deaths
certificates), population-based registries (e.g., cancer, immunisations), and

population-based surveys, among others.

Because of the wide variety of sources and highly operator-dependent
data collection systems, one of the main challenges for PHS is to make all

sources compatible and interoperable between them to obtain useful and relevant
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information. For PHS, itis desirable that data sources and data collection systems
are complete, reliable and valid, periodic and sustainable over time,
representative of population, and allow a policy-relevant disaggregation level

(e.g., spatially and temporally as well as by age category, gender, ethnicity).

If data sources and data collection systems ensure good quality data,
different population health indicators can be obtained to inform and guide
subsequent public health decisions according to national and local priorities
(PAHO Special Program for health Analysis, 2001).

A population health indicator is a quantitative estimate of a well-defined
health attribute or characteristic in a specified population at a defined time (Porta,
2016a; Pan American Health Organization, 2018). These indicators should be
informative and context- and policy-relevant; clearly defined in terms of its
purpose, rationale, and calculation methodology (metadata); reliable and valid,;
easy to obtain and interpret; cost-effective to compile and apply; and feasible to
monitor (data available) and compare among different groups and over time
(Briggs, 1999; Institute of Medicine (US) Committee on Leading Health Indicators
for Healthy People 2010, 1999; PAHO Special Program for health Analysis, 2001;
Larson and Mercer, 2004; Pencheon, 2007; Pan American Health Organization,
2018).

Different types of population health indicators exist depending on the data
they use and their purpose and methodology, such as indicators of exposures to
specific factors (or hazards) and indicators of health outcomes. Regarding the

latter, indicators of morbidity and mortality are frequently used in PHS systems.

Morbidity indicators estimate the state and dynamics of diseases, injuries,
or disabilities in a specific population and can be expressed as prevalence or
incidence. Prevalence estimates the proportion of existing old and new cases of
a specific disease in a defined population in a specific time. It does not estimate
risk but informs about the burden of disease in a population and serves for
planning health services. Complementary, incidence estimates new cases of a
specific disease in a defined population in a specific time. It estimates the risk of
developing a new disease, and can be classified as incidence rate or cumulative

incidence depending on how the population was analysed (Celentano and Szklo,
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2019; Lash et al., 2021). Morbidity indicators need a clear definition of the health

outcome (case) as well as the population under analysis.

Mortality indicators are easier to calculate than morbidity indicators to
some &extent, as death S a ¢clear event
identification of the cause of death may still be difficult to establish. Mortality
indicators estimate the rate or magnitude of death in a specified population over
a period of time. Their calculation considers the number of deaths (all-cause or
cause-specific) that have occurred in a specified population during a defined
period of time over the total number of persons at risk of dying during the period

(Bonita, Beaglehole and Kjellstrom, 2006).

Finally, other measures of population health that combine data on mortality
and non-fatal health outcomes as a single indicator (composite indicators) include
health expectancy and health gaps. Health expectancy estimates the expected
age of death depending on health scenarios and population. Health gaps
indicators, such as disability-adjusted life years (DALYs) and quality-adjusted life
years (QALYSs), estimates the difference or gap between the actual health of a
population and an ideal health scenario (Murray, Salomon and Mathers, 2000;
Hyder, Puvanachandra and Morrow, 2012). Although they are commonly used in
population health research (Kassebaum et al., 2016; Augustovski et al., 2017;
Cassini et al., 2018), these indicators have some caveats, such as the high
complexity in their estimation and the difficult interpretation (Gold, Stevenson and
Fryback, 2002).

As population health indicators are usually used by decision-makers in
order to inform specific public health interventions or policies, the relationship
between these indicators and specific environmental exposures should be
analysed to better understand how population health indicators vary alongside
environmental changes. This in turn requires the development of specific
environmental health indicators that are analysed under environmental public

health surveillance systems.
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4.4.4. Environmental public health surveillance and indicators
The systematic collection, analysis, interpretation, and dissemination of
data linking environmental factors and human health is often performed by

environmental public health surveillance (EPHS) systems.

Overall, EPHS systems identify and monitor environmental hazards
(hazard surveillance), population exposure to these hazards (exposure
surveillance), and population health outcomes derived from the exposure
(outcome surveillance) (Thacker et al., 1996). Historically, the most common
hazards and population exposures under surveillance have been focused on
chemicals, pesticides, radiation, heavy metals, and air, water, soil pollution (Joas
et al., 2018). However, over the past decades, due to the growing evidence on
climate change and population health, as well as technology advances and
intersectoral collaboration, other climatic and meteorological factors have been

incorporated in national EPHS systems (UK Health Security Agency, 2022).

In Chile, there is not a comprehensive and well-integrated EPHS system.
Surveillance of environmental factors that affect population health is mainly
focused on air and water pollution and is mainly managed by the Ministry of the
Environment. There is one specific PHS system that is activated when floods,
tsunamis, earthquakes, volcanic eruptions, and/or droughts occur; however, the
information collected is only related to the final effects of these hazards on the
population, measured as mortality and morbidity (incidence of cases) (Ministerio
de Salud - Chile, 2010). Other factors or hazards, including those related to

climate change, are not well identified and integrated into PHS or EPHS systems.

Similar to PHS, EPHS needs clear data sources and indicators.
Environmental health indicators (EHIs) help describe and analyse the plausible
relationship between human health outcomes and exposure to environmental
hazards; for example, the burden of respiratory disease associated with air
pollution. They describe and help quantify the state of and trends in
environmental hazards, population exposure, and health outcomes in order to
inform decision-making processes (Kjellstrom and Corvaldn, 1995; United
Nations Environment Programme, United States Environmental Protection
Agency and World Health Organization, 1996; Bell et al., 2011). EHIs have been
definedasi An expression of the |link between

at an issue of specific policy or management concern and presented in a form
93



which facilitates I nt er pr et aUnitednNatiors r effecti
Environment Programme, United States Environmental Protection Agency and
World Health Organization, 1996).

Overall, different types of EHIs can be identified. As a general approach,

indicators that quantify environmental hazards that may cause adverse health

effects are kmwmewmtes ehearbhmental -indicator
based i n dy coattast,rirglidcators that link direct health outcomes to
environmental hazar ds arreelkantoewdn haesa |fitehn viinrdoi ncnaet
i out ecboansee d I n d(Widsa &and r Bsiggs, 1995). As this general

classification would leave some gaps in the relationship between environmental
hazards and population health, different EHI frameworks have been proposed
(Hambling, Weinstein and Slaney, 2011). The two widely applied frameworks for
EHIs are the driving forces-pressure-state-exposure-effects-action (DPSEEA)
framework (United Nations Environment Programme, United States
Environmental Protection Agency and World Health Organization, 1996) and the
multiple exposures and multiple effects (MEME) framework (Briggs, 2003), which
aim to facilitate the development and analysis of clear, reliable, accurate, and

policy-relevant EHIs.

The DPSEEA framework identifies a driver force (D) which imposes
different pressures (P) on the environment. These pressures lead to the
exploitation of the environment, resulting, for example, on environmental pollution
that changes the state (S) of the environment. Then, people can be exposed (E)
to these changes in the environment by inhalation, ingestion, or direct contact,
causing a range of health effects (E). Finally, society reacts to these health effects
taking actions (A) to protect population health (United Nations Environment
Programme, United States Environmental Protection Agency and World Health
Organization, 1996). Several strengths have been identified for DPSEEA
framework, including its flexibility and applicability (Waheed, Khan and Veitch,
2009), as well as the identification of areas for action according to each
component of the framework; therefore, it is useful for decision-making and
evidence-informed interventions. It also identifies wide drivers of environmental
change and determinants of health, allowing for cost-effective interventions
upstream in the exposure-event chain or network (Briggs, 1999). Nonetheless,

this framework tends to simplify and linearise relationships between exposures
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and health outcomes, limiting the actual complex association between them

(Briggs, 2003; Carneiro et al., 2006), including the effect of social vulnerabilities.

The MEME framework recognises and integrates the complex
relationships between environmental exposures and health outcomes,
incorporating theoretical nonlinear perspectives of exposures and effects, as well
as behavioural and contextual factors that modify the exposure. Also, it allows
analyses from exposures to health outcomes as well as the other way around,
studying health outcomes attributable to exposures (Briggs, 2003). However, it is
more difficult to identify potential interventions or actions considering the different

elements of the causal chain.

Different initiatives have developed EHIs based on these frameworks,
supporting environmental health policies. The most common issues addressed
by these indicators are related to air pollution, occupational hazards, toxicology,
pesticides and other organic chemicals (Briggs, 2003; Waheed, Khan and Veitch,
2009; Sly et al., 2016; Watts et al., 2018); however, there is a paucity of evidence
related to climate-related hazards and population health indicators useful for

public health decision-making.

An initiative that tracks several indicators on climate change and

population health is the Lancet Countdown (www.lancetcountdown.org) (Watts

et al., 2015). The 2022 global report included 43 indicators from different areas,
including population exposure to climate hazards, energy system, and media
coverage of health and climate change (Romanello et al., 2022). Although this
report delivers important information on the topic, the indicators gathered global
data and mixed information from different countries; hence, they may not be
considering some local aspects (e.g., geographical features and social
vulnerability) that may result in differential population health outcomes, and
therefore, be not useful for national and local public health policies. The
information from these indicators serves as a general approach to the
understanding of the link between climate change and health but needs careful

analysis when looking at national and local levels.

Considering a more local perspective, different institutions, researchers,
and countries have proposed population health indicators associated with climate

change, which vary according to socioeconomic and political contexts, as well as
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data availability. Countries such as Australia (Y. Zhang et al., 2018), the United
States of America (Centres for Disease Control and Prevention, 2020), England
(Ffoulkes et al., 2021), and New Zealand (Environmental Health Intelligence New
Zealand, 2022) have developed national indicators on population health and
climate change to track different components of this relationship, including
climatic and environmental hazards as well as health outcomes associated with

them.

Nonetheless, detailed and systematic information on these and other
indicators that facilitate the analysis of the intersection between population health
and climate change is still scarce and unclear. Additionally, the combination of
different data sources and surveillance systems, as well as the inherent
uncertainties in these two areas, make the analysis of these indicators

challenging, especially for decision-making processes in public health.

4.5. Methods

Given that there is information on population health indicators related to
the impacts of climate-related hazards already published, it seems sensible to
explore the extent and the quality of this evidence and its potential use in the
Chilean context as a first approach. The findings would inform whether it is
possible to use some indicators or if it is necessary to adapt or create new
indicators. In this sense, the methodology to perform this research contemplated
two methods. First, a systematic review was conducted in order to analyse the
evidence on population health indicators related to the impacts of climate-related
hazards. Second, a suitability analysis of the indicators identified in the
systematic review was performed to assess which indicator may be integrated
into PHS and EPHS systems in Chile.

4.5.1. Methods for the systematic review

4.5.1.1. Study design, protocol, and reporting

A systematic review (SR) was performed. This design was chosen
because it allows a structured and up-to-date systematic evaluation and
summary of the relevant evidence to inform healthcare decisions, including public

health policies (Cumpston et al., 2022; Higgins et al., 2022).
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Before the review was Adysteneatic rewiewpof ot oc
population health indicators that monitor the health effects of climate change6 wa s
registered in the PROSPERO database (ID CRD42021253704) in May 2021
(Palmeiro-Silva and Kelman, 2021). Two amendments were done and registered:
the date of completion was extended due to time constraints, and the Embase
dataset was removed from the information sources because exploratory

searches showed that it was mainly focused on pharmacological information.

To ensure reporting transparency and accuracy, this SR was reported
following the recommendations suggested in the Preferred Reporting Items for
Systematic reviews and Meta-Analyses (PRISMA) 2020 statement (Page et al.,
2021).

4.5.1.2. Research question

Most of the methodological approaches of SRs have been developed
considering a clinical medicine perspective rather than public health; therefore,
research questions are slightly different between these two fields. The research
question for this study was built based on the Population, Intervention,
Comparison, and Outcome (PICO) framework (Higgins et al., 2022) but was
slightly modified. The Population component covered the general population. The
Intervention component was replaced by Exposure, which in this case refers to
exposure to climate change hazards. There was no specification for the
Comparison component as the question was exploratory and did not intent to
compare elements. Finally, the Outcome component covered indicators to
monitor the impacts on population health. Based on this structure, the research
question that guided this SRwas i Wh at a opelatidnimdicatprs that monitor

the health effects/impacts of climate change?0 .

This was a broad and open research question that allowed for a

comprehensive search of the evidence on the topic.

4.5.1.3. Information sources
To cover most of the scientific evidence, seven multidisciplinary and

specialised databases were considered as information sources. The OVID
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MEDLINE®, Scopus, and Web of Science Core Collection databases were
chosen because they cover a wide global range of multidisciplinary scientific
articles (Falagas et al., 2008). PubMed and Cochrane Library were considered
because they cover specific biomedical and healthcare data. Finally, the SciELO
and BIREME/LILACS databases were considered because they cover regional
information for Latin America and the Caribbean (LAC) which could be relevant
for the Chilean context. All datasets were consulted between 15" and 24
October 2021.

To complement the scientific literature and include international and
governmental evidence, grey literature was included from the World Health
Organisation (WHO) and its regional branches, the United Nations (UN), the
European Centre for Disease Prevention and Control (ECDC), and Centre for
Disease Prevention and Control (CDC) of the United States of America (USA).
These institutions were selected based upon their relevance for public policy and

their known work on climate change and population health.

Appendix 4.1 shows a summary of the databases used in this study, the

date when they were accessed, the search strategies, and the results obtained.

4.5.1.4. Eligibility criteria
Studies were included in the SR according to the following inclusion
criteria:

1 Language: Studies in English, Spanish, and Portuguese were included in this
review because i) most of the literature is published in English, especially titles
and abstracts; ii) the findings of this review are expected to be used for further
analysis in Chile; therefore, literature in Spanish and Portuguese was
considered as they are official languages spoken in the region.

1 Date: No date restrictions were imposed in order to avoid excluding any
potentially relevant publications.

1 Type of study: Primary and secondary peer-reviewed studies? were included.

The inclusion of peer-reviewed literature allowed the reaching of articles that

20 In primary studies, researchers collect and analyse raw data (e.g., cohort studies), while in
secondary studies, researchers analyse and synthesise data already collected by somebody else
(e.g., systematic review).
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had already been evaluated by experts, potentially ensuring scientific
evidence of good quality. Grey literature from the aforementioned sources
was also included.

1 Relevance: Any study that presented, developed, summarised, discussed, or
analysed population health indicators related to the effects or impacts of
climate change on population health.

1 Geographic location: There were no restrictions on geographical area.
Population: Only human populations were considered, with no restrictions on
specific human populations.

Unpublished work, news, or opinion articles on websites were excluded

because of potential duplication of information or a high risk of bias.

4.5.1.5. Search strategies

An exploratory search on Web of Science was conducted in July 2021 to
identify possible search terms associated with the research question. Based on
these results and the research question, the keywords and related terms used in

the searches are presented in Table 4.1.

Table 4.1 Keywords and related terms from the research question used in this systematic
review.

Keywords Related Terms

Indicators Measure(s)

Measurement(s)

Metric(s)

Index

Indices

Population Health Indicator(s)
Health Status Indicators (MeSH)
Monitor Surveillance

Public Health Surveillance (MeSH)
Sentinel Surveillance (MeSH)
Population Surveillance (MeSH)
Epidemiological Monitoring (MeSH)

Health Wellbeing
Well being
Well-being
Climate change Climatic changes

Global warming
Climate variability
Climatic variability
Climatic variation(s)
Climate variation(s)
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The Medical Subject Headings (MeSH) terms were identified from the
National Library of Medicine (National Library of Medicine, 2021).

A generic search strategy consisted of the following combination of terms
and Booleans: (indicator* OR measure* OR metric* OR index OR indices) AND
(health OR well ?being) AND (monitor OR survei
OR fAglobal warmingo OR dcl i Meperaingconthesi so0 OR fc
number and relevance of articles retrieved,
Ahumano was included in the searches. Det ai |

dataset are presented in Appendix 4.1.

The reference lists (bibliography) of the selected studies were screened to
locate additional relevant articles that were not captured in the previous searches.

Identified articles were retrieved directly from Google Scholar.

4.5.1.6. Study selection process

Once searches were performed, the articles identified in each database
were downloaded as Research Information Systems files. These files were then
imported to the reference manager, Covidence (Covidence, 2022), in order to
facilitate the management of articles, study screening, selection, and data

extraction.

To avoid potential biases during the study selection process, the principal
researcher (YPS) of this study trained three collaborators (JIG, RAC, RGT, see
Acknowledgements) with experience in literature reviews as second or third
reviewers (Buscemi et al., 2006). YPS, the first reviewer, reviewed all articles,
while JIG and RAC reviewed 50% each (second reviewers). RGT was a third
reviewer for consensus when disagreement occurred between YPS and
JIG/RAC.

After deduplication of references in Covidence, the titles and abstracts
were independently screened by the first and second reviewers. If the titles and
abstracts of the articles addressed the research question and met the eligibility
criteria, they were selected for full-text screening. If any article had only the title
but not the abstract, it was selected for full-text screening. In this step, the
percentage of agreement in the inclusion/exclusion of articles was 88% between

the first and second reviewers. The articles in disagreement were reviewed by
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the first (YPS) and third reviewers (RGT), who decided to include or exclude

them.

The full texts of the selected articles were retrieved through UCL Library
Services and added to Covidence. As in the previous step, these articles were
independently read in full by the first and second reviewers. Articles that fulfilled
the eligibility criteria were included in this systematic review. In this step, the
percentage of agreement regarding the inclusion/exclusion of articles was 71.4%
between the first and second reviewers. Similarly to the previous step, the articles
in disagreement were reviewed by the first (YPS) and third (RGT) reviewers, who
decided to include or exclude them. The study selection process was conducted
in November 2021.

Screening of the reference lists and grey literature search was performed
by the first reviewer (YPS) between July and August 2022. Potential articles were
identified based on titles. If the title potentially indicated information relevant for
this SR, the article was retrieved, analysed, and critically appraised by the first
reviewer (YPS). Information from the grey literature was considered relevant
based on its policy relevance. However, this information should be considered as
susceptible of bias due to the governmental origin and non-peer review process
(Tyndall, 2010).

4.5.1.7. Data extraction process

The information from the final articles included was extracted using a
standardised form designed in Covidence. The collected information included the
following: title, year of publication, name of the first author, type of publication,
region or country included, brief context, aim, overview of the methods,
population considered, eligibility criteria of the study if applied, funding if applied,
conflict of interest, and main findings. The data extraction process was piloted
using one article. Questions from reviewers JIG and RAC were resolved by the
first reviewer (YPS) before starting the extraction process. The forms were

considered complete, and no changes were required.

Two independent reviewers (first and second reviewers) extracted data
from each study. This process was performed from December 2021 to January
2022. Once all information was extracted, the first reviewer compared the
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information and the agreement between the first and second reviewers, which
reached 100%.

4.5.1.8. Quality assessment

The quality assessment of individual studies helps guide subsequent
interpretations of the evidence and decision-making. There is no standard
procedure to perform this assessment, and aspects of the evaluation depend on
the focus and nature of the review (Centre for Reviews and Dissemination, 2009).
In general, bias and quality assessments are commonly performed in systematic
reviews of randomised controlled trials and other study designs to inform clinical
practice. For public health practice and policy, there is less standardisation of
procedures or guidelines; however, analysis of internal and external validity

should always be considered.

In this review, a diverse range of study designs was foreseen because of
the broad nature of the research question. Therefore, two complementary critical
appraisal tools were used to facilitate and standardise the critical appraisal of all

studies.

The first tool, the Quality Assessment for Diverse Studies (QUADS), has
been shown to be reliable in the evaluation of diverse study designs in systematic
reviews (Harrison et al., 2021). The evaluation criteria of this tool cover i)
theoretical or conceptual underpinning to the research; ii) statement of the
research aim/s; iii) clear description of the research setting and target population;
iv) the study design is appropriate to address the stated research aim/s; v)
appropriate sampling to address the research aim/s (if applicable); vi) rationale
for choice of data collection tools/; vii) the format and content of the data collection
tool is appropriate to address the stated research aim/s; viii) description of the
data collection procedure; ix) recruitment data provided (if applicable); x)
justification for the analytic methods selected; xi) the method of analysis was
appropriate to answer the research aim/s; xii) evidence that the research
stakeholders have been considered in research design or conduct; and xiii)
strengths and limitations. Each criterion considers a four-point scale from 0,

representing no mention at all or not appropriate methods, to 3, representing
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overall criteria fulfilment. There is no overall cut-off score, and a criterion-by-

criterion analysis is recommended (Harrison et al., 2021).

The second tool allowed for a more specific evaluation of each article
according to the specific study design and methodological aspects. In this case,
the Joanna Briggs Institute (JBI) critical appraisal tools were used to guide the
assessment because of several available designs. To date, there are 13 critical
appraisal tools (JBI, 2020), but only three were used in this SR: analytical cross-
sectional (Moola et al., 2020), case reports (Moola et al., 2020), and reviews
(Aromataris et al., 2015). The criteria for each tool are tailored to the study design,
including, for example, clarity of eligibility criteria and setting, definition of
exposures and outcomes, and appropriateness of statistical analysis. Each

criterionisansweredas fAyes o, Aanddnotiuapgpleiac adhl eod,

appraisals houl d be given as #Aincl udeo,Inthise x c |

study, articles will not be included/excluded based on JBI critical appraisal tool,
but they will be analysed considering this overall appraisal. All these criteria in
these tools were added to a Microsoft Form, and the reviewers completed each

form according to the study design.

The critical appraisal of each article was performed independently by the
first and second reviewers. First, the reviewers evaluated the articles using the
QUADS guidelines included in Covidence and then using the JBI guidelines
depending on the study design. In case of disagreement, the first and second

reviewers discussed the quality of the study to resolve the discrepancy.

4.5.1.9. Update of literature search

Due to the period between the initial searches in October 2021 and the
writing of the results in August 2022, the first reviewer (YPS) conducted an
exploratory search in Google Scholar to evaluate whether there were any articles
published between October 2021 and August 2022 relevant to the systematic
review. The search strategy was simple and broad, using the syntax (“climate
change" AND indicators AND impacts AND "human health") and limiting the dates
from October 2021 to August 2022.
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4.5.1.10. Data synthesis

Given the qualitative nature of this review, a qualitative narrative synthesis
was used to summarise the findings. The first step was to tabulate each study
and describe its general characteristics and main findings. The results were

organised in a summary table.

Directed content analysis was performed (Hsieh and Shannon, 2005;
Wilson, 2016). Although groups of all-cause and cause-specific morbidity and
mortality indicators were expected (based on Chapter 3), other categories of

indicators were allowed to appear from the data without a prior imposed structure.

4.5.2. Methods for the suitability analysis

In order to assess which indicator can be used and integrated into PHS
systems in Chile (see Section 4.3) it is necessary to perform a suitability analysis
which would facilitate the identification of scientifically sound indicators and that
are relevant for policymaking in Chile. This analysis is not intended to be
exhaustive and definitive as it is expected that a comprehensive analysis includes
suitability, acceptability, and feasibility analyses.

A suitability analysis comprises the analysis whether the proposal is
appropriate for the problem, including the rationale for developing the proposal
and whether it supports the aims of the programme. An acceptability analysis
describes the degree of acceptance and potential use of the proposal by
stakeholders. Lastly, a feasibility analysis covers whether the proposal is possible
to implement based on the availability of resources, skills, and competencies
(Johnson, Scholes and Whittington, 2008). Although this chapter includes
elements for suitability and feasibility analyses of indicators, further work should
be done in order to closely work with stakeholders and therefore carry out more

comprehensive feasibility and acceptability analyses.

Based on the principles of PHS systems and characteristics of indicators

(see Section 4.4), Table 4.2 identifies four dimensions and 13 sub-dimensions to

characterise the suitability of indicators. These dimensions and criteria were

created by the author of this thesis and are based on scientific literature,

international recommendations, and measurement theory (PAHO Special

Program for health Analysis, 2001; Donnelly, Jones and Sweeney, 2004; de Vet
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et al., 2011; Cheng and Berry, 2013). It is worth noting that Table 4.2 is not
intended to be an instrument itself, and scores are not numerically combinable

since they only represent categories.
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Table 4.2 Definitions and scores of dimensions for evaluating indicators on climate change and population health.

Dimension |: Scientific foundations
Sub-dimension Definition and scores
la) Validity Degree to which a measurement measures what it purports to measure (Porta, 2016c).

1 Score 0: Indicator does not measure what it intends to measure

9 Score 1: Indicator unclearly measure what intents to measure

I Score 2: Indicator clearly measures what intents to measure

Ib) Reliability Degree of stability when a measurement is repeated under identical or similar conditions, either over time, different populations, or
different datasets (Porta, 2016b).

9 Score 0: Indicator is not stable under identical or similar conditions

9 Score 1: Indicator is to some extent stable under identical or similar conditions

9 Score 2: Indicator is stable under identical or similar conditions

Ic) Scientific rationale Degree to which an indicator is well-defined and supported by scientific evidence. Overall, scientific evidence is consistent and
coherent in relation to the indicator.

1 Score 0: Indicator is not well-defined nor supported by scientific evidence
9 Score 1: Indicator is confusingly defined or scientific evidence is not clear respect to the scientific rationale

1 Score 2: Indicator is well-defined and scientific evidence is consistent and coherent in relation to the indicator
Table 4.2 continues on next page.
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Table 4.2 Definitions and scores of dimensions for evaluating indicators on climate change and population health (cont).

Dimension |l: Measurability (capacity of being measured)
Sub-dimension Definition and scores
Ila) Data availability Degree of availability of complete, valid, and reliable data.

1 Score 0: Data are not available and it is difficult to collect data within a short period of time (e.g., 1-2 years)

1 Score 1: Data are available, but national and local authorities have restricted access. Data are available, but data collection is not
frequently available (e.g., surveys every 2-3 years)

9 Score 2: Data are frequently collected (every week, month, and/or year) and are already available to national and local authorities

IIb) Data analysis Process of cleaning, calculating, and modelling data to obtain useful information.

1 Score 0: Data analysis is not easy to perform and needs specialised training

1 Score 1: Data analysis is easily performed because calculation methods are already standardised and widely available

1 Score 2: Data analysis is not needed because indicators are already calculated, analysed, and available, including modelled
indicators

Table 4.2 continues on next page.
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Table 4.2 Definitions and scores of dimensions for evaluating indicators on climate change and population health (cont).

Dimension lll: Relevance to public health

Sub-dimension Definition and scores
llla) Policy-relevance Degree to which an indicator informs public health policies or key policy issues.
1 Score 0: Indicator is not relevant to population health and does not inform public health policies or key policy issues
9 Score 1: Indicator is relevant to a limited proportion of a target population and may partially inform public health policies or key

policy issues

1 Score 2: Indicator is relevant to population health because covers the whole target population and inform public health policies or
key policy issues

llIb) Cost-effectiveness Degree to which an indicator achieves desired aims at reasonable investments, including time and other resources.

1 Score 0: Investments of producing and analysing the indicator exceed the value of using the indicator

1 Score 1: Investments of producing and analysing the indicator are similar in comparison to the value of using the indicator

9 Score 2: Investments of producing and analysing the indicator are well-below the value of using the indicator

llic) Simplicity Degree to which an indicator is easy to interpret and understand by users (i.e., decision- or policymakers and the general public).

1 Score 0: The indicator is not easy to interpret and understand by users and requires specialised training to do it
9 Score 1: The indicator has standardised guidelines to interpret and understand by users

9 Score 2: The indicator is easy to interpret and understand by a wide range of users

[lId) Actionability Degree to which an indicator allows the planning and implementation of public health policies

9 Score 0: The indicator does not allow action

91 Score 1: The indicator allows action, but more information or other indicators are needed

I Score 2: The indicator allows action hy itself

llle) Timeliness Degree to which an indicator can be measured and used in an appropriate period of time to inform public health policies.

1 Score 0: The indicator needs a long period of time to be measured and is not ready when it is needed
1 Score 1: The indicator can be measured and used within the required period of time, but requires specialised skills to achieve it
1 Score 2: The indicator is measured and ready to be used within a short period of time (e.g., real-time, hours, or days)

Table 4.2 continues on next page.
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Table 4.2 Definitions and scores of dimensions for evaluating indicators on climate change and population health (cont).

Dimension IV: Contextual to climate change

Sub-dimension Definition and scores

IVa) Specificity Degree to which an indicator represents health impacts associated with changes in the climate or climate-related hazards (Cheng and
Berry, 2013).

9 Score 0: The indicator does not represent health impacts associated with climate-related hazards under climate change. There
are important influences of other non-climatic factors

1 Score 1: The indicator represents the association with climate-related hazards under climate change, but further analyses are
required in order to clarify influences of other non-climatic factors

1 Score 2: The indicator represents the association with climate-related hazards under climate change, and non-climatic factors are
under control to some extent

IVb) Sensitivity Degree to which an indicator captures changes in health outcomes associated with changes in the climate or climate-related hazards.

9 Score 0: The indicator does not capture changes in health outcomes associated with climate-related hazards under climate
change

1 Score 1: The indicator partially captures changes in health outcomes associated with climate-related hazards under climate
change, but further analyses are required in order to clarify potential aberrations

1 Score 2: The indicator captures changes in health outcomes associated with climate-related hazards under climate change

IVc) Comparability Degree to which an indicator can be comparable over time and across different populations, including different regions and countries.

1 Score 0: The indicator is not comparable over time or across population groups due to different methods
1 Score 1: The indicator is comparable over time and some other populations
1 Score 2: The indicator is fully comparable over time and across populations at regional or international levels
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4.6. Results
4.6.1. Study selection

The search of seven electronic databases yielded 1,587 references. After
deduplication in Covidence, 1,068 articles were considered for screening of titles
and abstracts. Of these, 1,000 were excluded based on eligibility criteria (Section
4.5.1.4. Eligibility criteria); therefore, a total of 68 references were considered for
full-text screening. After reviewing all full-text articles, 51 articles were excluded

and a total of 17 articles were included in the review.

Of the 51 excluded articles, 30 did not include any indicators of impacts
(Kovats et al., 1999; Warren, Berner and Curtis, 2005; Costello et al., 2009;
Hambling, Weinstein and Slaney, 2011; Kan, 2011; Toutant et al., 2011;
Armstrong et al., 2012; Pascal et al., 2012; Bustinza et al., 2013; Nairn and
Fawcett, 2014; Upperman et al., 2015; Weber et al., 2015; Barcellos et al., 2016;
Ban et al., 2017; Navi et al., 2017; Alexander, Heaney and Shaman, 2018; Chen
et al., 2018; Gao et al., 2018; Jolliet et al., 2018; Nissan and Conway, 2018; Patz
and Thomson, 2018; Weyant et al., 2018; Oliveira et al., 2019; Sadiq, Hashim
and Osman, 2019; Valois et al., 2019; Campbell et al., 2020; Turek-Hankins, Hino
and Mach, 2020; Nathwani et al., 2021; Ranadive et al., 2021; Wang et al., 2021);
seven were not related to human health (Quincey, 2007; Liu et al., 2011; Sunbury
and Driscoll, 2013; Tseng et al., 2017; Blake et al., 2019; Madden et al., 2020;
Yadav et al., 2021); ten did not include any indicators related to climate change
(Lam, 2007; Holmes, Phillips and Wilson, 2016; Lal, Hashizume and Hales, 2017,
Andrianou and Makris, 2018; Green et al., 2018; Dushkova, Tikunov and
Chereshnya, 2019; Valois et al., 2020; Beauchamp et al., 2021; Di Maria,
Mastrantonio and Uccelli, 2021; Yin et al., 2021); three did not have the full text
available (Regens and Hodges, 2000; Derne et al., 2010; Simane et al., 2017);

and one did not meet the language inclusion criteria (Qian et al., 2013).

Froms t u dreference lists, three additional articles were included in the
review (Watts et al., 2018, 2019; Beggs et al., 2019). From the grey literature, a
total of six references were identified as relevant and included in the review (US
EPA, 2016; United Nations, 2017; CDC, 2021; Climate-ADAPT, 2021; United
Nations Statistics Division, 2022; World Health Organization, 2022c). The ECDC

website led to information published by the European Environment Agency (EEA)
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and the CDC website led to information published by the Environmental

Protection Agency (EPA).

From the update of the searches on Google Scholar in August 2022, a
total of 80 references were found; however, four were identified as relevant,
screened, and included in the review (Beggs et al., 2021; Cai et al.,, 2021;
Romanello et al., 2021; Watts et al., 2021).

Finally, a total of 30 references were included in this systematic review.

Figure 4.1 shows the PRISMA flow diagram (Page et al., 2021).
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Figure 4.1 PRISMA flow diagram of the systematic review.
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4.6.2. Overall study characteristics

Articles were published between 1993 and 2022. Most of them were
published in 2021 (n=6), 2017 (n=4), 2018 (n=4), and 2019 (n=4); two in 2013
and 2022; and one in 1993, 2004, 2007, 2009, 2010, 2011, 2016, and 2020.

Geographically, 10 had a worldwide scope (National Research Council,
2010; United Nations, 2017; Watts et al., 2017, 2018; Ebi et al., 2018; Watts et
al., 2019, 2021; Romanello et al., 2021; United Nations Statistics Division, 2022;
World Health Organization, 2022c); five were focused on the USA (English et al.,
2009; Driscoll et al., 2013; US EPA, 2016; Doubleday et al., 2020; CDC, 2021);
four were focused on Australia (Brown, 1993; Y. Zhang et al., 2018; Beggs et al.,
2019, 2021); two articles were focused on Canada (Cheng and Berry, 2013;
Akearok et al., 2019) and Europe (Lowe, Ebi and Forsberg, 2011; Climate-
ADAPT, 2021); and one article was focused on each: Asia (Jung et al., 2017),
China (Cai et al., 2021), Korea (Heo and Bell, 2019), Ireland (Donnelly, Jones
and Sweeney, 2004), Ghana (Dovie, Dzodzomenyo and Ogunseitan, 2017),
Mexico (Hurtado-Diaz et al., 2007), and Vietnam (Nguyen and Liou, 2018). In
relation to the grey literature, three had a worldwide scope (United Nations, 2017;
United Nations Statistics Division, 2022; World Health Organization, 2022c), two
were focused on the USA (US EPA, 2016; CDC, 2021), and one on Europe
(Climate-ADAPT, 2021).

Regarding the study designs, 18 articles were a literature review
(Donnelly, Jones and Sweeney, 2004; English et al., 2009; National Research
Council, 2010; Lowe, Ebi and Forsberg, 2011; Cheng and Berry, 2013; Jung et
al., 2017; Watts et al., 2017, 2018, 2019, 2021; Ebi et al., 2018; Y. Zhang et al.,
2018; Akearok et al., 2019; Beggs et al., 2019, 2021; Doubleday et al., 2020; Cai
et al., 2021; Romanello et al., 2021) either systematic or non-systematic; five
were considered a case-study (Brown, 1993; Hurtado-Diaz et al., 2007; Dovie,
Dzodzomenyo and Ogunseitan, 2017; Nguyen and Liou, 2018; Heo and Bell,
2019); and one was a cross-sectional study (Driscoll et al., 2013). Grey literature

articles did not specify any particular design.

Tables 4.3 and 4.4 show a summary of all characteristics of the articles
included in this review, including those obtained from scientific journals and grey

literature.
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Table 4.3 Summary of study characteristics and main findings related to indicators from scientific journals.

analysis of indicators in China

Reference Setting & | Brief methods Main findings
population
(Akearok et al., | Canada, Scoping review and | i) number of injuries or mortality from extreme weather events or sea ice instability;
2019) Nunavut consultation to identify human | ii) cases of infectious diseases-vectors; iii) respiratory/allergic disease and mortality
territory health indicators of climate | related to increased air pollution and pollens; iv) reports of depression, anxiety

change relevant for Nunavut | related to climate change.
communities

(Beggs et al., | Australia Review of scientific evidence | i) suicide rate associated with ambient temperature

2019)* and analysis of indicators in
Australia

(Beggs et al., | Australia Review of scientific evidence | i) rates of cardiovascular and respiratory disease associated with heat stress; ii) heat

2021)* and analysis of indicators in | stress risk of people participating in physical and sporting activities; iii) cold- and
Australia heat-related mortality; iv) dengue incidence; v) Ross River virus cases

(Brown, 1993) | Australia Analysis of evidence on social | i) rates of hospitalisation for circulatory diseases, respiratory diseases, and
and environmental indicators | accidents, poisoning and violence; ii) infants death rates among aboriginal groups;
to monitor health effects of | iii) number of deaths of young men from accidents, poisoning, violence; iv) deaths
climate change and | before 65 years old.
application to Australia

(Cai et al, | China Review of scientific evidence, | i) heatwaves-related mortality

2021)* expert consensus, and

Table 4.3 continues on next page.
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Table 4.3 Summary of study characteristics and main findings related to indicators from scientific journals (cont).

Reference Setting & | Brief methods Main findings
population
(Cheng and | Canada Literature review and analysis | Eight indicators were proposed: Modelled indicators included i) excess daily all-
Berry, 2013) of key indicators to quantify | cause mortality due to heat; ii) premature deaths due to air pollution; iii)
health impacts of climate | preventable deaths from climate change; iv) disability-adjusted life years (DALYS)
change on Canadians lost from climate change. Non-modelled indicators (readily available) included i)
Daily all-cause mortality; ii) Daily non-accidental mortality; iii) West Nile disease
incidence (in humans); iv) Lyme borreliosis incidence (in humans).
(Donnelly, Ireland Review evidence on indicators | i) incidence of skin cancer; ii) seasonal pattern of mortality
Jones and of the impact of -climate
Sweeney, change suitable for Ireland.
2004)
(Doubleday et | United States | Review of evidence and | Several examples of indicators presented for public health service. Examples of
al., 2020). of America, | consultation with experts to | indicators related to impacts are i) weather-related morbidity and mortality, including
Pacific develop indicators cold- and heat-related illness and mortality; ii) asthma exacerbations, and other
Northwest respiratory hospitalisations related to wildfire events; iii) shellfish poisoning
outbreaks, and iv) utilisation of mental health services.
(Dovie, Ghana Review of evidence, focus | i) mortality; ii) morbidity; iii) history of occurrence; iv) reported/confirmed cases
Dzodzomenyo groups, and analysis as a case
and report.
Ogunseitan,
2017)

(Driscaoll et al.,
2013)

United States
of America,
Alaska

Population survey to identify
health risks related to climate
change.

i) cold-related injuries and fatalities; ii) cases of allergic asthma; and iii) paralytic
shellfish poisoning cases.

Table 4.3 continues on next page.
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Table 4.3 Summary of study characteristics and main findings related to indicators from scientific journals (cont).

dengue cases in Veracruz.
Data from 1995-2004

Reference Setting & | Brief methods Main findings
population
(Ebi et al., | Worldwide Review of scientific evidence | i) excess mortality associated with exposure to high ambient temperatures; ii) all-
2018) and expert consultation. Case | cause and cause-specific morbidity and mortality associated with other extreme
report taking Cambodia as an | weather events; iii) respiratory disease mortality from exposure to air pollutants such
example. as ozone and particulate matter; iv) changes in the incidence and geographic range

of climate-sensitive infectious diseases; v) undernutrition.
Aggregated indicators: i) disability adjusted life years or years of life lost from climate
variability and climate change.
Other indicators: i) injuries, illnesses, and deaths attributed to wildfires; ii) the
numbers of asthmatic episodes associated with high pollen events.

(English et al., | United States | Review of scientific evidence | i) excess mortality due to extreme heat; ii) excess morbidity due to extreme heat; iii)

2009) of America and expert consultation. number of injuries/mortality from extreme weather events; v) human cases of
environmental infectious disease/positive tests results in
reservoirs/sentinels/vectors; vi) respiratory/allergic disease and mortality related to
increased air pollution and pollens (based on modelling).

(Heo and Bell, | South  Korea | Analysis of heatwaves using | i) daily all-cause mortality and excess mortality associated with heat index, humidex,

2019) (Seoul and | different thermal indices from | apparent temperature, effective temperature, WBGT.

Busan) 2011 to 2015
(Hurtado-Diaz | Mexico, Analysis of the effects of | i) cases of dengue associated with the sea surface temperatures
et al., 2007) Veracruz ENSO on weekly incidence of

Table 4.3 continues on next page.
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Table 4.3 Summary of study characteristics and main findings related to indicators from scientific journals (cont).

Countries

be applied in Low- and Middle-
Income countries

Reference Setting & | Brief methods Main findings

population
(Jung et al., | Asia, Low-and | Systematic review and | Indicators associated with respiratory diseases: i) incidence of morbidity due to
2017) Middle-Income | analysis of indicators that can | respiratory diseases in children aged under 5 years; ii) annual mortality rate due to

respiratory diseases in children aged under 5 years; iii) prevalence of chronic
respiratory illnesses in children aged 0-14 years (all disaggregated by gender and
place of residence)

Indicators associated with diarrhoeal diseases: i) incidence of outbreaks of water-
borne diseases; ii) diarrhoea morbidity rate in children aged under 5 years; iii)
diarrhoea mortality rate in children aged under 5 years; iv) recurrence rate of
outbreaks of diarrhoea disease among children aged under 5 years (all
disaggregated by gender and place of residence)

Indicators associated with insect-borne diseases: i) prevalence of insect-borne
diseases in children aged 0-14 years; ii) mortality rate of children aged under 5 years
due to insect-borne diseases (all disaggregated by gender and place of residence)

(Lowe, Ebi and
Forsberg,
2011)

Europe

Scoping review of heatwave
early warning system in
Europe

i) real time mortality; ii) daily mortality; iii) number of calls to emergency services; iii)
number of visits to general practitioner (GP); iv) heatwave-related morbidity and
mortality

(National
Research
Council, 2010)

Worldwide

Workshop and  technical
review based on scientific
evidence.

Epidemics/Pandemics: i) morbidity and mortality data; ii) disability-adjusted life
years; iii) human cases of environmental infectious disease/positive tests results in
reservoirs/sentinels/vectors

Incidence of respiratory disease: i) respiratory/allergic disease and mortality related
to increased air pollution and pollens; ii) general morbidity and mortality data; iii)
disability-adjusted life years

Cancer rates

Table 4.3 continues on next page.
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Table 4.3 Summary of study characteristics and main findings related to indicators from scientific journals (cont).

Reference Setting & | Brief methods Main findings
population
(Nguyen and | Vietham Applications of remote sensing | i) number of human cases of malaria
Liou, 2018) on health and vector-borne
diseases using Vietnam as a
case report.
(Romanello et | Worldwide Review of scientific evidence | i) number of hours available for safe physical activity per day; ii) general sentiment
al., 2021)* and analysis of indicators | of expressions (from Twitter) associated with heatwaves; iii) heat-related excess
worldwide mortality; iv) number of deaths and affected people associated with weather-related
disasters
(Watts et al., | Worldwide Review of scientific evidence | i) incidence of climate-sensitive infectious diseases; ii) incidence of food-borne
2017) and analysis of indicators | diseases, vector-borne diseases, and parasitic diseases; iii) mortality attributed to
worldwide heat.
(Watts et al., | Worldwide Review of scientific evidence | i) number of deaths associated with weather-related disasters; ii) number of deaths
2018)* and analysis of indicators | due to: all causes, dengue, diarrhoeal disease, forces of nature, heat and cold
worldwide exposure, malaria, malignant melanoma, and protein-energy malnutrition; iii)
number of undernourished people
(Watts et al., | Worldwide Review of scientific evidence | i) number of deaths associated with weather-related disasters; ii) number of deaths
2019)* and analysis of indicators | due to: all causes, dengue, diarrhoeal disease, forces of nature, heat and cold
worldwide exposure, malaria, malignant melanoma, and protein-energy malnutrition; iii)
number of undernourished people
(Watts et al., | Worldwide Review of scientific evidence | i) heat-related excess mortality; ii) number of deaths associated with weather-related
2021)* and analysis of indicators | disasters
worldwide
(Y. Zhang et | Australia Review of scientific evidence | i) daily non-accidental deaths associated with temperature; ii) daily non-accidental
al., 2018) and analysis of indicators in | deaths associated with heatwaves; iii) trends in overall burden of climate-sensitive

Australia

diseases (all causes, dengue, diarrhoeal diseases, environmental heat and cold
exposure, exposure to forces of nature, malaria, malignant skin melanoma, and
protein-energy malnutrition); iv) prevalence of malnutrition.

*From reference lists and updated searches
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Table 4.4 Summary of reports characteristics and main findings related to indicators from grey literature.

general population

Reference Setting & | Main findings
population
(World Health | Worldwide, general | i) climate change attributable deaths; ii) climate change attributable DALYS; iii) climate change
Organization, 2022c) population attributable deaths in children under 5 years; iv) climate change attributable DALY in children under
5 years
(United Nations | Worldwide, general | i) incidence of cases of climate-related disease: airborne diseases and water-related diseases
Statistics Division, 2022) | population i) incidence of climate-related vector-borne diseases: Lyme disease, malaria, West Nile virus,
yellow fever, and dengue
iii) incidence of heat- and cold-related illnesses or excess mortality: excess mortality related to heat,
excess mortality related to cold
(United Nations, 2017) Worldwide, general | Indicator related to Sustainable Development Goal 13 (Take urgent action to combat climate change
population and its impacts): Number of deaths, missing persons, and directly affected persons attributed to
disasters per 100,000 population.
(Climate-ADAPT, 2021) | Europe, general | i) deaths related to flooding; ii) cases of vibriosis infections, salmonellosis, campylobacteriosis,
population cryptosporidiosis; iii) number of heat-related deaths.
(CDC, 2021) United States, | i) heat-related emergency department visits for heat stress; ii) heat-related hospitalisations for heat

stress; iii) heat-related mortality

(US EPA, 2016)

United States,
general population

i) heat-related deaths; ii) heat-related illnesses; iii) cold-related deaths; iv) cases of Lyme disease;
iv) cases of West Nile virus
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4.6.3. Quality assessment

Table 4.5 presents a summary of the quality appraisal according to the
QUADS tool and JBI critical appraisal tools (Section 4.5.1.8). Overall, most of the
articles met the criteria related to theory, aims, research setting and population,
and rationale for data collection. However, most of the articles did not meet the
criteria for methodology, strengths, and limitations. Criteria related to sampling
and recruitment data did not apply to several articles because they were literature
reviews and some subsequent stakeholder consultations did not describe any
specific methodology.

As an overall evaluation of articles (except grey literature), 12 articles were
considered of acceptable quality (Watts et al., 2017, 2018, 2019, 2021; Y. Zhang
et al., 2018; Akearok et al., 2019; Beggs et al., 2019, 2021; Heo and Bell, 2019;
Doubleday et al., 2020; Cai et al., 2021; Romanello et al., 2021) and their results
may be reliable. On the other hand, 12 articles had a deficient quality assessment
due to unclear information for criteria related to the study methodology.
Nonetheless, this is an overall assessment and there is no strict rule to consider

what is acceptable or deficient.

The assessment based on the JBI tools showed results consistent with
those of the QUADS tool. A total of 16 articles were considered of acceptable
gual ity (dndeicdhutdeamt)i cl e s funherrnbormatibnanggy e d a
neededo. This means that the results of
might compromise the validity of the study, warning about the use of their

information in the systematic review.
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Table 4.5 Quality assessment of the scientific studies included in the systematic review according to QUADS and JBI guidelines.

First Author, year of publication

Akearok, G.H. 2019

Beggs, P. 2019

Beggs, P. 2021

Brown, V. 1993

Cai, 2021

Cheng, J. 2013

Donnelly, A. 2004

Doubleday, A. 2020

Dovie, D. 2017

Driscoll, D. 2013

Ebi, K. 2018

English, P. 2009

Heo, S. 2019
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Table 4.5 Quality assessment of the scientific studies included in the systematic review according to QUADS and JBI guidelines (cont).

National Research Council, 2010
Nguyen, K. A. 2018

Romanello, M. 2021
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4.6.4. Content analysis and synthesis

From the 30 articles included in the systematic review, indicators of the
impacts of climate change on population health were grouped into two main
categories: indicators of morbidity and indicators of mortality. Morbidity indicators
included the incidence or prevalence of diseases or illnesses as well as the rate
of hospitalisation. In both categories, indicators could be sub-classified
depending upon the cause of morbidity or mortality (i.e., all-cause or cause-
specific) and the exposure that triggered or was associated with the cause. A
third group was identified and categorised as fotherd because these indicators

were not related to morbidity or mortality.

The indicators are presented as they appear in the original source,
although some of them may seem similar. This was done to capture the wide

variety of names and categories that have already been published.

4.6.4.1. Indicators of morbidity

A total of 26 studies reported indicators for morbidity, including the
prevalence or incidence of cases, hospitalisations, emergency department visits,
or disability-adjusted life years (DALYSs). Six articles reported general morbidity
indicators, including all-cause morbidity and reported/confirmed cases (Dovie,
Dzodzomenyo and Ogunseitan, 2017); climate change attributable DALYS in
general population (Cheng and Berry, 2013; Ebi et al., 2018; World Health
Organization, 2022c) and in children under 5 years of age (World Health
Organization, 2022c); number of calls to emergency services (Lowe, Ebi and
Forsberg, 2011); and number of visits to general practitioners (Lowe, Ebi and
Forsberg, 2011). One article reported rates of hospitalisation for circulatory,

respiratory diseases, accidents, and poisoning (Brown, 1993).

Three studies identified general indicators associated with extreme
weather events. One study reported all-cause and cause-specific morbidity
associated with extreme weather events (Ebi et al., 2018); one study reported
number of affected people associated with weather-related disasters (Romanello
et al.,, 2021); and one study identified the number of injuries from sea ice
instability (Akearok et al., 2019). One study reported injuries and illnesses
attributed to wildfires (Ebi et al., 2018).
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Ten studies reported indicators related to extreme ambient temperatures,
including the incidence of heat- and cold-related illnesses (Y. Zhang et al., 2018;
Doubleday et al., 2020; United Nations Statistics Division, 2022) and injuries
(Akearok et al., 2019). In particular, five studies reported morbidity indicators
associated with heat, including heat-related illnesses (US EPA, 2016); heatwave-
related morbidity (Lowe, Ebi and Forsberg, 2011); heat-related emergency
department visits for heat stress (CDC, 2021); heat-related hospitalisations for
heat stress (CDC, 2021); excess morbidity due to extreme heat (English et al.,
2009); and rates of cardiovascular and respiratory disease associated with heat
stress (Beggs et al., 2021). On the other hand, one study reported cases of cold-

related injuries (Driscoll et al., 2013).

Indicators of respiratory morbidity were identified by seven articles.
General indicators of respiratory disease in the general population (National
Research Council, 2010) and in children under 5 years of age (Jung et al., 2017);
prevalence of chronic respiratory disease in children aged 0-14 years (Jung et
al., 2017); and DALYs (National Research Council, 2010); cases of asthma
exacerbations (Doubleday et al., 2020) and allergic asthma (Driscoll et al., 2013)
were identified. Other indicators associated with specific exposures or causes
were reported, including respiratory hospitalisations related to wildfire events
(Doubleday et al., 2020); respiratory and allergic disease related to increased air
pollution and pollens (English et al., 2009; National Research Council, 2010;
Akearok et al., 2019); and number of asthmatic episodes associated with high
pollen events (Ebi et al., 2018).

Regarding indicators of infectious diseases, some of them were general
but others were sub-categorised according to the source of pathogens and
transmission route (food-, water-, air-, or vector-borne). Seven general or cause-
specific, but not source-specific indicators were reported: morbidity related to
epidemics/pandemics (National Research Council, 2010); DALYs related to
epidemics/pandemics (National Research Council, 2010); diarrhoea morbidity
rate in children aged under 5 years (Jung et al., 2017); recurrence rate of
outbreaks of diarrhoea disease among children aged under 5 years (Jung et al.,
2017); human cases of environmental infectious disease/positive test results in

reservoirs/sentinels/vectors (English et al., 2009; National Research Council,
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2010; Akearok et al., 2019); and incidence (Watts et al., 2017) and geographic

range of climate-sensitive infectious diseases (Ebi et al., 2018).

Three articles reported indicators related to food transmission (food-borne
diseases), including indicators of overall food-borne diseases (Watts et al., 2017)
and shellfish poisoning outbreaks (Driscoll et al., 2013; Doubleday et al., 2020).
In addition, two articles reported indicators related to water transmission (water-
borne diseases), identifying indicators of overall water-borne diseases (United
Nations Statistics Division, 2022); and incidence of outbreaks of water-borne
diseases (Jung et al., 2017). One article reported specific causes of food- or
water-borne diseases, including the indicators of cases of vibriosis infections,
cases of salmonellosis, cases of campylobacteriosis, and cases of
cryptosporidiosis. (Climate-ADAPT, 2021). Finally, one article reported an

indicator of overall air-borne diseases (United Nations Statistics Division, 2022).

Nine articles reported indicators of vector-borne diseases (Watts et al.,
2017; Akearok et al., 2019); human cases or incidence of Lyme disease (Cheng
and Berry, 2013; US EPA, 2016; United Nations Statistics Division, 2022);
malaria (Nguyen and Liou, 2018; Y. Zhang et al., 2018; United Nations Statistics
Division, 2022); West Nile virus (Cheng and Berry, 2013; US EPA, 2016; United
Nations Statistics Division, 2022); yellow fever (United Nations Statistics Division,
2022); dengue (Hurtado-Diaz et al., 2007; Y. Zhang et al., 2018; Beggs et al.,
2021; United Nations Statistics Division, 2022); and Ross River virus (Beggs et
al., 2021). One article presented prevalence of insect-borne diseases in children
aged 0-14 years (Jung et al., 2017).

In relation to mental health impacts, four articles reported indicators,
including reports of depression and anxiety related to climate change (Akearok
et al., 2019); rates of hospitalisations due to violence (Brown, 1993); utilization of
mental health services (Doubleday et al., 2020); and general sentiment of

expressions (from Twitter) associated with heatwaves (Romanello et al., 2021).

Four studies reported indicators related to human nutrition, presented as
prevalence of undernutrition (measured as stunting) (Ebi et al., 2018), and
number of undernourished people (Watts et al., 2018, 2019; Y. Zhang et al.,
2018).

124



Two articles identified indicators related to cancers. One considered
overall cancer rates (National Research Council, 2010) and the other considered

incidence of skin cancers (Donnelly, Jones and Sweeney, 2004).

4.6.4.2. Indicators of mortality
A total of 29 studies reported indicators for mortality, with respiratory
causes and causes associated with extreme temperatures being the most

reported.

Seven articles reported general mortality indicators, including all-cause
mortality (Lowe, Ebi and Forsberg, 2011; Cheng and Berry, 2013; Dovie,
Dzodzomenyo and Ogunseitan, 2017; Watts et al., 2018, 2019); non-accidental
mortality (Cheng and Berry, 2013); infant death rates among aboriginal groups
(Brown, 1993); premature deaths before age 65 (Brown, 1993); preventable
deaths from climate change (Cheng and Berry, 2013); climate change attributable
deaths in general population (World Health Organization, 2022c) and in children
under 5 years (World Health Organization, 2022c). One study reported the
number of deaths of young men from accidents, poisoning, violence (Brown,
1993).

Nine studies reported indicators related to extreme weather events. Seven
studies reported all-cause mortality (English et al., 2009; Ebi et al., 2018; Watts
etal., 2018, 2019, 2021; Akearok et al., 2019; Romanello et al., 2021) and cause-
specific mortality associated with extreme weather events (Ebi et al., 2018). Two
studies reported the number of deaths due to forces of nature (Watts et al., 2018,
2019); one reported the number of deaths and missing persons attributed to
disasters per 100,000 population (United Nations, 2017); and one study reported
deaths attributed to wildfires (Ebi et al., 2018). One study identified the number
of deaths from sea ice instability (Akearok et al., 2019). One study presented
deaths related to flooding (Climate-ADAPT, 2021).

Regarding extreme temperatures, seven studies reported cold- and heat-
related mortality (Watts et al., 2018, 2019; Doubleday et al., 2020; Beggs et al.,
2021); daily non-accidental deaths associated with temperature (Y. Zhang et al.,
2018); suicide rate associated with ambient temperature (Beggs et al., 2019), and
seasonal deaths (heat and cold related mortality) (Donnelly, Jones and Sweeney,
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2004). In particular, 13 studies reported mortality indicators associated with heat,
including excess daily all-cause mortality due to heat (English et al., 2009; Cheng
and Berry, 2013; Heo and Bell, 2019; United Nations Statistics Division, 2022) or
high ambient temperatures (Ebi et al., 2018); mortality attributed to heat (Watts
et al., 2017); heat-related deaths or mortality (US EPA, 2016; Heo and Bell, 2019;
CDC, 2021; Climate-ADAPT, 2021); heat-related excess mortality (Romanello et
al.,, 2021; Watts et al.,, 2021); heatwave-related mortality (Lowe, Ebi and
Forsberg, 2011; Cai et al., 2021); and daily non-accidental deaths associated with
heatwaves (Y. Zhang et al., 2018). On the other hand, three studies reported
indicators associated with cold, including cold-related fatalities (Driscoll et al.,
2013) and deaths (US EPA, 2016); and excess mortality related to cold (United
Nations Statistics Division, 2022).

Indicators of respiratory mortality were identified by six articles. Two
articles reported a general indicator of annual mortality rate from respiratory
diseases in children aged under 5 years of age (National Research Council, 2010;
Jung et al., 2017). Five articles presented respiratory mortality associated with air
pollution (ozone and PMz.s) and pollen exposure (English et al., 2009; National
Research Council, 2010; Ebi et al., 2018; Akearok et al., 2019); premature deaths
due to air pollution (Cheng and Berry, 2013); and allergic mortality related to
increased air pollution and pollens (English et al., 2009; National Research
Council, 2010).

Four articles reported indicators of mortality from infectious diseases,
including diarrhoea mortality rate in the general population (Watts et al., 2018,
2019) and in children aged under 5 years of age (Jung et al., 2017); and mortality

associated with epidemics/pandemics (National Research Council, 2010).

Three articles reported indicators of mortality from vector-borne diseases,
covering malaria (Watts et al., 2018, 2019), yellow fever (United Nations Statistics
Division, 2022), and dengue (Watts et al., 2018, 2019). One article presented
mortality rate of children aged under 5 years of age due to insect-borne diseases
(Jung et al., 2017).

Two studies reported indicators related to human nutrition, presented as
the number of deaths due to protein-energy malnutrition (Watts et al., 2018,
2019).
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Three articles identified indicators related to cancers. One considered the
overall cancer mortality rates (National Research Council, 2010) and the others
considered the number of deaths due to malignant melanoma (Watts et al., 2018,
2019).

4.6.4.3. Other indicators

Two articles presented two indicators related to wellbeing rather than
morbidity or mortality, including the risk of heat stress for people participating in
physical and sporting activities (Beggs et al., 2021), and the number of hours

available for safe physical activity per day (Romanello et al., 2021).

4.6.5. Suitability analysis

The suitability analysis of indicators was performed based on the
dimensions in Table 4.2 and according to the Chilean context. Tables 4.6, 4.7,
and 4.8 show original indicators as they appeared in the included articles (see
Section 4.6.4) in order to avoid any potential bias in their interpretation. This also
demonstrates the multiple indicators that may refer to similar outcomes but using

different names, which is an issue to consider in the analysis as well.

Taken together, the dimensions and sub-dimensions in Tables 4.6 to 4.8
inform about the overall convenience of indicators for a PHS system. It is
expected that not all sub-dimensions have score of 2 under the classification of
Table 4.2, and there is a balance, and sometimes a trade-off, between the sub-
dimensions depending on the nature of the phenomenon under study. For
example, different assessments would be expected when comparing

communicable and non-communicable diseases.

In the following paragraphs, some indicators were taken to exemplify the
suitability analysis process. The overall discussion of the results of this suitability

analysis is presented in Section 4.7.3.

The indicator Ahuman cases of env
scores in scientific foundations mainly because of the potential general
understanding of environmental infectious disease. This concept may affect how

the indicator is measured and the stability of measurement over time or different
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populations. Medium scores in the other criteria were selected because of the
same conceptual issue, which affects how data are collected and analysed, as
well as how it is relevant to public health. In terms of being contextual to climate
change, the indicator may represent an association with climate-related hazards;
however, infectious diseases due to changes in the environment may also be
associated with other human-induced factors, such as sanitation and waste
management. This decreases the sensitivity of this indicator to climate-related

hazards.

On the other hand, the indicator
scores in most of the criteria as it is well-defined and there is scientific evidence
that supports the link between changes in the climate and changes in the
behaviour of ticks, and therefore, potential changes in cases of Lyme disease.
For Chile, this indicator is already under surveillance (Ministerio de Salud - Chile,
2004b) therefore, data availability and analysis were high-scored. The sub-
dimensions of policy-relevance and cost-effectiveness were medium-scored
mainly because Lyme disease is unusual given the climate characteristics along
the country. Similarly, this indicator received medium scores for specificity and
sensitivity as Lyme cases also depend on human behaviour. This similar rationale
was applied to categorise other indicators, such as dengue incidence and number

of cases of malaria.

The indicator of-andcofdec ied eanecea ofl | heaseso

scores in almost all criteria, except for data analysis, specificity, and
comparability. Heat- and cold-related illnesses are defined and identified by an
International Classification of Diseases (ICD) code; therefore, the indicator
measures what intents to measure and be stable over time and across different
populations. It is also backed by scientific evidence that shows the link between
these illnesses and climate change, especially extreme temperatures. The
indicator is relevant to public health as it informs the state and changes of these
diseases in the population, allowing decision-making for adaptation and action
plans. However, in the context of Chile, this indicator may be difficult to analyse,
at one or multiple times, as there is a sub-diagnostic of heat and cold as main
causes of hospitalisation or death. Also, the ilinesses are affected not only by
climatic factors, but also human behaviour; therefore, further analyses are

required to evaluate them.
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The indicator irates of cardiovascul

with heat stresso had high scores
defined, clear, and stable in what it measures. However, it had a score of O in
data analysis (i.e., data analysis is not easy to perform and needs specialised
training) because it might need several other elements, including the definition of
heat stress in the Chilean context and the modelling process of diseases
associated with heat stress. The indicator is relevant for policy and actionable,
allowing for decision-making and action plans in case of extreme heat. As it
requires the definition and potential contextual adaptation of heat stress, it

received medium scores in timeliness and comparability.

n

An indicator that received | ow and

(respiratory disease)o. The scores i
indicator is associated with a very general meaning of morbidity data: it is
unknown whether the indicator refers to hospitalisations or prevalence of
respiratory disease from a population-based survey. This characteristic makes it
difficult to measure and track over time. Also, there are important influences of
other non-climatic factors and the indicator, depending on its definition, may not
be completely comparable over time. However, it received high scores for
measurability and relevance to public health as it is simple and, depending on

how it is collected, it can inform policies in a timely manner.

A group of indicators that received low scores are those related to
disability-adjusted life years (DALYS). In this case, all indicators received a high
score in validity because the methodology of how to measure DALY's allows them
to measure what the indicator intends to measure. However, the understanding
and estimation of DALYs is difficult as they depend on several other estimated
indicators (i.e., years of life lost due to premature mortality, years of healthy life
lost due to disability), which are sometimes not easily available for the whole

population or over time.

Finally, t deeerali sentmeit @fterpressifins associated with
heat waveso had medium to | ow scores
context, population-based data for this indicator would be difficult to obtain, and
from the original source, data from Twitter would be biased as only specific
sectors of the population use this platform.
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Table 4.6 Suitability analysis for morbidity indicators.

Scientific Measura- : Contextual to
. o Relevance to public health ;
foundations bility P climate change
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Infectious diseases

Cases of infectious diseases-vectors

Prevalence of insect borne diseases in children

Incidence of vector-borne diseases

Incidence of parasitic diseases

Human cases of environmental infectious disease

Human cases of environmental infectious disease / positive
test results in reservoirs, sentinels, vectors

Incidence of climate-related vector borne diseases: Lyme,
malaria, West Nile virus, yellow fever, dengue

Changes in the incidence and geographic range of climate-
sensitive infectious diseases

Incidence of climate-sensitive infectious diseases
Incidence of cases of climate-related disease: airborne
diseases, water-related diseases.

Trends in overall burden of climate-sensitive diseases (all
causes, dengue, diarrhoea, environmental heat and cold)

Table 4.6 continues on next page.
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Table 4.6 Suitability analysis for morbidity indicators (cont).

Scientific Measura- . Contextual to
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foundations bility climate change
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Infectious diseases

Cases of Lyme disease

Lyme borreliosis incidence in humans

Cases of West Nile virus

West Nile disease incidence in humans

Dengue incidence

Cases of dengue associated with sea surface temperature
Number of cases of malaria

Ross River virus cases

Diarrhoeal morbidity rate in children

Recurrence rate of diarrhoea outbreaks among children
Incidence outbreaks of water-borne diseases

Incidence of food-borne diseases

Cases of vibriosis infections, salmonellosis,
campylobacteriosis, cryptosporidiosis

Shellfish poisoning outbreaks

Paralytic shellfish poisoning cases

Table 4.6 continues on next page.
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Table 4.6 Suitability analysis for morbidity indicators (cont).

Scientific Measura- . Contextual to
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foundations bility P climate change
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Temperature-related outcomes

Incidence of heat- and cold-related illnesses

Heat-related emergency department visits for heat stress
Heat-related hospitalisations for heat stress

Health-related illnesses

Rates of cardiovascular and respiratory disease associated
with heat stress

Heat stress risk of people participating in physical and
sporting activities

Excess morbidity due to extreme heat

Heatwave-related morbidity

Cold-related injuries

Table 4.6 continues on next page.
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Table 4.6 Suitability analysis for morbidity indicators (cont).

Scientific Measura- . Contextual to
. o Relevance to public health :
foundations bility climate change
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Respiratory diseases

General morbidity data (respiratory disease)

Incidence of morbidity due to respiratory diseases in
children

Prevalence of chronic respiratory illnesses in children 0-14
Respiratory/allergic disease related to increased air
pollution and pollens

Cases of allergic asthma

Asthma exacerbations and other respiratory
hospitalisations related to wildfires events

Number of asthmatic episodes

Table 4.6 continues on next page.
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Table 4.6 Suitability analysis for morbidity indicators (cont).

Scientific Measura- . Contextual to
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DALYs or YLLs

Climate change attributable DALYs
DALYs or YLLs from climate change
DALYs lost from climate change
DALYs due to epidemics or pandemics
DALYs

Cancer

Incidence of skin cancer

Cancer rates

Nutrition

Undernutrition

Prevalence of malnutrition

Number of undernourished people

Table 4.6 continues on next page.
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Table 4.6 Suitability analysis for morbidity indicators (cont).
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General injuries or morbidity

Number of injuries from extreme weather events
Weather-related morbidity (cold, heat)

Injuries and ilinesses attributed to wildfires

Number of injuries from extreme weather events

All-case and cause-specific morbidity associated with
extreme weather events

Number of affected people by weather-related disasters
Mental health

Reports of depression, anxiety related to climate change
Utilisation of mental health services

General sentiment of expressions associated with
heatwaves

Other general

Number of calls to emergency services

Number of visits to general practitioner (GP)

Rates of hospitalisation for circulatory, respiratory
diseases, accidents, poisoning and violence
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Table 4.7 Suitability analysis for mortality indicators.

Indicator / Sub-dimension
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Infectious diseases

Mortality rate of children due to insect borne diseases

Diarrhoea mortality rate in children

Temperature-related outcomes

Daily non-accidental deaths associated with temperature

Excess mortality related to cold

Cold-related fatalities

Cold- and heat-related mortality

Excess mortality related to heat

Excess mortality due to extreme heat

Daily non-accidental deaths associated with heatwaves

Heat excess mortality

Mortality attributed to heat

Heat-related mortality

Number of heat-related deaths

Heat-related excess mortality

Heatwave-related mortality
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Table 4.7 Suitability analysis for mortality indicators (cont).
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Temperature-related outcomes

Daily all-cause mortality and excess mortality associated
with heat index, humidex, apparent temperature, effective
temperature, and WBGT

Excess mortality associated with exposure to high ambient
temperature

Heatwave related mortality

Excess daily all-cause mortality due to heat

Respiratory diseases

Annual mortality rate due to respiratory diseases in children
Respiratory/allergic mortality related to increased air
pollution and pollens

Respiratory disease mortality from exposure to air
pollutants (ozone, particulate matter)

Table 4.7 continues on next page.
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Table 4.7 Suitability analysis for mortality indicators (cont).
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General deaths or mortality

Climate change attributable deaths
Preventable deaths from climate change
General mortality data (respiratory disease)
Daily mortality

Real time mortality

Infants death rates among aboriginal groups
Deaths before 65 years old

Daily all-cause mortality

Daily non-accidental mortality

Seasonal pattern of mortality

Number of deaths of all causes, dengue, diarrhoeal
disease, forces of nature

Premature deaths due to air pollution

Table 4.7 continues on next page.
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Table 4.7 Suitability analysis for mortality indicators (cont).

Indicator / Sub-dimension
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Deaths associated with extreme weather events

Deaths related to flooding

Number of deaths associated with weather-related
disasters

All-cause and cause-specific mortality associated with
extreme weather events

Mortality from extreme weather events

Number of deaths of young men from accidents, poisoning,
violence

Weather-related mortality

Mental health

Suicide rate associated with ambient temperature

139




Table 4.8 Suitability analysis for other indicators.
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Number of hours available for safe physical activity per day [FR2E a1 e e
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4.7. Discussion

This section covers two main sub-sections. Section 4.7.1 discusses the
findings from the systematic review and Section 4.7.2 discusses the indicators

from the systematic review that may be suitable for use in the Chilean context.

4.7.1. Findings from the systematic review

This systematic review identified population health indicators that help
monitor the health impacts of climate-related hazards in the context of climate
change. Based on the revised literature, it is possible that current PHS and EPHS
systems already include several of the identified indicators; however, two main

challenges remain.

First, to better understand the role of these indicators in a broad context
that explicitly includes public health and climate change, itis necessary to analyse
whether the PHS systems and these indicators are compatible and adaptable.
Second, although there are relevant indicators that can be integrated into PHS or
EPHS systems, the moderate quality of the literature (see Section 4.6.5) may limit
their use and careful analyses should be done first.

In terms of geographical distribution of the evidence, most of it has been
published in high-income countries with well-established PHS systems, such as
Canada, the USA, and the UK. Therefore, the use and adaptation of indicators
from these countries to other countries may have some limitations since, for
example, data collection methods, indicators definition, and spatial and temporal
coverage are not quite compatible. This issue is relevant for PHS systems
because one of the main characteristics of indicators for PHS systems is that they
should represent and be aligned with characteristics of the local context (see
Section 4.4.1), resulting in better use and acceptability by users (Gilbert and
Cliffe, 2016; Groseclose and Buckeridge, 2017).

Regarding critical appraisal, several articles combined literature review
processes and expert consultations; however, it was not always possible to
analyse the associated methods due to limited description of them. Although
literature reviews do not follow the same systematicity as systematic reviews,
unclear methodology and methods undermine their reproducibility, replicability,

and overall quality (Shokraneh, 2019). It is arguable whether true reproducibility
141



and replicability can be achieved (Puljak and Pieper, 2022) and sometimes these
gualities are not the main goal of literature reviews; however, clear methods
would facilitate their critical assessment by providing a rationale for their structure
and line of argument; and therefore, increasing their use in other contexts.
Complementary, expert and stakeholder engagement is an important step when
translating scientific evidence into public policies (Bordier et al., 2021; Vargas et
al.,, 2022); however, the methodology of expert consultations was vaguely
explained in some articles, which could limit their quality and guiding role for other
studies.

Several indicators related to morbidity and mortality outcomes were
identified in this review. Some articles clearly identified and defined indicators
associated with specific climate-related hazards and exposures (e.g., mortality
associated with heatwaves); however, the level of complexity in the exposure-
response analysis and risk attribution varied across articles. Based on the
historical development of PHS systems, it is expected that the most common
indicators are related to infectious and communicable diseases, which have been
well-defined and international and national supporting structures are relatively
well-established (Choi, 2012; Lombardo and Buckeridge, 2012; Thacker and
Stroup, 2013; World Health Organization, 2016). The next group of relatively well-
developed indicators, even though they have some associated challenges,
covers chronic non-communicable diseases and those related with occupational
health (Thacker et al., 1996; Koh and Aw, 2003). However, a group of indicators
related to mental health is less clear. For example, the suicide rate associated
with ambient temperature (Beggs et al., 2019) is difficult to analyse because this
outcome is a result of several individual and social characteristics, and its
relationship with climate change can be complex to elucidate (King and Merchant,
2008; Stack, 2021). Additionally, although climate change may promote mental
health discomfort and illnesses, there are still several challenges associated with
the outcome itself, including social stigma, measurement and data collection
issues, as well as population representativeness (Wainberg et al., 2017; Hwong
et al., 2022), which are added to the challenges of the exposure-response
analysis. For example, there were some indicators that attempt to evaluate
Afsentimento during heat wave events

analysing the positive or negative connotation of words used on Twitter
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(Romanello et al., 2021). However, it is highly probable that these data are biased
because only include a very specific portion of population who use twitter and

have access to internet and computer/mobile phone.

Additionally, a mix of simple and complex indicators affects their use and
acceptability depending on the technical capacities of decision-makers. Most of
the articles proposed general and simple population health indicators, such as
all-cause mortality or incidence of respiratory diseases (Donnelly, Jones and
Sweeney, 2004; Dovie, Dzodzomenyo and Ogunseitan, 2017; Jung et al., 2017;
Akearok et al., 2019; Doubleday et al., 2020). Although these simple indicators
are already used in PHS systems, it is not clear how these indicators should be
used when a climate hazard occurred (e.g., heatwaves) due to the complex link
to any specific cause. Also, they are highly influenced by other social factors
rather than climate change hazards per se. For example, malaria is a parasitic
disease transmitted by mosquitoes of the genus Anopheles, which are affected
by climatic conditions and conditions in the built environment that are modified by
human actions (Rossati et al., 2016), such as sanitary conditions and water
containers. Similarly, food-borne diseases, such as salmonellosis, depend on
multiple factors, including ambient temperature and human manipulation, such
as the quality of foodchain( Chl ebi cz and $Qveral, ¢hese dimple
indicators may warn about population health issues; however, the link with
climate-related hazards and climate change is less straightforward and analyses

of contextual environmental and other human factors need to be considered.

To provide more targeted information on climate-sensitive health
outcomes, it is typically necessary to consider multiple climatic and non-climatic
factors to isolate the associations of primary interest. This is often done using
statistical models leading to model-based indicators. However, the quality of the
modelling depends on the quality and management of the data, as well as the

modelling assumptions.

In addition to simple and model-based indicators, a third category attempts
to combine information from collections of other indicators, such as composite
indicators, which are generally dimensionless. From the gathered literature, there
were no health outcomes measured using a composite indicator, instead, they
were used as explanatory factors of health outcomes, such as the heat index

(Heo and Bell, 2019). Although composite indicators may aggregate several other
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indicators in only one value and are often used in policymaking, they have some
challenges, including the assignment of weights to each contributing component
(Becker et al., 2017), interpretation, biases, and combination of different units.
Furthermore, their overall quality depends on that of each contributing component
(Dialga and Thi Hang Giang, 2017; Barclay, Dixon-Woods and Lyratzopoulos,
2019).

Another group of indicators that appeared in the literature and that requires
careful analysis corresponds to the spatial aggregated indicators. These
indicators summarise measures according to specific geographical units, such as

a city. In this case, there are two important aspects to mention.

First, indicators of population health, such as all-cause hospitalisations,
are commonly aggregated depending on administrative boundaries (e.g.,
province or region) because there are legal mandates or designated public health
programmes. However, the spatial analysis of population exposure to climate-
related hazards is sometimes more challenging because the spatial organisation
of relevant exposure measurements often does not align with administrative
regions. For example, the analysis of ambient temperature exposure based on
land-based monitors may be difficult because of the limited spatial coverage of
these monitors. To overcome this limitation, some authors take the available
monitors and average the values to get a value that is considered for population
exposure (Heo and Bell, 2019), which may introduce important errors due to
misalignments in spatial distribution of monitors and population. Although it is
certain that all instruments and methods provide approximate measurements of
actual population exposure, there are some techniques and methods that can

reduce uncertainties and inaccuracies if chosen correctly.

Second, the link between spatially aggregated population health outcomes
and aggregated environmental information should be carefully analysed due to
potential difficulties in establishing associations at an individual or local level
(ecological fallacy) (Lash et al., 2021).

One of the last areas to note is that all indicators in this review correspond
to health outcomes related to the exposure to climate-related hazards, not directly
to climate change. Although climate change affects climate-related hazards, it is

important to differentiate their temporal scope. The assessment of health
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outcomes and climate change generally needs long-term analyses to capture
long-term changes in the climate (i.e., climate signal) (Hawkins and Sutton, 2012)

and thus capture the effect of that climate signal on health outcomes.

Complementary, it is important to consider the different drivers of climate-
related hazards, including natural or anthropogenic drivers, as well as other non-
climatic factors. For example, there are several articles that have included health
outcomes associated with air pollution as a climate hazard (Ebi et al., 2018;
Akearok et al., 2019). Although changes in the climate closely affect air quality
and vice versa, most of the pollution comes from anthropogenic sources, such as
wood burning, transport, and industry production (Orru, Ebi and Forsberg, 2017).
It is important to identify where the health hazard comes from because this
process would inform cost-effective interventions by changing or removing the
primary source. Another example includes the analysis of population health
outcomes, such as dengue incidence, associated with El Nifio-Southern
Oscillation (ENSO) (Hurtado-Diaz et al., 2007). Although climatic conditions
associated with this natural phenomenon affect ecosystems, making them prone
to mosquitoes and other vectors and microbes, the evidence shows significant
uncertainty between ENSO and climate change (Latif and Keenlyside, 2009);
therefore, indicators analysed in the context of ENSO should be carefully

analysed.

In summary, constructing, selecting, analysing, and interpreting population
health indicators that capture the impacts of climate-related hazards in the
context of climate change and that can be integrated to PHS systems involves
several steps and requirements. Data collection and analysis should be timely,
reliable and valid; indicators should be scientifically sound and produce relevant
information for public health decision-making; and the process from data
collection to analysis of information should be simple, cost-effective, and easy to
implement by decision-makers at different levels. In this sense, there is a need
for frameworks that allow a common language, promote international
collaboration, and strengthen national and local adaptation capacities. Although
there is no standard and universal framework, the DPSEEA or MEME frameworks
(see Section 4.4.4) may help identify and organise indicators that inform public
health decision-making according to different contexts, including intermediate

indicators (i.e., indicators on changes in the environment) and indicators of
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impacts. The DPSEEA framework is likely to be preferable to the MEME
framework because it allows for the identification of drivers, states, pressures,
and exposures, and may therefore, facilitate decision-making processes related
to interventions upstream in the exposure-event chain rather than just at the
health effects. This framework may be complemented by others, such as the
social determinants of health framework (Marmot et al., 2008), which can expand
the perspective of social vulnerabilities to climate change. Similarly, specific
frameworks on disaster risk reduction (United Nations, 2015a) and sustainable
development (United Nations, 2015b) can also complement the perspective and
include indicators from other health-determining sectors, such as urban planning,
energy, transport, and housing. The rationale behind the use of complementary
frameworks relies on the issue that several public agencies, not only health
agencies, are already measuring and collecting several indicators that can be
integrated into PHS systems, maximising resources and strengthening climate

adaptation and population health policies.

4.7.2. Suitability analysis for public health surveillance in Chile

As explained in Section 4.4.2, Chile has different PHS systems, but none
explicitly considers indicators on the intersection between climate change and
population health. This is also reflected in the Health National Adaptation Plan
(HNAP) (Ministerio de Salud - Chile and Ministerio del Medio Ambiente - Chile,
2017), where one of the strategies is to identify indicators that can be used for

PHS; however limited progress has been made up to date.

Several of the indicators presented in Tables 4.6, 4.7, and 4.8 are already
collected and analysed by public health agencies in Chile; however, they are not
framed or particularly identified as indicators to be used for the analysis of the
impacts of climate-related hazards on population health in a climate change

context.

Considering the available resources, epidemiological profile, current and
projected climate hazards (see Section 3.6) and biological plausibility of impacts
on population health in Chile, a set of indicators can be adapted and used under

a climate change and population health framework. To do it, some
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complementary regulations to the existing ones can be promoted with a very

limited demand for new decrees or laws.

The indicators of health outcomes (morbidity or mortality) that are already
under surveillance in Chile (Ministerio de Salud - Chile, 2004b) and can be

considered for climate change and population health framework cover:

1 Morbidity or mortality rate of vector-borne diseases: Lyme disease, West
Nile fever, dengue fever, malaria, yellow fever, chagas (American
trypanosomiasis), chikungunya, zika virus, human hantavirus fever.

1 Morbidity or mortality rate of food- and water-borne diseases: diarrhoea,
vibriosis, acute gastrointestinal illnesses, cholera, shellfish poisoning
events, hepatitis A and C, brucellosis, leptospirosis, salmonellosis,

campylobacteriosis, typhoid fever, Escherichia coli infections.

Although there is no formal PHS system that includes temperature-related
health outcomes in Chile, there are data from emergency department visits and
hospitalisations that may be analysed in order to characterise the relationship
between climate-related hazards, especially ambient temperature, and
population health. Considering these data, it is possible to analyse: incidence of
temperature-related (i.e., cold and heat) emergency department visits; incidence
temperature-related hospitalisations; and mortality rate of temperature-related
illnesses. It is important to notice that using the official medical registrations, it is
possible to have an approximate magnitude of these outcomes through the
analysis of the International Classification of Diseases (ICD) codes, which are
standardised in Chile. However, the particular identification of temperature-
related diseases may be underrepresented because these diseases may often
not be directly recorded as temperature-related but instead recorded under some
more generic code (e.g., cardiovascular diseases). This challenge usually leads
to public health practitioners and researchers to analyse large groups of climate-
sensitive health outcomes, such as non-accidental, respiratory, or cardiovascular
diseases (see Section 3.7), resulting in the measurement of morbidity or mortality

rates of these outcomes.

Another option to monitoring climate-sensitive or temperature-related
health outcomes is through the calculation of excess of cases when an extreme

temperature event occurs, for example a heatwave. This process requires
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meteorological data and the application of common and standardised
procedures, which generally uses historical data (e.g., 5-10 years) to calculate
thresholds of expected outcomes (Noufaily et al., 2013). These indicators are
potentially valuable for decision- and policymakers, especially when analysing
preparedness plans; and data and methods for calculating them are already
available in Chile. These indicators can be obtained by statistical models and
there are several challenges associated with them. First, the analysis may be
more time consuming and not able to be performed by decision-makers at
different levels. Second, there should be a clear definition of the exposure (e.g.,
cold and heat thresholds in order to define the exposure). Third, other factors
such as adaptation may affect the population response and should be taken into
account. Fourth, this analysis requires intermediate or advanced skills in terms of
data management, analysis, and interpretation, which are sometimes not widely
available at different levels, especially in municipalities with limited resources and

technical capacities.

In Chile, the management system of morbidity and mortality data,
specifically data on deaths, hospitalisations, emergency department visits, and
notifiable diseases, is robust and allows data analysis within weeks. Therefore,
excess of particular health outcomes or those associated with climatic factors can
be analysed taking all causes or large groups of causes, such as infectious,
respiratory, cardiovascular, or mental health causes. Also, these data can be
analysed by gender, age, location (e.g., municipality or region), and date since
datasets contain information of each case (e.g., a person who died in Chile),
including public and private healthcare facilities.

Data and indicators on health outcomes related to extreme weather
events, excluding extreme temperature events, are generally gathered by the
Ministry of Health and services in other ministries, including the National Geology
and Mining Service, National Disaster Prevention and Response Service, or the
Ministry of Social Development (SERNAGEOMIN - Chile, 2017; SENAPRED -
Chile, 2023). Although, there is a PHS system for emergencies and disasters that
depends on the Ministry of Health (Ministerio de Salud - Chile, 2010), data and
indicators on morbidity and mortality during extreme weather events are still
unclear and not publicly available. Indicators on these health outcomes are useful

either when preparing and planning for extreme weather events, or when
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responding during the acute phase. It would be recommendable to strengthen
these data and indicators in terms of definitions, frameworks, usage, application,

and publication.

Indicators on nutritional status, such as the prevalence of malnutrition is
difficult to assess and use in a context of climate change in Chile. Data on the
nutritional status of the population is mainly captured by the National Health
Survey; however, it is done every 3 to 4 years, and the questions on nutrition are
related to macro-indicators, such as overweight and obesity (Ministerio de Salud
- Chile, 2017), rather than on nutrients (analysed in blood samples). Given that
these indicators are periodically collected, they can be used as a proxy to the
impacts of climate change on nutritional status, but they should be taken
cautiously as they are strongly influenced by several other social factors (e.qg.,
poverty). Nonetheless, climate change may affect nutritional status through food
scarcity and insecurity (Fanzo and Downs, 2021); therefore, these indicators

should be analysed considering a wider context.

Finally, indicators on mental health outcomes can be incorporated into
PHS systems in Chile since data on emergency department Vvisits,
hospitalisations, and mortality identify related causes. However, indicators on
depression, anxiety, and suicide rates should be carefully analysed since the
complex relationships between diverse exposures and outcomes (Hwong et al.,
2022). The documentation of these outcomes is obtained through clinical
diagnoses, representing the severity of the problem, while light or mild outcomes,
for example anxiety due to climate change, would be very unlikely to be
diagnosed and officially documented. In this case, population surveys, such as
the National Health Survey, would be a good option, but cost-effective analyses

should be conducted first.

Indicators that cover the number of calls to emergency services is difficult
to evaluate in Chile. There is a universal number to call, but only covers public
services. Private services are diverse, not equally distributed in the country, and
information about them is not centralised. Additionally, there is limited public
information on this area (Santelices and Santelices, 2017; Echevers, 2019) and
it is not clear whether the Ministry of Health have this information in a
systematised way. A system that captures most of the information from calls to

emergency services at national level, including public and private systems, would
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be very beneficial. This information would help to quickly characterise the
sociodemographic and epidemiological features, as well as reasons why people
call, especially during extreme weather events (e.g., heatwaves). Indicators
related to these calls would support a prehospital syndromic surveillance system
(Todkill et al., 2017).

Ambulatory visits to primary healthcare centres (or general practitioner -
GP) is also difficult to analyse in Chile. Data are collected from monthly statistical
records with the main purpose of budget assignment, which may lead to some
information biases in terms of how this information is collected and presented.
Another limitation is related to the timeliness of these data and subsequent
indicators analysis. Up to date, data from 2017 to 2020 are publicly available
(Ministerio de Salud - Chile, 2020b), and it is unclear whether there are more
updated data to use for internal purposes in the Ministry of Health and regional

departments. For future developments, ambulatory indicators and spontaneous

patientsd consultations aRH8s$¢ystembe wusef

There are several indicators that would be useful to integrate in Chilean
PHS systems to strengthen public health policies related to climate change, but
unfortunately, data availability, analysis, and capacities are important limitations.
For example, indicators that evaluate the cold or heat stress risk among
vulnerable populations, including outdoor workers, people participating in
physical and sporting activities, would provide warning alerts to populations in
advance. Another emerging area to analyse in Chile includes data gather from
wearables devices, electronic and online medical imaging, and mobile
applications. Although these data may be abundant and almost available in real-
time, population representativeness and privacy issues are significant challenges
(Kumar et al., 2022).

In summary, several indicators on climate change and population health
can be integrated into Chilean PHS systems. Some indicators, especially those
related to infectious diseases are already under surveillance; however, other
indicators related to non-communicable health outcomes, including mental health
and nutritional outcomes are less developed. Complementary, Figure 4.2 shows
the data iceberg for indicators on climate change and population health in Chile.
It illustrates not only the significant challenge when analysing climate change

impacts on population health due to the unknown and unmeasured impacts, but
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also the potential data that are collected and can potentially be used to estimate
impacts. Up to date, elements below the water surface (unknown and
unmeasured) may cover a high proportion of the impacts of climate change and
climate-related hazards on population health, but due to several limitations
measuring them, it is not possible to wunderstand their magnitude.
Complementarily, elements above the water surface are measured, but data
quality varies. Registrations of deaths, hospitalisations, and emergency
department (A&E) visits are one of the most valid and reliable sources of
information, followed by laboratory confirmation reports and population-base
surveys. However, these data may support the analysis of only the most severe
impacts of climate-related hazards, which may represent a small proportion of

these impacts.

Deaths**

Hospitalisations**

A&E visits**

Spontaneous visits to community centres

Laboratory confirmation*

Population-based surveys”

Emergency / ambulance calls Medication purchases / pharmacy data

Internet searches / Social media
I .

Wearables’ information

Signs and symptoms self-treated
(self-medication)

Decompensations at home non-treated

Unknown & unmesaured

Wellbeing and comfort impairment

Figure 4.2 Data iceberg for indicators of impacts of climate change on population health in Chile.
NB: ** valid and reliable sources of data; * sources with limit use. Source: Own elaboration.

Finally, Tables 4.9, 4.10, and 4.11 show the indicators suggested for
surveillance for climate change and population health for different health
outcomes. These indicators are divided by priority (high, medium, and low)
according to the suitability analysis and the Chilean context. The high-priority

indicators include health outcomes (i.e., morbidity and mortality) that are currently
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under surveillance in Chile (i.e., vector-, food-, and water-borne diseases) and
health outcomes highly sensitive to climate-related hazards, such as
temperature-related health outcomes. The medium-priority indicators involve
respiratory diseases that are not completely linked to climate change or climate-
related hazards and further analyses need to be done. Similarly, indicators
related to injuries during extreme weather events need to be further developed
as the information sources for these indicators are not fully consistent in Chile.
Finally, the low-priority indicators include health outcomes which have not been
clearly linked to climate-related hazards, are not well-defined, and/or are difficult
to analyse due to limited data availability in Chile; however, some of them can be

further developed in the near future.

However, the prioritisation and PHS systems that contain these indicators
should be adaptative and dynamic because changes in the climate will continue
occurring as well as new and different socioeconomic and political pathways that

may modulate the impacts of climate change on population health.
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Table 4.9 Suggested high-priority indicators for surveillance in climate change and population

health for Chile.

Indicator

| Observations

Vector-borne diseases and health outcom

es

Incidence of mosquito-borne diseases, 1 These indicators are part of the PHS
including sub-indicators for: Zika virus, systems in Chile

malaria, West Nile virus, yellow Fever, f Historically, mosquitoes that transmit
dengue fever, chikungunya fever, these diseases have not been present in
Leishmaniasis, Schistosomiasis, Chile. However, given the presence of
onchocerciasis. them in the rest of the region and potential
Mortality of mosquito-borne diseases, changes in ecological niches due to
including sub-indicators for: Zika virus, climate change, it is relevant to include
malaria, West Nile virus, Yellow Fever, them in PHS.

Dengue fever, chikungunya fever, T These indicators should be
Leishmaniasis, Schistosomiasis, disaggregated, at least, by region (or
onchocerciasis. smaller geographical unit if possible), age,

and time (daily or monthly).

Incidence of Lyme disease 1 These indicators are part of the PHS
Mortality rate of Lyme disease systems in Chile

1 These indicators should be
disaggregated, at least, by region (or
smaller geographical unit if possible), age,
and time (daily or monthly).

Incidence of chagas disease 1 Although these indicators did not explicitly

Mortality rate due to chagas disease appear in the systematic review, they are

Incidence of hantavirus pulmonary syndrome part of the PHS systems in Chile.

Mortality rate due to hantavirus pulmonary T Triatoma infestans, the vector of

syndrome T_rypanospma_ cruzi that_ causes chaga;
disease, is climate-sensitive; therefore, it
is relevant to be integrated in PHS.

1 Oligoryzomys longicaudatus (i.e., long-
tailed rat fcolilargod, the vector of
Hantavirus that causes hantavirus
pulmonary syndrome, may be climate-
sensitive; therefore, it is relevant to be
integrated in PHS.

1 These indicators should be
disaggregated, at least, by region (or
smaller geographical unit if possible), age,
and time (daily or monthly).
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Table 4.9 Suggested high-priority indicators for surveillance in climate change and population

health for Chile (cont).

Food- and water-borne diseases and health outcomes

Incidence of diarrhoea 1 These indicators are part of the PHS

Mortality rate due to diarrhoea systems in Chile.

Incidence of vibriosis 1 These indicators should be

Mortality rate due to vibriosis disaggregated, at least, by region (or
. . smaller geographical unit if possible), age,

Inmdence of salmonellosis . and time (daily or monthly).

Mortality rate due to salmonellosis 1 The indicators on specific pathogens

Incidence of campylobacteriosis include all cases independently of the

Mortality rate due to campylobacteriosis causing microorganisms (e.g., Vibrio spp,

Incidence of cryptosporidiosis Salmonelia spp.).

Mortality rate due to cryptosporidiosis

Incidence of shellfish poisoning

Mortality rate due to shellfish poisoning

Incidence of harmful algal blooms

Mortality rate due to harmful algal blooms

Incidence of acute gastrointestinal illnesses 1 Although these indicators did not explicitly

Mortality rate due to acute gastrointestinal appear in the systematic review, they are

illnesses part of the PHS systems in Chile.

Incidence of cholera 1 These indicators should be

Mortality rate due to cholera

Incidence of hepatitis A and C

Mortality rate due to hepatitis A and C

Incidence of brucellosis

Mortality rate due to brucellosis

Incidence of leptospirosis

Mortality rate due to leptospirosis

Incidence of typhoid fever

Mortality rate due to typhoid fever

Incidence of Escherichia coli infections

Mortality rate due to Escherichia coli
infections

disaggregated, at least, by region (or
smaller geographical unit if possible), age,
and time (daily or monthly).
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Table 4.9 Suggested high-priority indicators for surveillance in climate change and population

health for Chile (cont).

Temperature-related health outcomes

Incidence of temperature-related disease
(including heat or cold)

Mortality rate due to temperature-related
disease (including heat or cold)

Number of emergency department visits due
to temperature-related causes (including heat
or cold)

Number of hospitalisations due to
temperature-related causes (including heat
or cold)

Health data for these indicators can be
obtained from databases that are
compiled and published by the
Department of Statistics and Health
Information (DEIS).

Environmental data for these indicators
can be obtained from reanalysis datasets.
These indicators should be
disaggregated, at least, by region (or
smaller geographical unit if possible), age,
and time (daily or monthly).

Excess morbidity (emergency department
visits or hospitalisations) due to temperature-
related causes (including heat or cold)

Excess mortality due to temperature-related
causes (including heat or cold)

Incidence of cardiovascular diseases
associated with temperature-related causes
(including heat or cold)

Mortality rate due to cardiovascular diseases
associated with temperature-related causes
(including heat or cold)

Incidence of respiratory diseases associated
with temperature-related causes (including
heat or cold)

Mortality rate due to respiratory diseases
associated with temperature-related causes
(including heat or cold)

Health data for these indicators can be
obtained from databases that are
compiled and published by the
Department of Statistics and Health
Information (DEIS).

Environmental data for these indicators
can be obtained from reanalysis datasets.
These indicators need further analyses
based on statistical models.

These indicators should be
disaggregated, at least, by region (or
smaller geographical unit if possible), age,
and time (daily or monthly).
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Table 4.10 Suggested medium-priority indicators for surveillance in climate change and

population health for Chile.

Indicator

| Observations

Respiratory health outcomes

Incidence of chronic respiratory diseases 1 Health data for these indicators can be
Incidence of acute respiratory diseases obtained from databases that are
Incidence of allergic respiratory diseases compiled and published by the
Incidence of asthma exacerbations Department of Statistics and Health
Mortality rate due to chronic respiratory Information (DEIS).
diseases : 1 These indicators should be
I\/_Iortahty rate due to acute respiratory disaggregated, at least, by region (or
diseases _ : smaller geographical unit if possible), age,
Mortality rate due to allergic respiratory and time (daily or monthly).
diseases
Mortality rate due to asthma exacerbations
General health outcomes
Incidence of people injured during extreme 1 Health data for these indicators can be
weather events obtained from databases that are
Incidence of people affected during extreme compiled and published by the
weather events _ Department of Statistics and Health
Incidence of emergency department visits Information (DEIS).
dur.mg extreme wgather 'events - 1 Environmental data for these indicators
Incidence of hospitalisations during extreme can be obtained from specific and
weather events

- — - complementary datasets on weather
Mortality rate due to injuries during extreme ¢ World  Met logical
weather events events (e.q., or eteorologica

Organization& World Weather & Climate
Extremes Archive, EM-DAT).

1 These indicators should be
disaggregated, at least, by region (or
smaller geographical unit if possible), age,
and time (daily or monthly).
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Table 4.11 Suggested low-priority indicators for surveillance in climate change and population

health for Chile.

Indicator | Observations

Respiratory health outcomes

Incidence of respiratory diseases due to 1 Health data for these indicators can be

exposure to air pollutants obtained from databases that are

Mortality rate due to exposure to air compiled and published by the

pollutants Department of Statistics and Health
Information (DEIS).

1 Environmental data for these indicators
can be obtained from air quality land-
based monitors or reanalysis datasets
(e.g., Copernicus Atmosphere Monitoring
Service).

1 These indicators should be
disaggregated, at least, by region (or
smaller geographical unit if possible), age,
and time (daily or monthly).

DALYs

DALYs associated with climate change 1 Health data for these indicators can be
obtained from databases that are
compiled and published by the
Department of Statistics and Health
Information (DEIS).

1 Environmental data for these indicators
can be obtained from reanalysis datasets.

1 These indicators should be
disaggregated, at least, by region (or
smaller geographical unit if possible), age,
and time (daily or monthly).

Cancer

Incidence of skin cancer 1 Health data for these indicators can be

Mortality rate due to skin cancer obtained from databases that are
compiled and published by the
Department of Statistics and Health
Information (DEIS).

1 These indicators should be
disaggregated, at least, by region (or
smaller geographical unit if possible), age,
and time (daily or monthly).

Nutrition
Prevalence of undernutrition  Health data for this indicator can be
obtained from the National Health Survey.

1 These indicators should be
disaggregated, at least, by region (or
smaller geographical unit if possible), age,
and time (daily or monthly).
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Table 4.11 Suggested low-priority indicators for surveillance in climate change and population
health for Chile (cont).

Indicator | Observations

Mental health outcomes

Incidence of emergency department visits 1 Health data for these indicators can be
due to mental health disorders associated obtained from databases that are
with climate change, including depression compiled and published by the
and anxiety Department of Statistics and Health
Incidence of hospitalisations due to mental Information (DEIS).

health disorders associated with climate
change, including depression and anxiety
Suicide rate associated with ambient
temperature

1 Environmental data for these indicators
can be obtained from reanalysis datasets.

1 These indicators should be
disaggregated, at least, by region (or
smaller geographical unit if possible), age,
and time (daily or monthly).

Other health outcomes

Number of calls to emergency services 1 Health data for these indicators can be
during extreme weather events obtained from databases that are
Climate change attributable deaths compiled and published by the
All-cause mortality rate Department of Statistics and Health
Non-accidental mortality rate Information (DEIS).

Number of hours available for safe physical | ¢ Enyironmental data for these indicators
activity per day can be obtained from reanalysis datasets.

1 Information on physical activity may be
obtained from international datasets, such
as the Sports Medicine Australia Extreme
Heat Policy.

1 These indicators should be
disaggregated, at least, by region (or
smaller geographical unit if possible), age,
and time (daily or monthly).

4.7.3. Strengths and limitations

This chapter has several strengths. First, this study is one of the first that
systematically searched and assessed scientific and grey literature in relation to
population health indicators related to the impacts of climate change and climate-
related hazards for public health surveillance. As it was shown, several literature
reviews proposed indicators based on expert opinion rather than a more
comprehensive analysis. Second, the systematic use of two critical appraisal
tools (i.e., QUADS and JBI) allowed a thorough evaluation of the evidence with
di fferent designs of studi es. Third,
suitability analysis provided a complete and systematic evaluation of indicators
according to a national scenario, in this case Chile. This approach, in contrast to
several indicators developed with limited application to PHS systems, maximises
the probability of evidence translation into public policy. This work, although not
guaranteed, will support public health surveillance systems in Chile and help

decision- and policymaking processes to 1) monitor the impacts of climate
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change hazards on population health by analysing the proposed high-priority
indicators in the near future, and 2) adapt a set of indicators that can be used at,
for example, the local level by implementing the suitability analysis tool. As a
result, policymakers at different levels may implement potential public health

interventions in a changing climate.

Notwithstanding the above, this study has several limitations. First, the
systematic review only included three languages. Although the languages
included were relevant to the Chilean context, it is possible that a proportion of
the literature was not included in the review. Second, the tool for the suitability
analysis needs further developments, including a validation. The dimensions,
sub-dimensions, and criteria are potentially subjective, and it would be desirable
to carry out a broader survey (e.g., analyses based on Delphi method) of other
interested parties (i.e., experts, decision- and policymakers, researchers, among
other people) to determine their robustness and make the appropriate
adjustments. Nonetheless, two informal interviews with people at the Ministry of
Health and the Environment (people related to the H-NAP) in Chile have shown
that, overall, the tool captures most of the relevant criteria and is considered
useful for public health policies. Finally, the criteria on validity, reliability,
sensitivity, specificity, and comparability from the suitability analysis need to be
further evaluated using actual data. In this case, these criteria were only
evaluated based on theoretical assumptions, which may be different when

applying different datasets.

4.8. Conclusion

This chapter systematically identified a wide range of population health
indicators related to climate-related hazards and analysed whether these
indicators can be suitable for PHS systems in Chile. The systematic review
showed that most of the published articles on indicators come from high-income
countries (i.e., Canada, the USA, the UK), which may restrict their application to
other geographical locations. Also, the critical appraisal showed that it was not
always possible to evaluate the methods of the articles due to limited description,
affecting their overall quality appraisal. In terms of the indicators, there is a mix

between simple and complex indicators from an exposure-response perspective,
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which need to be considered when deciding which one to be included in a PHS

system.

The suitability analysis showed that the identified indicators can be
grouped into three categories of prioritisation for their integration into Chilean
PHS systems. The high-priority indicators include vector-, food-, and water-borne
diseases and health outcomes, as well as temperature-related health outcomes.
The medium-priority indicators include respiratory and more general (e.g.,
injuries) health outcomes. Finally, the low-priority indicators include health
outcomes difficult to link to climate-related hazards, including incidence and
mortality due to skin cancer, suicide rate associated with ambient temperature,
among others. Also, for this category of indicators data availability is limited in

Chile so far.

4.9. Chapter summary

This chapter identified and analysed population health indicators related
to climate-related hazards that can be integrated into public health surveillance
systems in Chile. The systematic review showed a diverse range of indicators in
terms of their names, concepts, methodologies, and quality. Considering the
Chilean context, the suitability analysis showed that indicators related to vector-,
food-, and water-borne diseases as well as temperature-related health outcomes,
are suggested as high-priority indicators to be integrated into PHS systems in
Chile. As a result, this chapter provided a broad perspective of the relationship
between climate change and population health, delivering evidence-based
information to support public health decision-making processes in Chile.

To further deepening the understanding of the relationship between
climate change and population health in Chile, specific analyses are needed.
Taking into account the coherence of the scientific evidence and the biological
plausibility between exposures and health outcomes (see Chapter 3), as well as
data availability and results from the suitability analysis (see Sections 4.6 and
4.7), it seems sensible to explore temperature-related health outcomes (mortality
and hospitalisations) by region and different age categories. To understand the
potential effect of climate change, these health outcomes are evaluated under

different Representative Concentration Pathways (RCPs).
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The next chapter presents the exploratory analysis and statistical
modelling of health outcomes under different Representative Concentration
Pathways up to 2090 in Chile.
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Chapter 5. Exploratory data analysis and statistical
modelling of mortality and hospitalisation rates under
two Representative Concentration Pathways up to 2090
in Chile

5.1. Chapter overview

This chapter addresses part of the second general objective of this thesis,
which refers to the estimation of all-cause and cardiovascular and temperature-
related (CVT) mortality and hospitalisation rates different climate scenarios in
Chile. Following the findings from Chapter 4 and as presented in the previous
section, this chapter zooms in the relationship between climate change and
population health by focusing on a small fraction of the indices that were identified
as suitable for the Chilean context.

This chapter presents the exploratory data analysis and the statistical
modelling processes to obtain the health outcomes estimates associated with a
set of climate indices. In particular, the following sections cover i) a detailed
description of the data sources and the preparation of all databases used in this
study; ii) the calculation of climate indices to be used in the statistical models; iii)
exploratory analyses to identify specific patterns or characteristics of the data and
their relationship that informed the statistical modelling; iv) the methodology of
the model building process, and v) the evaluation ofthemodel s 6 per

estimate new health outcomes based on hypothetical climate scenarios.

5.2. Data sources and data preparation

Different sources of data were used to estimate health outcomes under
RCPs according to the Chilean context. This section describes i) deaths and
hospitalisations data; ii) temporal series of population data; iii) administrative
boundaries; iii) spatial distribution of population data, and iv) climatic data. The
names of specific variables considered in this study are identified using a different

font type (i.e., variable ).
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5.2.1. Deaths and hospitalisations data

Datasets for deaths and hospitalisations were obtained in May 2020 from
the statistical department?! of the Ministry of Health of Chile (Ministerio de Salud
- Chile, 2020a). The collection of information for these datasets is compulsory for
all health-related centres in the country, and the datasets are publicly available,
completely anonymised, and published after quality control and validation
between the Ministry of Health, the Registry Office??, and the National Institute of
Statistics?® (Ministerio de Salud - Chile, 2021).

These datasets were retrieved as comma-separated values files and
contained individual-level anonymised information (i.e., information about every
person who died or has been discharged from any hospital in Chile). The dataset
for deaths included 101 variables and covered the period between 1990 and
2019. Information after 2019 was not included because of the potential alteration
or misclassification of individuals due to the COVID-19 pandemic that started in
March 2020 in Chile (Ministerio de Salud - Chile, 2022a, p. 19).

Information on hospitalisations was analysed using the hospital
discharges database. Electronic records of hospital discharges started to be
collected in 2001, but this particular year included some inconsistent numbers,
especially in the Nuble region. The analysis of hospitals and the number of
hospitalisations per year showed zero hospitalisations in tertiary hospitals in the
region (i.e., Hospital Clinico Herminda Martin), a situation that is almost
impossible to have occurred. Therefore, information from 2002 to 2019 was
included in this study assuming that data collection consistency stabilised from

2002 onwards. This dataset included 37 variables.

Annual datasets of deaths and hospitalisations were uploaded to the
software R (R Core Team, 2022), explored, cleaned, and prepared via RStudio
(RStudio Team, 2020). Relevant variables were kept in the datasets and new
ones were created, variable names and value labels were standardised, and
missing data were identified and analysed. Table 5.1 shows the original variables

extracted from the deaths and hospital discharge databases.

21 Departamento de Estadisticas en Salud (DEIS) in Spanish.
22 Servicio de Registro Civil e Identificaciéon in Spanish.
23 Instituto Nacional de Estadisticas (INE) in Spanish.
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Table 5.1 Variables extracted and analysed from original deaths and hospital discharge
datasets.

Deaths Hospitalisation discharges
Date of death (day-month-year) Date of discharge (day-month-year)
Gender (male or female) Gender (male or female)
Age (in years) Age (in years)
Region of residence Region of residence
Cause of death  (ICD-9 and ICD-10) Health centre or hospital
Length of stay (in days)
Diagnosis at discharge (ICD-10)

ICD-9: International Classification of Diseases version 9; ICD-10: International Classification of

Diseases version 10.

For hospitalisations, the date of admission was generated by
subtracting the length of stay from the date of discharge . The dataset
was restricted to admissions that occurred between 2002 and 2019. This
procedure excluded some long-term hospitalisations prior to 2002 due to chronic
conditions that were not related to the exposure of interest. Additionally, in order

to more accurately capture the place where the hospitalisation occurred and not

A

the personds region of r esi deenteés|ocateth e

was identified and considered as the variable region  of hospitalisation

The number of deaths and hospitalisations within the population varies
with age; therefore, age is a variable that should be included in the modelling
process. To optimise computational resources and analysis, the variable age (in
years) was grouped into five-year age categories. Five-year age bands were
chosen to collapse the age variable into a relatively small number of categories
without losing substantive detail in the age profiles. As a result, 17 categories

were created.

To identify deaths and hospitalisations due to cardiovascular and
temperature-related causes, the codes of the International Classification of
Diseases (ICD) were used. The ICD is an internationally standardised tool used
to classify different causes of diseases, injuries, and deaths, and allow
comparability of health data records across time and locations (World Health
Organization, 2022b). This is the only system officially used in Chile for collecting

and reporting causes of deaths and hospitalisations.
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A global update in the ICD codes occurred in 1997; thus, ICD-9 was used
for deaths from 1990 to 1996 and ICD-10 was used for deaths from 1997 to 2019.
This administrative change could have led to differences from 1996 to 1997 in
the rates of some diseases; therefore, to adjust the subsequent modelling
process, a variable indicating this change was included (ICDchange ). In
practice, all deaths that occurred between January 1990 to December 1996 were
categorised as fDoand deaths between January 1997 to December 2019 as fiLa
Hospitalisations due to cardiovascular and temperature-related causes were
analysed using ICD-10 because hospitalisations data cover from 2002 to 2019

and, by that time, ICD-9 was defunct.

Specific cardiovascular and temperature-related (CVT) causes were
considered in this study based on the biological plausibility between ambient
temperature and physiology or pathophysiology processes, as well as the
coherence and consistency of the scientific evidence (see Chapter 3). The
specific causes and the equivalence between ICD-9 and ICD-10 are described in

Appendix 5.1.

There were a few missing datapoints, and some values of region or
gender codedunaletfer mi nedo or f@Aignoredo were excl U
In total, 153 observations had key missing datapoints (either in month , region
gender , or age) from the death dataset, representing 0.005% of all deaths from
1990 to 2019. From the hospitalisation dataset, 127,998 observations had key
missing datapoints which represent 0.44% of all hospitalisations from 2002 to
2019. The low proportion of missing datapoints, together with a comparison
(Figure not shown) of data for cases with and without missing values, suggested
that there were no substantive differences between the groups that could lead to
biases in the subsequent analyses.

Preliminary exploratory analyses were carried out to identify potential
outliers in the datasets that may distort the results (see Section 5.4). After plotting
deaths and hospitalisations by month , region , gender , and age, a few outliers
were identified and compared against some unusual events that have occurred
in Chile from 1990 and could have resulted in more deaths or hospitalisations

than expected, particularly for specific age groups, locations, and dates.
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These events included road/car crashes, air crashes, fires in crowded
places, and earthquakes. A special dataset was created to identify these events
because there is no official procedure that systematically collects this kind of
information in Chile. This dataset was compiled considering different data
sources, including the international EM-DAT database version 28-12-2021 from
Université Catholique de Louvain (EM-DAT, CRED / UCLouvain, 2021),
information from the National Emergency Office?* (ONEMI - Chile, 2021), the Plan
2020-2030 for Disaster Risk Reduction (ONEMI - Chile, 2020), SERNAGEOMIN
documentation (SERNAGEOMIN - Chile, 2017), and the Emergencies and
Disasters platform from the Ministry of Education (Ministerio de Educacion -
Chile, 2021).

Based on the comparison between the identified outliers and the final
dataset compiled, 149 deaths were excluded from the deaths dataset because
the causes of the deaths were unrelated to the exposure of interest and could
mislead the modelling process. A summary of the events, date, location, and

population affected is shown in Table 5.2.

Table 5.2 Excluded deaths from identifiable unusual events in Chile 1990-2019.

Event Date Location Deaths and
(city, region) population affected
Landslide 18 Jun 1991 Antofagasta, 9 deaths,
Antofagasta Region males, 5-9 years old
Fire at prison 20 May 2001 Iquique, Tarapaca 11 deaths,
Region males 15-19 years old
15 deaths,
males 20-24 years old
Snowstorm 18 May 2005 Antuco, Biobio Region 46 deaths,
males 15-19 years old
Fire at prison 8 Dec 2010 Santiago, Metropolitan 68 deaths,
Region males 20-24 years old

Once the datasets were cleaned, the number of all-cause and CVT deaths
and hospitalisations were aggregated by year, month, region, gender, and age.
Mortality and hospitalisation rates per 100,000 population were then calculated
by dividing this number and the corresponding population by year, month, region,

gender, and age, and finally multiplying this result by 100,000.

24 Oficina Nacional de Emergencias (ONEMI), in Spanish. The name of this office changed in
2022 to Servicio Nacional de Pevencion y Respuesta ante Desastres (SENAPRED).
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The final aggregated datasets contained 195,840 observations for

mortality and 117,504 observations for hospitalisations.

5.2.2. Population data: temporal series

Population size is needed as the analysis is focus on the rate of deaths
and hospitalisations. Population estimates from 2002 to 2019 (based on the 2017
Census) by region, age, and gender were downloaded from the National Institute
of Statistics of Chile i INE (Instituto Nacional de Estadisticas - Chile, 2018).

There are no regional estimations for the 1990-2001 period based on the
2017 Census. Therefore, to obtain annual estimations of the Chilean population
for this period, the 1992 Census was taken as a baseline (Instituto Nacional de
Estadisticas - Chile, 2017) and linear extrapolation was used to obtain regional
data for 1990 and 1991 and linear interpolation was done to obtain regional data
from 1993 to 2001. Based on Figure 5.1 and complementary information from the
INE, using a linear approach seemed to be appropriate because the estimations
of population growth at the national and regional levels followed a linear trend
from 1992 to 2002 (Instituto Nacional de Estadisticas - Chile, 2018).
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Figure 5.1 Annual population by region in Chile from 1990 to 2019 obtained from censuses, INE
estimations, and extrapolation and interpolation.

From this process, annual population for all combinations of regions,
age categories, and genders from 1990 to 2019 was obtained. One limitation with
interpolation, and particularly linear interpolation, is that it assumes that
population growths linearly over time and that spatial distribution remains
constant, which could not be completely true due to population dynamics. To

corroborate that no major changes in the spatial distribution of population
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occurred over time in Chile, Figure 5.2 shows the proportions of population in
each region for three censuses, namely 1992, 2002, and 2017. Although some
small changes have occurred from 2002 to 2017, for example in Biobio, that is a
difference of only 0.6%. This analysis is also supported by the INE which reports
that internal and external migration in Chile, especially before 2015, was relatively

low (Instituto Nacional de Estadisticas - Chile, 2022).
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Figure 5.2 Percentage distribution of the population by region in the 1992, 2002, and 2017
censuses in Chile.

5.2.3. Administrative boundaries

As climatic information (see Section 5.4.4) and population spatial
distribution (see Section 5.2.4) are global gridded products and do not provide
region-specific information directly, national and regional shapefiles with
geographical data for Chile were needed. The shapefiles were downloaded from
the United Nations Office for the Coordination of Humanitarian Affairs (OCHA)
Humanitarian Data Exchange Services (La Biblioteca del Congreso Nacional de
Chile (BCN), 2021). Shapefiles were manipulated as spatial objects using the R
package sp (Pebesma and Bivand, 2005).
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5.2.4. Population data: spatial series

The spatial distribution of the population across Chile is uneven because
people tend to live in specific geographical areas, such as the central valley and
coastal cities. Therefore, to obtain overall estimates that best represent the
exposure of the population to certain factors in a particular area or region, the
calculation of the population-weighted average is needed. As a result, the overall
estimate is obtained by giving more weight to those areas where population
density is higher, providing a more precise assessment of exposure to specific
factors. This procedure is generally used in epidemiological research, especially

when analysing spatial data (Chambers, 2020; de Schrijver et al., 2021).

There are several population distribution datasets to be used for the
calculation of population-weighted average, which have been created based on
different ancillary data and assumptions (Leyk et al., 2019). In this study, three
datasets were analysed based on the spatio-temporal coverage suitability: i) the
History Database of the Global Environment (HYDE v3.2.1) from the PBL
Netherlands Environmental Assessment Agency (Goldewijk et al., 2017); ii) the
Gridded Population of the World version 4 from the Socioeconomic Data and
Applications Center (SEDAC) (Center for International Earth Science Information
Network - CIESIN - Columbia University., 2018); and iii) and the Global Human
Settlement Layer (GHSL) from the European Commission (Schiavina, Freire and
MacManus, 2019). The datasets with population counts were downloaded from
the respective websites as action script communication files or GeoTIFF files, in
January 2021 and June 2022.

The datasets have some differences in the estimations of population
distribution. Spatial maps for Chile show that the HYDE dataset tends to
concentrate the population in fewer grids (mainly cities) than the SEDAC dataset,
which tends to disperse population in more grids around cities. The GHSL tends
to be in the middle between HYDE and SEDAC datasets. When contrasted with
the population per municipality in Chile (information taken from INE but not
shown), the dataset that best represented the spatial distribution of the population
was the GHSL dataset; therefore, it was selected to continue with the analyses.
Some advantages of the GHSL dataset are that it covers the years 1975, 1990,
2000, and 2015, and has shown good level of accuracy when compared with
other datasets (Chen et al., 2020).
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In this study, geospatial data were manipulated using the raster package
in R (Hijmans, 2022), where one raster layer represents the latitude-longitude
spatial population distribution in grid cells (gridded dataset) in one timepoint (i.e.,
matrix), while a raster brick includes multiple timepoints (i.e., array). These

concepts are used throughout the chapter.

The GHSL dataset contained an estimated number of people living per
grid cell at a spatial resolution of 0.0025 degrees x 0.0025 degrees
(approximately 250 m x 250 m at the Equator). Annual raster layers for missing

years were obtained by linear extrapolation and interpolation.

To obtain regional annual population density per grid cell (as a proportion),
first, national raster bricks were cropped according to regional shapefiles. Then
each regional raster layer with the number of people per grid cell i in regioni in

year wwas divided by the total number of people in region i in year was per (5.1)

O ihho = (5.1)

where 'O iH fo represents the proportion of the regional population per grid
celli inyear@ 0 i o is the number of people per grid celli inyear &y Y1 is

the set of all grid cells in the region i .

A final step was to aggregate the raster brick from the original resolution
to a new resolution of 0.25 degrees x 0.25 degrees (approximately 28 km x 28
km at the Equator) to match the resolution of the climatic datasets (see Section
5.3.5).

5.2.5. Climatic data

Different climatic datasets were used to compute historical values of
selected climate indices as well as projected values under different RCPs in
Chile. To obtain climatic indices under RCP2.6 and RCP8.5, historical (1976-
2005) and projected (2031-2090) datasets were needed. The rationale for using
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these datasets, how they were manipulated, and the bias adjustment processes

are explained in the following sections.

5.2.5.1. Observed climatic data from 1990 to 2019

Temperature data from 1990 to 2019 allowed the statistical
characterisation of the relationship between the observed (or historical) ambient
temperature and mortality and hospitalisation rates in Chile. Temperature data
were obtained from the ERA5 reanalysis dataset (Hersbach, Bell, Berrisford,
Biavati, et al., 2020) and downloaded as NetCDF files from the Copernicus
Climate  Change  Service (C3S) Climate Data Store (CDS)

(www.cds.climate.copernicus.eu) in October 2020.

In particular, the ERAS is the latest generation of global reanalysis from
the European Centre for Medium-Range Weather Forecasts (ECMWF) that
provides several climatic variables from 1950 to present (Hersbach, Bell,
Berrisford, Hirahara, et al., 2020).

The selected dataset contains hourly estimates at a regular spatial
latitude-longitude grids of 0.25 degree x 0.25 degree resolution (approximately
28 km x 28 km at the Equator). Specifically, the climatic variables 2m

temperature % and 2m dew point temperature 26 were retrieved.

To evaluate the effects of ambient temperature on population health,
different indices have to be calculated, including minimum and maximum daily
temperatures, for example. Table 5.3 in Section 5.3 presents in detail how these
indices were calculated. As relative humidity plays a role in the effect of ambient
temperature on human body (see Section 3.7), this variable had to be calculated
as reanalysis data and climate model output simulations (described below)

contain different representations of atmospheric moisture content that are not

% This variable representstheit e mper at ure of air at 2m above the
waters. 2m temperature is calculated by interpolating between the lowest model level and the
Earth's surface, taking account of the atmospheric conditionsd(Hersbach, Bell, Berrisford, Biavati,
et al., 2020).
% This variable representsthefit e mper at ur e t om abbve thensurtade ef thaEarth, at 2
would have to be cooled for saturation to occur. It is a measure of the humidity of the air.
Combined with temperature and pressure, it can be used to calculate the relative humidity. 2m
dew point temperature is calculated by interpolating between the lowest model level and the
Earth's surface, taking account of the atmospheric conditionso(Hersbach, Bell, Berrisford, Biavati,
et al., 2020).
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directly comparable. This step allows better compatibility of the climate model

outputs.

For the calculation of relative humidity, 2m temperature  and 2m dew
point temperature were used. The calculation was as follows (Formula 5.2):
Let Y and "YQ be the hourly temperature (°K) and hourly dew point

temperature (°K) respectively on hour Qday “Qn month ‘Qrespectively, then (5.2)

'Y "O p ' "Y’ p ’[ '[ (5 2)
.
'Q "Y

where Q “Y is the saturation vapour pressure (in pascals) over liquid water at
temperature “Y Saturation vapour pressure over liquid water for “YQ and Y was

cal cul at ed uf@mulag5.3)T (Europear® €entre for Medium-Range
Weather Forecasts, 2018)

oy
N

QY | Qof (5.3)

where| =611.21Pa;|] =17.502°K;|] =32.19°K,and"Y =273.16.

Although reanalysis data might have some limitations (Parker, 2016), they
have shown good performance in mid-latitude and continental locations
compared to surface observations (Sheridan, Lee and Smith, 2020). Besides,
they were selected for this study because they are the most complete alternative,
spatially and temporally, regarding temperature information in Chile compared to
the information from land-based monitors. In Chile, the spatial distribution of land-
based monitors is scarce and varies significantly across time and geographical
locations; for example, in some regions, there are only one or two monitors
located nearby airports. Additionally, the temporal resolution of these monitors

varies, with some locations missing important data points for long periods of time.
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5.2.5.2. Future climate simulations from 2031 to 2090

Globally, the latest projections of future climate are developed under the
Climate Model Intercomparison Project (CMIP) version 6 (Eyring et al., 2016),
which includes more than 100 models from different climate modelling centres.
These models develop projections under the Shared Socioeconomic Pathways
(SSP) scenarios ( O 6 Net al.] 2016; Riahi et al., 2017) that were used in the
Sixth Assessment Report of the IPCC (IPCC, 2021). Although these simulations
are available through the C3S-CDS platform, the spatial resolution of them is
coarse (e.g., 1.876 degree x 1.864 degree, which is approximately 208 km x 208
km at the Equator) which make their application unsuitable for regional analysis
(see Section 3.5.5). Given this limitation, other datasets, although older than

CMIP6, were used to obtain projections of future regional climate.

The most recent comprehensive set of regional-scale climate simulations
is produced by the Coordinated Regional Climate Downscaling Experiment
(CORDEX), which used the previous set of CMIP GCM simulations (CMIP5) to
drive a set of RCMs providing higher-resolution outputs (Giorgi, 2019). The
CMIP5 simulations were also driven by a slightly different set of emissions
scenarios than the CMIP6, the RCPs (van Vuuren et al., 2011). For the South
America domain, different combinations of GCMs and RCMs exist at different
spatial resolutions (see Section 3.5.5) and a subset of them are available through
the C3S-CDS platform at a resolution similar to the ERA5 for 1990-2019 period.
At 0.22 degree x 0.22 degree (approximately 24 km x 24 km at the Equator)
spatial resolution, there are four GCMs and two RCMs. Given that some high-
resolution models have been developed in Chile to inform public policies (Center
for Climate and Resilience Research, 2018) and to keep consistency with them,
the same combination of models used for those projects was selected for this
study. The GCM was MPI-M-MPI-ESM-MR from Germany (Giorgetta et al.,
2012c, 2012b) and the RCM was ICTP-RegCM4-7 from lItaly (Giorgi et al., 2012).

Assessments of different CORDEX simulations over South America have
shown good reproduction of the observed surface air temperature (Falco et al.,
2019, 2020; Teichmann et al., 2021); therefore, it is expected that they provide
useful and reliable information. Additionally, simulations based on these GCM
and RCM models and compared to high resolution gridded meteorological

observations of Chile (CR2MET) have shown an overall good representation of
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present-day mean annual temperature. However, some biases exist at local
scales due to terrain complexities, particularly in the desert and some areas of
the Andes in central regions. Focusing on areas where population tends to live,
simulations of MPI-M-MPI-ESM-MR and CTP-RegCM4 show added value at
0.44° (50 km) and 0.09° (10 km) spatial resolution (Bozkurt et al., 2019).

The datasets with information for RCP2.6 and RCP8.5 cover daily data of
maximum 2m temperature  (tasmax ), minimum 2m temperature  (tasmin ),
and mean 2m relative humidity (hurs ), at a spatial resolution of 0.22
degree x 0.22 degree, and a temporal resolution covering from 2031 to 2090.
These datasets were downloaded as NetCDF files from the C3S-CDS platform
(European Centre for Medium-Range Weather Forecasts, 2019) in February
2022.

For compatibility with the ERA5 reanalysis data, the RCM outputs were
regridded to the same 0.25 degree x 0.25 degree spatial resolution by using
bilinear interpolation, which is routinely used for regridding in such situations (Lu,
Appel and Pebesma, 2018). The package raster in R (Hijmans, 2022) provides

the routine for regridding.

Before using climate projections for impact studies, they need to be pre-
processed to calibrate potential systematic errors they may have and, therefore,
produce more realistic outputs. This pre-process is called bias correction or bias

adjustment and is explained in Section 5.2.5.4.

5.2.5.3. Historical climate observations and climate simulations from 1976 to
2005

To carry out bias adjustment, historical climatic observations and climate
simulations are needed for the same period.

As in Section 5.2.5, climate observations were obtained from ERA5
reanalysis (Bell et al., 2020; Hersbach, Bell, Berrisford, Biavati, et al., 2020) and
downloaded as NetCDF files from the C3S-CDS platform in February 2022.
These datasets have hourly estimates from 1976 to 2005 at a regular spatial

latitude-longitude grids of 0.25 degree x 0.25 degree resolution. The climatic
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variables 2mtemperature  and 2m dew pointtemperature were retrieved

and managed using the same procedures described in Section 5.2.5.

In terms of climate simulations, the same GCM and RCM combination
used for future simulations was used to retrieve historical simulations for tasmax |,
tasmin , and hurs , at a spatial resolution of 0.22 degree x 0.22 degree from
1976 to 2005 period (Giorgetta et al., 2012a; Giorgi et al., 2012). These datasets
were also downloaded as NetCDF files from the C3S-CDS platform in February
2022. Similar to future climate projections, historical simulations had to be

regridded using the same methods as in Section 5.2.5.

5.2.5.4. Bias adjustment process

Climate projections are simulations based on different climate models that
usually have systematic differences compared to the observed data (Maraun and
Widmann, 2018b; Iturbide et al., 2022). These differences or biases are caused
by different reasons, such as limitations in understanding climate processes, a
coarse spatial resolution of the models, or different assumptions made during the
modelling process. Therefore, the output of these models cannot be used directly
to estimate future climate impacts (Maraun, 2016; Maraun and Widmann, 2018b;
lturbide et al., 2022) and some adjustments are needed before modelling the
health outcomes.

There is a variety of bias adjustment (BA) techniques to calibrate the
output of climate projections to the observed data and obtain more realistic
estimations. However, they have their own limitations and assumptions, such as
that the quality of the adjusted output is determined by the quality of the observed
data, or that they assume that future biases will be the same as historical ones
(stationarity in biases) (White and Toumi, 2013; Maraun, 2016).

The most common BA methods estimate some distributional properties of
the simulated projections and observations (e.g., mean or variance) and then
apply them via statistical transfer functions from climate models to observations

to obtain post-processed data (Maraun and Widmann, 2018b).

In this study, biases in the mean and variance were evaluated by analysing
historical data (1976-2005) from ERA5 observations and CORDEX simulations
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at 0.25 degree x 0.25 degree spatial resolution. For each ERA5 grid cell, 30-year
means were calculated for each month of the year in both the observations and
simulations, then the differences between these means represent regional and
seasonal biases in the simulations. The results showed that across the entire
country, most of the grid cells in the simulation dataset had a bias between -10°C
and +10°C. In terms of the variance, 30-year standard deviations were calculated
for each month of the year in both the observations and simulations, then the
monthly ratio between observations and simulations was obtained. Most of the
ratios were between 0 and 1 for most of the grid cells; however, there were some
specific grids in the north and coast of the country where the ratio was 1.5 and

2.5. In both cases, there was a pattern associated with altitude.

Based on the analysis of these biases between observations and
simulations for the historical period, the variance scaling technique was applied,
which shifts and scales the simulations in such a way that, if applied to the
historical simulations, the results would have the same mean and variance as the
corresponding observations (Maraun and Widmann, 2018a). It was calculated as
(5.4)

W F e e O d (5.4)

where @ ; represents the adjusted (or corrected) future simulations at time "Qa

is the unadjusted (or uncorrected) future simulations at time Q of is the mean of
the unadjusted future simulations over the period under study; i Qis the variance
of historical simulations; i Qis the variance of historical observations; of is the

mean of historical simulations; and w is the mean of historical observations
(Maraun and Widmann, 2018b).

5.2.6. Data limitations
It is very likely that several variables that could have influenced mortality
and hospitalisation rates were not included in this study, including the level of
ambient particulate matter (PM) and ground ozone. Nonetheless, there are no
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past data with the temporal and spatial resolution required for this study. The
Atmosphere Monitoring Service from the Copernicus Programme provides data
on PMo.1, PMz2s, and PMio from 2003 onwards at 0.75 degree x 0.75 degree
(approximately 83 km x 83 km at the Equator) spatial resolution (European
Centre for Medium-Range Weather Forecasts, 2022). Similarly, the Modern-Era
Retrospective analysis for Research and Applications, Version 2 from the
National Aeronautics and Space Administration (NASA) provides information
from 1980; however, the spatial resolution of the datasets is 0.5 degree x 0.625
degree (approximately 55 km x 69 km at the Equator) (Global Modeling and
Assimilation Office (GMAO), 2022). Another important point is that projections up

to 2090 of these variables do not exist.

5.3. Climate indices calculation

Based on the findings in Chapter 4, different climate indices were selected
for this study. All these climate indices were calculated for the RCP2.6 and
RCP8.5, as well as for the periods 1990-2019, 2031-2060, and 2061-2090. The
following sections explain in detail the calculation of the indices and how

population-weighted indices were obtained.

5.3.1. Climate indices

Specific climate indices were identified based on their representativeness
of climate change and climate extremes (Karl, Nicholls and Ghazi, 1999;
Peterson et al., 2001; Climpact, 2022) and their potential effects on health
outcomes (see Chapter 4). These climate indices were analysed based on
climate data described in Section 5.2.5 and calculated for each 0.25 degree grid
cell. The outputs were considered in the subsequent statistical analysis. Table

5.3 shows the selected indicators for this study and their calculation.
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Table 5.3 Climate indices included in this study and their calculation*.

Index and
measurement units

Definition and Calculation

Indices focusing on high temperatures

TXx (°C) Monthly maximum value of daily maximum temperature.
Let "Y& be daily maximum temperature on day ‘Qin month "Q The
maximum daily maximum temperature each month is:
Yoo | AGYh
TNx (°C) Monthly maximum value of daily minimum temperature.

Let "YO be daily minimum temperature on day "Qin month "Q The
maximum daily minimum temperature each month is:
YO & | A@YO

SU25 (days)

Monthly number of summer days where daily maximum temperature
exceed 25°C.

Let "Y& be daily maximum temperature on day "Qin month 'Q The
number of summer days in month ‘@"YY v) is the count of days where
Y& > 25°C.

SU30 (days)

Monthly number of summer days where daily maximum temperature
exceed 30°C.

Let "Y& be daily maximum temperature on day "Qin month 'Q The
number of very summer days in month "Y'y 1) is the count of days
where "Y& > 30°C.

TR20 (days)

Monthly number tropical nights.

Let "YU be daily minimum temperature on day "Qin month 'Q The
number of tropical nights in month "q"'YY 1) is the count of days where
YO > 20°C.

TX90p (%)

Monthly percentage of warm days.

Let Y& be the daily maximum temperature on day "n month "Cand let
“Y& 90 be the calendar day 90" percentile centred on a 5-day window
for a defined reference period. The percentage of time for the
reference period is determined where "Y& > "Y 90.

TN9Op (%)

Monthly percentage of warm nights.

Let "YO be the daily minimum temperature on day "On month ‘Gand let
“Y0O 90 be the calendar day 90t percentile centred on a 5-day window
for a defined reference period. The percentage of time for the
reference period is determined where "Y0O > "Y( 90.

WSDI (events)

Warm spell duration index.

Let "Y& be the daily maximum temperature on day "Gn month "Cand let
“Y& 90 be the calendar day 90" percentile centred on a 5-day window
for a defined reference period. Then the number of days per month is
summed where, in intervals of at least 6 consecutive days, "Y& >
"Y& 90.

Table 5.3 continues on next page.
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Table 5.3 Climate indices included in this study and their calculation* (cont).

Index and
measurement units

Definition and Calculation

Indices focusing on high temperatures

HWnh (events)

Heatwaves based on minimum temperature.

Let "YO be the daily maximum temperature on day “Gn month “Gand let
“Y0 90 be the calendar day 90™ percentile centred on a 5-day window
for a defined reference period. Then the number of days per month is
summed where, in intervals of at least 3 consecutive days, YO >
"YO 90.

HWXx (events)

Heatwaves based on maximum temperature.

Let "Y& be the daily maximum temperature on day “Gn month "Gand let
“Y& 90 be the calendar day 90" percentile centred on a 5-day window
for a defined reference period. Then the number of days per month is
summed where, in intervals of at least 3 consecutive days, "Y& >
"Y 90.

Indices focusing on low temperatures

TXn (°C)

Monthly minimum value of daily maximum temperature.

Let "Y& be daily maximum temperature on day ‘Qin month Qrhe
minimum daily maximum temperature each month is:
Yoe | ETY®

TNn (°C)

Monthly minimum value of daily minimum temperature.

Let "Y0 be daily minimum temperature on day 'Qin month 'Crhe
minimum daily minimum temperature each month is:
Yo& I ETYO

FD (days)

Monthly number of frost days.

Let "YO be daily minimum temperature on day "Qin month 'Q The
number of frost days in month "(FOQ is the count of days where "Y{
0°C.

ID (days)

Monthly number of ice days.

Let Y& be daily maximum temperature on day "‘Qin month "Q The
number of ice days in month Q'OQis the count of days where "Y&
0°C.

TX10p (%)

Monthly percentage of cold days.

Let "Y& be the daily maximum temperature on day "Gn month ‘Gand let
“Y@ 10 be the calendar day 10" percentile centred on a 5-day window
for a defined reference period. The percentage of time for the
reference period is determined where "Y& < "Y® 10.

TN10p (%)

Monthly percentage of cold nights.

Let Y0 be the daily minimum temperature on day "“Qn month "Cand let
“Y0 10 be the calendar day 10™ percentile centred on a 5-day window
for a defined reference period. The percentage of time for the
reference period is determined where "Y0 < "Y0 10.

Table 5.3 continues on next page.
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Table 5.3 Climate indices included in this study and their calculation* (cont).

Index and
measurement units
Indices focusing on low temperatures

CSDI (events) Cold spell duration index.

Definition and Calculation

Let "Y( be the daily minimum temperature on day "Gn month "Gand let
“Y0 10 be the calendar day 10t percentile centred on a 5-day window
for defined base period. Then the number of days per month is
summed where, in intervals of at least 6 consecutive days, “YO <

"YO 10.
Daily variation of temperature
DTR (°C) Monthly mean of daily temperature range.

Let "Y& and YO be the daily maximum and minimum temperature
respectively on day "On month "@If ‘Qepresents the number of days in

Qthen:
.. B Y& YO0
oYY 0
Indices focusing on relative humidity
RHmin (%) Monthly minimum value of daily mean relative humidity.

Let 'Y'O be hourly relative humidity on hour "Qday "Gn month Qrhe
minimum daily mean relative humidity each month is:

Y04l Eld QoY O
RHmean (%) Monthly mean value of daily mean relative humidity.

Let 'Y'O be hourly relative humidity on hour 'Qday "Gin month "(rhe
mean daily mean relative humidity each month is:

YOoa Qi AAQOYO
RHmax (%) Monthly maximum value of daily mean relative humidity.

Let 'Y'O be hourly relative humidity on hour Qday "Gn month "Qrhe
maximum daily mean relative humidity each month is:

YOa Qtl Ad QoY O
* Indices, definitions, and calculations taken from the World Meteorological Organisation (Klein,
Zwiers and Zhang, 2009), Expert Team on Climate Change Detection and Indices (ETCCDI)
(Karl, Nicholls and Ghazi, 1999), and the Expert Team on Sector-specific Climate Indices (ET-
SCI) (Climpact, 2022).

All the indices selected for this study are broad and complementary in
terms of the exposure to extreme heat or cold, as well as the frequency and length
of some extreme events. As many of them may be highly correlated and
redundant, this issue will be considered when carrying out the subsequent

statistical analysis.

Ambient temperature is characterised by considering the limits of
temperatures experienced in a given month or day (indices TXx, TNx, TXn, TNn
and DTRin Table 5.3). These were complemented with specific indicators that

consider the number of days when ambient temperature crossed an absolute
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threshold critical for human health (see Section 3.7). Different indices consider
different thresholds depending on the field under study. For example, for human
health, summer days (SU25 or SU30), tropical nights (TR20), frost days (FD),
and ice days (ID) are important to analyse because of their impacts on human
health (see Section 3.7). However, absolute and fixed thresholds are sometimes
inadequate for some geographical areas because they could be easily surpassed
all days of the year or never; therefore, relative thresholds are needed that take

into account the local climatology.

Indicators that consider local climatology are warm nights (TN90p), warm
days (TX90p), cold nights (TN10p), cold days (TX10p), heatwaves (HW, warm
spell duration index (WSD), and cold spell duration index (CSDI). To calculate

them, thresholds based on historical climatology were needed.

Historical climatology (or climate normals) is calculated based on a 30-
year reference period. Nowadays, different reference periods have been used
due to the availability of long-term data, such as 1961-1990, 1981-2010, or 1991-
2020 periods. However, in order to evaluate anomalies relative to a fixed and
common reference period, the World Meteorological Organisation (WMO) still
recommends the 1961-1990 as a standard reference period (World
Meteorological Organization, 2017). In this study, the reference period is not
completely covered as suggested by the WMO because the CORDEX
simulations only run from 1976 to 2005 (see Section 5.2.5). Therefore,
information from 1976 to 1990 (15 years) was considered to obtain historical
thresholds. In order to ensure there is no important differences between 15- or
30-years periods, graphical evaluation of historical climatology showed no

important differences between these two periods (see Appendix 5.2).

In Table 5.3, the indices HWn HWx WSD| and CSDI are measures of
sustained extreme temperatures that could impact human health. They are
defined as counts of multi-day events: where an event spanned a month end, it
was considered as contributing to the count for the month in which it ended. For
example, if a heatwave was 5 days long and started in 29 of January and ended
on 2 February, the event was recorded in February. This was considered because

the potential delayed impacts of these of events on human health.
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Indices of relative humidity (monthly minimum, mean, and maximum of the
daily mean) were included because the effects of high or low temperatures are

different depending on the level of ambient relative humidity (see Section 3.7).

Given that deaths and hospitalisations were aggregated at regional level
instead of grid cells, climate indices had to be aggregated at regional level as
well. The most obvious way to carry out this aggregation is to average the climate
indices across all grid cells within a region, which is easily interpretable and forms
the basis of some of the exploratory analysis carried out on the climate data (see
Section 5.4). For purposes of developing relationships between climate and
health outcomes however, a simple average of climate indices does not represent
population exposure; therefore, the relationships developed later are based on

population-weighted climate indices.

5.3.2. Population-weighted climate indices

To obtain regional time series of population-weighted climate indices, each
national raster layer of the climate index was cropped according to regional
shapefiles and then multiplied by the corresponding raster layer of the population
distribution dataset (see Section 5.2.4). The resulting regional raster layers were
aggregated by calculating a population-weighted average over all the grid cells

corresponding to each region as (5.5)

0 o Oi i hw 6 & Qa Othfdw O  ihd (5.5)

where 0 ¢ 61 hx o corresponds to the population-weighted time series of the
climate index for regioni in month & , and year ¢y 6 & ‘Qd "O& hfed ceorresponds
to all grid cells i for the selected climate index in month & and year « and

O ifw, which was obtained as per Formula (5.1), corresponds to the

proportion of the regional population per grid celli in year w
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5.4. Exploratory data analysis

Exploratory data analysis (EDA) is a key step when conducting statistical

analyses as it provides preliminary understanding of datasets before performing

more advanced analyses (Chandler and Scott, 2011a).

5.4.1. Methodology

Once all data were prepared, EDA was performed in order to identify any

potential anomalies in the data, examine distributions and relationships between

variables, characterise the data, and identify features and patterns that would

inform the subsequent statistical modelling process. Table 5.4 describes the

variables under study.

Table 5.4 Description of variables under study.

Variable name and type

Definition or Characteristics

deaths (count)

Monthly all-cause deaths by region, gender, and age.

nortality rate (rate)

Monthly rate of all-cause deaths per 100,000 population by
region, gender, and age.

CVT deaths (count)

Monthly number of CVT deaths by region, gender, and age.

CVT mortality rate Monthly rate of CVT deaths per 100,000 population by region,
(rate) gender, and age.

hospitalisations Monthly number of all-cause hospitalisations by region,
(count) gender, and age.

hospitalisation rate Monthly rate of all-cause hospitalisations per 100,000
(rate) population by region, gender, and age.

CVT hospitalisations Monthly CVT hospitalisations by region, gender, and age.
(count)

CVT hospitalisation Monthly rate of CVT hospitalisations per 100,000 population by
rate  (count) region, gender, and age.

population (count) Annual population size by region, gender, and age.

year (categorical) Years from 1990 to 2019 (30 levels).

month (categorical or | January, February, March, April, May, June, July, August,
numerical) September, October, November, December (12 levels).

date (categorical)

It represents the date of occurrence of health outcomes (date
of death or date of hospital admission).

time (numerical) Itis date as a numerical value.

region (categorical) Arica y Parinacota; Tarapaca, Antofagasta; Atacama;
Coquimbo; Valparaiso; Metropolitana; Del Libertador Bernardo
O6Higgi ns; Maul e; aubl e; B2 o
Lagos; Aysén del General Ibafiez del Campo; and Magallanes
(16 levels).

gender (binary) female and male (2 levels)

age category 0-4, 5-9, 10-14, 15-19, 20-24, 25-29, 30-34, 35-39, 40-44, 45-

(categorical) 49, 50-54, 55-59, 60-64, 65-69, 70-74, 75-79, 80+ (17 levels).

ICDchange (binary)

0 for ICD codes from 1990-1996 and 1 for ICD codes from
1997-2019 (2 levels)

Climate indices (numerical)

See Table 5.3

185




Each variable of interest was examined. For numerical variables, central
tendency (mean or median) and dispersion measures (standard deviation i SD
T or interquartile range 7 IQR) were calculated. Graphical analyses were
performed to examine the presence of outliers and distributions of each variable.
The relationships between variables were mainly examined using scatterplots
and time series plots with separate plots used where necessary to examine
potential differences in variables by year , month, region , gender , and age

category

Spearman's rank correlation coefficient was used for exploring the
strength of correlation between climate indices as a first step in identifying

potential redundancies among the indices.

When analysing the relationships between climate indices and health
outcomes, it is natural to consider representing the latter using mortality and
hospitalisation rates as defined in Table 5.4. To ensure that the exploratory
analysis is as informative as possible for the subsequent statistical modelling in
Section 5.5, the logarithms of these rates are analysed in the relevant

scatterplots, although the rates themselves are shown in the time series plots.

5.4.2. Mortality data

A total of 2,658,985 of deaths from 1990 to 2019 were included in this
study. The monthly all-cause mortality rate had slightly positively skewed
distribution with a mean and median of 46.16 and 44.96 deaths per 100,000
people (SD = 5.34 and IQR = 6.89 deaths per 100,000 people), respectively.
Figure 5.3 shows the monthly time series of all-cause mortality rate per 100,000
people in Chile from 1990 to 2019. There is a changing trend over time, where
mortality rate decreased from 1990 to 2001 and then increased towards 2019.
Also, there is clear seasonality with the highest mortality rate in winter months
(June to August) and the lowest mortality rate in summer months (December to
February). Finally, overall variability tends to decrease over time; however, there
were specific years, such as 1990 and 2006, with a marked low or high intra-

annual variability.
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Figure 5.3 Monthly time series of all-cause mortality rate (deaths per 100,000 people) in Chile
from 1990 to 2019. Horizontal dashed line represents the mean of the series.

All-cause mortality rate disaggregated by gender showed differences
between females and males (Figure 5.4). Mortality rate was higher for males over
the entire period; however, the gap between males and females decreased over
time. Overall trend was similar for both genders, but mortality rate for females
increased from 2008 onwards. A similar pattern between females and males was

observed when analysing mortality rate by region and age (Figure not shown).
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Figure 5.4  Monthly time series of all-cause mortality rate (deaths per 100,000 people) by
gender in Chile from 1990 to 2019. Horizontal dashed lines represent the mean of each series.
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There were differences in the all-cause mortality rate between regions in
terms of trend and seasonality. In Figure 5.5, it is possible to observe that the
trend increased, was stable, or decreased in particular regions over time. From
Coquimbo to Los Lagos, there was a clear seasonality pattern; however, in the
northern and southern regions (Arica to Atacama, and Aysén and Magallanes),

seasonality was less clear.
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Figure 5.5 Monthly time series of all-cause mortality rate (deaths per 100,000 people) by region
in Chile from 1990 to 2019. Horizontal dashed lines represent the mean of each series. NB: these
plots are not on the same vertical scale because of the variation between regions in overall
mortality rate. Plot layout (from top to bottom and left to right) reflects the north-south alignment
of the regions (see Section 2.2).

Mortality rate has decreased over time for all age categories (Figure 5.6).
From 5-9 to 45-49 years, there is no clear seasonality in mortality rates; however,
between 0-4 and from 50-54 years onwards, it is possible to observe a clearer

seasonality.
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Figure 5.6 Monthly time series of all-cause mortality rate (deaths per 100,000 people) by age
category in Chile from 1990 to 2019. Horizontal dashed lines represent the mean of each series.
NB: these plots are not on the same vertical scale because of the large variation between age
categories in overall mortality rate.

Turning now from all-cause mortality to cardiovascular and temperature-
related (CVT) mortality, a total of 730,350 deaths due to CVT causes from 1990
to 2019 were included in this study. The monthly CVT mortality rate per 100,000
people followed a similar distribution pattern to the all-cause mortality rate with a
mean and median of 12.69 and 12.25 deaths per 100,000 people (SD = 1.98 and
IQR = 2.82 deaths per 100,000 people), respectively. Figure 5.7 shows that
starting in 1997, CVT mortality rate abruptly decreased. It is very likely that this
change was because of the administrative change between ICD-9 and ICD-10
(see Section 5.2.1). Overall CVT mortality rate trend slightly increased from 1997
to 2000 but decreased from 2015 to 2019 (Figure 5.7).
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Figure 5.7 Monthly time series of CVT mortality rate (deaths per 100,000 people) in Chile from

1990 to 2019. Horizonal dashed line represents the mean of the series.

CVT mortality rate disaggregated by gender showed similar patterns for

females and males; however, males had slightly higher CVT mortality rate than

females over the entire period (Figure 5.8). This similar pattern between females

and males was observed when analysing mortality rate by region and age (Figure

not shown).
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Figure 5.8 Monthly time series of CVT mortality rate (deaths per 100,000 people) by gender in
Chile from 1990 to 2019. Horizontal dashed lines represent the mean of each series.

In general, CVT mortality rate has been stable over time for most of the
regions, with some slight changes in particular regions such as Arica, Atacama,
Los Rios, and Aysén. Seasonality is clearer in central regions, especially from

Coquimbo to Los Lagos (Figure 5.9).
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Figure 5.9 Monthly time series of CVT mortality rate (deaths per 100,000 people) by region in
Chile from 1990 to 2019. Horizontal dashed lines represent the mean of each series. NB: these
plots are not on the same vertical scale because of the variation between regions in CVT mortality
rate. Plot layout (from top to bottom and left to right) reflects the north-south alignment of the
regions (see Section 2.2).

Comparison of CVT mortality rates by age categories (Figure 5.10) shows
that rates are very low for age categories from 0-4 to 35-39 years and started to
increase from 40-44 years onwards. A decreasing trend and clearer seasonality
can be observed from 40-44 years to 80+ categories. For age category 0-4, the
change in ICD is very distinctive. CVT mortality rate tends to be very similar
between males and females from 0-4 to 25-29 years old. From 30 years onwards,

males showed higher rates than females (Figure not shown).
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Figure 5.10 Monthly time series of CVT mortality rate (deaths per 100,000 people) by age
category in Chile from 1990 to 2019. Horizontal dashed lines represent the mean of each series.
NB: these plots are not on the same vertical scale because of the large variation between age
categories in CVT mortality rate.

5.4.3. Hospitalisations data

A total of 29,402,229 hospitalisations from 2002 to 2019 were included in
this study. The monthly all-cause hospitalisation rate showed a slightly negatively
skewed distribution with a mean and median of 792.94 and 801.57
hospitalisations per 100,000 people (SD = 60.53 and IQR = 71.44 hospitalisations
per 100,000 people), respectively. Figure 5.11 shows a decreasing trend over
time, especially from 2010 onwards. Seasonality is less clear in comparison to
mortality rate, and the lowest value of hospitalisation rate occurred in February
each year which might be partly explained by the number of days in that month
or the summer vacation period in Chile. In December 2019, there was an
important reduction of this rate that may be explained by social unrest across the
country or there are cases missing because they had not yet been discharged

and therefore did not appear in the database for December 2019.
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Figure 5.11 Monthly time series of all-cause hospitalisation rate (hospitalisations per 100,000
people) in Chile from 2002 to 2019. Horizontal dashed line represents the mean of the series.

Analysis per gender shows that females had systematically higher
hospitalisation rate than males over the entire period under study. Seasonality
was similar for both genders, but the trend decreased faster over time for females
than for males (Figure 5.12).
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Figure 5.12 Monthly time series of all-cause hospitalisation rate (deaths per 100,000 people)
by gender in Chile from 2002 to 2019. Horizontal dashed lines represent the mean of each series.
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Hospitalisation rate decreased in almost all regions but with different
slopes, except for the Metropolitan region, which is almost stable over time
(Figure 5.13). In Tarapacéa and Magallanes, there were some peaks around 2003,
2005, and 2006, which had no clear explanation and might be related to surgical
medical campaigns performed at local hospitals. Analyses by region and gender
showed that the higher hospitalisation rates for females, already noted at the

national level, persist in each region (Figure not shown).
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Figure 5.13 Monthly time series of all-cause hospitalisation rate by rate (deaths per 100,000
people) by region in Chile from 2002 to 2019. Horizontal dashed lines represent the mean of each
series. NB: these plots are not on the same vertical scale because of the variation between
regions in overall hospitalisation rate. Plot layout (from top to bottom and left to right) reflects the
north-south alignment of the regions (see Section 2.2).

Figure 5.14 shows that overall, all-cause hospitalisation rate decreased in
every age category over time. There is clear seasonality in age categories 0-4
and from 60-64 years onwards. For the other age categories, there is a decrease
in all-cause hospitalisation rate every February, but seasonality is less clear for
the rest of the year. For age categories 0-4, 5-9, 10-14, and from 60-64 to 80+,
males had higher hospitalisation rate than females (Figure not shown),
contrasting with Figure 5.12. This difference is mainly explained because all-
cause hospitalisations include pregnancy-related hospitalisations, which affect

women reproductive years.
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Figure 5.14 Monthly time series of all-cause hospitalisation rate (deaths per 100,000 people)
by age category in Chile from 2002 to 2019. Horizontal dashed lines represent the mean of each
series. NB: these plots are not on the same vertical scale because of the large variation between
age categories in overall hospitalisation rate.

Focusing now on hospitalisations due to cardiovascular and temperature-
related causes, there was a total of 2,330,564 hospitalisations due to CVT causes
from 2002 to 2019 in Chile. The distribution was slightly negatively skewed, with
a mean and median of 62.64 and 63.32 hospitalisations per 100,000 people (SD
=5.45 and IQR = 5.84 hospitalisations per 100,000 people), respectively. Figure
5.15 shows that CVT hospitalisation rate increased from 2002 to 2010 and then
decreased towards 2019. This rate increased in winter months and decreased in

summer months, especially in February each year.
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Figure 5.15 Monthly time series of CVT hospitalisation rate (deaths per 100,000 people) in
Chile from 2002 to 2019. Horizontal dashed line represents the mean of the series.

CVT hospitalisation rate showed a non-linear trend and clear seasonality
for females and males. Contrary to all-cause hospitalisations, males had higher
rate of hospitalisation than females over time (Figure 5.16). This gap is not yet
fully understood, but might be explained by physiological differences between

females and males (Gao et al., 2019).

80

~
o
L

Gender

)]
o
f

= Female

= Male

%))
<
'

CVT Hospitalisations per 100,000 people

S
=)
.

v v v v v

Year

Figure 5.16 Monthly time series of CVT hospitalisation rate (deaths per 100,000 people) by
gender in Chile from 2002 to 2019. Horizontal dashed lines represent the mean of each series.
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By region, CVT hospitalisation rate showed very different patterns in terms
of trend and seasonality (Figure 5.17). In the north (Arica to Atacama) and in the
south (Aysén and Magallanes), there were distinctive peaks that may be
associated with medical campaigns in local hospitals. By gender, males had

higher rates than females in all regions (Figure not shown).
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Figure 5.17 Monthly time series of CVT hospitalisation rate (deaths per 100,000 people) by
region in Chile from 2002 to 2019. Horizontal dashed lines represent the mean of each series.
NB: these plots are not on the same vertical scale because of the variation between regions in
CVT hospitalisation rate. Plot layout (from top to bottom and left to right) reflects the north-south
alignment of the regions (see Section 2.2).

Overall, CVT hospitalisation rate decreased over time for all age
categories. There was clearer seasonality for age categories over 40 years in
comparison to younger groups (Figure 5.18). By gender, males had higher CVT
hospitalisation rate than females (Figure not shown).
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Figure 5.18 Monthly time series of CVT hospitalisation rate (deaths per 100,000 people) by age
category in Chile from 2002 to 2019. Horizontal dashed lines represent the mean of each series.
NB: these plots are not on the same vertical scale because of the large variation between age
categories in CVT hospitalisation rate.

The analysis of mortality and hospitalisation data highlighted systematic
variation associated with year , month, region , gender , and age category
and that the relationship between the outcome and any one of these variables
itself potentially depends on the others, so that their potential effects must be

considered in combination rather than individually.

5.4.4. Climatic data

To characterise the climate indices included in this study, graphical
description of time series and their distribution per period (historical, short-term,
and long-term) was performed. Figures A5.3 to A5.23 in Appendix 5.3 show the
distribution of climate indices for the historical period (1990-2019) and for short-
and long-term periods under RCP2.6 and RCP8.5.

Almost all of the indices focused on high temperatures (TXx, TNx, SW25,
SU30, TR20, TX90p, TN90p, WSD| HWn HWx are projected to increase in the
short- and long-term periods under both RCPs; however, RCP8.5 shows higher
increase in terms of temperature, number of days per month, and percentage of
days in a month. Moreover, the magnitude of projected changes differs between

regions.
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In relation to indices focused on low temperature (TXn, TNn, FD, ID,
TX10p, TN10p, CSDI), the minimum value of the maximum temperature (TXn)
and the minimum value of the minimum temperature (TNn) are projected to
increase more markedly under RCP8.5 in 2061-2090 period in comparison to
2031-2060 period. Frost days (FD), ice days (IC), cold days (TX10p), and cold
nights (TN10p) are projected to decrease in frequency under both RCPs and
periods, being RCP8.5 more noticeable. The cold spell duration index (CSDI) is
projected to show different patterns in the north and the south of the country. In
the north and central zone, this index is projected to increase in comparison to

the historical data, but in the south is projected to decrease.

None of the projections shows much change in mean diurnal temperature
range (DTR and almost the same distribution is seen when comparing the
historical and future periods. However, the range is projected to slightly shorten

(less daily variation) in the north (Arica to Valparaiso).

In terms of the minimum RHand mean RH it is projected to be some
slight differences between the historical and RCPs, but not clear differences
between RCPs and periods. The maximum RH is projected to change depending

on the region.

As an exploratory and previous step to the statistical model building (see
Section 5.5), Figure 5.19 shows the Spearmané gank correlations between each
pair of population-weighted climate indices computed from the 1990-2019
reanalysis data. The strength of correlations varies from very weak to very strong,
with the largest positive and negative correlations being 0.93 and -0.75,
respectively. However, these coefficients are only exploratory in order to
generally understand the variables and potential collinearity between them in the
subsequent model building (see Section 5.5).
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indices in Chile from 1990 to 2019. Extended names of the variables are given in Table 5.3.

5.4.5. Mortality, hospitalisations, and observed populated-weighted climate
indices

Scatterplots of all-cause mortality rate and CVT mortality rate (deaths per
100,000 people) against populated-weighted values of climate indices show non-
linear relationships across most of the regions (Figure 5.20 and Figure 5.21),
especially for TNn, TNx, TXn, TXx, and relative humidity indices. Overall,
mortality rates decrease when TNn, TNx, TXn, and TXx increase (in °C) up to a
certain point where mortality rates start to increase depending on the region,
especially for TXn and TXx (approximately above 25°C). Complementary, the
greater number of extreme events per month (i.e., SU25, SU30, TX90p, TN9Op,
FD, ID, TX10p, TN10p, CSDI WSD| HWRnHW}, the higher mortality rates, which

201



differ in magnitudes depending on the region. Figures A5.24 to A5.55 in Appendix

5.4 show detailed information on each scatterplot for each region.

Figure 5.20 Scatterplots for all-cause mortality rate (deaths per 100,000 people) against
population-weighted climate indices in Chile from 1990 to 2019 by region. Solid lines represent
locally estimated scatterplot smoothing (loess).

Figure5.21 Scatterplots for CVT mortality rate (deaths per 100,000 people) against population-
weighted climate indices in Chile from 1990 to 2019 by region. Solid lines represent locally
estimated scatterplot smoothing (loess).
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