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Abstract

Non-communicable diseases (NCDs), such as cardiovascular and respiratory diseases are
weather-sensitive diseases that are regarded as a cause of premature death globally. As much
as 85% of NCDs occur in low- and middle-income countries, such as South Africa.
Approximately 57% of all the deaths that occurred in South Africa in 2017 were attributable to
NCDs, specifically, deaths that were caused by diseases of the circulatory system (18.4%) and
deaths caused by diseases of the respiratory system (9.5%). However, epidemiological
understanding of the health effects of climate indicators and variability in South Africa is scarce
and sparse. Evaluating the relationship between key climate indicators or meteorological
variables and cause-specific health outcomes can assist in identifying the potential health risks
associated with climate change, developing strategies to mitigate the associated risks, and
informing policies that will reduce the burden of diseases and environmental sustainability.

Climate change does not only cause an increase in average temperatures, but also the variability
of temperatures. To the author's knowledge, there are no studies conducted in Africa that
assessed the combined effects of inter- and intraday temperature variability (an important
meteorological indicator of climate variability) on morbidity and mortality. Correct exposure-
response relationships are required to optimally assess the burden of diseases and health
outcomes due to temperature variability (TV). This thesis aims to address the following
research questions:
1 What is the current state of knowledge or literature on the association between climate

variability indicators and cause-specific health outcomes?

Are there any associations between TV and hospital admissions and mortality?

Which subpopulations are most likely to be hospitalised or die from exposure to TV?

Do season and spatial synoptic classification (SSC) weather types (i.e., an entire suite of

meteorological indicators) modify the association between TV and health outcomes?

The primary research objectives of this study were answered through a series of papers
(manuscripts), of which five manuscripts were identified to address these research questions.
The objective of Manuscript 1was to systematically review the current state of knowledge of
time series and case-crossover epidemiological studies on the impact of TV on cardiovascular
disease (CVD) and respiratory disease (RD) mortality as well as hospital admissions at various

time scales. Manuscript2 investigated the association between TV, RD, and CVD hospital



admissions in Cape Town during 2011-2016. Manuscript3 investigated whether season and
SSC weather types modified the association between TV and CVD and RD hospital admissions
in the City of Cape Town from 2011 to 2016. Manuscript4 examined the association between
TV, RD, and CVD mortality in five South African cities, namely Bloemfontein, Cape Town,
Durban, Johannesburg, and Ggeberha (formerly known as Port Elizabeth) located in different
Koppen-Geiger regions in South Africa during the study period 2006-2016. Manuscript5
investigated the association between TV and cardiorespiratory (total CVD and RD) mortality
in the afore-mentioned five cities from 2006-2016 and assessed whether season and SSC

weather types modified the association between TV and mortality.

Manuscriptl was achieved by following the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines to systematically review the current literature on the
health effects of temperature variation. A literature search was conducted using PubMed,
MEDLINE/ Web of Science, and Scopus. The review focused on time series and case-
crossover epidemiological studies that investigated the association between TV and CVD
and/or RD morbidity and mortality and reported the empirical results. The review was
restricted to English studies published before the 30" of March 2023. Studies that only reported
counts of hospital visitations or mortality and those that focused on outpatients or excess risks

were excluded from the review.

The exposure variable of interest for this thesis was defined as a composite of intra- and
interday variability using the minimum and maximum temperatures. For example, the TV for
the three preceding days’ exposure before the outcome was calculated as TVo.2 = standard
deviation (minimum and maximum temperature on the same day as exposure, minimum and
maximum temperature a day after exposure, minimum and maximum temperature two days
after exposure). To achieve the aim of Manuscrips 2, 3, 4, and 5 time series analysis using
quasi-Poisson generalised linear models combined with a distributed lag nonlinear modelling
framework was used. The models were adjusted for the potential confounding effects of the
day of the week as a categorical variable, public holidays as a binary variable, and seasonal
and long-term trends as a nonlinear spline. Furthermore, a meta-analysis was used for
Manuscript4 to combine city-specific effect estimates to obtain the national effects of TV on
mortality.

In addition to achieving the aims of Manuscrips 3 and 5 the SSC framework was used to
classify each day of the study period into one of the seven distinct categories, namely Dry

X



moderate [DM], Dry polar [DP], Dry tropical [DT], Moist moderate [MM], Moist polar [MP],
Moist tropical [MT], and Transition [TR]. Furthermore, modification of the TV and health
outcomes association was investigated either by adding an interaction term of TV and SSC
weather types to the regression models (Manuscript3) or through stratification (Manuscript5).
In addition, stratification by age, gender, and season was performed for all the Manuscrips to
identify vulnerable subgroups and determine whether hospital admissions or mortality risks
differed by season. All regression analyses were performed with R software version 4.2.3
(2023-03-15 ucrt).

For Manuscriptl, of the 1 465 identified studies, only 45 met the inclusion criteria of which
23 studies investigated the association between TV indexes and CVD and RD hospital
admission and the remaining 22 studies focused on CVD and RD mortality risks associated
with TV. Most of these studies were conducted in Asia (particularly China), the United States,
and Europe, with only two conducted in Africa. The studies investigated various TV indexes,
including diurnal temperature range (DTR), temperature change between neighbouring days
(TCN), and standard deviation between the minimum and maximum temperature. In most of
the studies, children, people > 65-years of age and males had higher risks of hospitalisation or

dying from CVD and RD diseases due to exposure to TV.

For Manuscript2, in general, a positive and statistically significant association between TV
and CVD and RD hospital admissions was observed in Cape Town, even after controlling for
the confounding variables. For the entire study group, TV showed the greatest effect at short
exposure days, at 0-2 days for CVD and 0-1 days for RD hospitalisations. The 15-64 age group
had the highest risk for CVD hospitalisation, with the effects reaching a peak at 0-3 days of
exposure (3.02%, 95% CI:0.86%-5.23%). For RD hospitalisations, the highest risks were
observed for the elderly, with the effects reaching a peak at 0-4 days of TV exposure (5.18%,
95% C1:2.03%-8.43%). In general people >65-years had higher risks of RD hospitalisation and
the 15-64-years age group was more likely to be hospitalised due to CVD-related diseases.

Males had higher risks of hospitalisations compared to females.

For Manuscript3, season and SSC weather types modified the association between TV and
hospital admissions in Cape Town from 2011 to 2016. Specifically, according to the seven SSC
types, a stronger TV-CVD association occurred during MT weather conditions, with the most
significant risks observed after four days of exposure (6.72% [95% CI1:1.95%, 11.71%)]).
Immediate risks of TV on RD appeared with DM conditions (3.35% [95% CI:0.92%, 5.83%]).
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Grouping SSC categories by similar temperature and humidity characteristics (e.g., both
tropical types), a modified association was observed, especially for the 15-64-year age group
during tropical conditions for the CVD admissions. The 0-14- and 15-64-year age groups for
RD hospital admissions appeared more vulnerable during dry and transitional weather

conditions, respectively.

For Manuscript4, a positive association between TV and mortality was observed in the five
cities. Similar to Manuscript 3, the effect estimates were higher for RD health outcomes
(mortality) as compared to CVD mortality. The pooled estimates showed the highest RD
mortality risks were associated with a decrease of RR=1.21 (95% CI:1.04; 1.38) from the 5%
to the 50" percentile in TV at 0-2 days for all ages combined. The elderly appeared more
vulnerable to RD mortality than <65 years age group, with significant mortality risks per
increase in TV at 0-2 days (RR=1.18, 95% CI:1.04;1.32), 0-3 days (RR=1.16, 95%
Cl:1.04;1.28) and at 0-7 days (RR=1.12, 95% CI: 1.02;1.22) from the 50th to the 75th
percentile. No significant results were observed for CVD mortality.

For Manuscript5, The pooled estimates showed the highest and significant increase in RD
mortality of 1.21(95% C1:1.04;1.38) per an increase in TV at 0-2 days from the 25th to the 50th
percentile for all ages combined. The elderly appeared more vulnerable to RD mortality than
<65 years age group, with significant mortality risks per increase in TV at 0-2 days (RR=1.18,
95% C1:1.04;1.32), 0-3 days (RR=1.16, 95% CI:1.04;1.28) and at 0-7 days (RR=1.12, 95% ClI:
1.02;1.22) from the 50th to the 75th percentile. A stratified analysis showed the elderly and
women as more vulnerable. For the entire study population, greater association was observed
during MT weather conditions in Bloemfontein (1.87 95% 0.96-3.63), DT weather conditions
in Cape Town (1.27; 95% C10.83-1.95), MM weather conditions in Johannesburg (1.35; 95%
Cl:0.51-3.56) and during TR weather conditions in Durban (1.17; 95% CI10.63-2.19) and
Gqgeberha (1.35; 95% C1:0.51-3.56).

This thesis demonstrated that climate change and variability are a huge public health threat in
South Africa. Specifically, the results of this thesis showed that TV is an important risk factor
for cardiorespiratory health outcomes in South Africa. Furthermore, it demonstrated that
season, synoptic weather types, and age modify the association between TV and health
outcomes. Application of the SSC scheme can provide insights into how atmospheric
circulation patterns and synoptic weather types affect temperature and health outcomes. The

occurrence of individual air masses can be forecasted, providing helpful information for
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planning public health resources. The results of the present study imply that the synergistic
effects of other environmental and meteorological factors should be considered when
conducting risk assessments for health and climate-related research. This thesis advances the

knowledge of mortality risk factors in South Africa.
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Chapter 1: General Introduction

1.1. Climate Change And Health-Nexus

Anthropogenic climate change is currently impacting numerous regions across the world.! The
Intergovernmental Panel of Climate Change (IPCC) estimates that between 3.3 and 3.6 billion
people live in environments that are highly vulnerable to the impacts of climate change.l
Climate change has adversely affected human health globally, with the greatest impacts
occurring in low- and middle-income countries (LMICs), such as South Africa.l®* Without
effective mitigation and adaptation strategies, LMICs will continue to be disproportionately
affected by the impacts of climate change.!® High levels of poverty, illiteracy, lack of
application of technology and information, and a poor public healthcare system are some of

the contributing factors to climate change in vulnerability in LMICs.14

A global increase of 1.5°C in average temperatures compared to preindustrial era will take a
serious toll on human health.>*® The World Health Organization (WHO) concluded that
climate change is the biggest threat to humanity and human health.® Between 2030 and 2050,
WHO projects an additional increase of 250,000 deaths globally as a result of climate change.®
Climate change can directly affect human health by increasing the risks and aggravating pre-
existing non-communicable diseases (NCDs), such as cardiovascular and respiratory health
conditions.®® According to WHO, nearly 77% of NCD deaths occur in LMICs, and 86% of the
deaths are people aged younger than 70.%! Mortality in LMICs attributable to NCDs has
increased in recent years, and projections estimate that it will continue to rise.*?3 In 2018,
NCDs were among six of the top ten causes of deaths in South Africa. Specifically, a total of
80,819 deaths among the 10 leading causes of deaths in 2018 were from diseases of the
circulatory system (110-115, 120-125, 130-152, and 160-69) and a total of 31,148 were from
diseases of the respiratory system (J09-J18 and J40-J47), i.e. 17,7% and 6,9% of all cause

deaths were from diseases of the circulatory systems and respiratory systems.

The impact of climate change and variability in various sectors have been widely studied and
acknowledged, however, the connection to human health remains less explored, especially in
LMICs. According to atmospheric modelling, significant increasing trends of temperature
variation was observed in Africa, possibly due to natural variability of the climate and
anthropogenic activities.™® Anticipating how anthropogenic climate change will affect natural

and human systems requires the understanding of how changes in the mean temperatures and



climate variability will affect human livelihoods.}**1¢ Epidemiological studies conducted
across the globe attributed non-optimal temperature extremes, such as heatwaves, extreme cold
or warm temperatures, and temperature variability indexes, to an increase in hospital
admissions and mortality from non-communicable and infectious diseases.}”?° However, few
studies?"?? investigated the association between ambient temperature and health outcomes in
Africa, and even fewer'>?3 applied temperature variability (TV) as an exposure variable of
interest. These studies showed that TV is an independent risk factor of hospital admissions in
South Africa. There remains limited information about the health effects of TV indexes in
South Africa, for example, to date there is no study in South Africa that investigated the
association between TV and mortality. These studies,**?® showed that the burden of illness and
mortality would continue to rise with increasing temperatures. Health experts working on
climate change related research in South Africa, acknowledged that in order to combat the
impacts of climate change, more studies are needed to fill the gaps in knowledge in terms of
impacts, risks, and vulnerabilities.® These studies®!'?® and South Africa’s National Climate
Change Adaptation Strategy ascertain the need for further climate and health-related research
using robust methods and various indicators of temperature as a proxy of the effects of weather

and climate variability on human health.

1.2. The Impetus For This Thesis

Weather variability is projected to increase with global warming, since climate change
increases both mean and the variability of temperatures.* Most individuals have healthy
thermoregulation systems to cope with variable temperatures up to a certain threshold. Figure
1.1. shows the heat transfer mechanisms (radiation, convection, conduction, and evaporation)
that the body uses to maintain a core temperature of 37°C and skin temperature of 33°C.2°
When ambient air temperature varies extensively within a short interval, the body might find
it challenging to maintain heat balance. There is uncertainty regarding the health effects of
unstable weather.’8% Most studies that have been carried out are on changes in mean
temperatures which neglect temperature variability,® and geographically, most of the climate

and health studies were conducted in high-income countries and China.?’

The number of epidemiological studies providing a link between short-term ambient TV and
health outcomes has increased globally, with most of these studies conducted in high-income
countries.*®28-3L Children, people older than 65-years, and people with confined or restricted

movement are the most sensitive subgroups to exposure to TV.31-32 There are currently several



indices of TV used weather and health related studies, defined and based on their temporal
(inter- or intraday TV) and spatial scale.'® Most studies based on the effects of TV on morbidity
and mortality focused either on intraday TV (e.g., diurnal temperature range (DTR))?%3! or on
interday (e.g., temperature change between neighbouring days (TCN).33-3* Due to the persistent
nature of unpredictable weather conditions, it might be more accurate to combine both intraday
and interday TV when examining the association between TV and health outcomes.*® To the
author’s knowledge, prior to the commencement of this thesis there was no study that examined
the health effects of TV using a compositive index of intra- and interday TV in South Africa.

In general, African countries are underrepresented in international studies aiming to understand
the health impacts of climate change and variability indicators.®® The underlying biological
mechanisms observed between several meteorological predictors, such as ambient temperature
on health effects over short periods, are poorly understood and may differ from those related
to mean temperatures under more severe conditions and longer intervals in high-income
countries.®® The ultimate endeavour of environmental epidemiology is to discover which
ecological exposures contribute to health effects in a defined population by studying external
factors that might inflate the occurrence of disease or mortality and other geographic ranges of
health conditions.®*-*" Environmental epidemiology seeks to clarify the relationship between
physical, biological, and chemical factors and human health3® and provides a direct link
between exposure and health outcomes.*®4° Despite the importance of such studies, there are
few in LMICs. The reason might be because few people have training in environmental
epidemiology, and there is limited and inadequate information regarding exposure assessment.
Thus, local and regional studies are needed to correctly assess the exposure-response
relationships and quantify the disease burden attributable to TV.

Furthermore, the effect of atmospheric conditions changes with shifts in the frequency and
intensity of air masses (also referred to as weather types. according to Kalkstein et al.*!) that
negatively impact human health.2%42-43 Several studies showed that synoptic weather patterns**
48 could modify the temperature-health outcome association.*>5> However, limited research
on the effect modification of oppressive weather types on temperature-health outcomes has
been completed regarding synoptic patterns. Synoptic weather patterns cover large spatial
regions up to approximately 1000 km?, which accounts for how people simultaneously react to
a suite of meteorological variables.>** To date, no research has been conducted in Africa

documenting the relationship between a particular synoptic weather type and health outcomes



and TV. Recent studies emphasise the knowledge gap in effect modification and methodology

in Africa.>6-%7
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Figure 1.1. Schematic illustration of human body thermal balance and modes of body heat transfer

Climate change is a huge public health concern in South Africa, and yet, research on the risks
of climate change and health is limited in South African context.>® It is projected that the
average temperatures may increase up to 6°C in the interior of South Africa between 2070-
2099 and the frequency and intensity of heatwaves are projected to increase along the coastal
regions of South Africa.>® The estimated temperature increases which exceed the average
global warming, ascertains the need for local climate change and health-related
epidemiological studies to determine how South African residents respond to ambient
temperature variability, what factors might modify the health effects of temperature variability,
identify vulnerable subgroups, and determine which adaptation plans to prioritise.>?
Consequently, this thesis aims on using time series methods to examine the association between
a compositive index of intra- and interday TV and health outcomes as well as to determine
whether spatial synoptic classification (SSC) weather types (similar to Bergon air masses) and

season influences the association.

This study will provide an opportunity to contribute and generate new knowledge regarding
the effects of temperature changes on noncommunicable diseases in South Africa. One of the



broader impacts of this thesis is to assist the South African government, towards achieving
United Nations Sustainable Development Goals (SDG) Agenda 2030, particularly, Goal 3
which aims to ensure healthy lives and promote well-being for all at all ages and Goal 13 which
aim to address the global challenge of climate change. The study also addresses the National
Climate Change Adaptation Strategy objective number 3: “Improve understanding of climate
change impacts and capacity to respond to these impacts.” Climate and health research
contribute to understand the interactions between climate change and human health, informing
policy decisions, promoting resilience, and advocating for actions that align with multiple
SDGs. Addressing these goals can help to reduce the adverse threats that climate change poses
to health and other sytems.’® Regional assessment of sensitivity and vulnerability to
environmental impacts will help to determine which adaptation strategies should be

implemented.

1.3. Research Questions

To the researcher’s knowledge, no studies were conducted in Africa to assess the combined
effects of inter- and intraday TV on morbidity and mortality. The effects of TV within specific
air masses are yet to be explored in Africa. The proposed study aims to bridge such gaps by
answering the following research questions:
1 What is the current state of knowledge or literature on the association between climate
variability indicators and cause-specific health outcomes?
Are there any associations between TV and hospital admissions and mortality?
Does season and SSC weather types (i.e., an entire suite of meteorological indicators)
modify the association between TV and health outcomes?

91 Which subpopulations are most likely to be hospitalised or die from exposure to TV?

1.4. Aims And Objectives
1.4.1. Aim

The overall aim of this thesis was to investigate the association between TV, respiratory disease
(RD) and cardiovascular disease (CVD) mortality and hospital admissions in various cities in

South Africa, along with possible effect modification by weather types.5t



1.4.2. Specific objectives

1 To systematically review the current state of knowledge of time series and case-crossover
epidemiological studies on the impacts of TV on CVD and RD mortality and hospital
admissions at various time scales.

1 To investigate the association between TV, RD, and CVD hospital admissions in Cape
Town during 2011-2016.

1 To investigate if season and SSC weather types modify the association between the TV,
RD, and CVD hospital admissions in Cape Town during 2011-2016.

1 To investigate the association between TV, RD, and CVD mortality in five South African
cities, namely Bloemfontein, Cape Town, Durban, Johannesburg, and Ggeberha (formerly
known as Port Elizabeth) located in different Koppen-Geiger regions during the study
period 2006-2016.

1 To investigate the possible effect modification by season and weather types on the
association between TV, RD, and CVD in five South African cities, namely Bloemfontein,
Cape Town, Durban, Johannesburg, and Ggeberha located in different KSppen-Geiger
regions during the study period 2006-2016.

1.5. Description Of Study Area And Methodology

The research was confined to five South African cities, namely Bloemfontein, Cape Town,
Durban, Johannesburg, and Ggeberha located in different Képpen-Geiger regions (Figure 1.2).
South Africa is a middle-income and developing country situated at the southern tip of Africa.®*
The country's coastline stretches for approximately 3,000 km along the South Atlantic and
Indian Oceans. South Africa shares borders with Botswana, Mozambique, Namibia, the
Kingdom of Eswatini, and Zimbabwe. It is a temperate region surrounded by the Atlantic and
Indian Oceans on the east, west and south sides. The cities were purposefully selected since
they are some of the most populated cities in South Africa and had complete datasets for the
study period. Therefore, the results of the present study represent the different climatic
conditions experienced in South Africa. Thus, the results will be generalisable to other cities

with similar weather conditions.

Two main methodologies were followed to achieve the objectives of this thesis. First, to
conduct the systematic review (Manuscript 3, PRISMA guidelines for conducting systematic

reviews was followed. Second, to examine whether day-to-day differences in the number of



CVD and RD hospital admissions or mortality can be explained by TV measured at different
temporal scales (Manuscrips 2, 3, 4, and 5, time series regression models were used.862-63
Specifically, quasi-Poisson regression models combined with distributed lag non-linear models
(DLNM) framework were used.®*®> A comprehensive description of the methodology is

presented in the subsequent chapters presented as manuscripts.
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Figure 1.2. Map of South Africa showing study locations

1.6. Structure Of Thesis

This thesis is presented in a manuscript format, following the guidelines for writing a Doctoral
thesis by publication for the Faculty of Health Sciences in conjunction with the University of
Pretoria’s General Academic Regulation G53 Doctoral degree by virtue of publication

guidelines.

The five manuscripts are presented in Chapters 2-6. They are written according to the author
guidelines and publication style of each journal. Chapter 2 systematically reviewed the time
series and case-crossover epidemiological studies that investigated the impacts of TV on CVD

and RD mortality and hospital admissions at various time scales. Chapter 3 investigated the



association between TV and cardiovascular and respiratory hospital admissions in Cape Town
during 2011-2016. Chapter 4 incorporated the SSC system to examine whether SSC weather
types and season modified the association between TV and hospital admissions in Cape Town.
Chapter 5 examined the relationship between TV and mortality in five South African cities
from 2006 to 2016. Chapter 6 studied the link between cardiorespiratory mortality risks and
TV and investigated whether SSC weather types modified the relationship between TV and
mortality in the five cities. Chapter 7 presents a synthesis of the key findings based on the five
manuscripts and overall significance of the study. Furthermore, the limitations, and probable

implications are discussed. Future research is also proposed.
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Chapter 2: Manuscript Addressing Objective 1

Chapter 2 presents a manuscript addressing objective number 1 which systematically reviewed the
current state of knowledge of time series and case-crossover epidemiological studies on the impacts
of temperature variability (TV) on cardiovascular disease (CVD) and respiratory disease (RD)
mortality and hospital admissions at various time scales.

The manuscript was submitted to PLOS ONEand is titled “Temperature variability, cardio
respiratory disease mortality, and hospital admissions: An epidemiological systematic
review’.

The contents of this chapter are the same as the manuscript that is currently being
reviewed in the journal referred to above. For consistency and presentation purposes, the

sectional numbering was amended to be consistent with the chapter numbering.
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Temperature variability, cardio-respiratory disease mortality, and hospital admissions:

An epidemiological systematic review

Malebo Sephule Makunyane,1,2 Hannes Rautenbach,1 Janine Wichmann.1

1. School of Health Systems and Public Health, Faculty of Health Sciences, University
of Pretoria, Pretoria, South Africa.

2. South African Weather Service, Pretoria, South Africa.

* Correspondence: u10202146@tuks.co.za
2.1. Abstract
Background
Most climate-related reviews provided substantial evidence on how changes in mean and
extreme temperatures are associated with worse human health. There is a need to understand
how temperature variability (TV) changes affect health, as this can add to the existing and
future health challenges caused by climate change. However, there are limited reviews on how

temperature variability affects health at various times.

Objective

This study systematically reviewed the current state of knowledge of time series and case-
crossover epidemiological studies on the impacts of TV on cardiovascular disease (CVD) and
respiratory disease (RD) mortality and hospital admissions at various time scales. It also
assesses vulnerable subgroups, identifies what factors modify the TV and health outcomes

association, and identifies TV indexes used in health-related studies.

Methods

PubMed, MEDLINE/Web of Science, and Scopus were used to systematically search
epidemiological research on cardiovascular and respiratory health risks associated with
temperature variability indexes. The literature search was restricted to the English language,
time series, and case-crossover epidemiological studies conducted globally and published
before 15 March 2023. Studies that only reported counts of hospital visitations or mortality and

those that focused on outpatients or excess risks were excluded from the review.
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Results

Of the 1 465 studies, only 45 met the inclusion criteria, of which, 23 studies investigated the
risks of CVD and RD hospital admission due to exposure to TV indexes While the remaining
22 studies focused on CVD and RD mortality associated with exposure to various TV indexes.
The evidence suggests that unstable weather (temperature variations) is related to
cardiovascular and respiratory health outcomes. Most of these studies were conducted in Asia
(particularly China), the United States, and Europe, with only two studies conducted in Africa.
The studies investigated various TV indexes, including diurnal temperature range (DTR),
temperature change between neighbouring days (TCN/TC), and standard deviation between
the minimum and maximum temperature. Gender, age, race, daily mean temperature, criteria
of air pollutants, and socioeconomic status may confound the TV-health association. In most
studies, temperature changes posed a higher risk to children, individuals over 65-years of age,

and males.

Conclusion

The vast majority of the studies only assess the health effects of either intraday or interday
variation (two days after exposure). However, new evidence suggests that the effects of
unstable weather last several days after exposure. Therefore, research on the health effects of
TV indexes that account for intraday and interday variability is warranted, especially in
developing countries or regions. More research in Africa is needed to produce more credible
evidence on what risk climate change and variability indicators has on health to inform policies

related to public health and climate change readiness.
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2.2. Introduction

The health effects of temperature change and variability are critical public health concerns
regarding climate change.'? Several studies have demonstrated substantial evidence of the
health effects of temperature extremes, with few studies reflecting on the impact of temperature
variability (TV).2%% TV is one of the critical indicators of climate change.®’ Contrary to
ambient mean temperature, it could also notably impact human adaptation to climate change
and its variability.3®1% A recent study has shown that focusing only on mean temperature
changes and temperature extremes might underestimate the impact of climate change on

humans.!

According to epidemiological research, there is a link between climate change, its variability,
and adverse impacts on human health.*'2 However, the predominant body of scientific
research has focused on investigating the effects of extreme temperatures on human health
compared to TV and their synergistic impacts.>!® Few reviews summarised evidence on the
health implications of TV indexes. Most existing reviews and studies found that mortality and
morbidity rates are significantly associated with TV indexes.231416 However, the extensively
researched temperature-related metrics are heat waves, extreme cold or hot temperatures, cold
spells, and daily temperature range.>>” A recent study ascertained that the effects of surface
air TV at various timescales are unclear.2>® Furthermore, short- and long-term TVs could

exacerbate existing health conditions.31%18

Understanding the health implications of TV at different time scales is pivotal and can aid in
reducing the impacts of weather instability on humans. The commonly used indexes in
meteorology and epidemiology to measure temperature variability defined on a range of
temporal dimensions are as follows: 1) diurnal temperature range (DTR) reflecting intraday
temperature variation; 2) temperature change between neighbouring days (TCN); reflecting
inter-day temperature variation (i.e., variation between two adjacent days); 3) Synoptic
temperature variation reflecting variation within three to seven days; 4) sub-monthly variation
reflecting variation within eight to 20 days; 5) monthly or sub-seasonal variation reflecting
variation within 90 days; 6) seasonal variation reflecting temperature variation for more than
90 days; 7) annual variation reflecting temperature variation measured on a yearly scale; and
8) decadal and centennial variation reflecting temperature variation measured at a decadal or
centennial scale.>'%?° There is a need for epidemiological studies to evaluate the risks of both

spatial and temporal temperature variability indexes on population health at a global and

24



89
90
91
92
93

94
95
96
97
98
99
100
101
102
103
104
105

106
107

108
109
110
111
112
113
114

115

116
117
118
119

regional scale. Such studies will improve the scientific knowledge on which combination of
meteorological variables or temperature indexes poses a grave threat to human health, which
subgroups are vulnerable, what factors modify vulnerability to temperature changes, and the
gaps in the literature. These studies will help to mitigate further climate change and climate

variability's current and future health burden.t?

Climate change causes an increase in average temperature and a rise in temperature
fluctuations. However, there is limited and insufficient research on the health impacts of
variability in climate indexes.>’31214 Thus, understanding the health risks associated with
climate variability and the adaptation strategies needed may mitigate the health effects of
climate variability. Consequently, this study 1) systematically reviewed population-based
studies on the health effects of TV indexes, a meteorological indicator of climate variability or
stability, focusing on cardiovascular and respiratory-related mortality, and hospitalisations, 2)
to identify vulnerable and susceptible subpopulations to TV exposure, 3) identify factors that
modify the TV and health outcome associations, and 4) identify which studies used temporal
and spatial TV indices as a proxy for the effect of temperature change on health. The present
review intends to extend the scientific knowledge on the impacts of TV, identify research gaps

in TV and health-related studies, and discuss implications for future research.

2.3. Methods

2.3.1. Research questions

The research questions for the present study are

1 What is known about the relationship between TV and cardiovascular and respiratory
disease hospitalisations and mortality?

1 What are the characteristics of the current studies?

1 What are the limitations of the current studies?

1 What are the temperature variability indexes used in health-related studies, their time

scales, and their limitations?

2.3.2. Search strategy

The systematic review followed the Preferred Reporting Items for Systematic Reviews and
Meta-analyses (PRISMA) guidelines. PubMed, Scopus, and MEDLINE (Web of Science) were
used to systematically search for studies on the association between TV and health outcomes

published from inception until 15 March 2023. The search was repeated, and the bibliography
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of identified studies were studied to determine any missed studies. The primary search centred
around a combination of the following strings and keywords: For hospital admissions:
("temperature varia*" OR "temperature change*' OR "diurnal temperature*") AND
(respiratory OR cardiovascular) AND ("hospital admissions” OR "hospital*" OR "morbidity"
OR health). For mortality: (“temperature varia*" OR "temperature change*" OR "diurnal
temperature*") AND (respiratory OR cardiovascular) AND (mortality OR death OR health).

2.3.3. Inclusion and exclusion criteria

This review focused on studies that used TV indexes to examine the effect of climate variability
or unstable weather conditions on population health. Studies were included in the review if
they were: 1) published in peer-reviewed journals from inception until 15 March 2023; 2)
published in English; 3) human studies; 4) quantitative studies of risks associated with exposure
to TV indexes using the time-series or case-crossover epidemiological methods and reported
appropriate effect estimates, such as relative risks, odds ratios, and percentage change in
hospital admissions or mortality; 5) temperature variability indexes, such as diurnal
temperature range (DTR), temperature change between neighbouring days (TCN), standard
deviation of minimum and maximum temperatures, and spatiotemporal index of TV were
exposure variables of interest; and 6) health outcome of interest was hospital admission or

death due to respiratory diseases (RD) or cardiovascular diseases (CVD).

Studies were excluded in the review if: 1) the subjects were animals or human experiments; 2)
reported mortality counts or excess deaths following heat waves to focus on the general
association of TV and mortality and hospital admissions; 3) they focused on TV trends; 4) their
main objective was not to assess the health effects of temperature variability; 5) they focused
on biomarkers related to CVD or RD outcomes; 6) health outcomes were on outpatient (patients
not admitted overnight) or emergency room visits studies; and 7) they were reviews. Titles and
abstracts of the published articles were screened to evaluate relevance based on inclusion
criteria, and thereafter, full-text articles of the remaining articles were reviewed. Furthermore,

the reference lists of articles were inspected for any studies missing from the primary search.

An Excel data extraction form was used to record the following information from eligible
studies: citation; the country or region where the study was conducted; study period; study

design; statistical methods used to estimate the risks of TV exposure; TV index used; and

26



150

whether they were controlled for confounding and critical findings. Furthermore, information
151

regarding model options for the covariates was included in the primary model.

Selection process

Hospital admissions

Mortality

PubMed (n=272)

PubMed (n=329)
Scopus (n=281)

Scopus (n=314)

MEDLINE (n=134)

MEDLINE (n=141)

Exclude non-human and studies not published in

English.
PubMed (n=223
PubMed (n=193) ubMed (n )
5 Scopus (n=199)
Scopus (n=154)
MEDLINE (n=109)
MEDLINE (n=108)

Title and abstract screening

PubMed (n=38)

PubMed (n=34)
Scopus (n=20)

Scopus (n=27)

MEDLINE (n=23)

MEDLINE (n=24)

Exclude duplicate records.

49 hospital admission

39 mortality papers
papers subjected to

subjected to full text
full text review.

review.

\
23 hospital admission studies

A total of 45 studies

22 mortality studies met
met the inclusion criteria.

were included in the

the inclusion criteria.

final review.
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Figure 2.1. Diagram of the study selection process for TV and health outcomes citations

153

27



154
155

156
157
158
159
160
161
162
163
164
165
166

167
168
169
170
171
172
173
174
175
176
177
178
179
180

181
182
183
184
185

2.4. Results
2.4.1. Study characteristics

A flowchart illustrating the process of selecting studies is presented in Figure 2.1, which shows
that out of the 1 465 articles initially identified, only 45 studies were deemed suitable for
inclusion in the review of which 23 studies focused on the relationship between TV indexes
and hospital admissions, while the remaining 22 investigated the link between TV and
mortality. The primary outcomes of interest were CVD (ICD-10: 100-199) or RD (ICD-10: JOO-
J99). All 45 studies reported the risks of hospital admissions or mortality by total of CVD or
RD diseases or subcategories of CVD or RD diseases. For example, Tian et al. (2023)%
examined the effects of DTR on pneumonia hospitalisation. Zhao et al. (2019)2® focused on
exacerbating cardiac arrhythmia as the health outcome of interest. Furthermore, cause-specific
health outcomes such as a stroke, myocardial infarction (Ml, 121-122), and other CVD and RD

subgroups were investigated.

Table 2.1 below summarises TV metrics used as an indicator variable for temperature change
over various temporal scales. Of the 45 studies, 29 studies (n=29) used DTR. The effects of
temperature variability were assessed using different indices across the studies. Four studies
(n=4) utilised the temperature change between neighbouring days (TCN) as an exposure
variable and seven studies (n=7) employed the standard deviation of minimum and maximum
temperatures during the exposure days (daily TV) as an index. Two studies (n=2) explored the
effects of the standard deviation of hourly temperatures (hourly TV) as a TV index. In one
study (n=1), both DTR and temperature change between neighbouring days (TCN) were
utilised as exposure variables of interest.>! Yu et al. (2022)* (n=1) compared the effects of
hourly and daily TV on all causes as well as cardiorespiratory mortality. Rowland et al. (2021)%
(n=1) used three TV metrics to measure hourly temperature changes, namely 24-hr mean
absolute hourly first difference, 24-hr maximum absolute hourly first difference, and 24-hr
mean hourly first difference, to investigate the association between these metrics and hospital

admissions.

The characteristics of the studies are summarised in Table 2.2 for hospital admissions and Table
2.3 for mortality. The hospital admission studies were conducted in various locations, two in
Africa (Limpopo and Cape Town in South Africa)???%, one in Europe (Catalonia),?* three in
South America (Argentina, Brazil),>%" one in North America (New York),? and 17 in Asia
(Korea, Vietnam, Thailand, China).?6272° Regarding mortality studies, only three were
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conducted in North America,***8and 19 were performed in Asia.*®-% Most studies incorporated
in this review utilised time series techniques, specifically generalised additive models (GAM)
or generalised linear models (GLM), to explore the health implications of being exposed to
different TV indexes. However, three studies employed a case-crossover epidemiological study
design instead.?#?8%° However, a study conducted by Lim et al. (2012)* in four Korean cities
(Seoul, Incheon, Daegu, and Busan) used both statistical approaches, namely GLM and the

case-crossover design, to compare the effects of DTR on hospital admissions.

2.4.2. Model options

Most hospital admission (Table 2A.1) studies used a linear term of the function of TV indexes
in the primary models, assessing different lags or cumulative lags. Some studies explored both
the exposure variables' single lag effect and the cumulative lag effect. For example, Tian et al.
(2023)*° and Makunyane et al. (2023)?? explored TV as a linear term, assessing several
exposure lengths from 0-1 day to 0-7 days. Zhu et al. (2021)* added DTR as a linear term in
the model. However, they also considered the delayed effects of DTR on single lags (i.e., from
lag O to lag 7) separately. The authors further investigated the cumulative impact of DTR from
lag 01 to lag 07.%® A study conducted in China using temperature change within a 24hr period
(TC24) also investigated the single lag effects of TC24 on cardiovascular disease-related
hospital admissions.*® Approximately 52% of the mortality studies (Table 2A.2) investigated
the linear impact of TV indexes on cardiovascular or respiratory disease mortality.

The researchers that observed a nonlinear relationship between TV indicators and health
outcomes utilised cross-basis functions or smoothing splines to explore the delayed and
nonlinear consequences of the exposure factor on health outcomes. For example, Cheng et al.
(2014)%° assumed that the impact of temperature change on mortality would be delayed up to
21 days and used a natural cubic spline with three degrees of freedom (df) to analyse the
temperature change. Several other studies observed a nonlinear relationship between the
impacts of the intraday temperature range (DTR) or inter-day temperature changes (TCN) on
mortality used cross-basis functions to adjust for the nonlinear and delayed effects of the
exposure variables.3237-351 The model options for the cross-basis functions differed per region,
exposure variable (DTR, TCN or TV daily), and health outcomes (see Table 2A.1 and Table
2A.2 in the appendix). Other studies used smoothing splines such as natural cubic splines for

the exposure variable. 23342

29



217
218
219
220
221
222
223

224
225
226
227
228
229
230
231
232
233
234
235
236

The potential confounding effect of the day of the week and public holidays was adjusted by
using factor variables. Most studies utilised a natural cubic spline with a range of four to nine
degrees of freedom (df) per year to eliminate the effects of seasonality and long-term trends.
Some studies used different spline options. For example, Loung et al. (2019)*! used cubic spline
(df=3 per year), Carreras et al. (2015)?° used cubic penalised splines, Ngo et al. (2021)3* used
flexible splines (df=3), Luo et al. (2013)® used cubic regression spline, and Lee et al. (2018)°3

used natural cubic B-spline (df=8 per year).

Prior investigations have demonstrated that the daily mean temperature and relative humidity
may influence the association between temperature changes and health outcomes. Most studies
utilised a cross-basis function with a natural cubic spline for both temperature and lag days,
incorporating up to 21 lag days for the daily mean temperature to account for the nonlinear and
delayed effects of daily mean temperature. Lee et al. (2018)° controlled for the influence of
the daily mean temperature by employing a natural cubic B-splines method for both the
exposure-response and lag-response relationships. Most studies in their primary analyses
considered the impact of relative humidity and controlled for it through a natural cubic spline
method with degrees of freedom ranging from 3 to 8.2228-29.31-3234 Aqditionally, some studies
adjusted for other meteorological factors, including sunshine duration, wind speed,
atmospheric pressure, and apparent temperature, using smoothing splines. For example, Zhang
et al (2017) used natural cubic splines to account for the effects of atmospheric pressure and

wind.®’
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237  Table 2.1: Various TV metrics, their acronyms, and their temporal scale used in the studies reviewed

Temperature Variability Index Acronym Temporal Scale

Diurnal temperature range DTR Sub-daily
Temperature change between neighbouring days TCN Daily
Temperature changes TC24 Daily
The standard deviation of minimum and maximum temperatures during exposure days Daily TV Sub-daily
The standard deviation of hourly temperature Hourly TV Hourly
The maximum absolute first difference MeanFDT Hourly
The difference in daily mean for lag 0 and lag one day DiffMeanT Daily
The mean absolute first difference MeanAbsFDT | Hourly
The maximum absolute first difference MaxAbsFDT | Hourly
The difference between the current day's mean previous day's mean temperature Mean TC Daily
The difference between the current day's maximum previous day's maximum temperature MaxTC Daily
The difference between the current day's minimum previous day and minimum temperature MinTC Daily
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2.4.3. Effects of TV on hospital admissions

Table 2.2 below, provides evidence of a significant relation between TV indexes and CVD and
RD hospitalisations. Specifically, Tian et al. (2023)% found that, on average across China, for
every 1°C increase in TV at 0-6 days of exposure, the risks of pneumonia hospitalisations
increased by 0.65%. Makunyane et al. (2023)% reported higher risks of RD and CVD
hospitalisations at 0-5 days of TV exposure for CVD 2.84%- and 0-1-day TV exposure for RD
2.79%, respectively. Shi et al. (2021)*® also found that negative and positive temperature

changes within 24 hours were significantly associated with CVD hospitalisations.

Regarding hourly-to-hour temperature change metrics, Rowland et al. (2021)%® generally
observed a positive association between hourly temperature variations and myocardial
infarction risks. For example, the risks of MI hospitalisation associated with an increase in
mean to the 90th percentile in mean absolute first difference of temperature were 2.04% [95%
Cl: 1.30%-2.78%], while an increase in the mean first difference was significantly associated

with the increasing risks of MI hospitalisation.

For DTR, Pontjoan et al. (2021)?* reported that at lag 0, the incidence rate ratio of total CVD
hospitalisation associated with DTR was 1.032 [95% CI: C1.005;1.061], and the authors also
associated extremely high DTR with increased cumulative risks of CVD hospitalisation. Zhu
et al. (2021)* found that emergency room CVD hospitalisations were associated with a 1°C
increase in DTR. Zha et al. (2021)% also found that the most significant effects of DTR on
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Table 2.2: Studies on the health effects of temperature variability indexes on cardiovascular disease (CVD) and respiratory disease (RD) hospital admissions for the
entire study population

The Meteorological Science
Data Sharing Service

Citation Stud.y Study Period Data Sources Study Design | TV Index Key Results
Location
Tian et al. (2023)%° 184 China's | 2014-2017 Urban Employee Basic Time-series Daily TV On average, across the country, for
Major cities Medical Insurance every 1°C increase in TV at 0-6 days of
exposure, the risks of pneumonia
(UEBMI) and China hospitalisations increased by 0.65%
meteorological Data [95% CI: 0.34%,0.96%)].
Sharing Service System
Makunyane et al. (2023)% South Africa | 2011-2016 Private hospitals and South | Time-series Daily TV For all ages combined, higher risks of
(Cape African Weather Service RD and CVD hospital admissions
Town) appeared at 0-5 days of TV exposure
for CVD 2.84% [95% Cl:1.44, 4.27]
and 0-1 day TV exposure for RD 2.79%
[95% CI: 1.44, 4.17], respectively.
Zhaetal. (2022)* China 2011-2015 New Rural Cooperative Time-series TCN Positive TCN showed protective risks
(Qingyang) Medical Management for CVD hospital admissions. Exposure
(NRCMS) Center of to low TCN at longer, up to 27 days,
Qingyang was significantly associated with higher
risks of CVD hospitalisations
Gansu Meteorologica' cumulative relative risk of 29.55 [95%
Bureau and the China Cl: 4.709-185.436].
Meteorological Science
Data Sharing Service In contrast, lower risks of CVD
hospitalisations were associated with
extreme high TCN cumulative relative
risk of 0.040 [95% CI: 0.009-0.169].
Zhai et al. (2022)3? China 2014-2017 NRCMS of Gansu Province | Time series DTR DTR had a significant, longer single lag
(Qingyang) impact on CVD cases.
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Study

Citation . Study Period Data Sources Study Design | TV Index Key Results
Location
Zhu et al. (2021)% China 2013-2016 Three general hospitals in Time series DTR Emergency room CVD hospitalisations
(Jincheng) Jincheng of Gansu Province were associated with a 1°C increase in
DTR 1.30% [95% CI: 0.99-1.62%].
Jincheng Meteorological
Bureau
Ngo et al. (2021)3* Vietnam 2013-2017 Two large paediatric Time series DTR During the rainy season, a 1°C in DTR
(Ho Chi hospitals in the city was significantly associated with a
Minh City) decrease from 2.0 to 2.5% risk of
Southern Regional hospitalisation for acute lower
Hydrometeorological respiratory infections for pneumonia
Centre for the among children.
meteorological station at
Tan Son Nhat airport
Shi et al. (2021)% China 2013-2016 Four general hospitals in Time series TC24 Both a negative —1.86% [95% CI: 95%
(Jinchang) Jinchang CIL: —2.26% —1.47%] and a positive
3.01% [95% CI: 2.41%, 3.62%]
Jinchang Meteoro|ogica| temperature Change of 24 hr were
Bureau significantly associated with CVD
hospitalisations.
Zhaet al. (2021)% China 2011-2015 NRCMS of Gansu Province | Time series DTR When DTR was 6.1°C the most
(Qingyang) significant effects (2.951 [95%

China Meteorological
Science Data Sharing
Service.

Cl:1.605, 5.425]) of DTR on CVD
hospitalisations for the farmers were
observed and when DTR was at its
maximum RR 0.163 [95% CI: 0.008,
3.226].
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Study

Citation . Study Period Data Sources Study Design | TV Index Key Results
Location
Rowland et al. (2021)® New York 2000-2015 New York Department of Case-crossover | Various The risks of MI hospitalisation
State Health Statewide Planning TV (see associated with an increase in mean to
and Research Cooperative Table 2.1) | 90th percentile in mean absolute first
System for full temperature difference is 2.04% [95%
description | Cl: 1.30-2.78%)].
North American Land Data
Assimilation System, The mean first difference that was
NLDAS-2 Forcing significantly associated with the risks of
MI hospitalisation is 1.86% [95%CI:
1.09; 2.64%].
A positive association was observed
between hourly temperature variations
and risks of myocardial infarction risk.
Ponjoan et al. (2021)* Catalonia 2006 -2013 The Development of Case-crossover | DTR At lag 0, the incidence rate ratio of total
(Southern Research in Primary Care percentiles | CVD hospitalisation associated with
Europe) database. DTR was 1.032 [95% CI:1.005;1.061].
The Catalan Meteorological Extreme high DTR was significantly
Service. associated with CVD hospitalisation
with a cumulative RR of 1.024 [95% ClI
1.006 to 1.042].
Zhai et al. (2021)% Dingxi 2016-2019 The NRCMS of Gansu Time series DTR For the entire study group, the most
(Northwest Province. significant effects of DTR on CVD
China) hospitalisations were observed at
China Meteorological different reference points, at 6°C, the
Science Data Sharing RR were 1418, at 17°C, the RR were
Service. 1.781.
Pedder et al. (2021)% South Africa | 2007-2015 Two public hospitals in Time series DTR Cumulatively across the 21 days, DTR

(Limpopo)

Limpopo.

was significantly 6.7% [95% ClI:
—19.4%, 26%] associated with
pneumonia admissions.
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Study

Citation . Study Period Data Sources Study Design | TV Index Key Results
Location
Meteorological data were
obtained from
Thohoyandou.
Phosri et al. (2020)% Thailand 2006-2014 National Health Security Time series DTR The 21-day cumulative RR associated
(Bangkok) Office with exposure to extreme high DTR
(11.6°C) for CVD hospitalisations were
hospitalisations.
Wang et al. (2020)* South China | 2013-2017 Electronic medical record Time series DTR At 0-6 lag, exposure to a DTR was
(Guangdong system of Guangdong significantly associated with increased
Province) Government Affairs risks of hospitalisation for exacerbation
Service Center of chronic respiratory diseases 1.09
[95% CI: 1.08; 1.11]
National Meteorological
Information Center of
China
Luong et al. (2019)* Vietnam 2010-2014 Two hospitals in Hanoi?® Time series DTR DTR effects were investigated for hot
(Hanoi) and cold weather. Adverse effects of
The National Hydro- DTR on respiratory infections were
Meteorological Service observed during hot weather. However,
through the Centre for 1.7% and 3.4% increases in RI hospital
Environmental Monitoring admissions were observed per 1°C
Portal [Vietnam increase in DTR during cold weather for
Environment the <3 years and among the 3-5 years
Administration]. age groups, respectively.
Zhao et al. (2019)% Brazil 2000-2015 Brazilian Unified A time- Daily TV At 0-1 days, the most potent effects of
Healthcare System stratified case- TV on cardiac arrhythmia
crossover hospitalisations were observed (odds
Brazilian National Institute ratio 1.012 [95% C1:1.010;1.015]).
of Meteorology.
Lee et al. (2019)* Korea 2008-2012 The National Health Time series DTR The study investigated the effects of
(Seoul) Insurance System of the DTR on age-stratified groups.

Health Insurance Review
and Assessment Service.

Significant impact of DTR was
observed for paediatric (RR: 1.056),
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Study

Citation . Study Period Data Sources Study Design | TV Index Key Results
Location
school-aged children (RR:1.078) and
The Ministry of older people (RR:1.068).
environment.
Tian et al. (2019)% China 2014-2017 UEBMI and China Time series Daily TV After combing city-specific estimates, at
Meteorological Data 0-1 days of TV exposure, a 1°C increase
Sharing Service Center. in TV was associated with a 0.44%
[95% CI: 0.32%-0.55%)] increase in
hospital admissions for cardiovascular
disease.
Ma et al. (2018)* China 2014-2017 One big comprehensive Times series DTR For all ages and gender combined, the
(Changchun) hospital in Changchun most significant effect of DTR on
COPD hospitalisations, per 1°C increase
Changchun of DTR, were observed at lag 7 (RR
1.007 [95% CI1;0994;1.009])
Meteorological Bureau
Zhao et al. (2018)%" Brazil 2000-2015 Brazilian Time series Daily TV CVD hospital admissions showed the
strongest effect of harvesting. In
Unified Health System and contrast, the most substantial impact of
daily data on weather TV on RD hospitalisations was
conditions were extracted observed at 0-7 days of exposure.
from a 0.25° x 0.25°
dataset.
Zheng et al. (2016)* China 2009-2011 Three large-scale Time series DTR A °C increase in the 2-day and 3-day
(Beijing) comprehensive hospitals in moving average of DTR was
the Haidian. significantly associated with an
increased risk of CVD ER
Beijing Meteorological hospitalisations (1.46% [95% CI:
Bureau. 0.74%; 2.19%)]).
Carreras et al (2015)% Argentina 2005-2011 City of Cordoba’s public Time series DTR After adjusting for relative humidity and
(City of and medical care system particular matter, per a 10°C in DTR,
Cordoba) the risks of hospital admissions due to

upper respiratory infections decreased,
however, remained significant at 2.9%
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Study

Citation . Study Period Data Sources Study Design | TV Index Key Results
Location
National Meteorological [95% CI: 0.8, 6.7] and similarly for the
Service located at the lower respiratory infections 2.9% [95%
Cordoba Airport Cl: 1.0;6.9].
Wang et al. (2013)%° China 2009-2011 Three large-scale Time series DTR While a 1°C increase in the 3-day and 6-
[Beijing] comprehensive hospitals in day DTR moving averages were
the Haidian and the Beijing associated with a 0.76% [95% ClI:
Meteorological Bureau. 0.07%; 1.46%] rise in CVD-related
hospitalisations, a 1°C increase in the 8-
day DTR moving average was
associated with a 2.08% [95% CI:
0.88%; 3.29%] rise in RD
hospitalisations.
Lim etal. (2012)% Korea 2003-2006 Korea National Health Time series DTR National estimates showed that DTR is
(Seoul, Insurance Corporation. and case- significantly associated with increased
Incheon, Changchun Meteorological | crossover CVD and RD hospitalisations.
Daegu, and Bureau
Busan) For the four cities, the most significant

increase in total CVD hospitalisations
per 1°C increase in DTR was observed
in Incheon (1.0% [95% CI:—0.5; 2.5])
when using GLM.

The strongest and statistically
significant effects (2.8% [95% ClI:1.9%;
3.7%]) of DTR per 1°C increase
associated with an increase in total RD
hospital admission were also observed
in Incheon when using case-crossover
statistical methods.
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CVD hospitalisations for farmers were observed when DTR was 6.1°C and DTR was at its

maximum.

On the other hand, Zha et al. (2022)%! found that positive TCN showed protective risks for
CVD hospital admissions. At the same time, exposure to low TCN for up to 27 days was
significantly associated with higher risks of CVD hospitalisations. In contrast, lower risks of
CVD hospitalisations were associated with extreme TCN. Finally, Ngo et al. (2021)3* reported
that during the rainy season, 1°C in DTR was significantly associated with a decrease in 2.0%
to 2.5% risk of hospitalisation for acute lower respiratory infections pneumonia among

children.

2.4.4. Effects of TV on mortality

Table 2.3 below summarises various studies on the association between TV indexes and
cardiovascular and respiratory mortality. Yu et al. (2022)* studied 45 US metropolises from
1987 to 2000 and found that an increase in daily and hourly temperature was associated with
increased risks of CVD and respiratory mortality. In contrast, no significant association was
found between respiratory mortality and DTR in China.*® However, a study conducted in China
reported that increased DTR was associated with increased CVD mortality at all lags.®? In
contrast, TCN was associated with increased CVD and respiratory mortality.>! Tang et al.
(2018)%? also found that an increase in DTR was associated with an increase in both CVD and
respiratory mortality at all lags, with the most substantial effect observed at 0-3 days for
respiratory mortality. A study®® conducted in Japan reported positive associations between
DTR and CVD and respiratory mortality, with more substantial effects observed for respiratory
mortality. Furthermore, two Chinese studies by Yang et al. (2018)** and Luo et al. (2017)*®
respectively, found that increased daily TV was associated with increased risks of CVD and
respiratory mortality at longer periods of exposure. Sharafkhani et al. (2017) found that high
DTR was associated with increased risks of respiratory, however, not CVD mortality, while
Zhan et al. (2017)* found that exposure to extreme TCN was associated with an increase in
both CVD and respiratory mortality. Finally, Zhang et al. (2017)%" found that an increase in

higher DTR was associated with an increase in CVD mortality in China.
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Table 2.3: Studies on the health effects of temperature variability indexes on CVD and RD related mortality for the entire study population

Shenzhen National Basic

Meteorological Station

Study Study
Citation Study Location ) Data Sources ) TV Index Key Results
Period Design
Yu et al. (2022)% 45 US 1987-2000 | NMMAPS Time-series | Hourly TV and daily TV | An increase of 1°C in daily (0.53% [with a
metropolises 95% ClI: 0.31;0.76%]) and hourly (0.52%
[95% C1:0.26;0.79%]) TV were associated
with a risk of CVD mortality.
Additionally, RD mortality risks
associated with daily and hourly TV
increased by 0.62% [95% CI:
0.26;0.98%] and 0.53% [95% CI: 0.13;
0.94%].
Yu et al. (2022)* China (Wuhu) 2014-2020 | Wuhu CDC Time-series | DTR No significant association between RD
and DTR.
Wuhu Environmental
Monitoring Center and
Meteorological Bureau
Xiao et al. (2021)%! | China 2013-2017 | Shenzhen Center CDC. | Time-series | TCN and DTR At lag 0, a 10.8°C increase in DTR was
(Shenzhen) significantly associated with increased

CVD mortality for the entire year. The
risks remained positive, however, not
statistically significant at lag 3, cumulative
lag 0-5 and 0-7. On the other hand,
protective risks of DTR on RD mortality
were observed at all lags.

Regarding the risks associated with TCN,
positive and statistically significant risks
of TCN at all lags were observed for CVD
mortality. On the other hand, TCN had
positive effects on RD mortality at all
lags, although the estimates were not
statistically significant.
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Study Study
Citation Study Location ] Data Sources ] TV Index Key Results
Period Design
Tang et al. (2018)%2 | China (Hefei) 2007-2016 | Hefei CDCP Time-series | DTR 16.9°C as the reference, the greatest
cumulative RR (1.157 [95% ClI:
China Meteorologica' 0967,1384]) of DTR on CVD mortality
Data Sharing Service was observed at 0-6 days of lags. DTR's
System greatest cumulative effects (RR 1.179
[95% CI: 0.886;1.567]) on RD mortality
Hefei Environmental was observed at 0-3 days lag.
Protection Agency
Lee et al. (2018)%3 Japan 1972-2015 | Ministry of Health, Time-series | DTR Positive associations between DTR and
Labour and Welfare CVD and RD mortality were observed.
However, more substantial effects were
Japan Meteorological observed for RD mortality as compared to
Agency CVD mortality.
Yang et al. (2018)% | China 2007-2013 | Chinese CDC Time-series | Daily TV Per 1°C increase in TV, higher risks of
(mainland) CVD (RR 0.65% [95% ClI: 0.24;1.05%])
China Meteorologica' and RD (RR 0.98% [95% C|057,139%])
Data Sharing Service mortality were observed at longer
System exposure days (0-7 days).
Luo et al. (2017)% 8 Chinese cities | 2008-2011 | Death Registry of China | Time-series | Daily TV Per 1 °C increase in TV, increased risks

CDC and
Meteorological data
were retrieved from the
local Meteorological
Administration in each
city.

(RR 1.37% [95% CI: 0.78,1.97]) of CVD
mortality were observed at 0-8 days of TV
exposure.
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Citation

Study Location

Study
Period

Data Sources

Study
Design

TV Index

Key Results

Sharafkhani et al.
(2017)%¢

Iran (Urmia)

Urmia city death
registration.

Time-series

DTR

The strongest and most significant risk for
RD mortality associated with increased
high DTR was 1.91 [95% CI: 1.03-3.53]
for the 95" percentile exposure observed
at the cumulative lag of 0-13. In contrast,
positive but not statistically significant
risks of low (up to 0-13 lag) and high (0-
20 lag) up to DTR are associated with
CVD mortality.

Zhan et al. (2017)%

United States

1987-2000

NMMAPS

Time-series

TCN

Increased risks of exposure to extreme
TCNs on CVD (RR 1.52 [95% CI:
1.40;1.65]) and RD (RR 1.99 [95%
Cl1:1.68;2.36]) mortality were observed at
0-21 days cumulative lag.

Zhang et al. (2017)%7

China

2009-2012

Hubei Provincial CDCP
China Meteorological
Data Network

Time-series

DTR

For the entire study group, a 1°C increase
in higher DTR at lag 0-1 significantly
increased CVD mortality 1.12% [95% CI"
0.28-1.97] associated with 1°C increase in
DTR.
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Citation

Study Location

Study
Period

Data Sources

Study
Design

TV Index

Key Results

Kim et al. (2016)%

30 cities in
China, Japan,
Korea, and
Taiwan

Between
1979-2010

Korea National
Statistical Office

CDCP

The National Institute of
Environmental
Research, Korea

The Environmental
Monitoring Center,
China

The National Institute
for Environmental
Studies, Japan

The Taiwan
Environmental
Protection
Administration

The Ministry of Health
and Welfare of Japan,
and the National Death
Registry of Taiwan

Time-series

DTR

After combining city-specific estimates
for the 30 cities in East Asia, a 1°C
increase in DTR was associated with an
0.81% ([95% CI: 0.60%, 1.03%) increase
in CVD mortality and 0.90 % ([95% CI:
0.63%; 1.18%) increase in RD mortality.

Ding et al. (2016)%°

China [Yuxi]

2007-2014

Yuxi CDCP China
Meteorological Data
Sharing System

Case-only

DTR

Significant estimates of exposure to high
DTR were observed at lag 0 for CVD
mortality (OR 1.09 [95% CI:1.04; 1.15]).
In contrast, the most significant effect
estimates for RD mortality were observed
at 0-2 days lag (OR:1.16 [95% CI:1.09;
1.23)).

43




Study Study
Citation Study Location ] Data Sources ] TV Index Key Results
Period Design
Lim et al. (2015)* Seven US 1987-2000 | NMMAPS Time-series | DTR At the national level, significant risks of
regions CVD (0.35% [95% CI 0.31;0.40]) and RD
(0.30% [95% CI:0.20; 0.40]) mortality
perl°C increase in DTR were observed.
Ding et al. (2015)%° | Two Chinese 2007-2013 | The CDCP in Hongta Time-series | DTR The highest effect estimates for CVD were
cities and Tonghai observed at lag 0 0.98% [95%: 0.94%—
1.03%] and 0-27 lag for RD mortality 1.16
China Meteorological [0.52-2.58].
Data Sharing System
Zhou et al. (2014)5' | Eight Chinese 2001-2010 | CDCP and Time-series | DTR An increase of 1°C in DTR (diurnal
cities meteorological Bureau temperature range) at lag one was
of each city associated with notable rises in mortality
rates for CVD (0.25% [95%
Cl1:0.11%;0.39%]) and RD (0.38% [95%
Cl: 0.15%;0.60%]).
Cheng et al. (2014)*° | China 2008-2012 | Maanshan CDCP Maximum temperature | A 1.9°C increase in MaxTC was
(Maanshan) change (max TC) associated with 8% (95 % CI:2; 15 %) at
Maanshan Bureau of lag 0. A rise in temperature was generally
Meteorology. linked to a higher likelihood of mortality
from non-accidental and cardiovascular
mortality.
Luo et al. (2013)®3 Two districts in | 2006-2018 | CDCP of Guangdong Time series | DTR The strongest and most significant effects
Guangzhou Province of DTR on CVD (RR 4.026 [95%
(China) (YueXiu Cl:1.718; 9.435]) and RD (RR6.170 [95%
and Liwan) Guangdong Cl1:2.029; 18.761]) mortality were

Meteorological Bureau

observed for extreme low DTR (16.2°C)
at 27 days lag.
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o . Study Study
Citation Study Location ] Data Sources ] TV Index Key Results
Period Design
Lin et al. (2013)% 2 Chinese cities | 2006-2010 | CDCP of Guangdong Time series | TCN The most significant risks of temperature
Province change on CVD (RR 0.98 [95% ClI:
0.81;1.00]) at the 5™ percentile and RD
(1.14 [95% CI: 1.05;1.23]) at 99"
percentile mortality was observed at lag 5
and lag 10, respectively.
Tam et al. (2009)%° China (Hong 1997-2002 | Hong Kong Census and | Time series | DTR Significant risks of CVD mortality(RR
Kong) Statistics Department 1.008 [ 95% CI:1.001; 1.016]) were
associated with increased DTR at lag 0.
The Hong Kong
Observatory
Environmental
Protection Department
Kan et al. (2007)% China (Shangai) | 2001-2004 | Shanghai Municipal Time series | DTR An increase of 1 degree Celsius in the 3-

CDCP Shanghai
Meteorological Bureau.

Shanghai Environmental
Monitoring Center

day moving average of DTR was
associated with a 1.37% [95% CI 1.08-
1.65%] rise in CVD mortality and a 1.29%
[95% CI 0.49-2.09%] increase in RD
mortality.
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2.4.5. Statistical methods, confounding, and effect modification

The majority of the reviewed studies were time-series studies, which applied either a quasi-
Poisson GLIM,22:29-30:38:45-46.53-55,57,65 5 G A\, 25-26:31,33-34,4065 g 3 DLNM combined with a quasi-
Poisson generalised GAM/GLM when the association between health outcomes and exposure
variables were nonlinear,2331:3537,41-42.47,49,51-52,56,58,60.63-64 Fewy case-crossover studies applied
conditional logistic regression or negative binomial to assess the health effects of
TV.5:2426.28.3659 The time series models were adjusted for several confounders, such as the day
of the week or public holidays, for the effect term of long trend and seasonality, as well as the
nonlinear and delayed effects of daily mean temperature. Other factors, such as air pollutants,
subcategories of health outcomes, age, race, gender, and socioeconomic status were identified
as significant confounds in the associations between temperature and health outcomes in
epidemiological studies.

Out of 45 studies, only 22 studies controlled for the influence of air pollutants such as (PM2.5),

nitrogen dioxide (NO2), inhalable particles (PM10), carbonic oxide (CO2), ozone (03),
sulphur dioxide (SO2), and nitrogen dioxide (NO2) on the relationship between TV indexes
and the health outcomes. Prior studies found that air pollutants have relatively small effects of
confounding the association between TV and health outcomes. In contrast, others found
significant evidence of effect modification or confounding of air pollutants on the TV-health
outcome association. For example, Carreras et al. (2015)?° found PMo to significantly predict
the association between DTR and respiratory disease hospital admissions in Argentina.
Furthermore, a study conducted in three Chinese cities found a significant effect modification
for PM1o on cardiovascular disease mortality, however, not for NO2 and SO: in the whole
population for all TV exposure days.*

Regarding confounding by age, several studies identified children and people older than 65 as
more vulnerable to exposure to TV. However, a study conducted on extreme diurnal
temperature ranges and cardiovascular-related hospitalisations identified individuals youger
than 65-years to be more vulnerable to cardiovascular-related diseases after TV exposure.?*
Another study conducted in Northwest China also found individuals under 65 to be at high risk
of cardiovascular disease hospitalisations after exposure to negative temperature change
between neighbouring days.* While Lee et al. (2019)* found that sensitivity to environmental

factors varied according to age groups. In contrast, a case-crossover study conducted in Brazil
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found that at short exposure days, the effects of TV on hospital admissions did not differ

between the different age groups.?®

Ponjoan et al. (2021)?* identified women to be significantly associated with increased risks of
stroke after exposure to DTR at lag 0. Zhao et al. (2019)?° observed that women were more
vulnerable to the prolonged effects of TV than men. Makunyane et al. (2023)?? observed that
men had higher risks of hospitalisations due to exposure to TV as compared to women. Shi et
al. (2015)8 and Zhu et al. (2021) also found men were more sensitive to increased temperature
variation. In terms of subgroup analysis by other factors, such as socioeconomic status, people
with low levels of education, and poor living conditions were more vulnerable to the effects of
temperature fluctuations than other groups.?® The findings by Ngo et al. (2021)** suggest that
other factors such as exposure time, air conditioning usage, wearing protective clothing,
socioeconomic status, and behaviour may influence the effects of TV indexes on health
outcomes. Season also influenced the effects of temperature changes on health outcomes. For
example, Phorsi et al. (2020)% observed that the influence of extreme high DTR during winter
was more significant compared to summer and the rainy season. Ma et al. (2018)*® also
observed greater relative risks of chronic obstructive pulmonary disease (COPD) hospital
admissions per 1 °C increase in DTR during the cold season. Luo et al. (2013)% also found that

season modified the impact of DTR on mortality.

2.5. Discussion

Key results

This is the first review that systematically studied current literature examining the effects of
various TV indexes on health outcomes, specifically CVD and RD hospital admissions and
mortality. A comprehensive investigation was conducted to identify 45 studies related to RD
and CVD that fulfilled the selection criteria. Overall, the TV indicators were associated with
higher chances of CVD and RD hospitalisation or mortality. Children and older people were
the most vulnerable groups in most studies. Furthermore, males were more at risk of TV
exposure than females. Age, gender, season, air pollutants, and socioeconomic status were
identified as effect modifiers of the association between TV and health outcomes. Most of the
studies were conducted in Asia (China), with only a few conducted in other regions, such as
North America and Europe. Only two studies were conducted in Africa, specifically in South

Africa in the City of Cape Town in the Western Cape province as well as the Limpopo province
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at a district level. Therefore, the generalisability of the findings to other regions with different

climates and health systems may be limited.

2.5.1. Effect of TV exposure on health outcomes

The magnitude of the effects varied across the studies, however, most studies reported
significant associations between TV and increased risk of CVD and RD hospitalisation or
mortality. The duration of exposure to temperature variability also played a role, with some
studies showing significant effects up to 27 days after exposure. The contrasting effects of TV
on health outcomes might be due to several factors; 1) some of the studies included in the
review focused on short exposure days or lags, while several studies showed that the effects of
temperature variation could be prolonged®”2%%3, 2) vulnerable people might die before seeking
medical attention, and 3) harvesting effects might have contributed to the non-significant

effects of temperature changes.

Some studies reported an increase TV to be associated with higher risks for cardiovascular
diseases than respiratory diseases and vice versa. The risks of exposure to TV on cardiovascular
and respiratory diseases differ since the temperature variability affects these two systems
differently. Cardiovascular diseases are associated with the heart and blood vessels, and
extreme temperatures can exacerbate them.*® High temperatures can cause dehydration,
increase heart rate, and increase blood pressure, which can strain the heart. This can increase
the risk of a heart attack, stroke, and other cardiovascular issues. On the other hand, cold
temperatures can cause blood vessels to constrict, which can also increase the risk of a heart
attack, especially in people with pre-existing heart conditions.®’

Respiratory diseases, however, are primarily associated with the lungs and airways. High
temperatures can worsen respiratory symptoms, such as shortness of breath, coughing, and
wheezing, especially in people with asthma or COPD.>* This is since high temperatures can
cause air pollutants, such as ozone and particulate matter to form, irritating the lungs and
worsening respiratory symptoms. In contrast, cold temperatures can cause airways to narrow,

making it difficult to breathe, especially for individuals with asthma.®®

2.5.2. TV indexes/metrics

TV metrics are used to measure the fluctuations or variations in temperature over a given

period. Most studies used DTR, TCN and the standard deviation of the minimum and maximum
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temperature or the standard deviation of the hourly temperatures (daily or hourly TV). All these
metrics had impacts on human health. The reviewed studies exhibited some inconsistencies.
For example, some studies found that exposure to high TCN showed protective effects against
cardiovascular diseases, while others found significant results of TCN on CVD-related health

outcomes.

Previous studies asked questions about which TV index is the best predictor of temperature
changes on health; however, several ascertained that using the standard deviation of hourly
temperatures or the minimum or maximum temperatures during exposure days might be best,
as these TV metrics take into consideration fluctuations that occur both within a single day and
over a longer scale.”1%% The disadvantage of these metrics is that they do not capture the full
complexity of TV. For example, they do not account for spatial variations, such as variations
across regions. Additionally, they may not account for nonlinear relationships between
temperature and other factors, such as humidity or air pressure. Therefore, using multiple
metrics and interpreting them in the context of the specific research question or application is

important.>’

2.5.3. Statistical methods

The review included research that used consistent statistical methods to analyse how
temperature changes affect health results. Different statistical techniques were used to examine
the link between TV and health outcomes. These techniques included the quasi-Poisson GAM
and quasi-Poisson GLM for time series data which are consistent with the standard analytical
approach for time series data.®® DLNM were also incorporated with GLM and GAM models to
account for nonlinear and delayed effects of the exposure variable or covariates.”® Some studies
used conditional logistic regression with case-crossover analysis. This method compares the
exposure to temperature in the period immediately preceding hospital admission or death to
the same time in a reference period when the individual did not have the health outcome. This
allows for control of time-invariant confounding factors.”* Similar to a previous study
conducted in Australia (Brisbane),”? Lim et al. (2012)* used both time series and case-
crossover methods to estimate the effect of TV on health outcomes. These methods were all

able to identify significant associations between the exposure variables and health outcomes.
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2.5.4. Confounding and effect modification

Increased risks of hospitalisation or mortality due to exposure to the various TV indexes were
observed, despite controlling for the potential confounding effects of daily mean temperature
and relative humidity. This is consistent with a previous study which examined the effects of
TV on mortality.” Not adjusting the statistical models for possible confounders such as daily
mean temperature, could overestimate the effect of temperature change on health outcomes.
For example, if the daily mean temperature is 20°C, and the temperature varies between 18°C
and 22°C throughout the day, not controlling for daily mean temperature would suggest that
the TV indexes had a more significant impact on the outcome than they did, since the variation
is within the normal range for that day. By controlling for daily mean temperature, we can
better assess the effect of temperature variability beyond what would be expected based on the
typical daily temperature range. Previous temperature-related studies also ascertained the
importance of controlling daily mean temperature's effects.** Hajat et al. (2006)"2 demonstrated
that neglecting to consider the possible confounding effects of daily mean temperature could

lead to an overstatement of the effect of heat waves.

Prior studies showed that the effect of TV indexes on health outcomes might be partially
attributed to a criterion of air pollutants, such as inhalable particulate matter, nitrogen dioxide,
carbon dioxide, ozone etc.?>* In contrast, some studies found negligible confounding of air
pollutants on TV and health outcome association. There are several reasons why some studies
may find significant impacts of air pollutants on TV-health outcome association, while others
may find insignificant effects. Some include the study designs used, primarily how the
exposure variables were defined.” Air pollution levels can vary widely both spatially and
temporally, and this variability can affect the ability to detect significant effects on health
outcomes. For example, if a study is conducted in an area with generally low levels of air
pollution, it may be more difficult to detect significant effects compared to a study conducted

in an area with consistently high levels of air pollution.”™

Most of the studies showed that age plays a crucial role in modifying the relationship between
temperature changes and health outcomes, where the susceptibility to the adverse effects of
temperature variations was more pronounced in children and elderly individuals. One of the
main reasons is that their bodies are less able to adapt to temperature changes, making them
more vulnerable to extreme temperatures. Children have a larger body surface area to volume

ratio than adults, which means they can absorb more heat from their environment. Moreover,
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elderly individuals often have underlying health conditions that can make them more
vulnerable to the impacts of temperature variability.”®’" It is essential to protect these
populations during periods of high-temperature variation, such as ensuring access to air
conditioning or heat and encouraging appropriate clothing and behaviour.

Most of the studies included in the review found men at more risk of hospitalisation or death
due to exposure to temperature variations. One plausible reason might be that males typically
exhibit greater somatic dimensions and skeletal muscle mass compared to females, which leads
to a higher metabolic rate and consequently generates more body heat, rendering them more
vulnerable to the consequences of heat stress. As a result, men may experience more
pronounced effects of high temperatures due to their elevated internal heat production.’
Furthermore, men may engage in more outdoor activities or work in outdoor occupations that
expose them to extreme temperatures. This can increase their risk of heat exhaustion or heat
stroke, especially if they do not take appropriate precautions, such as drinking sufficient fluids

and taking breaks in shaded or air-conditioned areas.”

2.6. Conclusions

The findings indicate that higher levels of TV, DTR, and TCN are linked with a rise in the
incidence of cardiovascular disease and adverse health outcomes. However, the strength of the
association varies by region or country. Some studies found protective effects of TV and DTR
on RD mortality. The conclusions drawn from this review highlight the significance of
temperature variation as a crucial environmental indicator that can potentially elevate the risks
of respiratory and cardiovascular diseases. Therefore, public health policies and interventions
must consider the impact of temperature variations. Further research is needed to better
understand the mechanisms underlying these associations and determine the optimal
interventions that can effectively decrease the risks of mortality linked to temperature-related

factors.
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Appendix

Table 2A.1: Summary of statistical models and model options used to control the covariates in the primary analysis of TV-hospital-related studies

Time Seasonality Relative Daily Mean /
Citation Model TV and Long-term Humidity Factors Covariates | Air Pollutants Apparent
Trends (RH) Temperature
Tian et al. (2023)%° Generalised linear | Linear function A natural cubic A natural Public holiday A cross-basis function
model (GLM) spline model with 7 | cubic spline (PH) and day of the that incorporated a
with quasi-Poisson degrees of freedom | with threed.o.f | week (DOW) maximum lag of 21
regression (d.o.f) per year was days. The function
utilised. employed a natural
cubic spline technique
with four d.o.f to
represent both
temperature and lag
days
Makunyane et al. GLM with quasi- | Linear term A natural cubic Natural cubic | DOW and PH A cross-basis function
(2023)% Poisson regression spline model with spline with that incorporated a
seven d.o.f per year | three d.o.f maximum lag of 21
was utilised. days. The function
employed a natural
cubic spline technique
with four d.o.f to
represent temperature
and lag days
Zhaet al. (2022)% A distributed lag DLNM term A natural cubic Natural cubic | DOW and PH Natural cubic splines
nonlinear model TCNN spline model with spline with for daily mean
(DLNM) seven d.o.f per year | three d.o.f. temperature
combined with a was utilised.
quasi-Poisson
generalised
additive regression
model (GAM)
Zhu et al. (2021)* GAM with Linear DTR Smoothing splines | Smoothing DOW and PH Smoothing splines
Poisson regression splines
Ngo et al. (2021)3* quasi-Poisson Linear DTR Flexible spline with | Smoothing DOW Flexible spline with
GAM three d.o.f. splines with three d.o.f
three d.o.f
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Time Seasonality Relative Daily Mean /
Citation Model TV and Long-term Humidity Factors Covariates Air Pollutants Apparent
Trends (RH) Temperature
Shi et al. (2021)% A DLNM Linear term Smoothing splines | The smooth DOW, PH, and PM10, SO2, and Smoothing splines for
combined with a were used spline function | season NO2 as linear temperature
quasi-Poisson with terms
GAM
Zha et al. (2021)% Time-stratified Cross basis DTR | A natural cubic Natural cubic | DOW and PH Natural cubic spline
case-crossover spline model with splines with with three d.o.f
seven d.o.f per year | four d.o.f.
was utilised
Rowland et al. Time-stratified Linear term Natural Natural splines
(2021)%8 case-crossover splines with
four and five
d.o.f for 24-h
mean RH and
RH variability
Zhai et al. (2021)% GAM with Cross basis Natural cubic spline | Natural cubic | DOW and PH Natural cubic splines
Poisson regression | function using model with seven splines with with four d.o.f
natural cubic d.o.f per year three d.o.f
spline with four
d.o.ffor DTR and
three d.o.f for the
lag space
Pedder et al. (2021)?® | quasi-Poisson Natural cubic Natural cubic | DOW and PH A cross-basis function
GAM combined spline with no spline and a with natural cubic
with DLNM lagged response maximum lag spline with five d.o.f
response of 21 for temperature and lag
days response
Phosri et al. (2020)*® | quasi-Poisson Cross basis Natural cubic spline | Natural cubic | DOW and PH A cross-basis function

GLM combined
with DLNM

function with
natural cubic
spline with four
and six d.o.f for
the DTR and the
lag space,
respectively

model with seven
d.o.f per year

spline with
three d.o.f

with a natural cubic
spline with five d.o.f
for temperature and the
lag space
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Time Seasonality Relative Daily Mean /
Citation Model TV and Long-term Humidity Factors Covariates Air Pollutants Apparent
Trends (RH) Temperature
Wang et al. (2020)%*° | quasi-Poisson A cubic spline for | Natural cubic spline | Natural cubic | DOW and PH Natural cubic Natural cubic functions
GAM combined the DTR and its with eight d.o.f per | spline with spline with three with three d.o.f. for
with DLNM lag with five and | year three d.o.f. d.o.f for daily 15-day moving average
four degrees of PM2.5 temperature
freedom,
respectively
Luong et al. (2019)** | quasi-Poisson Linear term Natural cubic spline | Natural cubic | DOW
GLM (cumulative lags) | with three d.o.f spline with
three d.o.f
Zhao et al. (2019)% Case crossover A linear function Natural cubic spline
(CC) with with four d.o.f
Conditional
logistic regression
mode
Lee et al. (2019)* Poisson GLM with | Linear term We utilised a DOW and PH Natural cubic
DLNM natural cubic spline spline with three
with four d.o.f d.o.f for PM10,
So2 and carbon
monoxide (CO),
and 2 d.o.f for
NO2 and O3
Tian et (2019)%° quasi-Poisson Linear term We utilised a Natural cubic | DOW and PH A cross basis with
regression models natural cubic spline | spline with natural cubic spline
model with seven three d.o.f for with four d.o.f, for
d.o.f per year the moving temperature and lag
average. space with a maximum
of 21 days of lag
Ma et al. (2018)* quasi-Poisson Linear functions A natural cubic Cubic spline DOW and PH Cubic spline function
generalised spline with d.o.f function

additive model
(GAM) poison

differing per season
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Time Seasonality Relative Daily Mean /
Citation Model TV and Long-term Humidity Factors Covariates Air Pollutants Apparent
Trends (RH) Temperature
Zhao et al. (2018)%” | quasi-Poisson Linear TV Natural cubic spline DOW and PH A cross basis based
GLM with seven d.o.f per with natural cubic
year spline with four d.o.f
for temperature and lag
space
Zheng et al. (2016)* | quasi-Poisson Linear term Natural cubic Regression DOW and PH Linear terms of Regression splines
GAM splines with 5 or 6 splines the pollutants with three d.o.f
d.o.f depending on | function with (PM10, NO2 and
disease and gender | three d.o.f S02)
Carreras et al. quasi-Poisson Linear term A cubic penalised DOW and PH
(2015)% GAM spline with equally
spaced knots and
four d.o.f per year
Wang et al. (2013)* | quasi-Poisson Linear functions Natural cubic spline | Regression DOW and PH PM10, NO2 and Regression spline
GAM was used with five | spline function S02) function
d.o.f for
cardiovascular
emergency room
(ER) admissions
and seven d.o.f for
respiratory ER
admissions
Lim et al. (2012)* quasi-Poisson Natural cubic spline | Natural spline | DOW and PH Natural spline Natural spline terms

GLM and CC

model with seven
d.o.f per year

terms

terms for PM10
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Table 2A. 2: Summary of statistical models and model options used to control the covariates in the primary analysis of TV-mortality-related studies

Citation Model TV Time Rela_tl\_/e Fact(_)rs Air Pollutants Daily Mean/Apparent
Humidity Covariates Temperature
Yu et al. (2022)% A Poisson Linear terms Natural cubic | Natural cubic | DOW A cross-basis function that
GLM spline model | spline with incorporated a maximum lag of
with seven three d.o.f 21 days. The function employed
d.o.f per year a natural cubic spline technique
with four d.o.f to represent
temperature and lag days
Yu et al. (2022)* A Poisson Nonlinear Cubic spline | Natural cubic | DOW and Natural cubic spline
GLM with a spline with PH curve with three
DLNM term three d.o.f d.o.f for pollutants and
meteorological factors
Cheng et al. (2014)% | quasi-Poisson | A maximum lag of Natural cubic | A natural DOwW A natural cubic spline with
GLM 21 days to account spline model | cubic spline three d.o.f
for the time delay with seven with
exposure and d.o.f per year | three d.o.f
outcome variables. A
natural cubic spline
consisting of three
d.o.f to model the TV
Index
Xiao et al. (2021)> quasi-Poisson | Cross-basis functions | Natural cubic DOW and Natural cubic splines with
GLM were used for DTR spline model PH three d.o.f for apparent
combined and TCN. To account | with seven temperature
DLNMs for any potential d.o.f per year
lagged effects, the
maximum lag at
seven days was set
for both DTR and
TCN
Tang et al. (2018)%2 | quasi-Poisson | A natural cubic spline | Natural cubic | Natural cubic | DOW and Natural cubic spline Natural cubic spline with five
GLM witha | model with five d.o.f | spline model | spline with PH with three d.o.f was and four d.o.f for mean
DLNM term | with a maximum lag | with seven three d.o.f used to adjust for SO2, | temperature and lag space was
of 13 days d.o.f per year NO2, and PM10 utilised. With up to 21 days of

maximum lag
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Citation Model TV Time Rela'tl\_/e Fact(_)rs Air Pollutants Daily Mean/Apparent
Humidity Covariates Temperature
Lee et al. (2018)%3 quasi-Poisson | Linear term Natural cubic | Natural cubic | DOW A cross-basis function for the
GLM spline model | spline with mean temperature using natural
with eight three d.o.f cubic B-splines for exposure
d.o.f per year and lag-space. With a
maximum lag of 21 days
Yang et al. (2018)%* | quasi-Poisson | Linear term Natural cubic | Natural cubic | DOW and A cross-basis function with a
GLM spline model | spline with PH natural splines function with
with seven three d.o.f four d.o.f for daily mean
d.o.f per year temperature and lag space with
a maximum of 21 days
Luo et al. (2017)% GLM with Linear function Natural cubic DOwW An interaction term of | A cross-basis function is a
the quasi- spline model a linear term of TV natural cubic spline with four
Poisson with seven and air pollutant d.o.f for daily mean temperature
distribution d.o.f per year stratus (low, middle, and a natural cubic spline with
and high). These strata | four df for lags with up to 21
correspond with the days of lag
25t 50 and 75t
thresholds
Sharafkhani et al. DLNM Natural cubic spline— | Natural cubic | Natural cubic | DOW and Natural cubic splines Natural cubic splines with
(2017)% combined natural cubic spline” | spline model | splines with PH with three d.o.f for three d.o.f
with quasi- DLNM was adopted | with seven three d.o.f PM10, SO2, and NO2
Poisson GLM | to model both the d.o.f per year

nonlinear DTR and
lagged effects. A
maximum lag of 27
days was used to
capture the overall
DTR effect
completely
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Citation Model TV Time Rela'tl\_/e Fact(_)rs Air Pollutants Daily Mean/Apparent
Humidity Covariates Temperature

Zhan et al. (2017)% | A quasi- A cross-basis Natural cubic DOW Natural cubic spline with three
Poisson function using B- spline model d.o.f for the 3-day moving
GLNM with | spline with five d.o.f | with seven average
DLNM for TCN and natural | d.o.f per year

cubic spline with four
d.o.f for lag spaces
up to 21 days

Zhang et al. (2017)%" | quasi-Poisson | Linear term Natural cubic | Natural cubic | DOW and Natural cubic spline A cross-basis function for mean
GLM spline model | spline with PH with three d.o.f was temperature using a natural

with seven three d.o.f used to adjust for air cubic spline with three internal
d.o.f per year pollutants (PM10, knots at equally spaced
S02, NO2) percentiles (25%, 50", and 75™)
for temperature space and a
natural cubic spline with two
internal knots at equally spaced
log values with a maximum of
21 days lag

Kim et al. (2016)% quasi-Poisson | Not specified for Natural cubic DOW Moving averages up to | Natural cubic splines with
GLM CVD-related spline model four days were used to | seven d.o.f

outcomes with seven control for air
d.o.f per year pollutants (PM10,
NO2, SO2)

Ding et al. (2016)%° | Case- Linear DOW PM10 and O3 Natural cubic splines with six
crossover d.o.f were used to control for
analysis apparent temperature
using only
logistic
regression.

Lim et al. (2015)* GLM with Linear term Natural cubic DOw Natural cubic spline with six
quasi-Poisson spline model d.o.f to control for apparent
distribution with seven temperature

d.o.f per year
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Citation Model TV Time Rela'tl\_/e Fact(_)rs Air Pollutants Daily Mean/Apparent
Humidity Covariates Temperature
Ding et al. (2015)%° | A quasi- A cross-basis Natural cubic | Natural cubic | DOW A cross-basis function with
Poisson GLM | function using natural | spline model | splines with natural cubic spline with five
with DLNM | cubic spline with four | with seven three d.o.f d.o.f for both mean temperature
d.o.f for both DTR d.o.f per year | placed at and lag space
and lag space equally
spaced
quantiles
Zhou et al. (2014)5! | quasi-Poisson A natural Linear term DOW and PM10 Mean Temp
GAM cubic spline PH
model with
six d.o.f per
year was
utilised
Yang et al. (2013)%2 | A quasi- A liner function for A natural Natural cubic | DOW and | A natural cubic spline | Cross-basis function with a
Poisson GLM | DTR and natural cubic spline | spline with PH with three d.o.f was natural cubic spline with five
combined cubic spline with model with three d.o.f. used to control for air | d.o.f for mean temperature and
with DLNM | three d.o.f for a seven d.o.f pollutants (PM10, four d.o.f for lag space. With a
maximum of 10 days | per year was S02, and NO2). maximum lag of 20 days
as for lag space utilised
Luo et al. (2013)%3 DLNM with | A cross-basis Natural cubic | Cubic DOWand | SO2, NO2, and PM10 | Cubic regression spline with
a quasi- function with cubic spline model | regression PH linear effect three d.o.f
Poisson regression spline with | with seven spline with
GAM five d.o.f for DTR d.o.f per year | three degrees
and cubic regression of freedom

spline function with
five d.o.f maximum
lag of up to 27 days
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Citation Model TV Time Rela'ti\_/e Fact(_)rs Air Pollutants Daily Mean/Apparent
Humidity Covariates Temperature
Lin et al. (2013)5% a Poisson A cross-basis Cubic Smooth DOW and | A smooth function A smooth function for the
GLM, function utilising a regression function with | PH with three d.o.f for moving averages of mean
combined natural cubic spline spline three d.o.f PM10, SO2, NO2, and | temperature
with DLNM | with three d.o.fand a | function with 03
cubic spline with five | eight d.o.f
d.o.f for the lag space | per year
with a maximum lag
of 28 days
Tam et al. (2009)%° quasi-Poisson | Linear function Not specified | Smoothing DOwW Smoothing spline
GAM. spline
Kan et al. (2007)%¢ quasi-Poisson | Linear term Spline Controlled for | DOW
GAM function RH with a
spline
function
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Chapter 3: Manuscript Addressing Objective 2

Chapter 3 presents which was published in International Journal ofEnvironmental
Research and Public Healtihe objective of this paper was to investigate the

association between temperature variability (TV) and cardiovascular disease (CVD)

and respiratory disease (RD) hospital admissions in the city of Cape Town between

2011 and 2016.

The contents of this chapter are the same as the published article in the journal
referred to above. For consistency and presentation purposes, the sectional

numbering was amended to be consistent with the chapter numbering.
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A.Controlled for daily mean temperature
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B. Controlled for daily mean temperature and relative humidity
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Figure 3. Percent change (95% confidence interval) in CVD hospitalisation associated with
an interquartile increase in TV (°C) on different exposure days: (A) After
controlling for the day of the week, time, and seasonal trends and daily mean
temperature; (B) After controlling for the day of the week, time, and seasonal
trends and daily mean temperature and relative humidity
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A.Controlled for daily mean temperature
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B. Controlled for daily mean temperature and relative humidity
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0 DlcIBLISY RAE !
Table AlPercent change (mean and 95% CI) of CVD and RD hospitalisations associated with an interquartile range (IQR) in€k&@€2 on different
exposure days, adjusting for time trends and seasonal variation, day of the week, public holidays, and daily mean temperature
t SNOSYyi AYBRABLIASI A¥alo2ya &30
9ELR &dz2NBE RI &4

I3, 7] JTTH o nm p it Tt

D NZE «
Pt HOBpPpT:I HOOIMDPATI HDPPpPAaDPH: HPBROC M: HPO DD : Hd®B R dCcoO: HOwma dp m:
M N M © yrc ® HOM = HOPodPTy:I odmnddhT: HOYndT N3 odapddo: HOPOMm PHY S HOPON OMT
X cp HOPPpRARADOPNT: HPOPpDPpM: HOBMODPNYy:I MPummdHC X HOmp dn g HOPBHDHN S HOPB RN I
CSYlItf mMdbaydpp = H ©mmrdHp = HOPOmDPNN:I HPMPPMH Z M O Tmr & ndy X H O mHO HOM X HOpnoOHANS

altSa HPoOpOPpo: O0PHIMOMH: HOPOTMDCy: H®Bp OHC: odamodno: HPOao doph: mMoOymydwp 2
t SNOSy i WEANBRIGASARY a2Yya &30
9ELJ2 adzNE Rl &a

i) 7 NTH nmo m mp e Jiny

DNZ (
L odmmdPccI HOPOMOHM: MOmTdOp X MPOopOMHE MOpmdsom I M @ HIMOD HOY X M PHITD OGP X
TR 1 odpthphdPpmI HPOADPNT: MOHITCDYO X M M d doH X M Mo doc X M myddic M & amyd 160 X
M N HOPDhpPOoT:I HDPaPWT I 51 OymodpPP nopwdyon n eawdTdy noawdsmon z n oy dHG

X cp H ®mmod pdo = 0oDPhpyp Py T: O0DPOéODHP: pooydnT: ndomM>bOHY : odmnd®mm: H O b odm X
cSyl ¢ HOPDpdymM:I HPABEAaDPHM: 51 OywmmdMp = M O nd ddc = M O nm @ TOT X n edmpd T = n O ymrdMoH X
altSa odpmdpy: odPaWMDPHN: HOHODOMN: HOPBODPHT: MOTMOHOH X M@ mHO pom X M ® amd by X

{AIYyAUOLYyld AyC

83



Int. J. Environ. Res. Public Healf#923, 20, 1159

TableA2.Results of sensitivity analyses by changing the degrees of freedom for time per year on the association between TOX Baxad RDhospital
admissions on all exposure days for all ages. The results were scaled per IQR increase in TV
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Table A3 Results of sensitivity analyses by changing the model options for the cbasss function of the daily mean temperature on the association between TV, and
CVDand RDhospital admissions on all exposure days for all ages. The results were scaled per IQR increase in TV
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Table A4. Results of sensitivity analyses by changing the model options for relative humidity on the association between TV, and CVD and RD
hospital admissions on all exposure days for all ages. The results were scaled per IQR increase in TV
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Chapter 4: Manuscript Addressing Objective 3

Chapter 4 presents a manuscript addressing objective number 3 which investigated if season and
spatial synoptic classification (SSC) weather types modify the association between the temperature
variability (TV), respiratory disease (RD), and cardiovascular disease (CVD) hospital admissions
in Cape Town during 2011-2016.

The manuscript was summited to International Journal of Biometeorologyhe manuscript is
titled “Effect modification by season and weather types of the association beawgenature

variability and hospital admissions in Cape Town, South Aftica

The contents of this chapter are the same as the manuscript that is currently being
reviewed in the journal referred to above. For consistency and presentation purposes, the

sectional numbering was amended to be consistent with the chapter numbering.
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Effect modification of the association between temperature variability and hospital admissions by season
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4.1. Abstract

There is an increasing interest in examining the health risks of weather due to synergic effects produced by
multiple environmental and meteorological factors, such as air masses or weather types. However, evidence is
limited in low- and middle-income countries, such as South Africa. In this study a quasi-Poisson regression model
and a distributed lag nonlinear model were used to assess the associations between cardiovascular disease (CVD)
and respiratory disease (RD) hospital admissions and temperature variability (TV) relative to season and each of
the seven distinct spatial synoptic classifications (SSC) weather types (Dry moderate [DM], Dry polar [DP], Dry
tropical [DT], Moist moderate [MM], Moist polar [MP], Moist tropical [MT], and Transition [TR]) in Cape South
Africa. CVD risks were higher during the warm season, while RD risks were higher during the cold season.
According to the seven SSC types, a stronger TV-CVD association occurred during MT weather conditions, with
the most significant risks observed after four days of exposure (6.72% [95% CI1:1.95%, 11.71%]). Immediate risks
of TV on RD appeared with DM conditions (3.35% [95% CI:0.92%, 5.83%]). Grouping SSC categories by similar
temperature and humidity characteristics (e.g., both tropical types), a modified association was observed,
especially for the 15-64-year age group during tropical conditions for the CVD admissions. The 0-14- and 15-64-
year age groups for RD hospital admissions appeared more vulnerable during dry and transitional weather
conditions, respectively. Synoptic methods may assist in further seasonal characteristics and classifying the effects

of temperature variability on health.

Keywords Cardiovascular disease, respiratory disease, hospital admissions, spatial synoptic classification, South
Africa
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4.2. Introduction

Several studies across the globe were conducted to associate different climate variability and change indicators
with increased risks of morbidity and mortality. The impact of heat and cold spells on health is one of the most
intensely studied aspects of climate and health relationships (Kalkstein and Greene 1997; Kalkstein et al. 1996)
Most of these studies were conducted in high-income countries (Basu 2009; Basu and Samet 2002), with a few
conducted in developing countries, such as South Africa (Amegah et al. 2016). The health effects associated with
climate and weather indicators varies spatially and geographically. For example, a global study on the burden of
mortality associated with non-optimal temperature observed that the temperature-related mortality burden and its
temporal changes showed distinct geographical variations (Zhao et al., 2021). In recent years, the number of
weather and health-related studies conducted in South Africa using different weather metrics, such as ambient
temperature (Wichmann 2017), apparent temperature (Bihler et al. 2023; Olutola et al. 2023), and temperature
variability indexes (Makunyane et al. 2023; Pedder et al. 2021) has increased. However, most studies focused
mainly on analysing the impact of weather indexes on health outcomes, with few investigating the combined
effects of other environmental and meteorological factors, such as air masses or weather types, on health
outcomes. No study that explored the interaction between air masses or weather types and weather indexes on

health in sub-Saharan Africa, could yet be located.

Synoptic climatological methods, such as the spatial synoptic classification (SSC), have been applied previously
in environmental studies to investigate the influence of weather types or air masses on health (Fonseca-Rodriguez
et al. 2020; Hondula et al. 2014; Kim and Lee 2019; Urban and Kysely 2018). The SSC traditionally considers
ambient weather conditions at a station to classify each day into one of the six weather type categories, namely
dry polar (DP), dry moderate (DM), dry tropical (DT), moist polar (MP), moist moderate (MT), moist moderate
(MM) plus a transitional (TR) category classified as days in which one weather type yields to another, based on
significant shifts in pressure, dew point, and wind over the day (Kalkstein and Greene 1997; Kalkstein et al., 1996;
Sheridan, 2002). The SSC framework is similar to the Bergeron air mass classification, although it focuses mainly
on ambient weather conditions, meaning that it does not take upper-level conditions into account and does not
consider the origin or source of air masses (Sheridan 2002). While the original SSC required a complex
identification of ‘seed days’ typical of each weather type throughout the year, the recently developed SSC version
3.0 (hereafter referred to as SSC; http://sheridan.geog.kent.edu/ssc3.html) has automated this process, by using

metrics of just five variables: a station's latitude; the month of the year; the mean, and standard deviation of the
variable for the month; and annual temperature range to identify the typical conditions of each weather type that

serve as the basis for classification of each day into a weather type category.

Because of its holistic approach, the synoptic methodology is found to be a more appropriate method of evaluating
the suit of weather variables that can impact health, instead of the traditional dependence upon apparent
temperature (a combination of temperature and humidity). Humans respond to the entire suite of weather
conditions acting in concert simultaneously, not to elements individually (Kalkstein and Greene, 1997; Kalkstein
et al. 1996) Previous studies already addressed the application of the SSC on health-associated adverse health
impacts with oppressive weather types of MT+(combination of the warmest and most humid conditions) and DT
to some extent (Hondula et al., 2014; Sheridan, 2002).
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Accordingly, the hypothesises of the current study, that in the presence of other meteorological conditions, the
effects of temperature variation (TV) on CVD and RD hospital admissions depend on the level of dryness or
moisture of that day. Consequently, this study applied the SSC approach for the first time in sub-Saharan Africa
to assess weather-related health outcomes, specifically to: (1) describe climatological characteristics of SSC
weather types in the City of Cape Town, South Africa, during 2011-2016; (2) to identify dominating weather
types associated with increased cardiovascular and respiratory hospital admissions; (3) to examine the association
between temperature variability and cardiovascular and respiratory hospital admissions within the distinct SSC

weather types in the City of Cape Town.

4.3. Materials And Methods

4.3.1. Hospital admission data and meteorological data

In a previous publication, the health outcome and meteorological data set have been described (Makunyane et al.
2023). Briefly, hospital admission data (CVD: 100-199 and RD: J00-J99) and meteorological data for the study
period were obtained from seven private hospitals in the City of Cape Town, as well as the South African Weather
Service (SAWS).

4.3.2. Spatial synoptic classification data

The SSC propounds an analytical framework that tests the hypothesis that multiple environmental and
meteorological variables may influence human health's biological and physiological response to the weather
(Hondula et al. 2014; Kalkstein et al. 1996; Sheridan 2002). The SSC data for the City of Cape Town was obtained
from http://sheridan.geog.kent.edu/ssc3.html (Accessed: June 2023). In this study, modification by the six weather

types, namely (Dry moderate [DM], Dry polar [DP], Dry tropical [DT], Moist moderate [MM], Moist polar [MP],
Moist tropical [MT], and Transition [TR] was explored (Sheridan 2002). DM weather type is characterized by
mild temperatures and dry air, DP is characterized by cold temperatures, low humidity (dry air) and minimum
cloud cover and it has similar characteristics with continental polar air mass. DT weather type is characterized by
hot temperatures, very dry air, little cloud cover or sunniest conditions and it has similar characteristics with
continental polar air mass. MP weather type is characterized by cold temperatures, humid air, cloud cover is
overcast, and it has similar characteristics with maritime polar conditions. MT weather type is characterized warm
temperatures, humid air, cloudy in winter and partly cloudy in summer and has similar characteristics with
Maritime tropical air masses. MM is characterized by warm temperatures, humid air and mostly overcast
conditions. TR weather type is defined as days in which one weather type yields to another, based on large shifts
in pressure, dew point, and wind over the course of the day. For a more comprehensive description of the SSC
procedure, refer to Kalkstein et al. (1996) and Sheridan (2002). In addition, a recategorizing of the SSC types
from a humidity standpoint was performed as follows(Kim and Lee 2019): 1) Moist: a combination of MM, MP
and MT weather types; 2) Dry: a combination of DM, DP, and DT weather types; and 3) a transitional (TR)
category. From a temperature standpoint, the recategorization was performed as follows: 1) Moderate: combining
MM and DM weather types; 2) Polar: combining DP and MP weather types; 3) Tropical: combining DT and MT
weather types; and 4) a Transitional (TR) category.
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4.3.3. Time series modelling

To estimate the overall effect of season and weather types on the TV and cause-specific hospital admission
association, a quasi-Poisson regression with stratification was applied. TV was defined by calculating the standard
deviation of the minimum and maximum temperatures during exposure days. For example, TV at 0-1 day of
exposure was calculated using the standard deviation of the minimum temperature on the same day as exposure,
maximum temperature on the same day of exposure, minimum temperature a day after exposure and maximum
temperature a day after exposure (Guo et al. 2016). As in previous studies (Rahman et al. 2022; Tian et al. 2019),
several lengths of TV up to 0-7 days of exposure were assessed separately. Furthermore, SSC on the day of

admission was used to estimate the TV-modified effect up to 0-7 days of exposure (Kim and Lee 2019).

The analysis was stratified by seasons (warm (January to April and September to December) and cold (May to
August)) (Adebayo-Ojo et al. 2022), age groups (0-14, 15-64, and >65-years), and gender (females and males).
Each time series model for the different strata included indicator variables for the day of the week and public
holidays and was adjusted for temporal trends using a natural cubic spline for a calendar day with seven (7)
degrees of freedom per year (d.o.f). Furthermore, the model included a cross-basis function for the daily mean
temperature to adjust for nonlinear and delayed effects. The impact of meteorological and other environmental

variables was controlled using moving averages corresponding to TV exposure days.
The core regression model was defined as:

o1 iTd | 1% —% YYO_QE | RO iYOh &ioQhHe o aQwnt
Where & is the daily count of CVD or RD hospital admissions on the day, i, "o  represents temperature
variability on the day i, with 0-7 days of exposure. Yo  d'Y"Y & the interaction term between TV on different
exposure days and SSC weather types. Q& and 1y 6 @re categorical variables controlling for day-of-week and
public holiday variability, & i"Y"O ho is the natural cubic spline for relative humidity on the day corresponding
with the exposure day, € {0 Q&2 @ is the natural splines of calendar time (7 df/year * 6 years), and O & & Q&
is the cross-basis function controlling for nonlinear and delayed effects of daily mean temperature. A natural cubic

spline with four d.o.f was used for the daily mean temperature and the lags (0-21 days). The models were adjusted
for the effects of NO2, SO, and PMyo separately.

4.4. Results

4.4.1. Descriptive statistics and climatological characteristics

Approximately 65% of CVD hospital admissions occurred in the warm season, and 58% of RD hospital
admissions occurred in the cold season (results not shown here). The daily average of RD hospital admissions
during the cold season (33.2) was higher compared to the warm season (24.3). Table 1 shows the climatological
distribution of each weather type. Overall, the most frequent weather types in the City of Cape Town during 2011
2016 were DM (740 days) and MT (457 days), with mean daily temperatures of 16.1°C and 21.2°C, respectively.
Per season, MM and DM dominated in winter, and MT and DM dominated in summer (Figure 1). The highest

mean daily temperature, 21.9°C, was recorded for DT, however, it had the lowest relative humidity. MP was the

94



143
144
145

146
147
148
149
150
151
152
153
154
155
156
157
158
159
160

most humid weather type with colder temperatures than all the other SSC weather types, except for DP. The
distribution of temperature variables over different exposure days did not fluctuate much within each weather
type. The lowest temperature variability (4.85°C) was recorded for MP over 0-2 days of exposure.

Table 3 presents the correlations between TV (only reported for TVo.1) and hospital admissions according to
season and SSC weather types. Correlations between TV and daily hospital admissions by age group showed
inconsistency according to season or SSC type. During the warm season, correlations between TV and CVD
hospital admissions were positive during MT weather type for all ages combined (p=0.136, p value< 0.01), the
15-64 years (p=0.0969, p value< 0.01) and >65 years (p=0.153, p value< 0.01). Positive and significant
correlations were observed during DM, DT and MT weather types for RD hospital admissions for all age groups,
except for the >65 years age group. From humidity standpoint, positive and significant correlations were only
observed during dry weather type for RD hospital admissions for all ages combined (p=0.111, p value<0.01), O-
14 years (p=0.143, p value< 0.001), 15-64 years (p=0.0278, p value< 0.01) and >65 years (p=0.079, p value<
0.05). Positive correlations and significant correlations were observed during moist weather type for all age groups
except for the 0-14 years age for CVD hospital admissions group (p=0.0098, p value> 0.05) and the >65 years
age groups for RD hospital admissions (p=0.0725, p value> 0.05). From temperature standpoint point, positive
and significant correlations were only observed during tropical weather condition except for the 0-14 years for
CVD hospital admissions (p=0.0282, p value> 0.05). No significant correlations were observed during the cold

season.
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Table 1: Climatological characteristics per individual weather types in the City of Cape Town, during 2011-2016

Variable DM DP DT MM MP MT TR Overall
(N=740) (N=115) (N=160) (N=387) (N=101) (N=457) (N=160) (N=2131)
TV
0-1 day 5.86 +1.82 520+£131 7.91+£1.85 4.83+1.69 456 +1.59 5.83+1.37 545+ 2.19 5.70 £ 1.88
0-2 days 5.55+1.50 4.88 +1.09 7.02+1.59 5.10+1.58 4.85+1.60 572+1.16 5.55+1.68 555+1.54
0-3 days 5.48 +£1.33 491 +1.06 6.62 +1.34 5.21+1.40 510+ 1.52 5.64 +£1.03 554 +1.41 551+1.35
0-4 days 5.48 £1.23 497+1.01 6.34+1.14 528 +1.22 5.18 £ 1.46 5.60 £ 0.926 5.53+1.26 550+1.21
0-5 days 551+114 5.02+1.00 6.20 £ 0.997 5.31+1.08 5.27+£1.38 5.55 + 0.855 549+ 1.17 550+1.11
0-6 days 5.52+1.08 5.10+0.979 6.11 +0.898 5.32+0.979 5.32+1.29 5.54 +0.795 5.45+1.08 5.50 + 1.03
0-7 days 5.53+1.02 5.17£0.942 6.03+£0.843 5.33+£0.922 534+1.22 5.54 + 0.746 542+1.01 5.50 £ 0.967
Other Climatological variables
Temperature 16.1+2.74 11.0+1.45 21.9+3.13 15.4+214 12.3+1.57 21.2+194 16.4+ 3.84 17.1+3.96
Humidity 68.3+7.74 71.6+£7.90 55.5+5.06 79.5+£5.75 79.9+7.68 70.6 £ 6.62 72.4+£9.28 70.9+£9.45
Tapp 13.2+2.73 8.11+1.45 19.0+3.13 125+214 9.45+1.57 18.3+1.93 135+ 3.84 142 +3.95
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Table 2: Descriptive statistics of cardiovascular and respiratory-related hospital admissions according to SSC type in the City of Cape Town 2011-2016

Variable DM DP DT MM MP MT TR Overall
(N=740) (N=115) (N=160) (N=387) (N=101) (N=457) (N=160) (N=2131)

CVD hospital admissions Mean (standard deviation)

All ages 25.4 (13.0) 24.3(12.1) 26.9 (13.6) 26.9 (12.6) 23.2(12.6) 25.6 (13.4) 25.9 (12.8) 25.7 (13.0)
15<age <64 12.5 (7.06) 11.5 (6.45) 13.3(7.33) 13.3 (6.78) 11.6 (7.12) 13.1(7.19) 12.9 (6.85) 12.8 (7.01)
Age >65 12.6 (6.88) 12.6 (6.68) 13.4 (7.35) 13.4 (6.84) 11.4 (6.24) 12.3(7.19) 12.8 (6.90) 12.7 (6.94)
Females 10.6 (5.97) 10.7 (5.80) 11.0 (6.12) 11.2 (5.81) 9.59 (5.55) 10.7 (6.12) 11.0 (6.00) 10.8 (5.95)
Males 14.8 (8.03) 13.7 (7.43) 16.0 (8.47) 15.6 (7.90) 13.6 (7.99) 14.9 (8.29) 14.9 (7.79) 15.0 (8.05)
RD hospital admissions Mean (standard deviation)

All ages 28.4 (13.4) 31.2 (13.3) 24.4 (12.6) 31.0 (12.7) 29.0 (12.7) 22.1(11.3) 27.7 (12.5) 27.4 (13.1)
0<age <14 14.0 (7.41) 15.3 (7.74) 11.9 (7.18) 15.2 (7.41) 14.5 (6.91) 10.4 (6.59) 13.9 (7.30) 13.4 (7.40)
15<age <64 9.41 (5.67) 9.91 (5.76) 7.94 (5.16) 10.2 (5.23) 9.60 (5.33) 7.75 (4.82) 9.10 (5.48) 9.11 (5.41)
Age >65 4.99 (3.02) 5.94 (2.84) 4.51 (2.58) 5.60 (3.08) 4.95 (2.58) 3.96 (2.42) 4.71 (2.89) 4.87 (2.89)
Females 14.6 (7.43) 16.2 (7.36) 12.3 (6.59) 16.0 (7.36) 14.8 (7.16) 11.0 (6.01) 13.9 (6.84) 14.0 (7.22)
Males 13.8 (7.09) 15.0 (6.79) 12.1 (6.96) 15.0 (6.55) 14.3 (6.67) 11.2 (6.15) 13.8 (6.92) 13.4 (6.87)

98



171

Table 3: Correlations between the TV and number of daily hospital admissions according to seasons and SSC type in the City of Cape Town 2011-2016

CVD hospital admission

RD hospital admissions

Season SSC All ages 0<age <14 15<age <64 Age >65 All ages 0<age <14 15<age <64 Age >65

Warm DM -0.0491 0.0371 -0.0254 -0.0705 0.146** 0.178*** 0.0535** 0.0973*
DP -0.118 -0.195 -0.225 0.0278 0.116 0.313 -0.088 -0.0762
DT 0.0961 0.0464 0.0388 0.136 0.228** 0.278** 0.0863** 0.151
MM 0.0844 -0.0404 0.0717 0.0904 0.126 0.117 0.0495 0.041*
MP 0.132 0.0983 0.0687 0.190 0.0546 0.0532 0.0769 -0.0229
MT 0.136** 0.0393 0.0969** 0.153 ** 0.181*** 0.203*** 0.102*** 0.0907
TR 0.0365 0.140 0.0936 -0.0297 -0.0742 -0.084 -0.0771 0.0619
Dry? 0.0148 0.0128 0.012 0.015 0.111%** 0.143*** 0.0278** 0.079*
Moist 0.126** 0.0098 0.096** 0.138*** 0.0971* 0.103** 0.0514* 0.0725
TR? 0.0365 0.140 0.0936 -0.0297 -0.0742 -0.084 -0.0771 0.0619
Moderate P -0.0171 0.017 -0.0042 -0.0296 0.132*** 0.155*** 0.045*** 0.107**
Polar ® 0.0392 -0.0273 -0.0368 0.126 0.0799 0.156 0.0058 -0.0349
Tropical 0.119 ** 0.0282 0.0669 ** 0.151*** 0.200*** 0.234*** 0.0851*** 0.128**
TRY 0.0365 0.140 0.0936 -0.0297 -0.0742 -0.084 0.0058 0.0619

Cold DM 0.062 -0.0511 0.0744 0.043 0.183 0.187 0.123 0.124
DP 0.0972 0.099 0.0255 0.143 0.098 0.052 0.086 0.147
DT -0.0163 -0.162 0.107 -0.139 0.279 0.321 0.132 0.207
MM 0.0131 0.0076 0.0255 -0.0018 0.052 0.071 0.003 0.041
MP 0.186 0.0727 0.248 0.0926 0.130 0.167 0.107 -0.027
MT -0.082 0.187 -0.0669 -0.105 0.159 0.170 0.099 0.082
TR 0.134 -0.0928 0.0843 0.167 -0.032 -0.071 -0.010 0.058
Dry? 0.101 -0.0183 0.102 0.0856 0.122 0.132 0.070 0.086
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CVD hospital admission RD hospital admissions

Season SSC All ages 0<age <14 15<age <64 Age >65 All ages 0<age <14 15<age <64 Age >65
Moist 0.0039 0.0207 0.0368 -0.0311 -0.012 0.009 -0.022 -0.038
TR? 0.134 -0.0928 0.0843 0.167 -0.032 -0.071 -0.010 0.058
Moderate ° 0.140 -0.0373 0.0244 0.0011 0.111 0.124 0.063 0.067
Polar ® 0.130 0.0691 0.131 0.125 0.128 0.116 0.099 0.097
Tropical 0.245 0.122 0.224 0.236 0.219 0.243 0.107 0.158
TRY 0.134 -0.0928 0.0843 0.167 -0.032 -0.071 -0.010 0.058

* P-value<0.05, **P -value<0.01, ***P -value<0.001.

& Among the seven SSCs, [DM], [DP], and [DT] were combined into 'Dry', [MM], [MP], and [MT] into 'Moist, and [TR] was 'Transition'.
b Among the seven SSCs, [DM] and [MM] were combined into 'Moderate', [DP] and [MP] into 'Polar', [DT] and [MT] into ‘Tropical', and TR.
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4.4.2. Temperature variability effects on hospital admissions modified by season

Cold season

CVD and RD hospital admissions, due to temperature variations were fitted according to season and SSC weather
conditions, and the estimated results showing season and SSC-specific estimates for TV over several exposure
days are presented in Table 4 (CVD) and Table 5 (RD). During the cold season, TV increased the risks of C\VD
hospital admissions except at longer exposures (0-6 and 0-7 days). The risks of TV on CVD hospital admissions
peaked at 0-2 days of exposure [2.67%, 95%: -0.29% -5.71%] and thereafter decreased until 0-7 days of exposure.
TV positively and significantly affected RD hospital admissions during all exposure days. However, only
significant effects appear at 0-2 and 0-7 days of exposure. The strongest impact [3.15%, 95% CI:0.21%-6.17%)]

of TV on RD hospital admissions appeared at longer exposures (0-7 days).
Warm season

During the warm season, TV had a positive and statistically significant effect on CVD hospital admissions during
all exposure days except at 0-1 day, where the impact of TV was positive, however, not significant [2.17%, -95%
ClI: 0.05%-4.43%]. The risks of TV on CVD peaked at longer exposure days (0-6 and 0-7 days) in the warm
season. In contrast, the risks of TV on RD hospital admissions peaked at short exposures (0-1 days) [3.58%, 95%:
1.35%-5.85%] and decreased until 0-7 days of exposure. In general, the risks of CVD hospital admissions were

higher than the risks of RD hospital admissions during the warm season on most exposure days.

4.4.3. Effect modification of the association between TV and hospital admissions by SSC

weather types

Table 4 (CVD) and Table 5 (RD) present SSC-specific estimates for TV over several exposure days. The
association between TV and hospital admissions generally differed according to synoptic weather conditions.
According to the seven SSC types, immediate and adverse effects of TV on CVD hospital admissions were
observed with MT weather conditions, with the highest effect estimates appearing at 0-3 days of exposure [6.72%,
95% CI: 1.95%-11.71%] and thereafter the risks started to decrease until 0-7 days of exposure. For RD hospital
admissions, positive and statistically significant effects appeared at 0-1 day [3.35%, 95% CI: 0.92%- 5.83%] and
at 0-2 days of exposure [2.79%, 95% CI: 0.32%-5.32%] during DM weather conditions.

From a temperature perspective, positive and significant effects of temperature variation on CVD hospital
admissions appeared during moderate and tropical weather conditions. The greatest effect estimates were observed
at longer exposures (0-7days) during moderate weather conditions [2.19%, 95% CI: 0.16%-4.26%] and at 0-3
days of exposure during tropical conditions [4.76%, 95% CI: 1.15%-8.50%]. For RD hospital admissions, positive
and significant effects of temperature variation appeared only during moderate weather conditions, with the most
significant effects [3.03%, 95% CI: 1.11%-4.99%] occurring at short exposures (0-1 day).

From a humidity perspective, statistically significant effects of TV on CVD hospital admissions were detected

during the dry weather conditions and at longer exposure days, precisely at 0-5 days of exposure [2.45%, 95% CI:
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0.34%-4.60%], at 0-6 days of exposure [2.17%, 95% CI: 0.11%-4.28%] and 0-7 days of exposure [2.13%, 95%
Cl1:0.00%-4.31%]. The most significant effects [2.92%, 95% CI: 0.84%-5.05%)] of temperature variability on RD
hospital admissions appeared at short exposures (0-1 day) during dry weather conditions.

In addition, age-specific effects were assessed, reporting for only short (0-1 day) and prolonged exposure days (0-
7 days). The 15-64-year age group had a high risk of CVVD hospital admissions due to exposure to TV during most
weather conditions. However, the elderly had increased risks of CVD hospital admissions during DM, and MT
weather conditions (Figure 2: A). From a temperature standpoint, the elderly had the highest risk of CVD hospital
admissions during moderate weather conditions. The 15-64-year age group had the strongest effect estimates for
polar and tropical weather conditions. Similar results were observed when assessing TV risks on CVD hospital
admissions at longer exposure days (0-7 days) (Figure 2: B), although the risks attenuated and were no longer

significant during most weather conditions.

Age-specific effects of TV on RD hospital admissions differed per SSC weather type. According to the seven
weather types, the 0-14-year age group was more at risk of RD hospital admissions during DM conditions. The
15-64-year age group had the highest risks of RD hospital admission during the DP, MM, and TR days. From the
humidity standpoint, the 0-14-year age group had increased risks during the days with low humidity (dry) and the
15-64-year age group during TR days. From a temperature standpoint, positive and significant increases were
observed in all age groups during moderate weather conditions. However, the most significant effect estimates
were observed for the 15-64-year age group during TR days (Figure 3:A). At longer exposure days, according to
the seven SSC types, the 0-14-year age group was more vulnerable during DP, DT, MM, and MT weather
conditions. From a humidity and temperature perspective, the highest estimates appeared during TR days for the
15-64-year age group.
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Table 4: Percentage change increase (95% CI) in all age cardiovascular hospital admissions associated with an inter-quartile range (IQR) increase in temperature
variability (°C) on different exposure days, adjusting for time trends, and seasonal variation, day of the week, and public holidays by synoptic weather type

and season.

Seasons or SSC type

Exposure days

0-1

0-2

0-3

0-4

0-5

0-6

0-7

Overall

Cold

Warm

2.21(0.57, 3.88)
2.36(-0.49, 5.30)

2.17(-0.05, 4.43)

2.74(1.06, 4.44)
2.67(-0.29, 5.71)

2.37(0.13, 4.65)

2.55(0.92, 4.20)
1.19(-1.65, 4.11)

2.31(0.10, 4.57)

2.24(0.61, 3.89)
0.13(-2.70, 3.04)

2.24(0.01, 4.53)

2.51(0.90, 4.16)
0.52(-2.40, 3.53)

2.71(0.45, 5.02)

2.24(0.64, 3.87)
-0.30(-3.33, 2.82)

2.85(0.60, 5.14)

2.19(0.52, 3.89)
-0.76(-4.01, 2.60)

2.85(0.65, 5.09)

Dry moderate (DM.)
Dry polar (DP.)

Dry tropical (DT.)
Moist moderate (MM)
Moist polar (MP)
Moist tropical (MT)

Transition

1.02(-1.52, 3.63)
-1.48(-10.26, 8.15)
2.94(-2.57, 8.76)
0.91(-3.33, 5.33)
2.50(-5.21, 10.8)
5.31(0.21, 10.7)

-0.06(-4.95, 5.09)

0.95(-1.62, 3.59)
-0.68(-9.18, 8.61)
3.06(-2.26, 8.67)
2.04(-1.92, 6.15)
3.43(-3.20, 10.50)
5.87(0.86, 11.14)

1.60(-3.52, 6.99)

0.50(-1.94, 3.00)
-0.14(-7.76, 8.11)
3.70(-1.70, 9.39)
1.92(-1.80, 5.79)
3.13(-2.85, 9.49)
6.72(1.95, 11.71)

4.12(-1.07, 9.58)

1.09(-1.31, 3.54)
2.97(-4.58, 11.13)
2.59(-3.03, 8.53)
0.38(-3.29, 4.19)
-0.02(-5.49, 5.76)
4.58(-0.02, 9.39)

3.53(-1.63, 8.96)

2.09(-0.26, 4.50)
1.01(-5.72, 8.23)
1.86(-3.90, 7.97)
-0.12(-3.78, 3.69)
-1.19(-6.41, 4.33)
2.55(-1.87, 7.17)

1.81(-3.12, 6.99)

2.21(-0.09, 4.57)
-1.49(-7.69, 5.13)
0.65(-5.10, 6.75)
-1.34(-4.95, 2.42)
-1.27(-6.39, 4.13)
3.04(-1.28, 7.55)

1.28(-3.55, 6.34)

2.63(0.24, 5.07)

-3.77(-9.83, 2.70)
-1.26(-7.12, 4.97)
-1.63(-5.35, 2.22)
-2.16(-7.37, 3.35)
2.79(-1.64, 7.42)

0.42(-4.45, 5.53)

Dry @
Moist @

Transition 2

1.68(-0.50, 3.91)
1.89(-1.29, 5.17)

1.36(-5.87, 3.38)

1.66(-0.57, 3.95)
2.57(-0.48, 5.72)

0.16(-4.62, 5.18)

1.22(-0.94, 3.42)
2.66(-0.25, 5.66)

2.53(-2.36, 7.66)

1.75(-0.40, 3.94)
0.82(-2.02, 3.75)

2.15(-2.75, 7.30)

2.45(0.34, 4.60)
0.12(-2.68, 2.99)

0.98(-3.75, 5.95)

2.17(0.11, 4.28)
0.11(-2.65, 2.96)

0.87(-3.79, 5.75)

2.13(0.00, 4.31)
0.14(-2.71, 3.07)

0.42(-4.29, 5.37)

Moderate ©

1.53(-0.51, 3.61)

1.89(-0.14, 3.97)

1.37(-0.59, 3.36)

1.32(-0.63, 3.31)

2.14(0.17, 4.14)

1.86(-0.08, 3.85)

2.19(0.16, 4.26)
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231

Seasons or SSC type Exposure days

0-1 0-2 0-3 0-4 0-5 0-6 0-7

Polar P 0,62(-5.25,6.86)  1.06(-4.22,6.63) 0.97(-3.77,5094) 056(-3.91,523) -057(4.75, 3.79) -1.12(-5.15, 3.09) -2.48(-6.54, 1.77)
Tropical ® 3.7 (0.03, 7.55) 3.84(0.17,7.64)  4.76(1.15,850)  3.80(0.17,7.57)  2.46(-1.13,6.19) 2.82(-0.74,6.51) 2.14(-1.51, 5.94)
Transition ® -0.63(-5.24,4.20)  0.59(-4.23,5.65)  3.18(-1.75,8.36) 3.20(-1.75,8.41)  1.71(-3.05,6.71) 1.60(-3.10,6.52)  0.79(-3.95, 5.76)

Bold indicates significance.
@ Among the seven SSCs, [DM], [DP], and [DT] were combined into Dry, [MM], [MP], and [MT] into Moist, and [T] was Transition.
b Among the seven SSCs, [DM] and [MM] were combined into moderate, [DP] and [MP] into Polar, [DT] and [MT] into tropical, and [T] was Transition
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Table 5: Percentage change increase (95% CI) in all age respiratory hospital admissions per age group for every 1°C in TV0-1 days per IQR increase by synoptic
weather type and season

Seasons or SSC type

Exposures days

0-1

0-2

0-3

0-4

0-5

0-6

0-7

Overall

Cold

Warm

2.77(1.21, 4.36)
2.26(-0.24, 4.84)

3.58(1.35, 5.85)

2.43(0.84, 4.05)
2.66(0.07, 5.32)

2.28(0.05, 4.55)

1.14(-0.40, 2.70)
0.63(-1.84, 3.17)

0.94(-1.23, 3.17)

1.33(-0.21, 2.90)
1.29(-1.21, 3.86)

0.78(-1.40, 3.01)

1.17(-0.36, 2.72)
1.99(-0.59, 4.64)

0.19(-1.99, 2.42)

0.87 (-0.64, 2.40)
2.22(-0.48, 5.00)

-0.26(-2.40, 1.93)

0.89(-0.68, 2.49)
3.15(0.21, 6.17)

-0.48(-2.57, 1.65)

Dry moderate (DM)
Dry polar (DP)

Dry tropical (DT)
Moist moderate (MM)
Moist polar (MP)
Moist tropical (MT)

Transition

3.35(0.92, 5.83)
0.19 (-7.80, 8.87)
-1.40 (-6.80, 4.32)

-0.58 (-4.49, 3.50)

-0.24 (-7.19, 7.24)
-0.20 (-5.14, 5.01)

-1.11(-5.72, 3.72)

2.79 (0.32, 5.32)
0.52 (-7.26, 8.94)
-0.63 (-5.89, 4.93)

0.02 (-3.64, 3.81)

-1.07 (-7.02, 5.26)
-0.90 (-5.75, 4.20)

-1.19 (-5.95, 3.80)

0.99 (-1.33, 3.37)
0.88 (-6.09, 8.37)
0.08 (-5.28, 5.74)

-0.38 (-3.83, 3.20)

0.73 (-4.73, 6.50)
0.54 (-4.14, 5.45)

1.60 (-3.24, 6.68)

0.56 (-1.70, 2.88)
0.81 (-5.89, 7.98)
0.88 (-4.74, 6.82)

1.23 (-2.26, 4.86)

1.45 (-3.70, 6.87)
0.86 (-3.78, 5.73)

2.84 (-2.04, 7.95)

0.06 (-2.14, 2.31)
-0.27 (-6.31, 6.16)
1.21 (-4.61, 7.39)

1.94 (-1.59, 5.59)

2.23 (-2.77, 7.48)
2.19 (-2.42, 7.02)

3.47 (-1.25, 8.41)

-0.28 (-2.41, 1.90)
1.01 (-4.72, 7.09)
0.97 (-4.88, 7.18)

2.31 (-1.22, 5.96)

2.44 (-2.47, 7.60)
1.74 (-2.71, 6.40)

2.97 (-1.64, 7.80)

-0.11 (-2.31, 2.13)
0.23 (-5.46, 6.26)
-0.75 (-6.67, 5.55)

2.78 (-0.87, 6.56)

2.90 (-2.17, 8.23)
0.38 (-4.10, 5.08)

2.73 (-1.96, 7.65)

Dry 2
Moist 2

Transition 2

2.92(0.84, 5.05)
-0.08 (-3.09, 3.02)

-0.18(-4.55, 4.39)

2.64 (0.49, 4.84)
-0.25 (-3.12, 2.71)

-0.60 (-5.14, 4.16)

1.05 (-1.00, 3.15)
-0.05 (-2.79, 2.77)

1.83 (-2.81, 6.69)

0.76 (-1.27, 2.83)
0.95 (-1.80, 3.77)

2.83 (-1.86. 7.75)

0.19 (-1.77, 2.19)
1.87 (-0.87, 4.70)

3.43 (-1.12, 8.20)

-0.04 (-1.95, 1.91)
1.91 (-0.80, 4.69)

2.85 (-1.61, 7.51)

-0.10 (-2.07, 1.91)
2.12 (-0.66, 4.99)

2.92 (-1.64, 7.70)

Moderate °

3.03(1.11, 4.99)

2.76 (0.84, 4.72)

0.87 (-0.98, 2.74)

1.05 (-0.79, 2.92)

0.75 (-1.08, 2.62)

0.49 (-1.33, 2.34)

0.77 (-1.11, 2.70)
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234

Exposures days

Seasons or SSC type  0-1 0-2 0-3 0-4 0-5 0-6 0-7

Polar P 0.02(-5.28,5.63) -0.48(-5.29,4.56) 0.97 (-3.41,5.55) 0.83(-3.30,5.12) 0.65(-3.24,4.69) 1.13(-2.65,5.06) 0.91 (-2.95, 4.92)
Tropical ® -0.74(-4.29,2.94)  -0.93(-4.49,2.76) 0.33(-3.22,4.01) 0.28(-3.32,4.02) 1.00(-2.63,4.77) 0.60(-2.96,4.30) -0.89 (-4.51, 2.86)
Transition ® -0.67 (-5.06,3.92) -1.10(-5.62,3.65) 1.77 (-2.87,6.63) 2.40(-2.27,7.29) 2.82(-1.70,7.55) 2.24(-2.20,6.87) 1.88(-2.64, 6.61)

Bold indicates significance
@ Among the seven SSCs, [DM], [DP], and [DT] were combined into Dry, [MM], [MP], and [MT] into Moist, and [T] was Transition.
b Among the seven SSCs, [DM] and [MM] were combined into moderate, [DP] and [MP] into 'Polar,[DT] and [MT] into tropical, and [T] was Transition
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Figure 2: Percent increase in CVD hospital admissions per degree Celsius (°C) increase in TV in the
individual weather types. (A) At 0-1 day of exposure and (B) at 0-7 days of exposure
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Figure 3: Percent increase in RD hospital admissions per degree Celsius (°C) increase in TV in the
individual weather types. (A) At 0-1 day of exposure and (B) at 0-7 days of exposure
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4.5. Discussion

4.5.1. Principal findings

This is the first study conducted in Africa to investigate the effect modification of the association between TV and
hospital admissions by season and spatial synoptic weather types. The findings of this study suggest that TV is
associated with an increased risk of CVD and RD hospital admissions in Cape Town. The risk of hospitalisation
for CVD was higher during the warm season. In contrast, RD hospital admissions were strongly associated with
temperature variability during the cold season, particularly in longer TV exposures (0-7 days). A more significant
increase in CVD hospital admissions appeared in MT weather conditions and DM weather conditions for RD
hospital admissions. Season, SSC weather types, and age modify the TV-hospital admission association. Age-
specific risks differed by exposure days and SSC weather type. The 15-64-year age group generally had a higher
risk of CVD hospital admissions during most weather conditions, except during DM, and MP conditions where
the elderly were more likely to be hospitalised. Age-specific TV risks on RD hospital admissions differed by
weather types and exposure days. During short TV exposure days, children were more at risk of TV during DM
weather conditions. However, at long TV exposure days (0-7 days), children had higher risks of RD hospital
during most weather conditions, except during TR days where the greatest and most significant risks were
observed for the 15-64-year age group. The elderly were more at risk of RD hospital admissions during cool,
cloudy, and humid days and light precipitation (i.e., MP and moist weather conditions from a humidity

standpoint).

4.5.2. Meteorological characteristics of the City of Cape Town

Cape Town has four distinct seasons, autumn (1 March — 31 May), winter (1 June — 31 August), spring (1
September — 30 November), and summer (1 December — 28/29 February), as defined by SAWS. The City of Cape
Town has a Mediterranean-style climate with a Koppen-Geiger climate classification Cbs (Tyson and Preston-
Whyte, 2000) with wet winters and dry, warm summers. Average temperatures are the highest in summer and the
lowest in winter. These patterns are well demonstrated in the current study. The average temperatures were the
lowest during the coldest weather types (DT and MP) and highest with hot weather types (DT). These weather
patterns may affect vulnerable subpopulations' cardiovascular and respiratory systems, especially children, the
elderly, and those with comorbidities (Kim and Lee 2019; Zha et al. 2021).

4.5.3. Effect modification by season

Previous studies established the presence of effect modification on health outcomes by season, air pollutants, and
temperature indexes in the City of Cape Town (Adebayo-Ojo et al. 2022; Lokotola et al. 2020; Wichmann and
Voyi 2012) However, no studies extended its research to air mass and humidity conditions. Thus, the current
study applied the SSC scheme to understand the health effects of temperature fluctuations on a synoptic level,

considering the temperature and humidity levels.

In the current study, season modified the association between TV and hospital admissions. TV-CVD hospital
admissions associations were more significant during the warm season, consistent with other research that found

the strongest TV-CVD associations in the warmer and monsoon season (Rahman et al. 2022). In contrast, a study
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in China found increased myocardial infarction hospital admissions associated with temperature change during
the cold season (Lam et al. 2018). Positive effects of TV on RD hospital admissions appeared in both seasons
which aligns with a study in Spain that reported that cold and hot temperatures impacted respiratory hospital
admissions (Martinez-Nicolas et al. 2015). Much of Spain has a similar climate as the City of Cape Town. The
risks of RD hospital admissions were higher during the cold season (especially at longer exposure days) compared
to TV effects during the warm season. A study conducted in China on elderly populations also reported higher
risks of emergency respiratory hospital admissions during the cold season (Sun et al. 2018). Another study only
found a significant association between TV and RD hospital admissions in winter (Rahman et al. 2022). Winter
TV was generally associated with higher risks of RD emergency hospital admissions, and summer variability was

associated with higher risks of CVD hospital admission.

4.5.4. Linking hospital admissions with SSC

TV effects on CVD hospital admissions were immediate in all weather conditions except during DP and
transitional days. MT had adverse impacts on hospital admissions for cardiovascular diseases. Previous studies
observed a similar effect on cardiovascular mortality by hot weather types (DT and MT) (Fonseca-Rodriguez et
al. 2020; Sheridan and Lin 2014). Similar to research conducted in 45 large US cities (Kalkstein and Greene
1997), a more significant impact on cardiovascular hospital admissions by MT than DT was observed in the
current study. In contrast, a study conducted in the Czech Republic found a higher impact of CVD mortality
produced by DT weather type (Urban and Kysely 2018). From a humidity standpoint, high risks of C\VD hospital
admissions were observed on moist days. High humidity levels can affect the cardiovascular system in several
ways. The body uses a thermoregulation process which uses several mechanisms to maintain an optimum internal
body temperature of approximately 37°C (Osilla et al. 2022). For example, when high humidity levels, sweating
and vasodilation occur to cool off or promote heat loss through radiation (Osilla et al. 2022; Zeng et al. 2017).
Furthermore, behavioural adaptions, such as using air conditions and adjusting activity levels might help regulate
the body's temperature (Hanna and Tait, 2015). From a temperature standpoint, significant effects of TV on CVD
were observed during tropical weather conditions. Tropical weather conditions are classified by hot temperatures,
high humidity levels and heavy rainfall (Kalkstein and Greene 1997; Kalkstein et al. 1996), these conditions can
have an impact on cardiovascular health. A combination of these weather conditions and exposure to tropical
weather conditions frequently results in dehydration. Blood's viscosity, or thickness, may rise as a result, making
it more challenging for the blood to move through blood vessels (Keatinge et al. 1984; Neild et al. 1994). This
can be especially risky for those who already have cardiovascular issues since it raises the possibility of fainting

or other cardiovascular problems.

The respiratory system, which is extremely sensitive to temperature variability, is an indicator for climate change
and variability, oversees supplying the body with oxygen and removing carbon dioxide, and is highly sensitive to
changes in temperature (D’Amato et al. 2015; Mirsaeidi et al. 2016). Previous studies associated respiratory
diseases, such as asthma and pneumonia with temperature fluctuations and frequent changes in meteorological
condition (Basu, 2009; Feng et al., 2021). In this current study, adverse TV risks on RD hospital admissions were
observed with DM and DP weather types. DM had a higher impact on RD hospital admissions than other weather
types. In contrast, a previous study conducted in Sweden observed high-temperature effects during moist tropical

110



314
315
316
317
318
319
320
321

322

323
324
325
326
327
328
329
330
331
332
333
334
335

336

337
338
339
340
341
342
343
344
345
346
347
348
349
350

weather (Fonseca-Rodriguez et al., 2020). The difference might be due to the weather metrics used. The previous
study focused on summer temperature variability. From a humidity and temperature standpoint, moderate and dry
weather conditions were associated with higher risks of RD hospital admissions. Low humidity levels can cause
dryness in the respiratory system which can irritate and inflame the nasal passages, throat, and lungs. This can
further increase the risks of respiratory illnesses, like flu, bronchitis, and the common cold (Sterling et al. 1985).
Several biological mechanisms influence the relationship between temperature and respiratory diseases.
Furthermore, it is clear from the current study that temperature changes can significantly impact respiratory health

and that understanding these relationships is vital for public health interventions and disease prevention.

4.5.5. Vulnerability according to age group

Susceptibility varied by age groups for each weather condition. For example, children (0-14-years) were more
susceptible to RD hospital admissions during DM and dry conditions (from a humidity standpoint). This is similar
to a previous study which obtained more apparent results in children younger than 10-years. Specifically, the
strongest effects were observed during dry weather conditions in spring and moist season (Kim and Lee 2019).
Children's mucous membranes in their respiratory systems can become dry from low humidity levels, which
increases their susceptibility to respiratory infections (Sterling et al. 1985). In general, the 15-64-years age group
was more vulnerable to CVD hospital admission during most weather conditions except during DMdry moderate
weather conditions where the elderly had the highest risks. There are several plausible reasons why the 15-64 age
group had the highest risks, first according to census 2016, 65.7% of the population in Cape Town is dominated
by those of working age (i.e. 15-64 years age group) (Small 2017). Second, this age group has high prevalence of
risks factors such as high blood pressure, high cholesterol, diabetes, obesity, smoking, and physical inactivity. All
these factors might also be related to job strain (GBD 2020; Nyberg et al. 2013) and combined, makes this age

group prone to the grave effects of temperature fluctuations.

4.5.6. Delayed and lagged effects up to eight preceding days

Prior studies showed that the effects of hot temperatures on CVD and RD health outcomes can last up to five days
after exposure and effects of cold temperatures can last between 10 to 20 days after exposure (Wang et al. 2021).
Similarly, in the current study, the effects of TV appeared to last for several days after exposure depending on the
weather conditions or SSC weather type. However, during hot weather types (DT and MT), the effects of TV
lasted up to eight days of exposure. During MM conditions, positive effects of TV lasted up to five days of
exposure. TV effects were delayed during DP and TR weather types with positive effects appearing after four
days of exposure. Contrary to the previous study, (Kim et al, 2019) TV effects on RD hospital admission appeared
to last up to five days during cold weather types. Furthermore, delayed effects were observed during DT, MM,
and MT SSC weather types. The difference might be due to the different exposure variables investigated; the Kim
et al., (2019) focused on mean temperature. The contrasting temporal effects observed in the current study
compared to the systematic review, highlight the importance of considering specific weather conditions and
exposure durations when assessing the impact of TV and humidity on CVD and RD hospital admissions.
Regarding season, the effects of TV on CVD hospital admissions were delayed during the warm season and

delayed for RD hospital admissions during the cold season.
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4.5.7. Study limitations

The current study has several limitations that should be acknowledged. First, the potential confounding by air
pollutants was not examined, though a previous study on the health risks of TV in the City of Cape Town showed
that air pollutants did not significantly influence the TV-hospital admissions association in the City of Cape Town
(Makunyane et al. 2023). Second, the effects of SSC weather types per season was not assessed. Furthermore, the
study focused on hospital admissions in the City of Cape Town. The study should be expanded to other geographic
areas in South Africa. Additionally, the small number of hospital admissions might have reduced the precision of

the estimates.

4.6. Conclusions

In conclusion, season, synoptic weather type, and age modify the association between TV and hospital admissions.
The study found that CVD risks were higher during the warm season and the risks of RD hospital admissions
during the cold season. The MM and DP weather types presented the most increased CVD and RD hospital
admissions risks, respectively. TVs most potent age-specific effects were observed during the transition days for
the 15-64-year age group. Children appeared more vulnerable during moist weather types and when humidity
levels were low from a humidity standpoint. Application of the SSC scheme can provide insights into how
atmospheric circulation patterns and synoptic weather types affect temperature and respiratory and cardiovascular
hospitalisations. The occurrence of individual air masses can be forecast, providing helpful information for
planning public health resources. This study's results imply that the synergistic effects of other environmental and
meteorological factors should be considered when conducting risk assessments for health and climate-related
work. This approach can also be applied to future climate scenarios, leading to a more comprehensive

understanding of weather effects on population health.
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Chapter 5: Manuscript addressing objective 4

Chapter 5 presents a manuscript addressing objective number 5 which investigated the association
between TV, RD, and CVD mortality in five South African cities, namely Bloemfontein, Cape
Town, Durban, Johannesburg, and Ggeberha (formerly known as Port Elizabeth) located in different
Koppen-Geiger regions during the study period 2006-2016.

The manuscript was summited to South African Medical Journadnd its tittled® Ex ami nat i on
of the association between temperature variability and cardiovascular and respiratory
mortality in South Africa, 206& 0 1 6 ”

The contents of this chapter are the same as the manuscript that is currently being review
in the journal referred to above. For consistency and presentation purposes, the sectional

numbering was amended to be consistent with the chapter numbering.
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5.1. Abstract

Background

Evidence is limited on the impact of temperature variability (TV) on health in low-and-middle-
income countries (LMICs), such as South Africa. This study examined the association between
TV and cardiovascular disease (CVD) and respiratory disease (RD) mortality in five South
African cities.

Methods

Daily mortality and meteorological data in five South African cities (Bloemfontein, Cape
Town, Durban, Johannesburg, and Ggeberha (formerly known as Port Elizabeth)) were
collected from Statistics South Africa and the South African Weather Service (SAWS) from
2006-2016. TV was calculated from the standard deviation of the minimum and maximum
temperature during exposure days. City-specific risks were estimated using quasi-Poisson
regression models combined with distributed lag nonlinear models, adjusting for potential
confounders. A meta-analysis was conducted to obtain national estimates. The analysis was
stratified by age and gender.

Results

A total of 213,875 cardiovascular and 114,887 respiratory deaths were recorded in the five
cities during the study period. The risks with increasing TV were higher for RD mortality as
compared to CVD mortality. The pooled estimates showed the highest and significant increase
in RD mortality of 1.21(95% Cl:1.04;1.38) per an increase in TV at 0-2 days from the 25" to
the 50" percentile for all ages combined. The elderly appeared more vulnerable to RD
mortality than <65 years age group, with significant mortality risks per increase in TV at 0-2
days (RR=1.18, 95% CI:1.04;1.32), 0-3 days (RR=1.16, 95% CI:1.04;1.28) and at 0-7 days
(RR=1.12, 95% CI: 1.02;1.22) from the 50" to the 75" percentile. A stratified analysis showed
the elderly and women as more vulnerable. The pooled results across the five cities suggested
no statistically significant TV effect on CVD mortality.

Conclusion

In this study, it was demonstrated that more attention should be paid to TV in efforts to mitigate
the grave effects of climate variability and to protect human health. The results can help in
preparing health systems to cope with the health risks arising from climate change.

Key words: Temperature variability, cardiovascular disease, respiratory disease, mortality,
time series, South Africa
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5.2. Introduction

Non-communicable diseases (NCDs) are globally regarded as a cause of premature death .[*2]
Cardiovascular and chronic respiratory diseases are among the top five NCDs that were
prioritised to reduce the global burden of mortality and morbidity at the third United Nations
High-Level Meeting on NCDs.B! A total of 71% of deaths that occur globally are attributable
to NCDs, with 85% of these deaths occurring in low- and middle-income countries (LMICs)
due to poor infrastructure and inadequate adaptation and mitigation strategies.[*”! In 2017
57,8% of all deaths in South Africa were NCDs, furthermore, diseases of the circulatory system
(100-199) accounted for 18,4% of all deaths and diseases of the respiratory system (J00-J99)
accounted for 9,5% of all deaths in South Africa.[®!

Most global climate-related studies put more focus on the health impacts of the increases in
mean temperatures and have paid relatively little attention to the health effects of TV.[2-10]
Climate change not only causes an increase in average temperatures but also leads to greater
fluctuations in temperature with its associated extremes.[1%-12l Climate variability refers to the
natural variations in climate patterns that occur over time, both on a regional and global scale.
It includes variations in meteorological variables such as temperature, rainfall, and wind
patterns.[*®l Natural factors, such as changes in solar radiation or volcanic activity, or
anthropogenic factors, such as land use or greenhouse gas emissions, are both considered as
drivers of climate variability, and eventually, climate change. 314

To date, the impact of TV indicators on health outcomes in South Africa had been investigated
in only two time-series epidemiological studies.[*>%61 In the first study, the effects of various
meteorological variables, including diurnal temperature range (DTR), on hospital admissions
due to pneumonia in two government public hospitals in the Limpopo Province were
investigated. The results indicated that an increase in pneumonia hospitalisations is
significantly associated with an increase in DTR (an indicator of TV).[®l In the second studly,
the health effects of the composite index of inter- and intraday TV on CVD and RD hospital
admissions in private hospitals in Cape Town were investigated. The researchers observed
significant associations between an increase in TV and an increase in hospital admissions, even
after controlling for several confounders.[*® The limitations of these studies include the fact
that they are region-specific and that the results are not generalisable to other South African
locations. Furthermore, one study used DTR as an exposure variable, which is another

limitation as a multi-country study ascertained that the effects of TV last for several days before
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exposure which is not captured by DTR.['! Therefore, using an inter- or intraday TV index
(such as DTR) might underestimate the risks of TV on health outcomes. It does not account for
within-day variations and between days variations. These warrant more epidemiological
studies assessing health risks associated with climate change and variability in South Africa.

Consequently, the present study aims to extend the current knowledge on the health effects of
climate variability and change in South Africa by examining the association between TV and
CVD and RD mortality in five South African cities (namely Bloemfontein, Cape Town,
Durban, Johannesburg, and Ggeberha). Secondly, stratification by age and gender was

performed to identify potential effect modifiers of the association between TV and mortality.

5.3. Methods

5.3.1. Data collection

Daily count data of CVVD and RD deaths for the five cities were obtained from Statistics South
Africa for the 11-year study period from 1 January 2006 to 31 December 2016. The mortality
data were classified on the primary diagnosis and according to the International Classification
of Diseases 10" Revision codes (ICD10): RD (ICD10:J00-J99) and CVD (ICD10:100-199).
Mortality data were stratified according to the following groups: (1) All ages combined (Total),
(2) ages <64-years and >65-years, (3) females, and (4) males. Meteorological data for the five
cities were obtained from the South African Weather Service (SAWS) and included hourly

temperature (°C) and relative humidity (%).

5.3.2. Study design and location

For this study, a time-series epidemiological approach was followed. As a study area, five
South African cities located in different Koppen-Geiger climatic zones have been included,
namely Bloemfontein, Cape Town, Durban, Johannesburg, and Ggeberha. The geographic
location of these cities is shown in Figure 1. These cities were also selected since they are the
most populated cities in the country. They are therefore representative of the different climatic
conditions experienced in South Africa with adequate data to justify the research.
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Fig 1. Geographic locations of Cape Town, Bloemfontein, Durban, Johannesburg, and Ggeberha in South
Africa

5.3.3. Exposure definition

As in previous studies, TV was calculated as the standard deviation of the minimum and
maximum temperature values during the investigated exposure days. 11711 For example, TV
at 0-1 day of exposure was defined as the standard deviation of the minimum and maximum
hourly temperatures during the same day as the health outcome (e.g., CVD mortality) and a
day before the health outcome. TV at 0-2 days of exposure was defined as the standard
deviation of the minimum and maximum hourly temperatures observed during the same day as
the health outcome, a day before the health outcome and two days before the health outcome.
Previous research reported the effects of TV on health outcomes to last for several days before
the health outcome occurred. Therefore, the impact of TV for up to 0-7 days before mortality
was investigated.

5.3.4. Statistical analysis

Previous studies have assumed the shape of the association between TV and health outcomes
to be linear. 19819 Contrary to these studies, a linearity test and Akaike’s Information
Criterion (AIC) revealed that the association between TV and mortality to be non-linear and
delayed in time for the five cities. To estimate the overall effect, a two-stage analytic approach
using a distributed lag non-linear model (DLNM) combined with a quasi-Poisson generalised
linear model was used to examine the exposure-response relationship and delayed effect
between TV and mortality in the five cities. This approach has been used extensively in other
multi-city and multi-country time-series epidemiological studies where heat-related human
health effects, for example, hospital admissions or mortality, were investigated. [1020-211
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CVD and RD mortality risks for each city were estimated in the first stage using the following
regression model equation:

ol TiCeEi o] 1 "W EioQdEP QQ i Y& "YaQQRE
_QE i QEOQH wiEiDRO®

Mort indicates the daily count of CVD or RD mortality in a city, while "o  denotes the cross-
basis matrix of TV and its lag structure in the DLNM, which differed from city to city and
health outcome (CVD or RD). Refer to the appendix (Tables Al and A2) for details of the
specifications of the cross-basis function for each city. Three internal knots were placed at
equally spaced TV percentiles (25", 50", and 75™) and for the lag structure, two internal knots
at log values plus an intercept. The median (50" percentile) was selected as the reference value
of the TV exposure variable to calculate the relative risks. The TV mortality association was
reported at the 25" percentile, 75" percentile and 99" percentile relative to the reference value
£ {0 Q&P 'Q enotes a natural cubic spline for calendar time to control for long-term
and seasonal trends with df degrees of freedom for each year in the study period. The degrees
of freedom ranged from four to eight for CVD models, and from five to nine for RD models.
¢ {'Y"@® denotes the natural cubic spline with three degrees of freedom of relative humidity8
"Y& ‘Q ¢y @enotes a cross-basis function to account for the delayed and nonlinear effects of
daily mean temperature. Similar to previous studies, a natural cubic spline with four degrees
of freedom was used for the daily mean temperature and to capture the lags over time up to 21
days.[*%182l The models included an indicator variable for the day of the week (Q © ) and
public holidays (1} 6)awhich considered public holidays as well as other important events (e.g.,
election days).

Additionally, to account for potential variations in the day-of-the-week (dow) variables due to
seasonal fluctuations, the model included @ ¢ fandl i "Q#adiables with yearly cycles. These
variables were supplemented with interaction terms involving the day-of-the-week variables
(Equations (1) and (2)).?%
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In the second stage of the analysis, a meta-analysis was applied using a random effects model
to obtain the pooled effect estimates for the TV-CVD and TV-RD mortality associations by
age and gender. The heterogeneity of the exposure variables with the health outcomes in the
five cities was assessed for all ages combined. A fixed-effect model was applied to summarise
the pooled estimates where heterogeneity was insignificant, and a random-effect model was
used where heterogeneity among the cities was suggested by a p-value < 0.1. The mvmeta
package of the R statistical software (version 4.2.2, The R Foundation for Statistical
Computing, Vienna, Austria) was used for the analysis.

5.4. Results

5.4.1. Descriptive statistics

In this study, five cities were considered, covering the period from 2006 to 2016 (Table 1). In
total 213,875 CVD and 114,887 RD deaths were recorded in the five cities. Durban had the
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highest number of CVD deaths and Bloemfontein the lowest. Johannesburg had the highest
number of RD deaths and Ggeberha the lowest. In all the cities, the highest number of CVD
and RD deaths were observed amongst the elderly (>65-years), while more CVD and RD
deaths were recorded amongst females than males in all the cities. The time series of daily
mean temperature and TV at short lags (0-1 day) and longer lags (0-7 days) for the five cities
are displayed in Figure 2, where clear seasonal trends are depicted.

5.4.2. City specific estimates

The complex association between CVD or RD mortality and TV, at various exposure lags and
levels, are illustrated in the three-dimensional graphs (Figures 3 and 4). The 50" percentile of
TV level was applied as the reference level. The mortality risks associated with an increase in
TV (at difference exposure days) from the 50th to the 99th percentile, after adjusting for the
confounders, are shown in Figures 5 and 6. In general, greater CVD effects appeared at short
exposure days (0-1 day). The elderly and females were more vulnerable to die from CVD in
most of the cities, except for Cape Town and Ggeberha. Delayed CVD risks were observed for
males in Johannesburg. CVD risks were higher in Ggeberha as compared to the other cities. In
general, there were positive associations between TV and RD mortality in all the cities and the
effects appeared to last until 0-7 days of exposure. The elderly were more vulnerable to die
from RD in Bloemfontein, Cape Town, and Johannesburg. Females were more vulnerable to
RD deaths in Bloemfontein and Durban, while males were more vulnerable to RD deaths in
Cape Town and Johannesburg. RD risks did not differ by age or gender in Ggeberha, while RD
risks were generally higher in Bloemfontein and Johannesburg as compared to the other cities.
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Fig 2. Time series distribution of TV and daily mean temperature for the five selected cities at short time
lags (0-1 day) and longer time lags (0-7 days)
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Bloemfontein Cape Town Durban

Johannesburg Gqgeberha

Fig 3. Three-dimensional graphs illustrating the complex association between TV and CVD mortality in
the five cities during the study period 2006-2016, with the 50" percentile level of TV as the reference
level
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Bloemfontein Cape Town Durban

Johannesburg Gqgeberha

Fig 4. Three-dimensional graphs illustrating the complex association between TV RD mortality in the five
cities during the study period 2006-2016, with the 50™" percentile level of TV as the reference level
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Fig 6. Age-specific effects of temperature on respiratory mortality at 0-1 days of exposure (A), 0-3 days of
exposure (B), 0-5 days of exposure (C) and 0-7 days of exposure (D). Estimates are presented as
relative risks (with 95% CI) per increase in TV from the 50th to the 99th percentile.
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5.4.3. Meta-analysis

The pooled results across the five cities suggested no statistically significant TV effect on CVD
mortality. However, in general, the elderly and females were exposed to high CVD mortality
risks with increasing TV (results not shown). In general, positive, and immediate RD mortality
risks associated with TV at difference reference points (25th, 75th and 99th percentiles) were
observed for all ages combined, and the risks remained positive for up to 0-7 days. An increase
in RD mortality risks (RR=1.21 95% CI:1.04, 1.38) per TV (at 0-2 days of exposure) increase
from the 25th to 50th percentile was observed for all ages combined. After stratification by
age, statistically significant RD mortality risks per TV increase from the 50th to the 75th
percentile were observed for the elderly at lag 0-2 days (RR=1.18, 95% CI: 1.04, 1.32), at lag
0-3 days (RR=1.16, 95% CI: 1.04, 1.28) and lag 0-7 days (RR=1.12, 95% CI: 1.02, 1.22). In
general, the elderly was exposed to a higher RD mortality risk, compared to the adults (<65-
years). Stratification by gender showed that the RD mortality risks differed by gender, refence
points, and lags. For example, higher risks of RD mortality per TV increase from the 50th to
the 75th percentile were observed at 0-1 days for females (RR=1.18 95% ClI: 0.85, 1.50) while
protective effects were observed for males (RR=0.99, 95% CI:0.85;1.13). In general, RD
mortality risks were higher for males at long lags and females had higher risk at short lags.
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Table 1. Meta-analysis of the relative risks of the association between RD mortality and TV.

mean temperature and relative humidity

Models were adjusted for day of the week, public holiday, time, daily

Exposure Variable Respiratory mortality
All ages <65 >65 Females Males
TVo1 Low? 1.04(0.90;1.18) 1.06(0.86;1.27) 0.91(0.77;1.05) 0.90(0.78;1.02) 0.96(0.83;1.08)
High ® 0.99(0.85;1.13) 1.11(0.84;1.38) 1.04(0.89;1.19) 1.18(0.85;1.50) ¢ 0.99(0.85;1.13)
Extreme high ° 0.99(0.76;1.23) 0.98(0.78;1.18) 1.12(0.84;1.39) 1.04(0.65;1.43) ¢ 0.99(0.76;1.23)
TVo-2 Low? 1.21(1.04;1.38) " 1.22(0.94;1.50) 0.99(0.77;1.21) 0.87(0.64;1.09) 1.18(0.96;1.39)
High © 1.05(0.94;1.17) 1.03(0.91;1.16) 1.18(1.04;1.32) * 1(0.88;1.13) 1.05(0.94;1.17)
Extreme high ° 1.04(0.85;1.22) 0.95(0.78;1.11) 1.12(0.91;1.35) 0.9(0.70;1.25) 1.04(0.85;1.22)
TVos Low ® 1.18(0.92;1.45) ¢ 1.05(0.84;1.25) 1.02(0.71;1.34) 0.91(0.66;1.55) 1.17(0.93;1.41)
High ® 1.03(0.92;1.13) 1.04(0.9;1.19) 1.16(1.04;1.28) * 0.98(0.86;1.10) 1.03(0.92;1.13)
Extreme high ° 1.01(0.79;1.22) 0.99(0.82;1.15) 1.09(0.88;1.31) 1.08(0.69;1.46) ¢ 1.01(0.79;1.22)
TVo4 Low? 1.13(0.94;1.33) 1(0.80;1.20) 0.98(0.68;1.27) 0.92(0.68;1.16) 1.07(0.84;1.29)
High ® 1.(0.9;1.09) 1(0.93;1.08) 1.07(0.97;1.17) 1.01(0.91;1.11) 1.00(0.90;1.09)
Extreme high ° 0.95(0.77;1.33) 0.96(0.80;1.12) 1.07(0.85;1.29) 1.02(0.69;1.34) ¢ 0.95(0.77;1.13)
TVos Low? 1.12(0.99;1.25) 1.05(0.85;1.24) 1.10(0.80;1.40) 0.98(0.75;1.21) 1.14(0.92;1.36)
High ® 1.(0.91;1.10) 1.03(0.91;1.15) 1.09(0.98;1.19) 1.05(0.93;1.16) 1.00(0.91;1.10)
Extreme high ¢ 0.98(0.8;1.15) 0.96(0.81;1.10) 1.07(0.89;1.26) 1.02(0.70;1.33) ¢ 0.98(0.80;1.15)
TVos Low? 1.06(0.93;1.20) 1.03(0.83;1.22) 1.07(0.77;1.36) 0.96(0.72;1.20) 1.11(0.89;1.34)
High ® 1.01(0.93;1.09) 1.04(0.94;1.14) 1.05(0.96;1.14) 1.01(0.92;1.09) 1.01(0.93;1.09)
Extreme high ¢ 1.02(0.87;1.16) 0.93(0.81;1.05) 1.07(0.91;1.24) 0.96(0.66,1.27) ¢ 1.02(0.87;1.16)
TVor Low? 1.05(0.92;1.18) 0.99(0.79;1.79) 1.02(0.73;1.32) 0.93(0.70;1.17) 1.07(0.85,1.29)
High ® 1.05(0.97;1.14) 1.09(1.02;1.17) * 1.12(1.02;1.22) * 1.10(0.95;1.25) ¢ 1.05(0.97;1.14)
Extreme high ° 1.00(0.85;1.14) 0.91(0.78;1.03) 0.99(0.83;1.16) 0.90(0.72;1.07) 1(0.85;1.14)

TV-temperature variability
2 Jow TV - reference at the 25" percentile
®high TV - reference at 75" percentile

¢extreme high TV - reference at 99" percentile
4 Heterogeneity among the cities was suggested by a p-value < 0.1 from the test for heterogeneity. These cities were analysed by random effects
*Statistically significant p-value<0.05
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5.5. Discussion

In this study distributed lag non-linear models, combined with quasi-Poisson generalised linear
models were used to examine the exposure-response association and delayed effects between
TV and mortality in five South African cities, located in different Koppen-Geiger climatic
zones. The relationship between TV and mortality was found to be non-linear. This is contrary
to findings in previous studies where a linear function for TV were considered. %23 However,
prior studies that used intra- or interday TV also applied similar methods. [:*24-%1n general, a
positive association between TV and mortality was observed in the five cities. In line with prior
studies, the effects of TV appeared to last up to 0-7 days after exposure, (1026271 which
emphasises the need to assess several lengths of TV and lags. In this study, the mortality risks
did not increase with exposure days. Similar to Tian et al. (2019),2” the highest risks were
observed at 0-1 day of exposure. The difference in results might be because previous studies
did not fully account for the non-linear and delayed effects of TV.

The mortality risks varied across the five cities, with high risks observed in inland cities,
especially in Bloemfontein, which denotes a semi-arid region. Similar to a previous study
conducted in the semi-arid regions of China, females were more sensitive to RD mortality in
Bloemfontein.[?®] Inland cities tend to experience high TV due to physiographic factors, such
as lack of oceans or seas, which act as moderating influences on temperature.?®l People might
experience discomfort due to abrupt fluctuations in temperature throughout the day and
between days, primarily because they lack adequate physiological and behavioural adaptations
to cope with such changes.%! People were more sensitive to mortality at long exposures to TV
in coastal areas, such as Durban which experiences higher average temperatures, contrary to
results by Guo et al. (2016)1° where acute mortality risks were observed in warm areas. Further
studies are needed to fully understand the difference in mortality in inland versus coastal areas.

Consistent with previous studies, 311 RD mortality risks were generally higher than CVD
risks. However, the results contradict the results of a recent study conducted in Cape Town
which found higher risks of CVD hospital admissions as compared to RD admissions.[**! The
difference might be due to the demographic characteristics of the study populations and health
outcomes studied. This recent study also focused on hospital admissions, while the present
study focused on mortality. Furthermore, the study population in the recent study was restricted
to private hospital patients. The possible mechanism underlying the detrimental mortality risks
associated with this needs to be explored in future. Furthermore, although several lengths of
TV were assessed, different models were used to assess the health effects of TV on hospital
admissions.

The elderly population were likely more susceptible to TV, which is similar to findings from
previous studies. This might be due to the degenerating thermoregulatory system linked with
ageing, (192732 as well as the greater prevalence of comorbidities, such as diabetes and
hypertension. Furthermore, subgroup analysis showed that females were generally more
affected by TV, which is consistent with previous studies. 2334 Females are often considered
more vulnerable to temperature changes due to a combination of physiological and societal
factors. In addition, hormones, such as oestrogen, can influence how the body perceives
temperature. Fluctuations in oestrogen levels during the menstrual cycle may contribute to
varying temperature sensitivity in women. !
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Strengths and limitations

This study has some specific strengths. Firstly, this is the first multi-city study focusing on the
relationship between TV and mortality in South Africa, using a composite index of intra- and
interday variability.[*® Secondly, most of the studies that used the compositive index of TV
assumed the association between TV and mortality to be linear.[*%1% |n the present study, the
non-linear and delayed effects of TV at different exposure days were investigated. Thirdly,
cause-specific, age-specific, and gender-specific mortality was investigated. Fourthly, to test
the robustness of the results, a range of sensitivity analyses were performed.

This study also has some limitations. Firstly, this study was at the population level, and
therefore, exposure misclassification may be a source of bias. Secondly, the cities included in
the study are in urban areas and therefore, the results might not be generalisable to rural areas.
However, the cities were in different Koppen-Geiger climatic zones. Thus, the results can be
generalised to areas with similar climatic conditions. Thirdly, air pollutants which are known
to confound heat and health associations were not controlled for due to the availability of
adequate data. However, previous studies found little to no effect of air pollutants on the overall
results. 5361 Fourthly, stratification by season was not performed.

Conclusion

This study advances the knowledge of mortality risk factors in South Africa. The study found
a positive association between TV and mortality. The increased risks of death due to TV
highlight the importance of assessing the health effects of other indicators of climate change,
and not only focusing on mean temperature. However, little to no statistically significant effects
of TV on CVD mortality were observed, with the elderly and females more vulnerable.
Significant RD mortality risks were observed at the national level. Furthermore, the elderly
were more vulnerable to RD mortality; in terms of gender in general, females were more
vulnerable. Further research can provide a more comprehensive understanding of the mortality
risks associated with TV exposure, allowing for more targeted and evidence-based policies and
interventions. This study could help policymakers and clinicians to inform public health
strategies and clinical practices aimed at reducing mortality rates and improving the overall
health of the population, especially among vulnerable groups, like the elderly and females.
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Appendix

Table A 1. Specifications of the cross-basis function of TV by city when the outcome was CVD mortality

City TV Lag structure

Bloemfontein dQIO & & BRQ 1 AOCIT Al ¢ cd BHQQQI hNE £ 0@ Q
Cape Town QIO & & BRQ 1 AOCIT A ¢ cd BIQQ'QI 'BhNE £ 0@ Q
Durban aQM0h £ & B'Q 1 Ol "Qa OO ¢ e BiRQ ThQ: £ 60 & Q
Johannesburg QIO & & BQ 1 Ol Q0 00O £ & BHNQ ThQe ¢ 0 Q
Gqeberha QIO & & BQ 1 WOl Q0 00O £ & BHNQ ThQe ¢ 0& Q
¢ i natural cubic spline with four degrees of freedom

& K — B-spline with three degrees of freedom

Lk — quantile (TVO01, c (.25, .50, .75), narm=T)

Table A 2. Specifications of the cross-basis function of TV by city when the outcome was RD mortality

City TV Lag structure

Bloemfontein aQIGH &£ & B'Q 1 AOCI A ¢ en ERQQ'QI '@ £ 0@ Q
Cape Town aQIGH & & B'Q 1 AOCI AM ¢ en EHQQ'QI '@ £ 0@ Q
Durban QG & & BHQ T O Q0 OO & & BIRQ ThQ: ¢ 0 & Q
Johannesburg QMG & & BHQ T Wi "Qa OO & cnEiQ'QQ 'WENE £ 0& Q
Ggeberha QG & & BHQ T Ol "Qa OO ¢ & BINR'Q ThQ: ¢ 0 & Q

'Q "Qdegrees of freedom

@ ¢ B-spline with three degrees of freedom
Ik- quantile (TV01, c (.25, .50, .75), na.rm =T)

¢ i natural cubic spline with four degrees of freedom
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Table A 3. CVD and RD mortality in five South African cities, 20062011

Bloemfontein Cape Town Durban Johannesburg Ggeberha
CVD
Total 15348 60654 62623 51653 23597
Age groups
<65-years 6899 22811 27529 24562 10408
>65-years 8442 37791 35007 26907 13179
Missing 7 52 87 184 10
Gender
Females 8260 31377 33308 26258 12977
Males 7073 29214 29278 25182 10603
Missing 15 63 37 213 17
RD
Total 13298 24417 30071 34584 12517
Age groups
<65-years 9796 12588 21361 23489 7805
>65-years 3493 11768 8604 10794 4701
Missing 9 61 106 301 11
Gender
Females 6262 10895 14266 16093 5845
Males 7017 13450 15764 18239 6650
Missing 19 72 41 252 22
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Chapter 6: Manuscript addressing objective 5

Chapter 6 presents a manuscript addressing objective number 5 which investigate the effect
of modification of weather types on the association between TV, RD, and CVD in five
South African cities, namely Bloemfontein, Cape Town, Durban, Johannesburg, and
Ggeberha located in different Koppen-Geiger regions during the study period 2006—2016.

The Manuscript was submitted to Environmental Research,and it is titled “Effect
modification of theassociation between temperature variability and mortality by spatial

synoptic classification weather types in five South African tities
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Temperature variability and daily mortality interactions with spatial weather type and

season in five South African cities.
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Highlights

1 We investigated the association between temperature variability and cardiorespiratory
mortality, along with possible effect modification by season and spatial synoptic
classification (SSC) weather types.

1 Temperature variability increases was associated with mortality at national level.

1 Mortality risks were higher during the warm season as compared to the cold season.

9 The effect was modified by season, SSC weather types, gender, and age.
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6.1. Abstract

This study investigated the effects of temperature variability (TV) on cardiorespiratory
mortality and its modification by spatial synoptic classification weather types and season in
five South African cities located in different Koppen-Geiger climatic zones. City-specific daily
death counts, meteorological data and daily SSC weather type calendar were obtained from
2006 to 2016. Quasi-Poisson generalised linear regression and distributed lag non-linear model
(DLNM) were used to estimate the association between the TV and cardiorespiratory (CVD:
100-199 and RD: J00-J99) mortality. The study further examined vulnerability by age (<65 or
>65) and gender (females or males). In total, 328 762 deaths occurred during the study period
in the five cities. At national level, a 1°C increase in TV at lag 0 was associated with a
significant increase of 1.08 (95% CI:1;1.17) in cardiorespiratory mortality. Higher effects of
TV were observed in the warm season (RR=1.15, 95% CI: 1; 1.29). Stratified analysis showed
individuals >65-years and females were more sensitive to TV in the warm season, while
individuals <65-years and males were more vulnerable during the cold season. For the entire
study population, greater association was observed during moist tropical (MT) weather
conditions in Bloemfontein (1.87 95% 0.96-3.63), dry tropical (DT) weather conditions in Cape
Town (1.27 95% C10.83-1.95), moist moderate (MM) weather conditions in Johannesburg
(1.35, 95% CI:0.51-3.56), and during transitional (TR) weather conditions in both Durban
(1.17, 95% Cl10.63-2.19) and Ggeberha (1.35, 95% CI:0.51-3.56). Our findings demonstrate
that mortality risks of TV differ by season and SSC weather types. It is anticipated that the
results presented in the present study will increase awareness among the public health
community and policy makers regarding climate-related factors that make it challenging to

provide a straightforward assessment of the effects of temperature changes on human health.

Key words: cardiorespiratory, mortality, weather types, South Africa, effect modification.
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6.2. Introduction

Climate change affects health in a myriad of ways (WHO, 2021). Previous studies associated
climate change with worse human health (Rocque et al., 2021). Global warming might not only
increase annual ambient mean temperatures, it can also increase temperature variation (Cheng
et al., 2017; Guo et al., 2021). The health effects of temperature variability (TV) occur over
several days and can be delayed in time (Guo et al., 2016; Liu et al., 2023; Makunyane et al.,
2023a; Wang et al., 2021; Yang et al., 2018). For example, a study in China found that
increased daily TV was associated with increased risks of cardiovascular and respiratory
mortality at longer exposure days (Yang et al., 2018). Prior studies that investigated effects of
intra- (e.g. diurnal temperature range) or interday (temperature changes between two adjacent
days) TV separately, might have underestimated mortality risks related to TV, since they did
not consider the lag effect (Guo et al., 2016; Liu et al., 2023; Wu et al., 2022).

Several studies used a wide variety of techniques to examine the relationship between health
outcomes and a suite of weather variables, including a spatial synoptic classification (SSC)
scheme (Fonseca-Rodriguez et al., 2019; Fonseca-Rodriguez et al., 2021; Hondula et al., 2014;
Kim and Lee, 2019; Nunez, 2023; Sheridan and Lin, 2014; Vanos et al., 2015). For example,
exposure to SSC weather types was associated with increased emergency medical service calls
for cases related to asthma incidents (Nunez, 2023). A study conducted in Sweden also
associated tropical weather conditions with increased risks of cardiorespiratory mortality at
short lags (Fonseca-Rodriguez et al., 2020). SSC is a classification system that categorises
weather conditions into one of seven distinct categories based on their atmospheric patterns,
allowing for a more comprehensive analysis of the relationship between weather and their
potential impact on human health (Hondula et al., 2014; Sheridan, 2002). The application of
SSC in epidemiological or health-related studies has been undertaken by relatively few

researchers (Hondula et al., 2014; Kim and Lee, 2019), especially in developing countries.

A previous study showed that temperature modified the association between ischaemic stroke
hospital admissions and diurnal temperature range (DTR) (intraday indicator for TV).
particularly, a significant interactive effect between DTR and temperature was observed (He
et al.,, 2021). In this study, an attempt is made to investigate whether ambient weather
conditions modify the TV-mortality association. Consequently, the objective of this study was
to investigate whether season and SSC weather types modify the association between TV and

cardiorespiratory mortality in five South African cities using quasi-Poisson time series models
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along with distributed non-linear models. Specifically, this study assessed (a) the association
between TV and cardiorespiratory mortality in five South African cities; (b) the effect of season
on cardiorespiratory mortality and TV association; (c) the effect of synoptic weather types on
cardiorespiratory mortality and TV association.VVulnerability by age and gender was also

investigated.

6.3. Materials and Methods
6.3.1. Study population

This study was performed in five South African cities located in different Koppen-Geiger
climatic zones, namely Bloemfontein, Cape Town, Durban, Johannesburg, and Gqgeberha
(formerly known as Port Elizabeth). Mortality data for each of the five cities for the period 1
January 2006 to 31 December 2016 was obtained from Statistics South Africa. The daily totals
of cardiorespiratory mortality (hereafter referred to as mortality) stratified by age (<65 and
>65) and gender were calculated by aggregating daily counts of cardiovascular disease (CVD)
(I00—199) and respiratory disease (RD) (JO0—J99). Total cardiorespiratory mortality provides
a comprehensive understanding of mortality related to both respiratory and cardiovascular
causes, which are often interrelated. Examining the combined mortality provides a better
understanding of the shared risk factors and develops targeted interventions to address them.

6.3.2. Meteorological and other environmental data

Meteorological data including hourly temperature (°C), relative humidity (%), wind speed
(km/h) and rainfall (mm), and barometric pressure (kPa) was obtained from the South African
Weather Service (SAWS). Temperature variability for the preceding two days (TVo-1) was used
as the exposure variable. This was motivated by a previous study conducted in the same region
which showed that highest mortality risks of TV were observed at 0-1 day of exposure
(Makunyane et al., 2023a). It was derived using the standard deviation of the minimum
temperature at lag 0, maximum temperature at lag 0, minimum temperature at lag 1 and
maximum temperature at lag 1 (Guo et al., 2016; Tian et al., 2019). The SSC weather-type
calendar classifying a day’s meteorological conditions into one of the seven weather-type
categories, namely dry moderate (DM), dry polar (DP), dry tropical (DT), moist moderate
(MM), moist polar (MP), moist tropical (MT), and transition (TR) was downloaded from

http://sheridan.geog.kent.edu/ssc3.html. It uses the stations’ latitude and weather data to

classify each day into one of the seven distinct weather type categories.
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6.3.3. Statistical methods

A previous study in South Africa revealed the association between TV and mortality to be non-
linear and delayed in time (Makunyane et al., 2023a), similar to several previous studies this
ascertained that the impact of climate and weather indicators on health does not only depend
on the presence or absence of the exposure variable, but also varies through time (Guo et al.,
2016; Tian et al., 2019; Zha et al., 2021). To assess the shape of the association between TV
and mortality, a natural cubic spline was applied and Akaike Information Criterion (AIC) were
used to select the model with minimum AIC values, these approaches were used in previous
studies (Cheng et al., 2017; Tian et al., 2019). Consequently, a linear function was used for TV
for the City of Cape Town and Johannesburg. A natural cubic spline with four degrees of
freedom was used for TV and a B-spline with three degrees was used to capture the lag space
up to 21 days in Bloemfontein. A natural cubic spline with four degrees of freedom was used
for both TV and to capture the lag space up to 21 days in Durban and Ggeberha. For the
distributed lag non-linear models (DLNM) functions of TV, three internal knots were placed
at equally spaced temperature percentiles (25™, 50", and 75"). In line with previous studies,
several confounders were controlled for, and AIC was used to select the optimum model
options for each variable included in the model (Cheng et al., 2017; Gasparrini, 2014; Guo et
al., 2016; Zha et al., 2021).

Long term trends (time) were controlled for using natural cubic spline with varying degrees of
freedom for each city summarised in Table Al. Indicator variables were used to control for the
potential variations in the day of the week and public holiday’s variables due to seasonal
fluctuations between TV and mortality. To account for the non-linear and delayed effects of
daily mean temperature, a DLNM term was included in the model. Specifically, a natural cubic
spline function with four degrees of freedom was used for daily mean temperature, and to
capture the lags over time up to 21 days. Three internal knots were placed at equally spaced
temperature percentiles (25", 50™", and 75™). To adjust for the confounding effects of relative
humidity, a natural cubic spline with three degrees of freedom was used.

Consequently, the mortality risks in each city were estimated using the following model:

oIrT® | "W EioQP QQ | Y "YaQ®HE Q&0

1T NO®
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Suchthat O 1 T ¢ is the expected count of cardiorespiratory mortality on day Q"%  and
“Y& ‘Q colénotes two dimensional cross-basis matrices produced by DLNM for TV index and
daily mean temperature respectively, Q ¢ @nd ) 6 denotes indicator variables for day of the
week and public holiday. The overall cumulative effects of TV up 21 days was reported, the
selection of 21 days was based on the evidence from prior studies effects of hot temperatures
that can last up to five days after exposure and effects of cold temperatures up 21 days after
exposure (Wang et al., 2021). To examine whether season or weather types modified the effects
of TV on mortality, an analysis of variance (ANOVA) test was used to test whether there is
significant interaction between TV and season or weather types, and if there was, then the

stratification was performed.

Effects of TV on mortality were presented as relative risks (RR, with 95% CI of TV increases)
(5% and 95% percentiles of TV) along specified lags (0, 7, 14, and 21) with the median as the
reference point. A stratified analysis was also conducted to explore the associations across age
groups and gender in each city.

All data analysis were performed in R statistical software (v4.1.2; R Core Team 2022), with

the ‘DLNM’ package used to fit the relationship between TV and mortality.

6.4. Results

6.4.1. Descriptive statistics

In total, 328 762 deaths occurred during the study period in the five cities (Table A2). The
highest number of deaths were observed in Durban and the lowest were observed in
Bloemfontein. In terms of age groups, the highest number of daily deaths was observed for the
adults (<65-years) age group for all the cities, except for Cape Town where 58.3% of deaths
were in the elderly group. In terms of season, the highest number of deaths occurred during the

warm season.

Figurel and Table A3 show the distribution of the daily SSC weather types by season. The
order of the frequencies of the weather types from the highest in each city was as follows, DM,
DT, TR, MT, DP, DP, MM, and MP in Bloemfontein. DM, MM, MT, TR, DT, DP, and MP in
Cape Town. MT, DM, MM, TR, MP, DP, and DT in Durban. DM, DT, MT, TR, MM, DP, and
MP in Johannesburg. DM, MM, MT, DP, MP, and DT in Ggeberha. The highest proportions

of the SSC weather types during the warm season were as follows, DT (25.2%) and DM
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(14.2%) in Bloemfontein, DM (21.7%) and MT (20.7%) in Cape Town, MT (24.6%) and MM
(9.3%) in Durban, DM (17.4%) and MT (16.4) in Johannesburg, and MT (23.1%) and DM
(18.8%) in Ggeberha. DM accounted for most of the days during the cold season in all the five
cities.

Figure 2 and Table A4 show the characteristics of mortality by each of the seven SSC weather
types. During the warm season, the daily average cardiorespiratory mortality were higher on
DT days in Bloemfontein, on DP days (N=44) in Cape Town, on DM (N=371) and TR (N=188)
days in Durban, on DP (N=70) days in Johannesburg, and on DT (N=27) Gqeberha days.
During the cold season, the daily average of cardiorespiratory deaths was higher on
DM(N=818) days in Bloemfontein, on DT (N=35) and TR (N=121) days in Cape Town, on
MP (N=20) and DM (N=393) days in Durban, on TR (N=129) days in Johannesburg, and on
DT (N=41) and TR (N=213) days in Ggeberha.
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Fig 1. Frequency distribution of SSC weather types according to seasons in five South African cities, during 2006-2016. The whole study period was divided into
warm (January to April, and September to December) and cold (May to August) seasons
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6.4.2. Association between TV and cardiorespiratory mortality

Fig.3 and Fig.4 present the cumulative overall relative risk (RR) (95% CI) of mortality along
TV, with TV referenced at the 50" percentile in each city. The 95% Cls are represented by the
shaded areas. The estimated associations for mortality and TV peaked at low TV values and
kept decreasing and protective effects were then observed. However, in Bloemfontein and
Ggeberha, the associations started to increase again when TV crossed the 50™ percentile. In
Durban, the mortality risks peaked again at extremely high TV values.

With the 50" percentile of TV as the reference (10°C in Bloemfontein, 7°C in Johannesburg
and 5°C in Cape Town, Durban, and Ggeberha respectively), the RR for mortality associated
with TV at lag 0, lag 0-7, lag 0-14 and lag 0-21 days for the full year are presented in Table 1.
For the full year, the strongest effect of TV was observed at lag 0 for Bloemfontein (2.07, 95%
Cl: 0.85-5.03), Cape Town (1.05, 95% CI: 0.95-1.17), Johannesburg (1.12, 95% CI: 0.95-1.33)
and Ggeberha (1.21, 95% CI: 0.45-3.27). In contrast, the strongest effect of TV was observed
at lag 0-21 days for Durban (3.42, 95% CI: 0.79-14.88) (Table 1). Meanwhile, season-specific
analysis showed stronger effects of TV during the cold season in Bloemfontein, Durban, and
Johannesburg. In contrast, stronger effects were observed during the warm season in Ggeberha
(Table A5). Furthermore, Figure 5 shows season-specific lag-response curves for the cities
where a TV mortality association was non-linear and delayed. Significant effects were
observed from lag 9 to 21 during the warm season in Bloemfontein and the greatest effects
were observed at lag 21 in the cold season. The highest effects were observed at lag 5 in Durban
during the warm season and at lag 2 during the cold season. In Ggeberha, the highest effects
were observed at lag 2 and lag 4 during the warm and cold seasons respectively.

In terms of age, the effect estimates were greater for older individuals >65 except in Cape
Town. The risks were similar across the age groups in Johannesburg. According to season, the
risks were generally greater for people >65-years during the warm season and higher for people
<65-years during the cold season (Table A.5). Females were more vulnerable to TV than males
for the full year, however, the risks were similar for females and males in Cape Town (Table
1). During the warm season, females had higher risks of mortality in all five cities, except for
Johannesburg. Males were generally at more risk of dying during the cold season (Table A.4).

Table 2 shows the season-specific pooled association between TV and mortality at lag 0.
Stronger TV effect (RR=1.15, 95% CI: 1;1.29) was observed in the warm season for the entire
population. Higher risks of TV-related mortality (RR=1.38,95% CI: 1.14;1.63) were observed
in the cold season for the <65-years age group and in the warm season for individuals >65-
years (RR= 2.46, 95% CI. 1;3.91). Females were more vulnerable in the warm season and
males were more vulnerable during the cold season.
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Table 1. Cumulative effects of TV on daily cardiorespiratory mortality for lag periods by city, age, and gender in South Africa, 2006-2016

City

RR (95% CI)

Total

<65

=65

Female

Males

Bloemfontein
Lag 0

Lag 0-7
Lag 0-14
Lag 0-21
Cape Town
Lag 0

Lag 0-7
Lag 0-14
Lag 0-21
Durban
Lag 0

Lag 0-7
Lag 0-14
Lag 0-21
Johannesburg
Lag 0

Lag O0-7
Lag 0-14
Lag 0-21
Gqeberha
Lag 0

Lag 0-7
Lag 0-14
Lag 0-21

2.07 (0.85;5.03)
0.96 (0.81;1.15)
1.1(0.93;1.3)

0.85 (0.26;2.83)

1.05 (0.95;1.17)
0.98 (0.94;1.02)
0.91 (0.76;1.09)
0.85 (0.61;1.17)

1.27 (0.73;2.2)
0.92 (0.81;1.04)
1.58 (0.89;2.78)
3.42 (0.79;14.88)

1.12 (0.95;1.33)
1(1:1)

0.89 (0.75;1.06)
0.79 (0.56;1.12)

1.21 (0.45;3.27)
1.04 (0.87;1.24)
0.98 (0.51;1.87)
0.86 (0.14;5.41)

1.31(0.42;4.13)
0.89 (0.7;1.11)
1.05 (0.85;1.3)
1.11 (0.25;5.06)

1.14 (0.97;1.34)
0.95 (0.89;1.01)
0.79 (0.59;1.05)
0.66 (0.4;1.09)

1.11 (0.52;2.37)
0.84 (0.71;1)
1.26 (0.56;2.85)
2.55 (0.31;20.77)

1.15 (0.92;1.44)
1(1:1)

0.87 (0.7;1.09)
0.76 (0.48;1.18)

0.58 (0.14;2.35)
1.06 (0.82;1.36)
1.2 (0.49;2.95)

1.29 (0.1;16.65)

3.56 (0.93;13.59)
1.1 (0.84:1.44)
1.15 (0.9;1.47)
0.5 (0.08;3.23)

0.99 (0.87;1.13)
1 (0.95;1.06)
1.01 (0.8;1.28)
1.02 (0.67;1.55)

151 (0.67;3.41)
1.02 (0.85;1.23)
1.94 (0.87;4.32)
4.3 (0.53;34.6)

1.12 (0.88;1.44)
1(1:1)

0.89 (0.69;1.14)
0.79 (0.48;1.3)

2.33(0.6:9.1)
1.03 (0.8;1.32)

0.78 (0.32;1.93)
0.53 (0.04;6.77)

2.77 (0.82;9.32)
0.87 (0.68;1.11)
1.14 (0.91;1.44)
1.44 (0.28;7.53)

1.1 (0.96;1.27)

0.96 (0.91;1.02)
0.84 (0.65;1.08)
0.73 (0.46;1.15)

1.67 (0.79;3.56)
0.94 (0.79:1.11)
1.8 (0.83;3.93)
4.5 (0.6;33.81)

1.16 (0.91;1.48)
1(1:1)

0.86 (0.68;1.1)
0.75 (0.46;1.22)

1.28 (0.34;4.81)
1.12 (0.88;1.42)
0.98 (0.41;2.34)
0.7 (0.06;8.21)

1.48 (0.43;5.17)
1.08 (0.84;1.39)
1.06 (0.84;1.33)
0.47 (0.09;2.49)

1.01 (0.87;1.16)
1 (0.94;1.06)

0.99 (0.77;1.27)
0.98 (0.63;1.54)

0.95 (0.42;2.13)
0.9 (0.75;1.08)
1.41 (0.62;3.21)
2.74 (0.33:23.07)

1.1 (0.88;1.39)
1(1:1)

0.9 (0.72;1.14)
0.82 (0.52;1.29)

1.12 (0.27;4.6)
0.96 (0.74:1.24)
0.96 (0.38;2.4)
1.02 (0.08;13.77)
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Table 2. Meta-analysis of the relative risks of the association between cardiorespiratory mortality and TV at lag 0. Models were adjusted for day of the week, public
holiday, time, daily mean temperature, and relative humidity

Group Full year Warm season Cold season
Total 1.08(1;1.17) 1.15(1;1.29) 1.18(0.92;1.44)
<65 1.14(1.02;1.26) 1.11(0.90;1.32) 1.38(1.14;1.63)
>65 1.72(0.88;2.56) 2.46(1;3.91) 1.06(0.73;1.39)
Female 1.35(0.97;1.74) 1.72(0.95;2.50) 1.19(0.62;1.77)
Males 1.04(0.92;1.15) 1.12(0.91;1.32)

2.89(0.29;6.07)
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Fig 5. Season-specific effects of TV on cardiorespiratory mortality in Bloemfontein, Durban, and Ggeberha, during 2006-20126
(TV referenced at the 50" percentile). The red dots and long solid lines indicate the relative risk and its 95% confidence
interval. The Lag-response curves for Cape Town and Johannesburg are not shown since the response-exposure
association is linear
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6.4.3. TV and mortality interactions with SSC weather types

Mortality due to TV was fitted according to SSC weather types and the estimated results
showing age and gender-specific associations are shown in Table A6 and Fig 6. In general, TV
mortality risks varied by city, age, gender, and SSC weather type on the same day as the
mortality. For the entire study population, greater association was observed during MT weather
conditions in Bloemfontein (1.87 95% CI1:0.96-3.63), DT weather conditions in Cape Town
(1.27 95% CI: 0.83-1.95), MM weather conditions in Johannesburg (1.35, 95% CI: 0.51-3.56),
and during TR weather conditions in Durban (1.17, 95% CI: 0.63-2.19) and Gqgeberha (1.35,
95% CI: 0.51-3.56) respectively.

In addition, age-specific associations were analysed (Figure 6) focusing on DM weather
conditions and increased risks of mortality were observed among individuals <65-years in
Bloemfontein, Durban, and Ggeberha. During DP weather conditions, individuals >65-years
appeared more vulnerable in Bloemfontein and Johannesburg. A greater effect of TV on
mortality was observed for individuals >65-years in Bloemfontein, Cape Town, and Ggeberha
during DT weather conditions. Individuals <65-years were more likely to die during MM
weather conditions in Johannesburg and Ggeberba. Positive effects were only observed for
individuals <65-years in Cape Town during MP weather conditions. Individuals <65-years
were more vulnerable to mortality in Bloemfontein, Durban, and Ggeberha during MT weather
conditions. In contrast, individuals >65-years were more susceptible to mortality risks in Cape
Town. During transitional weather conditions, individuals >65-years appeared more
susceptible to mortality in Ggeberha, while in the other cities, the risks were similar among the
age groups. In terms of gender, males were generally more likely to die as of cardiorespiratory
related diseases compared to females.
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Fig 6. City-specific relative risks for cardiorespiratory mortality in South Africa, 2006-2016. The risk estimation
was conducted for the entire year and the cumulative relative up to lag 7 in Bloemfontein, Cape Town,
Durban, and Ggeberha are reported. The relative risks in Johannesburg are reported for up to lag 14. The
risks are stratified by age and gender per spatial synoptic weather types. The SSCs were denoted as Dry
moderate [DM], Dry polar [DP], Dry tropical [DT], Moist moderate [MM], Moist polar [MP], Moist tropical
[MT], and Transition [R1]
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6.5. Discussion

6.5.1. Principal findings

The present findings suggest that TV is associated with increased risks of cardiorespiratory
mortality. The association is modified by season, SSC weather types, age, and gender.
Mortality was strongly associated with TV during the cold season in all the cities except for
Gqgeberha. Mortality risks per SSC weather type differed by city, with a greater increase in
mortality detected in MT weather conditions in Bloemfontein, DT weather conditions in Cape
Town, MM weather conditions in Johannesburg, DM and TR weather conditions in Durban

and Ggeberha.

6.5.2. TV and cardiorespiratory mortality

The number of epidemiological studies evaluating the mortality risks related to TV using a
composite index of intra- or interday TV as an indicator is growing (Guo et al., 2016; Ma et
al., 2019; Wu et al., 2022; Yang et al., 2018; Yu et al., 2022; Zhang et al., 2019). Most of these
studies reported high effect estimates with increasing exposure days or lags. For example, a
study conducted in Hubei Province, China reported that a 1°C increase in TV at 0-7 days was
associated with a significant increase of 1.22% (95% CI: 0.29, 2.16) in cardiorespiratory
mortality (Zhang et al., 2017). The risks of mortality peaked at 0-7 days for a study of 45 US
cities, specifically, an increase of 0.53% (95% CI: 0.31%, 0.76%) cardiovascular and 0.62%
(95% CI:0.26%,0.98%) respiratory mortality per 1°C increase in TV. Contrary to these prior
studies, a study on cause-specific mortality risks in South Africa observed higher risks at short
exposure days (Makunyane et al., 2023a), hence the present study evaluated the mortality risks
at 0-1 day (two preceding days) for different lag structures. The effect estimates were stronger
at lag O for all the cities, except for Durban where the highest effect estimates were observed
at lag 0-21. Ding et al. (2015) also observed significantly higher cumulative effect of DTR
(intraday TV) on cardiorespiratory at lag 0-21 days.

In accordance with previous studies (Lane et al., 2023; Yu et al., 2022; Zhang et al., 2017),
individuals >65-years of age were generally at higher risk related to TV, except for Cape Town.
The 15-64-years age group in Cape Town were observed to have higher risks of being
hospitalised after exposure to TV (Makunyane et al., 2023b). High susceptibility in the <65-
years age group in Cape Town might be explained by the demographic dynamics of Cape
Town, 69,9% of the population in Cape Town were between the ages of 15 and 64-years
(StatsSA, 2011). Therefore, it is recommended that preventive measures should be directed
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toward enhancing the ability of these susceptible populations to adapt to temperature

fluctuations.

6.5.3. TV and mortality association interactions with season and SSC weather types

Previous studies showed that the heat-related health effects can be modified by several factors,
such as season, and a suite of meteorological conditions, such as air masses or weather types
(Guo et al., 2016; Ma et al., 2019; Phosri et al., 2020; Sharafkhani et al., 2017). In line with
prior studies, stronger TV effects were observed in the warm season (Hu et al., 2019; Ma et al.,
2019; Sharafkhani et al., 2017; Zhang et al., 2017). At national level, individuals >65-years
and females were sensitive to TV in the warm season. More pronounced effects were observed
for individuals <65-years and males in the cold season. Several epidemiological studies
provided evidence to support that the human thermoregulation system is incapable of
completely adjusting to temperature changes within a short interval (Hu et al., 2019; Ma et al.,
2019; Sharafkhani et al., 2017; Tian et al., 2019; Wang et al., 2021).

The SSC approach was applied to assess the TV-related mortality association in the five cities.
The DM weather type was the most frequent weather type in four cities and MP weather type
was the most prevalent weather type in Durban. MP weather type was the least frequent weather
type in Bloemfontein, Cape Town, and Johannesburg, while DT weather type was the least
frequent weather type in Durban and Ggeberha. The large variation in weather type frequencies
among the cities might be the plausible reason for different oppressive weather types in each
city (Vanos et al., 2015). For instance, strong associations were observed during MT weather
in Bloemfontein; a study conducted in the Czech Republic obtained similar results (Urban and
Kysely, 2018). Prior studies associated DT weather with increased risks of cardiovascular and
respiratory mortality (Fonseca-Rodriguez et al., 2020; Sheridan and Lin, 2014), elevated

mortality risks were also found in Cape Town during DT weather conditions.

The relationship between weather and health varies geographically (Hajat et al., 2010; Hondula
et al., 2014). For example, in Johannesburg high risks of mortality were observed during MM
weather conditions, while elevated mortality risks in Durban and Ggeberha were observed
when one weather type transitioned into another (TR). Prior studies showed the prevalence of
mortality to be associated with heat, especially when combined with high humidity levels
(Fonseca-Rodriguez et al., 2021; Hondula et al., 2014; Ma et al., 2019; Psistaki et al., 2023).
The present study supports previous research showing increased risks of mortality associated
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with temperature exposures (Fonseca-Rodriguez et al., 2020; Fonseca-Rodriguez et al., 2021;
Hondula et al., 2014; Sheridan and Lin, 2014; Urban and Kysely, 2018). These weather type
modifications demonstrate the importance of categorising the analysis into the weather types
accounting for a suite of meteorological conditions, rather than focusing on one exposure
variable (Vanos et al., 2015).

6.5.4. Strengths and limitations

The present study has some notable strengths. First, to the best of the author's knowledge, this
is the first multi-city study to examine modification of TV-mortality association by SSC
weather types and season. Second, the cities were in different climate zones, therefore the
results can be generalised to other cities with similar populations and climatic conditions. This
study has some limitations. First, as in many other epidemiological studies, individual exposure
data was not used, however, meteorological data from weather stations was used. Weather data
measured at stations does not fully capture what the individual was exposed to, and this might
introduce exposure misclassification. Second, ambient air pollutants were not considered due
to data availability in other cities. However, a previous study conducted in South Africa did
not find significant contribution by air pollutants when assessing the health effects of TV
(Makunyane et al., 2023b). Third, mortality was not classified on a finer scale, future studies
should consider investigating a wide range of CVD and RD conditions, such as Ischemic Heart
Diseases (120-125) and Chronic Obstructive Pulmonary Disease (COPD) (J40-J44). Fourth,
season-specific effect of SSC weather types was not investigated. Future research should
investigate season acclimatisation since the SSC weather types change in character over the
course of the season, for example, heat events experienced in the spring would be less
oppressive as compared to heat events in summer (Sheridan and Lin, 2014).

6.6. Conclusion

In summary, this study added evidence to the analysis of the relationship between TV and
cardiorespiratory mortality. Short-term exposure to TV could increase the risks of
cardiorespiratory mortality, with individuals >65-year and females experiencing high
vulnerability to TV-related mortality. Higher risks of mortality related to TV were observed
during the warm season. Furthermore, TV-related mortality effects could be elevated
depending on the SSC weather type of that day. The varying effects of TV by season and
weather types must be examined further to fully understand the influence of weather on health

outcomes.
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6.8. Appendix

Table Al. Degrees of freedom that minimises AIC values to control for seasonal and long-term trends for
the five cities

City Entire Year Warm Season Cold Season
Bloemfontein 5 4 2
Cape Town 9 5 9
Durban 9 5 7
Johannesburg 10 6 5
Ggeberha 8 9 4
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Table A2: City-specific summary statistics of CVD mortality in the five cities stratified by season, age, and gender during 2006-2016

Age Gender
Cities Season Total <65 >65 Females Males
Bloemfontein Overall 28646 (100) 16695 (58.3) 11935 (41.7) 14522 (50.7) 14090 (49.2)
Warm 17265 (100) 10197 (59.1) 7058 (40.9) 8741(50.6) 8508 (49.3)
Cold 11381 (100) 6498 (57.1) 4877 (42.9) 5781 (50.8) 5582 (49.1)
Cape Town Overall 85071 (100) 35399 (41.7) 49559 (58.3) 42272 (49.7) 42664 (50.2)
Warm 51224 (100) 21615 (42.2) 29540 (57.7) 25449 (49.7) 25696 (50.2)
Cold 33847 (100) 13784 (40.7) 20019 (59.2) 16823 (49.7) 16968(50.1)
Durban Overall 92694 (100) 48890 (52.7) 43611 (47.1) 47574 (51.3) 45042 (48.6)
Warm 58231 (100) 30957 (53.2) 27148 (46.6) 29884 (51.3) 28301 (48.6)
Cold 34463 (100) 17933 (52.0) 16463 (47.8) 17690 (51.3) 16741 (48.6)
Johannesburg Overall 86237 (100) 48051 (55.7) 37701 (43.7) 42351 (49.1) 43421 (50.4)
Warm 51488 (100) 29068 (56.5) 22137 (43.0) 25208 (49.0) 25991 (50.5)
Cold 34749 (100) 18983 (54.6) 15564 (44.8) 17143 (49.3) 17430 (50.2)
Ggeherba Overall 36114 (100) 18213 (50.4) 17880 (49.5) 18822 (52.1) 17253 (47.8)
Warm 22191 (100) 11347 (51.1) 10828 (48.8) 11518 (51.9) 10648 (48.0)
Cold 13923 (100) 6866 (49.3) 7052 (50.7) 7304 (52.5) 6605 (47.4)
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Table A3. Frequencies (%) of the daily SSC in the five cities by season, during 2006-2016

SSC weather type Season Bloemfontein Cape Town Durban Johannesburg Gqeberha
DM Overall 347 31.8 19.0 36.1 30.1
Warm 14.4 21.7 9.2 17.4 18.8
Cold 20.4 10.1 9.8 18.7 11.3
DP Overall 7.3 5.1 2.0 6.3 3.4
Warm 3.8 1.1 0.5 1.7 0.7
Cold 3.5 4.0 1.4 4.6 2.7
DT Overall 28.7 6.9 1.9 18.2 1.7
Warm 25.2 6.1 1.5 14.8 1.0
Cold 3.5 0.9 0.4 34 0.7
MM Overall 5.2 20.7 16.3 7.8 24.8
Warm 4.4 9.7 9.3 6.5 13.1
Cold 0.8 11.0 7.0 1.3 11.7
MP Overall 2.4 4.9 3.0 3.9 3.8
Warm 0.7 1.4 2.5 2.6 1.6
Cold 1.8 3.5 0.5 1.4 2.1
MT Overall 10.2 21.7 29.1 17.0 24.7
Warm 9.8 20.7 24.6 16.2 23.1
Cold 0.4 1.1 4.5 0.8 1.6
TR Overall 10.7 8.4 6.9 9.7 7.8
Warm 7.5 5.4 4.7 6.5 5.3
Cold 3.2 3.0 23 32 2.5
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Table A4. Descriptive statistics of cardiorespiratory mortality by weather types in the five cities, 2006—-2016

Bloemfontein

Groups DM DP DT MM MP MT NA TR Overall

(N=1395) (N=293) (N=1154) (N=208) (N=98) (N=409) (N=30) (N=431) (N=4018)
Total 7.82£3.45 8.01+3.48 6.54 £ 3.15 6.41 £ 3.23 7.96 £3.48 6.55+3.16 6.50 £ 3.49 6.62 £ 3.17 7.13+£3.36
<65-years 4.56 + 2.68 471270 3.74+£ 244 4.02£245 4.72 £2.65 4.07 £2.60 3.37£2.99 3.62+£240 4.16 £ 2.60
>65 3.26+1.90 3.30+1.98 2.79+1.83 2.38+£1.69 3.21+£2.06 2.47+1.60 3.10 £ 1.67 2.99+182 2.97+1.86
Females 3.99+2.28 4051241 3.27+£2.00 3.46 £ 2.00 4.05 £ 2.36 3.33+2.15 3.33+2.12 3.29+2.04 3.61+£219
Males 3.82+2.19 3.95+2.03 3.27£2.08 2.95+2.04 3.89+211 3.22+£2.00 3.17 £2.07 3.31+£2.03 3.51+212

Cape Town

Groups DM DP DT MM MP MT NA TR Overall

(N=1277) (N=204) (N=278) (N=831) (N=197) (N=872) (N=20) (N=339) (N=4018)
Total 21.3+5.99 24.9+6.01 20.3+£5.77 224 +£6.27 24.1+5.83 18.6 +4.78 23.1+5.17 21.2+6.15 21.2+6.04
<65-years 8.97 £3.31 10.5+3.76 8.41 £ 3.09 9.22+341 9.97+£3.42 7.62+2.96 8.35+ 258 8.94 £ 3.45 8.81+3.37
>65 12.3+4.33 14.4 £3.97 11.8+£4.19 13.1+4.44 14.1+£4.33 10.9 £ 3.56 14.6 £ 4.47 122+441 12.3+4.29
Females 10.5+3.77 12.2+3.88 9.97 £ 3.65 11.3+3.92 12.0+3.89 9.34+£3.23 11.7+3.74 10.4 +3.83 10.5+3.79
Males 10.8+£3.80 12.7+3.70 10.3+3.68 11.0+3.81 12.1+3.94 9.22+£3.20 11.4+3.75 10.7 + 3.88 10.6 +3.79

Johannesburg

Groups DM DP DT MM MP MT NA TR Overall

(N=1450) (N=253) (N=732) (N=314) (N=158) (N=684) (N=37) (N=390) (N=4018)
Total 22.7+6.78 254 +£7.19 20.9+6.08 19.7 +5.62 21.6+6.91 18.5+5.40 22.7+6.70 21.7+£6.75 21.5+6.64
<65-years 12.6 £4.76 13.7+£4.90 11.6 £4.53 11.4+£4.04 12.1+£4.49 10.4 £ 3.88 129+ 4.88 12.2 £ 4.60 12.0£4.59
>65 9.97 £3.77 11.5+3.89 9.23+3.29 8.25+3.29 9.48 £ 3.86 7.98+2.99 9.59 +3.83 9.43 + 3.67 9.38 £ 3.64
Females 11.2+4.32 12.5+4.57 10.3+3.88 9.62 + 3.68 10.1+3.99 9.14 £ 3.44 10.6 + 3.59 10.9+4.33 10.5+4.15
Males 11.4+3.98 12.8+4.36 10.5+3.80 9.99 £ 3.66 11.4+431 9.22+3.32 12.0+4.14 10.8+3.94 10.8 +3.97
Continuation of Table A4

Durban
Groups DM DP DT MM MP MT NA TR Overall
(N=764) (N=79) (N=75) (N=656) (N=122) (N=1170) (N=873) (N=279) (N=4018)

Total 24.9 £ 6.96 25.3+6.35 22.7+6.40 23.0+6.46 22.1+£6.74 22.8 £5.67 21.5+5.70 24.5+6.26 23.1+6.28
<65-years 13.5+5.33 13.3+4.58 11.9+4.74 11.9+4.83 11.8+4.97 12.1+4.56 109+4.11 13.0+5.01 12.2+4.79
>65 11.3+3.78 12.0 £ 3.67 10.7 +3.87 11.0+4.12 10.2+3.80 10.6 £ 3.60 10.5+3.69 11.5+3.94 109+ 3.79
Females 12.7£4.39 13.1+4.28 12.1+£4.05 11.8+£4.08 11.2+4.02 11.8+3.79 10.9+£3.75 12.4+£3.70 11.8+4.02
Males 12.1+4.27 12.2+3.79 10.6 +4.04 11.2+3.98 10.9 +4.00 10.9 + 3.64 10.6 + 3.69 12.1+4.23 11.2+3.94




Continuation of Table A4

Durban
Groups DM DP DT MM MP MT NA TR Overall
(N=764) (N=79) (N=75) (N=656) (N=122) (N=1170) (N=873) (N=279) (N=4018)
Ggeberha
Groups DM DP DT MM MP MT NA TR Overall
(N=1210) (N=138) (N=68) (N=996) (N=151) (N=994) (N=147) (N=314) (N=4018)
Total 8.81+4.25 10.1+4.31 10.4 £ 453 9.10+4.29 9.93+4.68 8.61+3.93 8.56 + 3.54 9.46 + 4.24 8.99+4.20
<65-years 4.44 +2.80 5.01+2.61 5.51+2.95 453+275 5.10+2.95 4.37+2.65 4.36 + 2.58 4.81+294 453 +2.76
>65 4.37+248 5.07+2.71 4,93 £2.77 4.57 £2.60 4.83+2.78 4.23+2.34 4.20 £ 2.08 465+ 244 4.45+2.49
Females 4.58 £ 2.62 529 £2.73 512+ 272 479+ 274 493 +2.88 4531251 4.34£2.18 4.94 +2.62 4.68 + 2.63
Males 4.22 £ 2.54 4,77 £2.52 5.32+2.74 4.31+2.49 5.00 + 2.92 4,07 £2.42 4.20 £ 2.35 451 +261 4,29 +2.52

Dry moderate (DM), Dry polar (DP), Dry tropical (DT), Moist moderate (MM), Moist polar (MP) and Moist tropical (MT), and Transition type [T]. N=total number of days
with a particular weather type.
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Table AS. Cumulative effects of TV on daily cardiorespiratory mortality for lag 0 by city, age, and gender in South Africa,2006—2016 during the per season

City

RR (95% CI)

Total

<65

>65

Female

Males

Bloemfontein
Overall

Warm

Cold

Cape Town
Overall

Warm

Cold

Durban
Overall

Warm

Cold
Johannesburg
Overall

Warm

Cold
Gqeberha
Overall

Warm

Cold

2.07 (0.85;5.03)
2.15 (0.68;6.77)
2.61 (0.15;46.34)

1.05 (0.95;1.17)
1.08 (0.89;1.32)
1.08 (0.91;1.29)

1.27 (0.73;2.2)
1.38 (0.72:2.67)
3.35 (0.18;62.04)

1.12 (0.95;1.33)
1.11 (0.86;1.44)
1.35(0.91;2.01)

1.21(0.45;3.27)
2.6 (0.73;9.28)
0.3 (0.02;3.7)

1.31 (0.42;4.13)
1.42 (0.33;6.2)
2.97 (0.06;138.28)

1.14 (0.97;1.34)
1.01 (0.76;1.36)
1.33 (1;1.77)

1.11 (0.52;2.37)
0.88 (0.36;2.13)
4.76 (0.08;276.37)

1.15 (0.92;1.44)
1.25 (0.89;1.75)
1.52 (0.89;2.60)

0.58 (0.14;2.35)
1.2 (0.2;7.36)
0.27 (0.01:8.93)

3.56 (0.93;13.59)
3.52 (0.62;20.06)
2.48 (0.04;174.59)

0.99 (0.87;1.13)
1.15 (0.89;1.48)
0.94 (0.75;1.17)

1.51 (0.67;3.41)
2.35(0.89;6.21)
4.99 (0.07;372.64)

1.12 (0.88;1.44)
1.01 (0.69;1.47)
1.30 (0.73;2.29)

2.33(0.6;9.1)
5.15 (0.9;29.66)
0.29 (0.01;9)

2.77 (0.82;9.32)
2.31(0.49;10.83)
2.2 (0.04;129.92)

1.1 (0.96;1.27)
1.14 (0.87;1.5)
0.92 (0.73;1.17)

1.67 (0.79;3.56)
1.93 (0.79:4.73)
1.48 (0.03;77.52)

1.16 (0.91;1.48)
1.02 (0.71;1.49)
1.60 (0.90;2.83)

1.28 (0.34;4.81)
3.64 (0.66;20.2)
0.23 (0.01;6.6)

1.48 (0.43;5.17)
1.96 (0.39;9.83)
3.21 (0.05;187.43)

1.01 (0.87;1.16)
1.03 (0.79;1.34)
1.2 (0.94;1.54)

0.95 (0.42;2.13)
0.99 (0.38;2.58)
10.24 (0.15;694.93)

1.1 (0.88;1.39)
1.21 (0.86;1.72)
1.08 (0.63;1.86)

1.12 (0.27;4.6)
1.79 (0.29;10.95)
0.38 (0.01;14.18)

167



Table A6. Relative risks of CVD-related mortality for every 1°C in TV at lag 7 for Bloemfontein, Cape Town, Durban, and Gqeberha and at lag 14 in Johannesburg

by SSC weather types

City

RR (95% CI)

DM

DP

DT

MM

MP

MT

TR

Bloemfontein
Total

<65

>65
Females
Males
Cape Town
Total

<65

>65
Females
Males
Durban
Total

<65

>65
Females
Males
Johannesburg
Total

<65

>65
Females
Males
Gqeberha
Total

<65

>65
Females
Males

0.94 (0.67;1.33)
1.03 (0.62;1.7)

0.87 (0.56;1.34)
0.87 (0.55;1.39)
1.05 (0.65;1.69)

0.93 (0.87;1.01)
0.96 (0.87;1.06)
0.91 (0.81;1.02)
0.91 (0.82;1.01)
0.96 (0.87;1.07)

0.97 (0.72;1.31)
1.3 (0.85;2)

0.77 (0.51;1.16)
0.82 (0.55;1.23)
1.16 (0.76;1.78)

0.85 (0.63;1.15)
0.93 (0.6;1.45)
0.78 (0.52;1.17)
0.93 (0.6;1.43)
0.78 (0.52;1.16)

1.13 (0.79;1.6)
1.16 (0.71;1.89)
1.1 (0.67;1.79)
1.16 (0.73;1.84)
1.08 (0.66;1.79)

0.73 (0.15;3.49)
0.18 (0.01;2.39)
1.99 (0.23;16.96)
0.66 (0.06;6.87)
1.46 (0.19;11.3)

0.79 (0.58;1.07)
0.8 (0.55;1.16)
0.79 (0.5;1.25)
0.83 (0.55;1.25)
0.75 (0.5;1.13)

0.59 (0.12;2.93)
0.11 (0.01;1)
2.21(0.24;19.98)
0.7 (0.08;5.76)
0.48 (0.04;5.28)

1 (0.65;1.54)

0.96 (0.49;1.87)
1.05 (0.61;1.82)
1.01 (0.57;1.79)
1.02 (0.56;1.88)

1.27 (0.83;1.95)
1.56 (0.89:2.73)
0.9 (0.5;1.63)

1.49 (0.78;2.83)
1.08 (0.62;1.88)

0.99 (0.61;1.6)
0.73 (0.37;1.45)
1.23 (0.63;2.39)
0.9 (0.44;1.82)

1.08 (0.55;2.11)

0.58 (0.08;3.96)
0.63 (0.03;13.42)
0.55 (0.06;4.97)
0.27 (0.02;2.99)
1.46 (0.11;18.73)

0.97 (0.89;1.06)
0.98 (0.87;1.1)
0.96 (0.84;1.1)
0.91 (0.8;1.03)
1.04 (0.92;1.18)

0.8 (0.55;1.16)
0.77 (0.45;1.32)
0.83 (0.51;1.37)
0.81 (0.49;1.34)
0.8 (0.47;1.34)

1.35 (0.51;3.56)
1.9 (0.4:9.02)

1.16 (0.31:4.31)
1.04 (0.25:4.34)
1.87 (0.47:7.43)

1.13 (0.77;1.66)
1.23 (0.73;2.07)
1.09 (0.65;1.84)
1.13 (0.68;1.87)
1.16 (0.68;1.98)

0.97 (0.76;1.25)
1.04 (0.72;1.51)
0.91 (0.59;1.4)
1.05 (0.7;1.57)
0.91 (0.62;1.34)

1.87 (0.96;3.63)
3.15 (1.09;9.1)
1.6 (0.68:3.76)
1.46 (0.59;3.62)
2.53 (0.94;6.85)

1.05 (0.88;1.23)
0.98 (0.79;1.22)
1.13 (0.86;1.48)
1.01 (0.8;1.28)

1.06 (0.84;1.34)

1.15 (0.81;1.61)
1.27 (0.75;2.15)
1.07 (0.67;1.71)
1.36 (0.84;2.2)

0.96 (0.58;1.58)

0.43 (0.23;0.82)
0.5 (0.2;1.25)
0.4 (0.18;0.89)
0.43 (0.17;1.06)
0.42 (0.18;0.98)

1.17 (0.67;2.02)
1.6 (0.74:3.45)

0.85 (0.39;1.82)
1.14 (0.55;2.37)
1.22 (0.55;2.71)

0.77 (0.39;1.53)
0.98 (0.37;2.63)
0.6 (0.23;1.56)
0.47 (0.18;1.26)
1.32 (0.5;3.45)

1.02 (0.85;1.23)
1.06 (0.84;1.34)
1.01 (0.76;1.34)
1.07 (0.83;1.38)
0.98 (0.75;1.27)

1.17 (0.63;2.19)
1.23 (0.51;2.98)
1.25 (0.52;2.97)
1.23 (0.54;2.76)
1.1 (0.44;2.76)

1.02 (0.55;1.89)
1.05 (0.39;2.85)
1 (0.45;2.21)

0.66 (0.26;1.68)
1.54 (0.65;3.65)

1.97 (0.81;4.82)
1.4 (0.42;4.65)
3.21(0.9;11.41)
2.66 (0.82:8.6)
1.34 (0.39:4.55)
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Chapter 7: General Discussion and Conclusions

7.1. Introduction

This chapter summarises the key findings from the five respective manuscripts, discusses their
implications, highlights the limitations of the study, and suggests avenues for future research.

7.2. Summary And General Discussion

There are no studies that comprehensively investigated the effects of temperature variability
(TV) on cardiovascular disease (CVD) and respiratory disease (RD) mortality and hospital
admissions in South Africa using a TV index that accounts for between-day and within-day
variation in South Africa and Africa as a whole. This thesis used time series analytical
approaches to investigate the relationship between TV and cause-specific hospital admissions
and mortality, along with possible effect modification by season and spatial synoptic
classification (SSC) weather types. Vulnerability by age and gender was also investigated.
Overall, a positive association between TV and the health outcomes was observed. The risks
of being exposed to TV differed by cause of hospital admission or death, age, gender, season,
and SSC weather types.

The aim and research questions of this thesis were realised through several objectives which
were presented in the five manuscripts (Chapters 2 — 6). Chapter 2 answered the research
question pertaining to the current state of published literature on the association between
temperature variability indexes (e.g., Diurnal temperature range (DTR), temperature change
between neighbouring days (TNC), and the standard deviation of the minimum and maximum
temperatures during the investigated exposure days), and CVD and RD hospital admissions
and mortality. This manuscript showed that although Africa is heavily affected by climate
change,! it is underrepresented within the peer reviewed literature on the health impacts of
climate change and variability. Prior to the commencement of this thesis, there was only one
study conducted in Africa that assessed the health effects of temperature changes using DTR
as the exposure variable, while high temperature variations (DTR>21°C) were associated with
increased risks of hospital admissions due to pneumonia.? This study provided evidence for the
need of more local epidemiological studies in order to understand which factors are associated

with increased risks of hospital admissions and mortality in South Africa.
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Chapters 3 and 5 investigated the association between TV and health outcomes. Chapter 3
answered the question whether there is an association between TV and CVD and RD hospital
admissions in the City of Cape Town. In line with previous studies,®® a positive association
between TV and CVD and RD hospital admissions was observed in Cape Town between 2011
and 2016. The effect of TV on CVD hospital admissions peaks on 0-2 days of exposure for
CVD hospital admissions and on 0-1 day of exposure for RD hospital admissions. Furthermore,
the results indicated that the elderly were more likely to be hospitalised due to RD diseases and
the 15-64-years age group were more likely to be hospitalised due to CVD. Males in Cape

Town were more sensitive to TV compared to females.’

Chapter 5 presented the association between TV and CVD and RD mortality in five South
African cities (Bloemfontein, Cape Town, Durban, Johannesburg, and Ggeberha (formerly
known as Port Elizabeth)) located in different climate zones. This chapter showed that at
national level, people are more vulnerable to RD mortality related to TV exposure, with the
elderly and women being more sensitive to exposure to TV. These results are consistent with
previous studies that investigated the association between TV and mortality.8° Although
positive associations between TV and CVD mortality risks were observed, the risks were not
significant, and they were generally smaller than the risks of RD mortality. Furthermore, this
chapter showed that the health risks of TV differed by location, with people staying in inland
cities appearing to be more sensitive to TV exposure. Sensitivity to temperature is subject to
personal preferences, acclimatisation, and the accessibility of climate control options, for
example, air conditioning or heating.!**? While inland cities might have a large temperature
range, the way people respond to it varies and such factors needs to be taken into account when
assessing temperature-related effects.

Chapters 4 and 6 investigated effect modification of the association between TV and health
outcomes by season and spatial SSC weather types. The SSC system categorises weather
patterns based on their synoptic characteristics,'® and these patterns influence factors such as
temperature, humidity, and air quality.'*® For example, hot weather can increase the risk of
heat-related illnesses, such as heatstroke and heat exhaustion, while cold weather can lead to
cold-related health issues, such as hypothermia.l’*® Chapter 4 showed that the risks of
hospitalisation were elevated during certain SSC weather types, for example, according to the
seven SSC weather types, stronger TV-CVD hospital admissions associations were observed

during the moist tropical (MT) weather type and stronger TV-RD associations were observed
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during the dry moderate (DM) weather type. Chapter 6 assessed the relationship between
cardiorespiratory mortality and TV, along with possible effect modification by season and SSC
weather types in five South African cities (Bloemfontein, Cape Town, Durban, Johannesburg,
and Gqgeberha). Greater risks of mortality were observed during the warm season for the elderly
and females, while individuals <6-years and males were more at risk of dying during the cold
season. Elevated mortality risks were observed during different SSC weather types in all the

cities.

In general, the risks differed by age, gender, cause of hospital admissions, season, and SSC
weather types. The results revealed that not all SSC weather types have the same impact on
hospitalisation or mortality risks. This suggests that certain weather conditions may exacerbate
the health risks associated with temperature fluctuations, depending on the specific health
condition. To the author’s knowledge there are no published studies that investigated the
interactions between TV, cause-specific hospital admissions or mortality and SSC weather
types. Most of the studies that investigated possible effect modification by SSC weather types
focused on the association between air pollutants and health outcomes,”° therefore, more

studies of this nature need to be conducted.

7.3. Implications Of This Research

This thesis has some implications for heat related health warnings.

Higher risks of RD hospital admissions or mortality associated with increased TV were
observed. This underscores the need for targeted interventions to protect respiratory health,

especially in urban areas where TV is often more pronounced.

A positive association between CVD health outcomes and TV was observed in most of the
cities. The mechanisms underlying this relationship involve the stress imposed on the
cardiovascular system by rapid temperature changes and the exacerbation of risk factors, such
as hypertension. Recognising this link, healthcare providers should consider TV when

assessing cardiovascular risk and tailor interventions accordingly.

The findings of this research have significant implications for public health policies and
interventions. It is imperative that health authorities and policymakers recognise TV as a
distinct risk factor and incorporate it into their climate change adaptation strategies. This might

involve the development of targeted heat action plans, improved urban planning to mitigate
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heat island effects, and efforts to reduce air pollution, which can exacerbate the health impacts
of TV.

The results of this study ascertain the need for and importance of tailored interventions,
including outreach programmes and enhanced healthcare access, to protect these vulnerable
groups. Additionally, community-based initiatives can help raise awareness and foster
resilience among vulnerable populations. Understanding the health risks of temperature
variability is a critical component of building climate resilience. Communities and healthcare
systems must adapt to the changing climate by investing in infrastructure, emergency response
capabilities, and healthcare services that can effectively respond to temperature-related health
threats. Furthermore, education and awareness campaigns can empower individuals to take

proactive measures to protect their health during extreme temperature events.

7.4. Strengths and limitations of the thesis

This thesis has several strengths. First, this is the first study conducted in Africa to investigate
the association between health outcomes and TV using the composite index of inter- and
intraday TV. Second, to the author’s knowledge, this is the first study to investigate the
possibility of effect modification of the association between TV (changes/fluctuations) and
health outcomes by SSC weather types. Third, this study was conducted across several cities
located in different climate zones, therefore, the results of this study are generalisable to
locations that were similar climate zones and population dynamics. Lastly, a range of

sensitivity analyses was performed to evaluate the robustness of the present study’s results.

The present study has several limitations that should be acknowledged. First, like other
ecological and time series studies, individual level data was not available, hence, personal
characteristics, like medical history and socio-economic statuses, were not accounted for.
Second, the hospital admission data was only for the city of Cape Town, future studies should
expand on this study by using public hospital data. Third, due to a lack of data availability, the
potential confounding by air pollutants was only examined for the city of Cape Town, the
results showed that air pollutants did not significantly influence the TV-hospital admissions
association. Fourth, the effects of SSC weather types per season was not assessed. Prior studies
showed that the health risks associated with SSC weather types might differ by season,®

therefore, future studies must perform season analysis.
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7.5. Recommendations for future research

Several recommendations can be drawn from the results of this thesis. First, the systematic
review showed that more epidemiological studies are needed in Africa to examine the
region/country specific associations between climate and weather indicators and health
outcomes, since people can acclimatise to their local climate, therefore, the risks might differ

by region.

This study has identified vulnerable populations, for example the 15-64-year age group in Cape
Town were at more risk of being hospitalised due to cardiovascular related diseases after
exposure to TV. It is recommended that further research should explore vulnerable populations
(i.e., investigate how temperature fluctuations affect different demographic groups, such as the
elderly, children, or individuals with preexisting health conditions). Understanding how

vulnerable populations are impacted can inform targeted public health interventions.

Second, Chapter 5 showed that the mortality risks of TV differed by city, and all the study
locations included in this study (Bloemfontein, Cape Town, Durban, Johannesburg, and
Gqeberha) were in urban areas. Individuals living in rural areas might be more vulnerable,
therefore, it is recommended that more city-specific studies should be conducted. More
comprehensive epidemiological studies should be conducted in other cities, as the results of
this thesis (Chapters 5 and 6) showed that the results regarding health effects of TV vary among

cities.

Moving forward, a concerted effort is required from governments, healthcare institutions, and
the global community to mitigate the health risks posed by TV. This will involve integrating
TV considerations into public health policies, advancing climate change mitigation efforts, and

enhancing healthcare practices.

7.6. Conclusion

In conclusion, the present PhD thesis aimed to investigate the complex relationship between
TV and its associated health risks in five South African cities located in different Képpen-
Geiger climatic zones (Bloemfontein, Cape Town, Durban, Johannesburg, and Ggeberha).
Time series regression models accounting for the non-linear and delayed effects of
meteorological variables and with the SSC framework were used to associate health outcomes

with TV. In general, a positive association between TV and the health outcomes were observed.
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Furthermore, the risks of TV differed by age, gender, SSC weather types, health outcomes, and
location. This thesis provided valuable insights into the health risks of TV and its implications
in the context of climate change. The findings of the present study underscore the urgency of
addressing TV as a critical public health concern. Understanding associations between regional
weather patterns with different SSCs and associated health risks is crucial for Public Health

Preparedness.

The present study contributes to understanding the complex interplay between weather
patterns, TV, and hospitalisation risks for specific health conditions. The findings emphasise
the importance of considering a holistic approach to public health, considering not only air
quality, but also weather conditions and their interactions with demographic and seasonal
factors. Further research in this area can inform targeted interventions to reduce the health risks
associated with adverse weather conditions, ultimately improving public health outcomes.
Researchers and policymakers must continue to collaborate to protect the health and well-being
of current and future generations in the face of a changing climate, developing customised
interventions and communication plans as well as to minimise negative health outcomes

associated with meteorological conditions.

174



7.7. References

1. IPCC. Climate change 2023: Synthesis report. Contribution of working groups i, ii and iii to
the sixth assessment report of the intergovernmental panel on climate change [core writing
team, h. Lee and j. Romero (eds.)]. Geneva, Switzerland: IPCC 2023:35-115.

2. Pedder H, Kapwata T, Howard G, Naidoo RN, Kunene Z, Morris RW, et al. Lagged
association between climate variables and hospital admissions for pneumonia in South Africa.
International Journal of Environmental Research and Public Health 2021; 18(12):6191.
doi:https://doi.org/10.3390/ijerph18126191

3. TianY, LiuH, SiY,Cao Y, Song J, Li M, et al. Association between temperature variability
and daily hospital admissions for cause-specific cardiovascular disease in urban china: A
national time-series study. PL0S Medicine. 2019; 16(1):e1002738.
doi:https://doi.org/10.1371/journal.pmed.1002738

4.Zhan Z-Y, Tian Q, Chen T-T, Ye Y, Lin Q, Han D, et al. Temperature variability and hospital
admissions for chronic obstructive pulmonary disease: Analysis of attributable disease burden
and vulnerable subpopulation. International Journal of Chronic Obstructive Pulmonary
Disease. 2020; 15:2225-35. doi:https://doi.org/10.2147/COPD.S260988

5. Okada A, Yamana H, Pan R, Yamaguchi S, Kumazawa R, Matsui H, et al. Effect
modification of the association between temperature variability and hospitalization for
cardiovascular disease by comorbid diabetes mellitus: A nationwide time-stratified case-
crossover analysis. Diabetes Research and Clinical Practice. 2023; 202:110771.
doi:https://doi.org/10.1016/j.diabres.2023.110771

6. Sun S, Laden F, Hart JE, Qiu H, Wang Y, Wong CM, et al. Seasonal temperature variability
and emergency hospital admissions for respiratory diseases: A population-based cohort study.
Thorax. 2018; 73(10):951-958. doi:http://dx.doi.org/10.1136/thoraxjnl-2017-211333

7. Makunyane MS, Rautenbach H, Sweijd N, Botai J, Wichmann J. Health risks of temperature
variability on hospital admissions in Cape Town, 2011-2016. International Journal of
Environmental Research and Public Health. 2023; 20(2):11509. doi:
https://doi.org/10.3390/ijerph20021159

8. Yang J, Zhou M, Li M, Liu X, Yin P, Sun Q, et al. Vulnerability to the impact of temperature
variability on mortality in 31 major Chinese cities. Environmental Pollution. 2018; 239:631-
637. doi:https://doi.org/10.1016/j.envpol.2018.04.090

9. Guo Y, Gasparrini A, Armstrong BG, Tawatsupa B, Tobias A, Lavigne E, et al. Temperature
variability and mortality: A multi-country study. Environmental Health Perspectives. 2016;
124(10):1554-1559. doi: https://doi.org/10.1289/EHP149

10. Cheng J, Xu Z, Bambrick H, Su H, Tong S, Hu W. Impacts of heat, cold, and temperature
variability on mortality in Australia, 2000-2009. Science of The Total Environment. 2019;
651(2):2558-2565. doi:https://doi.org/10.1016/j.scitotenv.2018.10.186

11. Hanna EG, Tait PW. Limitations to thermoregulation and acclimatization challenge human
adaptation to global warming. International Journal of Environmental Research and Public
Health. 2015; 12(7):8034-74. doi:https://doi.org/10.3390/ijerph120708034

12. Moran EF. Human Adaptability: An Introduction to Ecological Anthropology: Routledge;
2022.

175


https://doi.org/10.3390/ijerph18126191
https://doi.org/10.1371/journal.pmed.1002738
https://doi.org/10.2147/COPD.S260988
https://doi.org/10.1016/j.diabres.2023.110771
http://dx.doi.org/10.1136/thoraxjnl-2017-211333
https://doi.org/10.3390/ijerph20021159
https://doi.org/10.1016/j.envpol.2018.04.090
https://doi.org/10.1289/EHP149
https://doi.org/10.1016/j.scitotenv.2018.10.186
https://doi.org/10.3390/ijerph120708034

13. Sheridan SC. The redevelopment of a weather-type classification scheme for North
America. International Journal of Climatology. 2002; 22(1):51-68.
doi:https://doi.org/10.1002/joc.709

14. Vanos JK, Cakmak S, Bristow C, Brion V, Tremblay N, Martin SL, et al. Synoptic weather
typing applied to air pollution mortality among the elderly in 10 Canadian cities.
Environmental Research. 2013; 126:66-75. doi:https://doi.org/10.1016/j.envres.2013.08.003

15. Sheridan SC, Kalkstein AJ, Kalkstein LS. Trends in heat-related mortality in the United
States, 1975-2004. Natural Hazards. 2009; 50(1):145-160. doi:https://doi.org/10.1007/s11069-
008-9327-2

16. Kim J, Lee JY. Synoptic approach to evaluate the effect of temperature on pediatric
respiratory disease-related hospitalization in Seoul, Korea. Environmental Research. 2019;
178:108650. doi:https://doi.org/10.1016/j.envres.2019.108650

17. Murphy C, Silva N, Fontaine MJ, Jackson B. Cold weather is independently associated
with hypothermia in severely injured trauma patients. Trauma. 2022; 24(1):51-60.
doi:https://doi.org/10.1177/1460408620974492

18. Basu R, Pearson D, Malig B, Broadwin R, Green R. The effect of high ambient temperature
on emergency room Visits. Epidemiology. 2012, 23(6):813-20.
doi:https://www.jstor.org/stable/41739678

19. Hebbern C, Cakmak S. Synoptic weather types and aeroallergens modify the effect of air
pollution on hospitalisations for asthma hospitalisations in Canadian cities. Environmental
Pollution. 2015; 204:9-16. doi:https://doi.org/10.1016/j.envpol.2015.04.010

176


https://doi.org/10.1002/joc.709
https://doi.org/10.1016/j.envres.2013.08.003
https://doi.org/10.1007/s11069-008-9327-2
https://doi.org/10.1007/s11069-008-9327-2
https://doi.org/10.1016/j.envres.2019.108650
https://doi.org/10.1177/1460408620974492
https://www.jstor.org/stable/41739678
https://doi.org/10.1016/j.envpol.2015.04.010

