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Abstract

Background: Temperature and air pollution are often treated as separate risk factors and very few studies investigated effect
modification by temperature on air pollution, and the impact of this interaction on human health in Africa. This study therefore
investigated the modifying effects of temperature on the association between air pollution and respiratory disease (RD) hospital
admissions in South Africa.
Methods: RD admission data (ICD10 J00-J99) were obtained from two hospitals located in Secunda, South Africa beween 1 January
2011 to 31 October 2016. Ambient NO2, SO2, PM10, PM2.5, temperature and relative humidity data were obtained from the South African
Weather Services. A case-crossover epidemiological study design was applied and lag0-1 was used. Models were adjusted for public
holidays and apparent temperature (Tapp). Days were classified as warm (Tapp>75th percentile), cold (Tapp<25th percentile) and
normal (Tapp 25th-75th percentile).
Results: Of the 14 568 RD admissions, approximately an equal number of females and males were admitted. The average daily NO2,
SO2, PM2.5 and PM10 levels were 12.4 μg/m3, 8.5 μg/m3, 32.3 μg/m3 and 68.6 μg/m3, respectively. Overall, a 10 μg/m3 increase in SO2
on warm days was associated with an increase in RD hospital admissions: 8.5% (95% Conf. Int: 0.4%, 17.2%) and 8.4% (95% Conf.
Int: 0.3%, 17.1%) after adjustment for PM2.5 and PM10, respectively. However, increasing PM2.5 or PM10 levels was associated with an
increase in RD hospital admissions on normal days,after adjusting for SO2. On cold days there were significant associations between
the SO2 and RD admissions among the 0-14 year age group, after adjusting for either PM2.5 (6.5%; 95% Conf.Int: 0.9%, 12.4%) or PM10
(5.5%; 95% Conf.Int: 0.3%, 11.1%).
Conclusions: These results indicate that the risk of RD hospital admission due to ambient air pollution exposure is different on cold,
normal and warm days in Secunda.
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Introduction

Air pollution also affects human health, especially the respiratory
system which is usually the first point of contact in the human
body (Dadbakhsh et al., 2015). In urban areas, anthropogenic
emissions give rise to high levels of air pollution and the
commonly found anthropogenic and natural air pollutants
are SO2, NOx, O3, volatile organic compounds and suspended
particulate matter (PM) (Rahman, 2016; Norman et al., 2007).

Many epidemiological studies have demonstrated the
independent effects of air pollution and temperature on health
(Zhang et al., 2018; Chen et al., 2017; Wichmann, 2017). Rising
temperature is one of the key climatic change indicators which
affects human health directly and indirectly leading to deaths,
illnesses and the aggravation of respiratory diseases (Wichmann,
2017). Cardiovascular diseases such as ischemic heart disease
have been attributed to high temperature (Zacharias et al.,
2014). Studies have shown that increase in temperature can
lead to increased mortality (Li et al., 2013; Petkova et al.,
2013). It has also been shown that both low temperature and
high temperature can increase the risk of respiratory diseases
(Michelozzi et al., 2009; Zhao et al., 2018; Su et., 2014).
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Exposure to ambient levels of air pollution is an important
determinant of emergency room visits and hospital admissions
for acute and chronic respiratory symptoms (Szyszkowicz et
al., 2018). There has been significant increase in ischemic heart
disease deaths attributable to heat wave of 1.9-fold (685 deaths
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per year) in 2021–2050, and 5.1-fold (1801 deaths per year) in
2069–2098 compared to baseline years of 2000–2010 (Zacharias
et al., 2014). Increases from 1980 baseline in heat-related
mortality of approximately 22.2, 49.4, and 91 % in 2020s, 2050s,
and 2080s, respectively, using the A2 scenario (Li et al.,2013).
Increase in heat-related mortality to six to nine times present
rates in 2080s using RCP 8.5 (Petkova et al., 2013).

Respiratory morbidity in South Africa

In South Africa, evidence suggests that the prevalence of
respiratory morbidity is increasing (Masekela et al., 2018). A
study on the epidemiology of asthma in South Africa reports
an approximate 5% increase in lifetime and 12-month wheeze
amongst children and adolescents between 1995 and 2002
(Zar et al., 2007). The increase in respiratory symptoms was
associated with deteriorating air quality (Naidoo et al., 2013).

Figure 1: Map of South Africa showing the location of the study site,
Secunda. Courtsey: Emslie et al.2020

there is accumulating evidence that the warm/hot increasing
temperature effects are enhanced by high pollution levels
(especially PM10 and ozone) and vice versa and that effects of
pollutants are enhanced by the presence of high temperature
(Analitis et al.,2018).

In Durban, children living in industrial areas with higher levels
of ambient air pollution have more asthma and hyper-reactive
airways than children living further away from industrial areas
(Naidoo et al., 2013).
Similarly, people living close to mine-dumps in South Africa
have poorer respiratory health outcomes compared to people
living further away (Nkosi et al., 2015; Nkosi et al., 2015b).

In Hefei, China, a study found synergy between PM10
concentrations and temperature in their effects on mortality
(Qin et al., 2017). Given the frequent simultaneous exposure to
ambient temperature and air pollution, one can expect to see
the synergistic effects of these factors in human physiology
(Analitis et al., 2018). It has been shown that high temperature
could modify the effects of air pollution on daily mortality and
high air pollution might enhance the air temperature effects
(Chen et al., 2018).

However, the modification effects of ambient temperature on
the association between respiratory morbidity and air pollution
in South Africa have not be explored.
An earlier study observed an association between daily
ambient apparent temperature and daily all cause mortality
between 2006 and 2010 with almost half a million deaths out
of a population of about 12 million in Cape Town, Durban and
Johannesburg (Wichmann, 2017).

The knowledge of the modifying effects of temperature on the
association between RD hospital admission and air pollution
will help policy makers, and inform risk assessments (Kan et
al., 2008). Therefore, we investigated the effects of apparent
temperature on the association between air pollution and
respiratory disease (RD) hospital admissions in Secunda, which
is situated in the inland part of South Africa.

Another study showed that there was a modification effect
of temperature on air pollution associated with CVD hospital
admissions in Cape Town (Lokotola et al., 2020).
It is therefore important to explore the modification effect of
ambient temperature on the association between respiratory
morbidity and air pollution in South Africa.
This is also important because the mean annual temperature in
South Africa increased by at least 1 °C during the last 50 years
which is 1.5 times the global average (Engelbrecht et al., 2015;
Ziervogel G et al., 2014; MacKellar et al., 2014).

Secunda is located in the Highveld Priority Area (HPA), which
was declared 14 years ago in 2007 as such to manage and
address the poor air quality in the area (NEMA, 2004; http://
www.saaqis.org.za/documents/Highveld%20Priority%20
Area%20Declaration.pdf). Air quality in the HPA consistently
exceeds national ambient air quality standards (NAAQS) due to
both industrial and non-industrial sources (NEMA, 2004).

It has been projected that by 2100, warming will reach around
3-4°C along the South African coast, and 6-7°C inland, thus higher
than the global average warming (Department of Environmental
Affairs, 2010).

The Highveld area in South Africa is characterised by poor
ambient air quality and elevated concentrations of criteria
pollutants due to the concentration of industrial and nonindustrial sources (Held et al., 1996).

Many studies have reported on the interaction between
ambient temperature and air pollution on repiratory morbidity
(McCormack et al., 2016; Iranpour et al., 2020). However,

Secunda was identified to be an air quality hotspot in the
Highveld Priority Area Air Quality Management Plan due to
frequent exceedances of the SO2 standards.
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Air pollution and weather data

The main emissions in Secunda are from the petrochemical
industry and energy sector in the region. Others agriculture,
domestic fuel burning, mining activities, veld fires, and power
stations which are sources of PM2.5, PM10, SO2 and NO2 (SSI
Environmental, 2013).

Hourly PM2.5, PM10, NO2 and SO2 data from 2011-2016 were
obtained from the South African Weather Services through the
South African Air Quality Information Systems (SAAQIS) for the
study period, after signing a data agreement. A network of air
pollution monitors in Secunda continuously measures real-time
concentrations of the criteria air pollutants using equivalent
methods of the United States Environmental Protection
Agency and in accordance with ISO 17025 guidelines (National
Environmental Management: Air Quality Act, 2004).

Secunda lies at the heart of South Africa’s coal mining industry
and still experiences high air pollution levels (NEMA, 2004).
(Figure 1). Secunda produces the most polluting liquid fuels in
the world through the Sasol’s Synfuels facility (Myllyvirta, 2020).
To improve air quality in the HPA, an Air Quality Management
Plan (AQMP) was developed in accordance with the National
Environmental Management Air Quality Act 2004.

Hourly temperature (°C) and relative humidity (%) data were
obtained from the South African Weather Service (SAWS) for the
study period 1 January 2011 – 31 October 2016, after signing a
data agreement. The Secunda monitoring station is 11.8km and
16.9km in relation to the two hospitals.

Material and methods

Ethical approval (reference 132/2018) was obtained from
the Research Ethics Committee, Faculty of Health Sciences,
University of Pretoria in 2018.

Apparent temperature

Models were adjusted for apparent temperature (Tapp) which
reflects the physiological experience of combined exposure
to humidity and temperature and thereby better captures the
response on health than temperature (Steadman, 1984).

Study design

In this study, a case-crossover epidemiology study design was
used to explore the modifying effects of temperature on the
association between major air pollutants, including sulphur
dioxide (SO2), nitrogen dioxide (NO2) and particulate matter less
than 10 microns in diameter (PM10) and 2.5 microns in diameter
(PM2.5) and hospital admissions for RD in Secunda, South Africa.
(Carracedo-Martínez et al., 2010).

Saturation vapour pressure
= 6.112 x 10(7.5 x temperature °C/(237.7 + temperature °C)

(1)

Actual vapour pressure
= (relative humidity (%) x saturation vapour pressure)/100

(2)

Dew point temperature °C

This study design was developed as a variant of the case-control
design to study the effects of transient exposures on emergency
events, comparing each person’s exposure in a time-period just
prior to a case-defining event with the person’s exposure at other
times (Carracedo-Martínez et al., 2010). If the control days are
chosen close to the event day, personal characteristics that vary
slowly over a short time period of 24 hours are controlled for by
matching (Carracedo-Martínez et al., 2010). Such characteristics
may include co-morbidities (e.g. HIV status, hypertension,
smoking status and so forth). Nevertheless, such characteristics
may be potential effect modifiers, i.e. indicate susceptibility.
However, information on such characteristics was not provided
by the hospitals.

= (–430.22 + 237.7 x ln(actual vapour pressure))/(–n(actual
vapour pressure) + 19.08)

(3)

Apparent temperature °C
= –2.653 + (0.994 x temperature °C) + 0.0153 x (dew point
temperature °C)

(4)

Statistical analysis

Correlation between the air pollutants and Tapp were
investigated using Spearman correlation analyses. Most
studies on temperature as a modifier of the health effects of air
pollution selected short lags, e.g. lag0 (same day of exposure
as day of hospital admission), lag1 (day prior to day of hospital
admission) or lag0-1 (mean of lag0 and lag1). The results in the
present study will focus on lag0-1, as done in other studies (Li et
al., 2017; Chen et al., 2017).

A time-stratified approach was applied to select the control
days, defining the day of RD hospital admission as the case day
and the same day of the week in the same month and year as
control days (i.e. theoretically 3 to 4 control days per case day)
(Carracedo-Martínez et al., 2010).

The association between the air pollutants and RD hospital
admissions was investigated using conditional logistic
regression models (R Development Core Team, 2019). Two
pollutant models were investigated, which included PM2.5 and
SO2, PM2.5 and NO2, PM10 and SO2 and PM10 and NO2 as the air
pollutants were not strongly correlated with each other (p <
0.05). Models were adjusted for a public holiday variable (binary
variable) and Tapp. The shape (i.e. linear or non-linear) of the
association between the Tapp and RD hospital admissions

Hospital admission data

Individual-level RD hospital admission data (International
Classification of Disease, 10th version [ICD-10] (J00–J99)) were
obtained from two private hospitals in Secunda, after ethical
approval. The two hospitals are from the same hospital group.
Data were available electronically from 1 January 2011 to 31
October 2016.
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was investigated. First Tapp was included as a natural spline
with 3 degrees of freedom (df) (non-linear term) in the models.
Whether the non-linear term of Tapp improved the model was
checked with log likelihood ratio tests, i.e. compared it to a
model that included Tapp as a linear term. It was observed that
the non-linear term of Tapp did not add value to the model and
Tapp was then included as a linear term. Air pollutants were
added as linear terms in the model, as done in many studies (Li
et al., 2017; Chen et al., 2017).

Table 1a: Summary statistics of health outcomes in Secunda, 1 January
2011 – 31 October 2016 (2 131 days).
Variable

Mean

Min

25%

Median

75%

Max

All ages and both
sexes

6.8

0.0

3.0

6.0

10.0

26.0

Female patients
(n=7 389)

3.5

0.0

1.0

3.0

5.0

17.0

Male patients
(n=7 179)

3.4

0.0

1.0

3.0

5.0

15.0

0-14 year olds
(n=6 915)

3.2

0.0

1.0

2.0

5.0

20.0

15-64 year olds
(n=6 531)

3.1

0.0

1.0

2.0

4.0

16.0

≥65 year olds
(n=1 122)

0.5

0.0

0.0

0.0

1.0

4.0

Respiratory
disease hospital
admissions

The associations are presented as the percent excess risk in RD
hospital admissions per 10µg.m-3 increase in an air pollutant
level. This approach is commonly applied in other studies
(Li et al., 2017; Chen et al., 2017). Susceptibility of age groups
(<15 years, 15–64 years and ≥65 years) and sex (male/female)
on warm and cold days was investigated in stratified analyses
followed by models with interaction terms.
Intra-individual factors cannot be examined as effect modifiers
due to the nature of the case-crossover design. However interindividual variation using an interaction term between the
effect modifier and an air pollutant in the conditional logistic
regression model, can detect a p-value for interaction.

Table 1b: Summary statistics of air pollutants and meteorological
conditions in Secunda, 1 January 2011 – 31 October 2016 (2 131 days).

Stratified analyses were conducted to examine the interactive
effects of temperature and air pollution on RD hospital
admission. Temperature was divided into three levels –warm,
normal and cold days. Warm and cold days were defined as
days when Tapp was higher than the 75th percentile of Tapp
of the study period and lower than the 25th percentile of Tapp,
respectively. Normal days were those equal or higher than the
25th percentile of Tapp, but lower or equal to the 75th percentile
of Tapp. Other studies have used a similar approach (Chen et al.,
2017; Li et al., 2017; Chen et al., 2013).

Variable

Mean

Min

25%

Median

75%

Max

PM10 (µg.m )

68.6

0.0

19.4

43.3

97.9

496.9

PM2.5 (µg.m-3)

32.3

0.0

10.7

19.9

41.8

262.4

SO2 (µg.m-3)

8.5

0.0

3.8

6.7

10.9

73.2

NO2 (µg.m )

12.4

0.5

6.7

11.0

16.7

73.8

Tapp (0C)

14.2

-1.0

9.4

14.9

18.9

26.4

Temperature (0C)

15.6

1.7

11.7

16.5

19.3

26.5

Relative humidity
(%)

58.5

16.6

47.3

60.3

70.3

94.1

-3

-3

Results

Abbreviations: PM10: particulate matter with an aerodynamic
diameter of less than 10 µm; PM2.5: particulate matter with an
aerodynamic diameter of less than 2.5 µm; SO2: sulphur dioxide;
NO2: nitrogen dioxide, Tapp: apparent temperature

Descriptive statistics

Of the 14 568 RD hospital admissions in this study, 49.3% (n=7
179) were males and the highest number of patients admitted
for RD in a day was 26 (Table 1a). The mean Tapp for the study
period was 14.2°C, PM10 peaked at 496.9 µg.m-3 and PM2.5 peaked
at 262.4 µg.m-3 (Table 1b). During the study period, daily PM10
and PM2.5 levels exceeded the daily WHO air quality guidelines
on 721 (34%) and 1081 (51%) of the 2131 days, respectively.
The daily WHO air quality guidelines for PM2.5 and PM10 are
25 µg.m-3 and 50 µg.m-3, respectively. The annual PM10 mean
concentrations were above the annual WHO guideline (20 µg.m3
), except in 2015. However, the annual mean values of SO2 and
NO2 in Secunda between 2011 and 2016 were significantly lower
than their NAAQS and WHO annual means.

Table 2: Spearman correlation coefficients between air pollution and
weather variables.
Variable
PM10
PM2.5
SO2
NO2
Tapp
Temperature

All air quality variables were positively correlated (Table 2). PM10
and PM2.5 were strongly correlated (r=0.946, p < 0.05), whilst SO2
and NO2 were weakly correlated (r = 0.085, p < 0.05). Air quality
variables were negatively correlated with temperature and
relative humidity (r=-0.483 to -0.120) (Table 2).
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PM2.5
0.946

SO2

NO2

Tapp

Temp

RH

0.235

0.216

-0.446

-0.398

-0.483

0.238

0.259

-0.507

-0.477

-0.406

0.085

-0.180

-0.176

-0.200

-0.263

-0.261

-0.120

0.983

0.242
0.106

Abbreviations: PM10: particulate matter with an aerodynamic
diameter of less than 10 µm; PM2.5: particulate matter with an
aerodynamic diameter of less than 2.5 µm; SO2: sulphur dioxide;
NO2: nitrogen dioxide; Tapp: apparent temperature; RH: relative
humidity. All correlations were significant (p < 0.05)
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Exposure - response estimates

(PM10 and PM2.5), there was an increase in the RD hospital
admission during normal temperature. These findings highlight
the need to effectively manage air pollutants especially SO2 in
areas where temperature extremes are common.

In the unstratified analysis (i.e. entire Tapp range), there was
no association between any of the pollutants and RD hospital
admission. In the stratified analysis, a 10 µg.m-3 increase in SO2
was associated with a significant increase in hospital admissions
for RD among the 0-14 year age-group (4.9% (0.3%, 9.7%)) on
cold days. Also, a 10 µg.m-3 increase in NO2 led to an increase
(8.0% (1.3%, 15.1%)) in RD hospital admissions among males on
normal days. However, there was no association between either
PM2.5 or PM10 and RD hospital admission. (Table 3).

The Highveld Priority Area, within which Secunda is located,
is the home of many coal mining operations and coal fired
power stations which are the main sources of SO2 emissions.
SO2 is a gas produced by fuel combustion and one of the major
sources of combustion pollution is traffic (Enkh-Undraa et al.,
2019). Overall, SO2 was associated with increased RD hospital
admission during the warm periods in this study. This is probably
because high temperature leads to an increase in sulphate
aerosols due to faster SO2 oxidation (Jacob and Winner, 2009;
Luhana et al., 2007) and sulphate aerosols are considered to be
the most irritating acid aerosol for the respiratory tract (Duarte
et al., 2014). This is an important finding because in the next 100
years, the average temperature of South African inland where
Secunda is located is projected to increase by 6-7°C (Department
of Environmental Affairs, 2010) and this means that more RD
hospital admissions should be expected in the future.

In the second model, for all ages combined, a 10 µg.m-3 increase
in PM2.5 and PM10 was associated with a 3.5% (0.1%, 7.0%) and
1.7% (0.3%, 3.1%) increase in RD hospital admissions after
adjusting for SO2 on normal days. Also, for all ages combined,
a 10 µg.m-3 increase in SO2 on warm days was associated
with 8.5% (0.4%, 17.2%) and 8.4% (0.3%, 17.1%) increase in
RD hospital admission after controlling for PM2.5 and PM10,
respectively. Conversely, on cold days, a 10 µg.m-3 increase in
SO2 was associated with increased hospital admissions among
the 0-14 year age-group after controlling for the two types of
particulate matter- PM2.5 (6.5% (0.9%, 12.4%) and PM10 (5.5%
(0.3%, 11.1%). (Table 4).

Furthermore, a 10 µg.m3 increase in SO2 could lead to an increase
in RD hospital admissions among female patients on warm days,
but no effect of temperature was observed among their male
counterparts. Different studies have shown that female patients
show higher susceptibility to SO2 than male patients (Zhou
et al., 2019; Zhang et al., 2014). The increase in RD hospital
admissions among the female patients might be due to females
having smaller lung tissue and trachea than males (Oiamo and
Luginaah, 2013) resulting in a greater deposition of inhaled
particles in their lungs. Females have fewer red blood cells
than males, and thus may be more sensitive to the toxicological
influences of SO2 (Chen et al., 2005). Men and women also
differ in their response to extreme temperatures. Women sweat
less, have a higher working metabolic rate, and have thicker
subcutaneous fat that prevents them from cooling themselves
as efficiently as men. This shows that women, as a population,
are less tolerant of an imposed heat stress (Duncan, 2006).

Sensitivity analysis
Median Tapp used to classify days
The only robust result was found with SO2. Similar to the main
analysis (Tables 3 and 4), a 10µg.m-3 increase in the level of
SO2 increased RD hospital admission in the 0-14 year olds on
cold days in both the two level models (Tables 5 and 6). Also,
a 10 µg.m-3 increase in SO2 was associated with an increase in
hospital admisions among the female participants on warm
days after adjusting for PM2.5 as in the two pollutant model of
the main analyses. The effect estimates for SO2 in the sensitivity
analysis were lower than those of the main analysis except in the
one-pollutant level (9.0% (0.3%, 18.4%)-Table 5) where it was
higher than in the main analysis (4.9% (0.3%, 9.7%) (Table 3).

Discussion

However, on cold days, a 10 µg.m3 increase in SO2 increased
hospital admissions in children of 0-14 years but not in
the older age-groups. SO2 is a highly reactive gas whose
concentration is very seasonal, peaking in the winter period
(Morakinyo et al., 2020). It has been observed that children
are more vulnerable than adults to air pollutants such as SO2
by virtue of their increased susceptibility and the higher doses
received (Mielzynska-Svach et al., 2013; Kochi et al., 2017) as
they breathe higher volumes of air, their body systems are still
developing and they have little control over their environment
unlike adults (Salvi, 2007; Heinrich et al., 2002; Pikhart et al.,
2001). Furthermore, exposure to cold temperatures reduces the
functions of the nasal epithelium and reduces the capacity to
protect the lower respiratory tract. This causes disorganization
of the epithelium, nasal muciciliary defence mechanisms
and leaving the distal acinar airways more vulnerable to air
pollutants (Lowen et al., 2007).

This study explored the modifying effects of temperature on the
association between NO2, SO2, PM2.5 and PM10 and RD hospital
admission over a five-year period in Secunda, South Africa.
RD hospital admissions associated with SO2 concentrations
were affected by temperature extremes while the particulate
matters (PM2.5 and PM10) had effect on RD admission during
normal temperature. Overall, SO2 was significantly associated
with increased hospitalizations on warm days after adjusting
for PM2.5 or PM10. The same applied to children between 0 and
14 years old. During normal temperature, PM2.5 and PM10 were
associated with increased hospitalizations after adjusting for
SO2. There was an increase in the hospital admissions of the
female participants when exposed to a 10 µg.m3 increase in PM10
(adjusted for SO2) and SO2 (adjusted for PM2.5) on normal and
warm days respectively. With either of the particulate matters
CLEAN AIR JOURNAL
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In this study, the effects of PM2.5, PM10 and NO2 on respiratory
disease hospital admissions were not robust enough as effects
were different in the main analyses and the sensitivity analysesthe temperature effects depended on the categorization and
levels of Tapp. In the main analysis, PM2.5 and PM10 increased RD
hospital admission during normal temperature on adjusting for
SO2, showing that extremes of temperature did not affect the
effects of the particulate matters on RD hospital admissions in
Secunda. This is contrary to the results of the 2 level Tapp and
other studies that did not use similar classification of Tapp or
temperature in cold, normal and warm/hot and when there was
no adjustement for SO2. In the 2 level Tapp, PM2.5, PM10 and SO2
had effects during the warm temperature and this is similar to
many studies (Zhang et al., 2018).

because these factors would not change within the month of
case and control days.

Conclusion

SO2 was associated with RD hospital admission in children
aged 0-14 years during cold temperature but in females during
warm temperatures. Both PM2.5 and PM10 were associated with
RD hospital admissions when the temperature was normal.
This epidemiological evidence will help policy makers in South
Africa to accept that policy interventions are needed to improve
air quality as well as address the climate change-related health
risks.

Author contributions

Tapp has been shown to be the most important predictor of
heat-related mortality (Zhang et al; 2014). This is contrary to
the findings of Barnett et al. (2010) which showed that there
was no single temperature measure that is superior to others.
Tapp has been applied in several studies (Wichmann et al., 2012;
Wichmann et al., 2011; Lokotola et al., 2020). For example, in
the warm period, an inter-quartile range increase in maximum
apparent temperature (Tappmax) was associated with an
increase of 7% (95% CI: 1%, 13%) in RD admissions in Greater
Copenhagen, Denmark (Wichmann et al., 2011). Also, in South
Africa,

B.G.O. and J.W: Research design, methodology, statistical
analyses, interpretation of results and writing the manuscript.

Financial interests' declaration
None declared.

Acknowledgements

The authors would like to thank the South African Weather
Services for the air pollution and weather data and the private
hospital group for the hospital admission data. Authors express
gratitude towards Prof Kuku Voyi and Dr Nico Claassen for
preliminary feedback provided during the PhD studies of the 1st
author.

This study is limited by the use of patient records from private
hospitals. In South Africa, users of private hospitals are more
likely to have high incomes, white-collar occupations and be
gainfully employed. These factors are significant predictors of
health insurance ownership (Kiriga et al., 2005). In South Africa,
only the wealthiest 16% of the population can afford private
health insurance to cover the costs of private-sector services
(McIntyre and van den Heever, 2007). Therefore, the results
cannot be extrapolated to the general South African population
as the results represent the middle and upper socio-economic
classes. It was postulated that including data from public
hospitals would include people from the lower socio-economic
class as people living in poor socio-economic conditions
generally live closer to industrial areas and suffer more from
the ill effects of air pollution (Naidoo et al., 2013), and could
potentially show stronger associations with hospitalisation and
air pollution levels. However, South African public hospitals
have poor state of records management. Medical records are not
being managed properly, resulting in a lack of effective systems
for opening, tracking and indexing files (Marutha and Ngoepe,
2017).

To the memory of Constance Makwela (RIP) ,the research
assistant for the PhD project.

Conflicts of interest

The authors declare no conflict of interest.

References

Analitis, A., De' Donato, F., Scortichini, M., Lanki, T., Basagana,
X., Ballester, F., Astrom, C., Paldy, A., Pascal, M., Gasparrini, A.,
Michelozzi, P., & Katsouyanni, K. 2018, ‘Synergistic Effects of
Ambient Temperature and Air Pollution on Health in Europe:
Results from the PHASE Project,’ International journal of
environmental research and public health, 15(9), 1856. https://
doi.org/10.3390/ijerph15091856

It was assumed that air quality and temperature were
homogenous for Secunda, which might give rise to
measurement error. There might also be a potential lagged
effects among participants who were not admitted immediately
with the appearance of the symptoms, missing the milder cases
that are not admitted to the hospital at all. Also, this study did
not consider factors such as socioeconomic status, physical
activities and pre-existing diseases as potential confounders
CLEAN AIR JOURNAL
Volume 31, No 2, 2021

Page 6 of 11

Barnett A.G., Tong S. & Clements A.C.A. 2010, ’What
measure of temperature is the best predictor of mortality?’
Environvironmental Research, 110:604-611. https://doi.org/
10.1016/j.envres.2010.05.006
Carracedo-Martinez E., Taracido M., Tobias A., Saez M. & Figueiras
A. 2010, ‘Case-crossover analysis of air pollution health
effects: A systematic review of methodology and application.’

6

© 2021. The Author(s). Published under a
Creative Commons Attribution Licence.

Research article: Does apparent temperature modify the effects of air pollution on respiratory disease

Environvironmental Health Perspective.;118:1173-1182. https://
doi.org/10.1289/ehp.0901485

Page 7 of 11

Emslie R.S., Zeiler G., Loock D., Boyx S.C. & Steenkamp G.
2020, ‘Dental Pathology in a Wild Serval (Leptailurus serval)
Population,’ Journal of Comparative Pathology,180:16-28.
https://doi.org/10.1016/j.jcpa.2020.08.004

Chen L.H., Knutsen S.F., Shavlik D., Beeson W.L., Petersen F.,
Ghamsary M. & Abbey D. 2005, ’The association between fatal
coronary heart disease and ambient particulate air pollution:
Are females at greater risk?’ Environmental Health Perspective,
113:1723-1729. https://doi.org/10.1289/ehp.8190

Engelbrecht F., Adegoke J., Bopape M., Naidoo M. Garland R.,
Thatcher M., McGregor J., Katzfey J., Werner M. & Charles, Ichoku
C. 2015, ‘Projections of rapidly rising surface temperatures over
Africa under low mitigation,’ Environmental Research Letters,
10:1-16. https://10.1088/1748-9326/10/8/085004

Chen K., Yang H.B., Ma Z.W., Bi J. & Huang L. 2013, ‘Influence
of temperature to the short-term effects of various ozone
metrics on daily mortality in Suzhou, China.’ Atmospheric
Environment,79:119-128. https://doi.org/10.1016/j.atmosenv.
2013.06.004

Enkh-Undraa D., Kanda S., Shima M., Shimono T., Miyake M.,
Yoda Y., Nagnii S. & Nishiyama T. 2019, ‘Coal burning-derived
SO2 and traffic-derived NO2 are associated with persistent
cough and current wheezing symptoms among school children
in Ulaanbaatar, Mongolia.’ Environmental Health and Preventive
Medicine, 24(1):66. https://doi.org/10.1186/s12199-019-0817-5

Chen F., Fan Z., Qiao Z., Cui Y., Zhang M., Zhao X. & Li X. 2017,
’Does temperature modify the effect of PM10 on mortality? A
systematic review and meta-analysis.’ Environmental Pollution,
224:326-335. https://doi.org/10.1016/j.envpol.2017.02.012

Fu S.H., Gasparrini A., Rodriguez P.S. & Jha P. 2018, ‘Mortality
attributable to hot and cold ambient temperatures in India: a
nationally representative case-crossover study,’ PLoS Medicine,
15: e1002619. https://doi.org/10.1371/journal.pmed.1002619

Chen, K., Wolf, K., Breitner, S., Gasparrini, A., Stafoggia, M.,
Samoli, E., Andersen, Z. J., Bero-Bedada, G., Bellander, T.,
Hennig, F., Jacquemin, B., Pekkanen, J., Hampel, R., Cyrys, J.,
Peters, A., Schneider, A., & UF&HEALTH Study Group. 2018, ‘Twoway effect modifications of air pollution and air temperature
on total natural and cardiovascular mortality in eight European
urban areas,’ Environment international, 116: 186–196. https://
doi.org/10.1016/j.envint.2018.04.021

Heinrich J., Hoelscher B., Frye C., Meyer I., Pitz M., Cyrys J.,
Wjst M., Neas L. & Wichmann H.E. 2002, ‘Improved air quality
in reunified Germany and decreases in respiratory symptoms,’
Epidemiology, 13(4):394-401. https://doi.org/10.1097/00001648200207000-00006

Coker E. & Kizito S. 2018, ‘A Narrative Review on the Human
Health Effects of Ambient Air Pollution in Sub-Saharan Africa:
An Urgent Need for Health Effects Studies.’ International Journal
of Environmental Research and Public Health,15(3). https://doi.
org/10.3390/ijerph15030427

Held G., Gore B.J., Surridge A.D., Tosen G.R., Turner C.R. and
Walmsley R.D. (eds), 1996. Air pollution and its impacts on the
South African Highveld, Environmental Scientific Association,
Cleveland, South Africa.

Dadbakhsh M., Khanjani N. & Bahrampour A. 2015, ‘Death
from respiratory diseases and air pollutants in Shiraz, Iran
(2006-2012).’ Journal of Environment Pollution and Human
Health;3:4-11. doi:10.12691/jephh-3-1-2

Iranpour, S., Khodakarim, S., Shahsavani, A., Khosravi, A., &
Etemad, K. 2020, ‘Modification of the effect of ambient air
temperature on cardiovascular and respiratory mortality by air
pollution in Ahvaz, Iran,’ Epidemiology and health, 42: e2020053.
https://doi.org/10.4178/epih.e2020053

Department of Environmental Affairs. South Africa’s Second
National Communication. Under the United Nations Framework
Convention on Climate Change. 2010. Pretoria.

Jacob D.J. & Winner D.A. 2009, ‘Effect of climate change on
air quality,’ Atmospheric Environment, 43: 51–63. https://doi.
org/10.1016/j.atmosenv.2008.09.051

Department of Environmental Affairs, South Africa. Status of Air
Quality in South Africa: briefing by Department and civil society,
with Minister present. 2014. https://pmg.org.za/committeemeeting/17776/

Kan H., London S.J., Chen G., Zhang Y., Song G., Zhao N., Jiang
L. & Chen B. 2008, ‘Season, sex, age, and education as modifiers
of the effects of outdoor air pollution on daily mortality in
Shanghai, China: The Public Health and Air Pollution in Asia
(PAPA) Study,’ Environmental Health Perspective, 116:1183–
1188. https://doi.org/10.1289/ehp.10851

Duarte Passos S.D., Gazeta R.E., Felgueiras A.P., Beneli P.C. &
Coelho M. 2014, ‘Do pollution and climate influence respiratory
tract infections in children?’ Revista da Associação Médica
Brasileira,60(3). http://dx.doi.org/10.1590/1806-9282.60.03.018

Kochi T., Iwasawa S., Nakano M., Tsuboi T., Tanaka S., Kitamura
H., Wilson D.J., Takebayashi T. & Omae K. 2017, ‘Influence of
sulfur dioxide on the respiratory system of Miyakejima adult
residents 6 years after returning to the island,’ Journal of
Occupational Health, 59(4):313-326. https://doi.org/10.1539/
joh.16-0256-OA

Duncan K. 2006, ‘Global climate change, air pollution, and
women’s health. Management of Natural Resources,’ Sustainable
Development and Ecological Hazards, 90:633-643. https://doi.
org/10.2495/RAV060611
CLEAN AIR JOURNAL
Volume 31, No 2, 2021

7

© 2021. The Author(s). Published under a
Creative Commons Attribution Licence.

Research article: Does apparent temperature modify the effects of air pollution on respiratory disease

Li J., Woodward A., Hou X.Y., Zhu T., Zhang J., Brown H., Yang J.,
Qin R., Gao J., Gu S., Li J., Xu L., Liu X. & Liu Q. 2017, ‘Modification
of the effects of air pollutants on mortality by temperature:
A systematic review and meta-analysis,’ Science of the Total
Environment, 575:1556-1570. https://doi.org/10.1016/j.scitotenv
.2016.10.070

Page 8 of 11

Michelozzi, P., Accetta, G., De Sario, M., D'Ippoliti, D., Marino,
C., Baccini, M., Biggeri, A., Anderson, H. R., Katsouyanni, K.,
Ballester, F., Bisanti, L., Cadum, E., Forsberg, B., Forastiere,
F., Goodman, P. G., Hojs, A., Kirchmayer, U., Medina, S., Paldy,
A., Schindler, C., … PHEWE Collaborative Group. 2009, ‘High
temperature and hospitalizations for cardiovascular and
respiratory causes in 12 European cities,’ American journal of
respiratory and critical care medicine, 179(5): 383–389. https://
doi.org/10.1164/rccm.200802-217OC

Li T., Horton R.M., Kinney P.L. 2013, ‘Projections of seasonal
patterns in temperature-related deaths for Manhattan,
New York,’ Nature Climate Change, 3(8):717–21. https://doi.
org/10.1038/nclimate1902

Mielzynska-Svach D., Blaszczyk E., Butkiewicz D., Durzynska J.
& Rydzanicz M. 2013, ‘Influence of genetic polymorphisms on
biomarkers of exposure and effects in children living in Upper
Silesia,’ Mutagenesis, 28: 591-599. https://doi.org/10.1093/
mutage/get037

Lokotola C. L., Wright,C. Y. & Wichmann J. 2020, ‘Temperature as
a modifier of the effects of air pollution on cardiovascular disease
hospital admissions in Cape Town, South Africa,’ Environmental
science and pollution research international, 27(14):16677–
16685. https://doi.org/10.1007/s11356-020-07938-7

Morakinyo O.M., Mukhola M.S. & Mokgobu MI. 2020, ‘Ambient
Gaseous Pollutants in an Urban Area in South Africa: Levels and
Potential Human Health Risk,’ Atmosphere,11(7):751. https://
doi.org/10.3390/atmos11070751

Lowen A.C., Mubareka S., Steel J. & Palese P. 2007, ‘Influenza
virus transmission is dependent on relative humidity and
temperature,’ PLoS Pathogens,3(10):e151. https://doi.org/
10.1371/journal.ppat.0030151

Myllyvirta L. 2020, The Bloomberg Green. The World’s Biggest
Emitter of Greenhouse Gases. https://www.bloomberg.com/
news/features/2020-03-17/south-africa-living-near-the-worlds-biggest-emitting-plant

Luhana L., Middleton D.R. & Sokhi R.S. 2007, ‘Processes and
parameters influencing the oxidation of SO2 and NOX in plumes,’
Environment Agency. Science Report: SC030171/SR1. https://
assets.publishing.service.gov.uk/government/uploads/system/
uploads/attachment_data/file/290984/scho0907bnhe-e-e.pdf

Naidoo R.N., Robins T.G., Batterman S., Mentz G. & Jack C.
2013, ‘Ambient pollution and respiratory outcomes among
schoolchildren in Durban, South Africa,’ South African Journal
of Child Health, 7:127-134. https://doi:10.7196/sajch.598

MacKellar N., New M. & Jack C. 2014, ‘Observed and modelled
trends in rainfall and temperature for South Africa: 1960-2010,’
South African Journal of Science, 110(7-8): 1-13. https://doi.
org/10.1590/sajs.2014/20130353

NEMA. National Environmental Management: Air Quality Act,
No. 39, 2004. Government Gazette 2004; 476.

Marutha N.S. & Ngoepe M. 2017, ‘The role of medical records
in the provision of public healthcare services in the Limpopo
province of South Africa’, South African Journal of Information
Management, 19:a873. https://doi.org/10.4102/sajim.v19i1.873

Nkosi V., Wichmann J. & Voyi K. 2015, ‘Chronic respiratory
disease among the elderly in South Africa: any association with
proximity to mine dumps?’ Environmental Health,14:33. https://
doi.org/10.1186/s12940-015-0018-7

Masekela R., Gray C.L, Green R.J., Manjra A.I., Kritzinger F.E. &
Levin M. 2018, ’The increasing burden of asthma in South African
children: A call to action,’ South African Medical Journal,108.
https://doi.org/10.7196/SAMJ.2018.v108i7.13162

Nkosi V., Wichmann J. & Voyi K. 2015, ‘Mine dumps, wheeze,
asthma, and rhinoconjunctivitis among adolescents in South
Africa: any association?’ International Journal of Environmental
Health Res, 25:583-600. https://doi.org/10.1080/09603123.2014
.989493

McCormack, M. C., Belli, A. J., Waugh, D., Matsui, E. C., Peng, R.
D., Williams, D. L., Paulin, L., Saha, A., Aloe, C. M., Diette, G. B.,
Breysse, P. N., & Hansel, N. N. 2016, ‘Respiratory Effects of Indoor
Heat and the Interaction with Air Pollution in Chronic Obstructive
Pulmonary Disease,’ Annals of the American Thoracic Society,
13(12): 2125–2131. https://doi.org/10.1513/AnnalsATS.201605329OC

Norman R., Cairncross E., Witi J. & Bradshaw D. 2007,’The South
African Comparative Risk Assessment Collaborating Group.
Estimating the burden of disease attributable to urban outdoor
air pollution in South Africa in 2000,’ South African Medical
Journal, 97: 782-790.
Oiamo T. & Luginaah I. 2013, ‘Extricating sex and gender in
air pollution research: a community-based study on cardinal
symptoms of exposure,’ International Journal of Environmental
Research and Public Health,10:3801-3817. https://doi.
org/10.3390/ijerph10093801

McIntyre D. & van den Heever A. 2007, ‘Social or national health
insurance’.
Retrieved from Durban:
CLEAN AIR JOURNAL
Volume 31, No 2, 2021

8

© 2021. The Author(s). Published under a
Creative Commons Attribution Licence.

Research article: Does apparent temperature modify the effects of air pollution on respiratory disease

Petkova E.P., Horton RM., Bader D.A., Kinney P.L. 2013,
‘Projected heat related mortality in the US urban northeast,’
International Journal of Environmental Research and Public
Health, 10(12):6734–47. https://doi.org/10.3390/ijerph10126734

Page 9 of 11

Wichmann J. & Kuku V. 2012, ‘Ambient Air Pollution Exposure
and Respiratory, Cardiovascular and Cerebrovascular Mortality
in Cape Town, South Africa: 2001–2006,’ International Journal
of Environmental Research and Public Health, 9:3978-4016.
https://doi:10.3390/ijerph9113978

Pikhart H., Bobak M., Gorynski P., Wojtyniak B., Danova J.,
Celko M.A, Kriz B., Briggs D. & Elliott P. 2001,’ Outdoor sulphur
dioxide and respiratory symptoms in Czech and Polish school
children: a small-area study (SAVIAH). Small-Area Variation in
Air Pollution and Health,’ International Archives of Occupational
and Environmental Health, 74(8):574-8. https://doi.org/10.1007/
s004200100266

Wichmann J. 2017, ‘Heat effects of ambient apparent
temperature on all-cause mortality in Cape Town, Durban
and Johannesburg, South Africa: 2006-2010.’ Science of the
Total Environment, 587:266-272. https://doi.org/10.1016/j.
scitotenv.2017.02.135
Zar H.J., Ehrlich R.I., Workman L. & Weinberg E.G. 2007, ‘The
changing prevalence of asthma, allergic rhinitis and atopic
eczema in African adolescents from 1995 to 2002,’ Pediatric
Allergy and Immunology,18:560-565. https://doi:10.1111/j.13993038.2007.00554.x

Qin R.X., Xiao C., Zhu Y., Li J., Yang J., Gu S., Xia J., Su B., Liu
Q., Woodward A .2017, ‘The interactive effects between high
temperature and air pollution on mortality: A time-series analysis
in Hefei, China,’ Science of The Total Environment, 575():15301537. https://doi.org/10.1016/j.scitotenv.2016.10.033

Zacharias S., Koppe C., Mücke HG. 2014, ‘Climate change effects
on heat waves and future heat wave associated IHD mortality
in Germany,’ Climate, 3(1):100–17. https://doi.org/10.3390/
cli3010100

Rahman H.A. 2016, ‘Air Pollution in Urban Areas and Health
Effects,’ International Journal of the Malay World and Civilisation
(Iman); 4 (Special Issue 2),: 25 – 33. http://dx.doi.org/10.17576/
IMAN-2016-04SI2-03
Salvi S. 2007, ‘Health effects of ambient air pollution in children,’
Paediatric Respiratory Reviews.; 8:275-280. https://doi.org/
10.1016/j.prrv.2007.08.008

Zhang K., Li Y., Schwartz J.D.& O'Neill MS. 2014, ‘What weather
variables are important in predicting heat-related mortality? A
new application of statistical learning methods,’ Environmental
Research,132:350-359.

SSI Environmental, 2013. Final Environmental Impact Report
for the Secunda Growth Programme (SGP) 1B (New): Proposed
Retrofitting of Two Gas Turbines, Mpumalanga. http://www.
rhdhv.co.za/media/201210/EIR/Sasol%20SGP-Final%20EIR.pdf

Zhang Y., Wang S., Fan X. & Ye X. 2018, ‘Temperature modulation
of the health effects of particulate matter in Beijing, China,’
Environmental Science and Pollution Research, 25:10857–
10866. https://doi.org/10.1007/s11356-018-1256-3

Steadman R.G. 1984. ‘A universal scale of apparent temperature,’
Journal of Climate and Applied Meteorology, 23:1674-1687.
https://doi.org/10.1175/1520-0450(1984)023<1674:AUSOAT>2.0
.CO;2

Zhao, Q., Zhao, Y., Li, S., Zhang, Y., Wang, Q., Zhang, H., Qiao, H.,
Li, W., Huxley, R., Williams, G., Zhang, Y., & Guo, Y. 2018, Impact
of ambient temperature on clinical visits for cardio-respiratory
diseases in rural villages in northwest China. The Science of
the total environment, 612: 379–385. https://doi.org/10.1016/j.
scitotenv.2017.08.244

Su, Q., Liu, H., Yuan, X., Xiao, Y., Zhang, X., Sun, R., Dang, W.,
Zhang, J., Qin, Y., Men, B., & Zhao, X. 2014, ‘The interaction
effects of temperature and humidity on emergency room visits
for respiratory diseases in Beijing, China,’ Cell biochemistry and
biophysics, 70(2): 1377–1384. https://doi.org/10.1007/s12013014-0067-5 (Retraction published Cell Biochem Biophys. 2017
May 20;:)

Zhou H., Wang T., Zhou F., Liu Y., Zhao W., Wang X., Chen H. & Cui
Y. 2019, ‘Ambient Air Pollution and Daily Hospital Admissions for
Respiratory Disease in Children in Guiyang, China,’ Frontiers in
Pediatrics, 7:400. https://doi.org/10.3389/fped.2019.00400
Ziervogel G., New M., van Garderen E.A., Midgley G., Taylor A.,
Hamann R., Stuart-Hill S. & Myers J. 2014, ‘Warburton M. Climate
change impacts and adaptation in South Africa,’ WIREs Climate
Change, 5:605–620. https://doi.org/10.1002/wcc.295

Szyszkowicza M, Koushaa T, Castnerc J. & Dales R. 2018, ‘Air
pollution and emergency department visits for respiratory
diseases: A multi-city case crossover study,’ Environmental
Research,163:263–269. https://doi.org/10.1016/j.envres.2018.01
.043
Wichmann J., Andersen Z., Ketzel M., Ellermann T. & Loft S. 2011,
‘Apparent Temperature and Cause-Specific Emergency Hospital
Admissions in Greater Copenhagen, Denmark,’ PLoS ONE,
6:e22904. https://doi.org/10.1371/journal.pone.0022904
CLEAN AIR JOURNAL
Volume 31, No 2, 2021

9

© 2021. The Author(s). Published under a
Creative Commons Attribution Licence.

Research article: Does apparent temperature modify the effects of air pollution on respiratory disease

Page 10 of 11

Table 3: Percentage change (95% CI) in daily respiratory disease hospital admissions per 10 µg/m3 increase in an air pollutant level (lag0-1) in Secunda,
South Africa on normal, warm and cold days by age groups and sex.
Air pollutant
PM2.5

PM10

NO2

SO2

Tapp

All

0-14 year olds

15-64 year olds

≥65 year olds

Females

Males

Warm

5.2 (-5.3, 16.9)

11.5 (-3.3, 28.5)

-1.7 (-17.2, 16.7)

-2.1 (-33.4, 43.8)

-0.4 (-14.7, 16.5)

10.0 (-4.6, 26.9)

Normal

2.3 (-0.2, 5.0)

2.2 (-1.4, 6.1)

2.9 (-0.9, 6.9)

-0.8 (-10.3, 9.6)

1.5 (-1.9, 5.0)

3.4 (-0.4, 7.4)

Cold

0.1 (-1.3, 1.5)

-0.1 (-2.0, 1.9)

0.0 (-2.0, 2.1)

1.4 (-3.3, 6.3)

0.4 (-1.5, 2.3)

-0.2 (-2.1, 1.8)

Warm

0.8 (-1.7, 3.3)

3.0 (-0.3, 6.5)

-2.1 (-6.0, 1.9)

0.1 (-10.5, 11.9)

-0.5 (-4.1, 3.3)

1.8 (-1.6, 5.3)

Normal

0.9 (-0.1, 2.0)

1.0 (-0.6, 2.6)

0.8 (-0.8, 2.3)

1.9 (-2.4, 6.5)

0.9 (-0.6, 2.4)

1.0 (-0.6, 2.6)

Cold

-0.1 (-0.8, 0.7)

-0.1 (-1.2, 1.0)

0.0 (-1.2, 1.1)

0.1 (-2.5, 2.7)

0.0 (-1.0, 1.1)

-0.1 (-1.2, 1.0)

Warm

3.8 (-4.4, 12.8)

0.0 (-12.0, 13.6)

5.7 (-5.9, 18.7)

13.9 (-16.0, 54.5)

1.5 (-9.6, 14.0)

6.3 (-5.6, 19.6)

Normal

1.2 (-3.2, 5.8)

1.3 (-4.8, 7.7)

1.0 (-5.7, 8.2)

1.9 (-16.1, 23.6)

-5.2 (-11.0, 1.0)

8.0 (1.3, 15.1)

Cold

-0.7 (-4.4, 3.2)

-2.2 (-7.4, 3.2)

0.2 (-5.6, 6.3)

5.4 (-7.9, 20.6)

-1.6 (-6.9, 3.9)

0.2 (-5.0, 5.8)

Warm

6.3 (-1.3, 14.5)

9.4 (-2.4, 22.6)

4.7 (-5.9, 16.4)

0.1 (-23.1, 30.2)

10.5 (-0.5, 22.8)

2.5 (-7.7, 13.8)

Normal

-0.4 (-3.8, 3.2)

0.9 (-4.2, 6.3)

-1.0 (-5.9, 4.1)

-4.6 (-16.9, 9.5)

-0.9 (-5.6, 4.1)

0.2 (-4.7, 5.4)

Cold

1.5 (-1.4, 4.5)

4.9 (0.3, 9.7)

-0.9 (-5.1, 3.4)

-0.9 (-9.9, 9.0)

-0.2 (-4.3, 4.1)

3.3 (-0.9, 7.6)

Warm: Apparent temperature > 75 percentile; Cold: Apparent temperature < 25 percentile; Normal: Apparent temperature >= 25th and <= 75th
percentile
th

th

Table 4: Percentage change (95% CI) in daily respiratory disease hospital admissions per 10 µg/m3 increase in an air pollutant level (lag0-1) in Secunda,
South Africa on normal, warm and cold days by age groups and sex.
Air pollutant
PM2.5 adjusted NO2

NO2 adjusted PM2.5

PM2.5 adjusted SO2

SO2 adjusted PM2.5

PM10 adjusted NO2

NO2 adjusted PM10

PM10 adjusted SO2

SO2 adjusted PM10

Tapp

All

0-14 year olds

15-64 year olds

≥65 year olds

Females

Males

Warm

1.9 (-8.7, 13.8)

9.5 (-6.1, 27.6)

-5.7 (-20.9, 12.5)

-4.2 (-35.5, 42.4)

-3.6 (-18.3, 13.7)

6.6 (-8.2, 23.6)

Normal

2.0 (-1.1, 5.3)

4.1 (-0.5, 8.8)

0.3 (-4.3, 5.1)

-1.3 (-12.6, 11.5)

2.1 (-2.1, 6.5)

2.2 (-2.4, 7.1)

Cold

-0.2 (-1.9, 1.5)

-0.4 (-2.8, 2.1)

-0.1 (-2.6, 2.4)

0.8 (-5.1, 7.0)

0.2 (-2.1, 2.5)

-0.6 (-3.0, 1.9)

Warm

4.8 (-4.1, 14.5)

-0.1 (-12.8, 14.3)

6.1 (-6.4, 20.3)

25.7 (-10.9, 77.3)

3.7 (-8.7, 17.7)

6.0 (-6.3, 20.0)

Normal

-2.4 (-8.4, 4.0)

-2.1 (-10.2, 6.7)

-4.3 (-13.6, 6.0)

1.4 (-22.2, 32.1)

-9.5 (-17.3, -0.8)

5.2 (-4.0, 15.2)

Cold

-1.0 (-4.8, 3.1)

-2.3 (-7.7, 3.3)

-0.4 (-6.4, 6.0)

5.1 (-8.6, 20.8)

-2.0 (-7.4, 3.8)

0.0 (-5.4, 5.7)

Warm

-2.2 (-15.3, 13.0)

1.5 (-17.9, 25.3)

-0.6 (-19.8, 23.3)

-27.6 (-57.9, 24.8)

-8.8 (26.3, 13.0)

3.8 (-14.7, 26.3)

Normal

3.5 (0.1, 7.0)

2.8 (-1.9, 7.7)

5.9 (0.5, 11.6)

-4.7 (-16.1, 8.3)

2.8 (-1.8, 7.6)

4.4 (-0.7, 9.6)

Cold

-0.3 (-2.6, 2.0)

-1.5 (-4.7, 1.9)

0.6 (-2.9, 4.23)

0.6 (-6.9, 8.8)

1.6 (-1.6, 4.9)

-2.1 (-5.3, 1.2)

Warm

8.5 (0.4, 17.2)

12.1 (-0.5, 26.2)

6.8 (-4.3, 19.3)

-1.6 (-26.2, 31.2)

11.6 (0.0, 24.6)

5.5 (-5.4, 17.8)

Normal

-2.2 (-5.9, 1.7)

-1.3 (-6.9, 4.6)

-3.0 (-8.3, 2.7)

-3.2 (-16.6, 12.4)

-1.8 (-7.0, 3.7)

-2.5 (-7.9, 3.2)

Cold

1.6 (-1.9, 5.2)

6.5 (0.9, 12.4)

-2.2 (-7.0, 2.9)

0.3 (-10.9, 13.0)

-1.3 (-6.2, 3.7)

4.6 (-0.4, 9.9)

Warm

-0.3 (-3.0, 2.4)

2.9 (-0.7, 6.6)

-4.2 (-8.3, 0.1)

-2.4 (-13.3, 9.8)

-2.2 (-6.1, 1.8)

1.2 (-2.4, 5.0)

Normal

0.7 (-0.6, 2.0)

1.6 (-0.3, 3.6)

-0.4 (-2.4, 1.5)

2.2 (-2.9, 7.5)

0.9 (-0.9, 2.7)

0.4 (-1.5, 2.4)

Cold

-0.2 (-1.1, 0.7)

-0.2 (-1.6, 1.2)

-0.1 (-1.5, 1.2)

-0.3 (-3.5, 2.9)

0.0 (-11.2, 1.3)

-0.4 (-1.7, 1.0)

Warm

5.0 (-4.0, 14.9)

-1.5 (-14.2, 13.1)

7.4 (-5.2, 21.7)

26.9 (-10.4, 79.5)

4.5 (-8.0, 18.8)

5.6 (-6.9, 19.7)

Normal

-1.8 (-7.6, 4.4)

-0.8 (-8.6, 7.6)

-3.6 (-12.9, 6.5)

-2.1 (-24.3, 26.6)

-9.0 (-16.6, -0.7)

6.2 (-2.7, 16.0)

Cold

-0.9 (-4.8, 3.1)

-2.3 (-7.7, 3.3)

-0.4 (-6.3, 6.0)

5.9 (-7.9, 21.7)

-1.9 (-7.3, 3.9)

0.1 (-5.3, 5.8)

Warm

-0.7 (-3.6, 2.3)

1.4 (-2.8, 5.8)

-2.4 (-6.7, 2.0)

-3.5 (-16.6, 11.7)

-2.0 (-6.2, 2.4)

0.4 (-3.6, 4.6)

Normal

1.7 (0.3, 3.1)

1.5 (-0.5, 3.6)

1.6 (-0.4, 3.7)

3.5 (-2.2, 9.5)

2.2 (0.2, 4.2)

1.2 (-0.8, 3.2)

Cold

-0.2 (-1.3, 1.0)

-0.3 (-2.0, 1.5)

0.1 (-1.7, 1.9)

-1.2 (-5.0, 2.7)

0.3 (-1.3, 2.0)

-0.6 (-2.3, 1.1)

Warm

8.4 (0.3, 17.1)

12.3 (-0.3, 26.4)

6.7 (-4.5, 19.1)

-1.4 (-26.1, 31.6)

11.5 (-0.1, 24.5)

5.7 (-5.3, 17.9)

Normal

-2.5 (-6.3, 1.4)

-1.7 (-7.4, 4.3)

-2.4 (-7.8, 3.2)

-7.8 (-21.1, 7.8)

-2.9 (-8.1, 2.6)

-2.1 (-7.5, 3.6)

Cold

1.6 (-1.8, 5.0)

5.5 (0.3, 11.1)

-1.8 (-6.4, 3.0)

2.5 (-8.1, 14.4)

-0.5 (-5.1, 4.4)

3.6 (-1.1, 8.6)

Warm: Apparent temperature > 75 percentile; Cold: Apparent temperature < 25 percentile; Normal: Apparent temperature >= 25 and <= 75th
percentile. Bold text: Significant (p < 0.05)
th
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Table 5: Percentage change (95% CI) in daily respiratory disease hospital admissions per 10 µg/m3 increase in an air pollutant level (lag0-1) in Secunda,
South Africa on warm and cold days by age groups and sex.
Air pollutant
PM2.5
PM10
NO2
SO2

Tapp

All

0-14 year olds

15-64 year olds

≥65 year olds

Females

Males

Warm

8.2 (1.3, 15.6)

12.0 (2.0, 23.0)

4.0 (-6.2, 15.2)

10.7 (-13.8, 42.1)

9.4 (-0.4, 20.3)

7.0 (-2.5, 17.5)

Cold

0.7 (-0.4, 1.8)

0.2 (-1.4, 1.8)

1.0 (-0.7, 2.7)

2.2 (-1.7, 6.4)

1.1 (-0.4, 2.6)

0.2 (-1.4, 1.8)

Warm

1.6 (0.0, 3.2)

3.0 (0.8, 5.3)

-0.2 (-2.7, 2.3)

2.7 (-3.6, 9.4)

2.7 (0.4, 5.0)

0.6 (-1.6, 2.9)

Cold

0.4 (-0.2, 1.0)

0.2 (-0.6, 1.1)

0.5 (-0.3, 1.4)

1.0 (-1.1, 3.1)

0.6 (-0.2, 1.4)

0.2 (-0.6, 1.1)

Warm

-0.2 (-11.0, 11.8)

-6.2 (-20.7, 11.0)

2.6 (-13.1, 21.2)

23.7 (-20.8, 93.2)

-6.3 (-20.4, 10.2)

6.2 (-9.6, 24.6)

Cold

2.6 (-2.7, 8.3)

2.1 (-5.2, 9.9)

1.6 (-6.6, 10.5)

14.2 (-6.7, 39.9)

-0.4 (-7.7, 7.4)

5.8 (-1.9, 14.2)

Warm

13.5 (0.4, 28.3)

25.3 (4.8, 49.7)

8.4 (-9.5, 29.7)

-24.4 (-54.2, 24.7)

19.9 (0.8, 42.7)

7.7 (-9.5, 28.0)

Cold

4.5 (-1.2, 10.5)

9.0 (0.3, 18.4)

1.8 (-6.3, 10.5)

-3.0 (-19.6, 17.0)

2.2 (-5.5, 10.6)

6.8 (-1.3, 15.6)

Warm: Apparent temperature ≥ 50 percentile; Cold: Apparent temperature < 50 percentile. Bold: p < 0.05
th

th

Table 6: Percentage change (95% CI) in daily respiratory disease hospital admissions per 10 µg/m3 increase in an air pollutant level (lag0-1) in Secunda,
South Africa on normal, warm and cold days by age groups and sex.
Air pollutant
PM2.5 adjusted NO2
NO2 adjusted PM2.5
PM2.5 adjusted SO2
SO2 adjusted PM2.5
PM10 adjusted NO2

NO2 adjusted PM10
PM10 adjusted SO2
SO2 adjusted PM10

Tapp

All

0-14 year olds

15-64 year olds

≥65 year olds

Females

Males

Warm

3.2 (-4.2, 11.2)

11.5 (0.4, 23.9)

-6.1 (-16.4, 5.4)

10.0 (-16.6, 45.0)

2.3 (-8.2, 14.0)

-0.1 (-2.0, 2.0)

Cold

0.4 (-1.0, 1.7)

-0.4 (-2.3, 1.6)

1.0 (-1.1, 3.0)

1.8 (-3.1, 7.0)

0.7 (-1.1, 2.6)

4.0 (-6.1, 15.3)

Warm

0.6 (-6.0, 7.7)

-4.5 (-13.8, 5.8)

3.2 (-6.4, 13.8)

22.6 (-6.8, 61.1)

-3.6 (-12.6, 6.4)

4.7 (-4.8, 15.1)

Cold

0.6 (-2.8, 4.1)

1.2 (-3.4, 6.1)

-1.2 (-6.5, 4.3)

5.8 (-6.6, 19.8)

-0.4 (-5.1, 4.6)

1.5 (-3.3, 6.6)

Warm

4.6 (-3.3, 13.3)

7.9 (-3.8, 21.1)

1.4 (-9.9, 14.1)

6.9 (-20.8, 44.1)

4.9 (-6.2, 17.4)

4.3 (-6.8, 16.7)

Cold

-0.3 (-2.1, 1.6)

-1.5 (-4.0, 1.2)

0.9 (-1.9, 3.7)

0.3 (-5.7, 6.8)

0.9 (-1.6, 3.5)

-1.6 (-4.2, 1.0)

Warm

4.3 (-1.0, 9.9)

5.0 (-2.8, 13.5)

5.5 (-2.1, 13.7)

-10.1 (-27.5, 11.4)

7.9 (0.2, 16.1)

1.0 (-6.2, 8.7)

Cold

2.0 (-0.6, 4.6)

4.7 (0.8, 8.7)

-0.2 (-3.8, 3.6)

-0.4 (-8.7, 8.6)

0.6 (-2.9, 4.2)

3.4 (-0.2, 7.2)

Warm

0.9 (-0.8, 2.7)

3.4 (1.0, 5.9)

-2.4 (-5.1, 0.4)

2.6 (-4.3, 10.0)

1.8 (-0.7, 4.4)

0.0 (-2.4, 2.5)

Cold

0.3 (-0.4, 1.0)

0.1 (-0.9, 1.2)

0.4 (-0.6, 1.5)

0.8 (-1.8, 3.4)

0.4 (-0.5, 1.4)

0.1 (-0.9, 1.2)

Warm

0.3 (-6.4, 7.4)

-6.2 (-15.5, 4.0)

4.1 (-5.6, 14.8)

21.9 (-7.5, 60.7)

-4.5 (-13.5, 5.5)

5.1 (-4.6, 15.7)

Cold

0.5 (-2.9, 3.9)

0.8 (-3.8, 5.5)

-1.0 (-6.3, 4.5)

6.2 (-6.1, 20.0)

-0.4 (-5.0, 4.5)

1.3 (-3.4, 6.3)

Warm

0.9 (-0.8, 2.7)

2.4 (-0.1, 4.9)

-0.9 (-3.5, 1.8)

2.5 (-4.6, 10.0)

1.6 (-0.8, 4.2)

0.2 (-2.2, 2.6)

Cold

0.1 (-0.8, 1.1)

-0.1 (-1.5, 1.2)

0.4 (-1.0, 1.8)

0.1 (-3.0, 3.3)

0.6 (-0.7, 1.8)

-0.3 (-1.6, 1.0)

Warm

4.5 (-0.7, 10.0)

5.1 (-2.6, 13.4)

6.0 (-1.6, 14.1)

-10.4 (27.7, 11.0)

7.7 (0.1, 15.9)

1.4 (-5.7, 9.1)

Cold

1.6 (-0.8, 4.1)

3.7 (0.1, 7.5)

0.0 (-3.5, 3.6)

-0.3 (-8.2, 8.2)

0.6 (-2.7, 4.1)

2.6 (-0.8, 6.2)

CLEAN AIR JOURNAL
Volume 31, No 2, 2021

11

© 2021. The Author(s). Published under a
Creative Commons Attribution Licence.

