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Abstract
Background: Despite increased awareness of climate change and urban air pollution, little research has been performed to examine the influence of
meteorology and air quality on athletic performance of the general public and recreational exercisers. Anecdotal evidence of increased temperatures and wind
speeds as well as higher relative humidity conditions resulting in reduced athletic performance has been presented in the past, whilst urban air pollution can
have negative short- and long-term impacts on health. Furthermore, pollutants such as Ozone, Nitrogen Dioxide and Particulate Matter can cause respiratory
and cardiovascular distress, which can be heightened during physical activity. Previous research has examined these impacts on marathon runners, or have
been performed in laboratory settings. Instead, this paper focuses on the potential impacts on the general public. With the rise of parkrun events (timed 5 km
runs) across the UK and worldwide concerns regarding public health in relation to both air quality and activity levels, the potential influence of air quality and
meteorology on what is viewed as a ‘healthy’ activity has been investigated. A weekly dataset of parkrun participants at fifteen events, located in London UK,
from 2011-2016 alongside local meteorological and air quality data has been analysed.
Results[JH(G+ESLF1] : The biggest influencer on athletic performance is meteorology, particularly temperature and wind speed. Regression results between
parkrun finishing times and temperature predominantly show positive relationships, supporting previous laboratory tests (p=0[JH(G+ESLF2] .01). Increased
relative humidity also can be associated with slower finishing times but in several cases is not statistically significant. Higher wind speeds can also be related
to slower times (p=<0.01) and in contrast to temperature and relative humidity, male participants are more influenced than female by this variable. Although
air quality does influence athletic performance to an extent, the heterogeneity of pollutants within London and between parkrun events and monitoring sites
makes this difficult to prove decisively.
Conclusions: It has been determined that temperature and relative humidity can have the largest detrimental impact on parkrun performance, with ozone also
being detrimental in some instances[JH(G+ESLF3] . The influence of other variables cannot be discounted however and it is recommended that modelling is
performed to further determine the extent to which ‘at event’ meteorology and air quality has on performance. In the future, there results can be used to
determine safe operating and exercise conditions for parkrun and other public athletics events.
Key Points
·

Temperature and relative humidity have the largest detrimental impact on parkrun participants in the Greater London area.

·

Air quality impacts are less clear but it is shown that ozone, as an irritant to the cardiorespiratory system, can lead to slower times.

·

Modelling ‘at event’ air quality is recommended to improve data resolution and influence on participants.

Introduction
Urban air quality (UAQ) has become a widespread and serious issue and focus for countries worldwide, with poor air quality having detrimental impacts on the
environment and human health [1-5]. This includes cardiovascular and respiratory distress, for example, contributing to the incidence of acute lower
respiratory infections, and also particularly for those with pre-existing conditions such as asthma, which can also be aggravated by poor air quality [6, 7]. Poor
air quality also contributes to premature deaths [6, 7]. Furthermore, research has recently started to identify links between poor air quality and cognitive
functions, with results suggesting negative impacts across a range of demographics [8-12]. It has been suggested that exercising in poor air quality can
reduce exercise-induced cognitive improvements [13]. With continuing development, urbanisation and increasing pollutant sources, especially vehicles, urban
air quality and associated health impacts are expected to worsen in the coming years [14-16].
The impact of UAQ on human health is a cause for concern, with nitrogen dioxide (NO2), ozone (O3) and particulate matter (particles with a diameter of 10 µm
(PM10) and 2.5 µm (PM2.5) or less) being the main influencers. These pollutants can have detrimental respiratory and cardiovascular impacts, including
irritation of the eyes, nose, throat and respiratory system, leading to breathing difficulties [17]. In a time when medical professionals are encouraging patients
and the general public to be more active, there is the question as to whether increasing outdoor physical exercise may be doing more harm than good, or
whether poor UAQ is hindering exercise performance [18, 19]. Despite this, research has suggested that the benefits of exercise outweigh the negative effects
of poor air quality and therefore does not contribute to early mortality [18, 20-22].
Future predictions for global warming and increasing temperatures suggest that activity levels will be reduced due to thermal stress as well as reduced
competitive levels at events [23, 24]. This is due to exercise altering the bodies thermoregulatory, circulatory and endocrine systems and a reduced capability
to maintain a suitable internal body temperature, especially in warmer and more humid conditions [23]. These impacts have also been demonstrated under
current climate conditions for temperature, relative humidity and wind speed, with increased values often resulting in slower or reduced performances [25].
This work investigates the role of UAQ and meteorology on amateur athletic performance using parkrun as a natural experiment. parkrun events provide free,
timed 5km runs on Saturday mornings, starting at 9 am, and have developed from an individual event in Bushy Park, London, UK in 2004 into a UK
phenomenon with a rapidly increasing international reach. Events are open to all abilities and ages and promote physical activity within local communities
[26, 27]. The wide popularity of parkrun events, twinned with their mental and physical health benefits has resulted in there being over 100,000 weekly
participants in the UK along with others in twenty additional countries [26, 28-31]. Consequently, this provides a high quality, weekly UK dataset to determine
the influence of local air quality and meteorology on the athletic performance on the general population.

Background
2.1 The Influence of Temperature on Athletic Performance
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The impact of meteorology on parkrun performance is often anecdotal information, however, the influence of temperature on performance has been explored
in a number of marathon and laboratory studies, which have found that athletic performance decreases as temperature increases [25, 32, 33]. Exercising in
warmer temperatures can alter the bodies circulatory, endocrine and thermoregulatory systems, increasing the risk of adverse effects including dehydration,
hyperthermia and heat stress due to reduced internal body temperature regulation [23]. This is due to the cardiovascular system having to meet the demands
of blood flow to vital organs, skin and contracting muscles, the former of which, along with maintaining blood pressure, takes precedence and leads to a
reduced ability to regulate internal body temperature, increased blood lactate levels within muscles and reduced maximal oxygen uptake [34, 35]. These all
lead to increased fatigue and reduced power output or speed during athletic performances or time trials [23, 36, 37]. In contrast, cold temperatures can help
maintain an optimum core temperature if suitable clothing is worn and heat is produced, but extreme cold can reduce blood supply and cardiorespiratory
capacity [38, 39].
The majority of research on the impact of temperature on athletic performances has been focused on marathons. Vugts [40] determined that the quickest
finishing times at the Beijing and Boston marathons were recorded in during temperatures of 8°C. Meanwhile Ely et al. [32] and Brotherhood [41] highlighted
reduced performance in increasing temperatures, particularly for the slower finishers who experience greater heat stress when running in larger groups. More
recently, Helou et al. [25] further confirmed the work of Vugts [40] by determining that temperatures of 3.8-9.9oC resulted in the quickest times registered at
several major international marathons.
Age and gender are can also influence the extent to which temperature impacts performance, albeit with differing results. Sandsund et al. [42] and Renberg et

al. [43] suggest that ambient air temperature has little to no impact on female short-duration exercise performance whilst male athletes have an optimum
range. In contrast, Maffetone et al. [44] showed that both genders have been equally impacted by temperature fluctuations at the Boston marathon. Middleaged and older demographics have also shown reduced athletic performance under increased temperature, likewise with children who experience increased
heat gain and then reduced dissipation due to their lower sweating capacity and cardiac output [45, 46].
2.2 The Influence of Relative Humidity on Athletic Performance
Humidity can also impact athletic performance. Helou et al. [25] showed that after temperature, humidity had significant impacts on both male and female
athletic performance as heat dissipation is limited under higher humidity conditions because of reduced sweat evaporation [34, 35]. Maintenance of an
optimal core body temperature and thus performance requires heat loss to equal heat production during exercise, therefore high relative humidity levels can
reduce performance due to limited amounts of heat dissipation [34, 35]. There is also an increased risk to health in cases of high relative humidity and
temperature due to the combined stress this puts on the body [47].
2.3 The Influence of Wind on Athletic Performance
Wind direction, wind speed and wind chill are all variables that can, to an extent, influence athletic performance. In high temperatures, the cooling effect of
wind can be beneficial, with a wind speed of 4 ms-1 providing double the cooling level as a 1 ms-1 wind [40]. However, in colder conditions, this cooling can be
detrimental as it can lower core the core body temperature below optimal levels for performance and greater levels of blood flow are diverted to maintaining
vital core functions and temperature rather than muscular contractions required for performance. Despite the potential influence of wind speed, Vihma [33]
showed that it does not always result in significant results on performance. This is likely due to wind direction. As parkrun courses generally start and finish
near the same location and consist of some form of loop, it is expected that there will not be a consistent dominant head- or tailwind. However, Davies [48]
showed that headwinds will reduce finishing times to a greater extent than a tailwind can aid performance, thus completing an event half into a headwind and
half into a tailwind will result in a finishing time that is slower on average by 3.6 s/km.
2.4 The influence of Air Quality upon Athletic Performance
The influence of air pollution on athletic performance and cardiovascular and respiratory health has been examined in several studies; often in laboratory
settings [reviewed by Giles and Koehle, 18]. Higher intensity exercise sees a switch from nasal to oral breathing and reduced respiratory defences, thus greater
potential for increased pollution exposure [18, 50-52]. Despite this, studies have failed to unanimously show that poor air quality is detrimental to performance
[18, 53-56].
However, there have been numerous studies that highlight air pollution, notably O3, can decrease lung function and potentially contribute to reduced athletic
performance [57-60]. Additionally, it has been noted that air pollution can trigger asthma attacks due to its irritant qualities. Asthma is a respiratory condition
prevalent in both the general population and elite athletes and it is believed that physical exercise can enhance the negative effects of O3 pollution [58, 60-64].
Pre-exposure to and performance in poor air quality has also been shown to reduce VO2 max (maximal oxygen uptake) performance in tests [65, 66].
Particulate matter has also been identified as being detrimental to performance, reducing lung and cardiovascular function, arterial pressure, arterial
vasodilation and athletic performance, including those who are not asthmatic [59, 60, 67, 68]. Importantly, a pre-test ‘accumulation’ session was performed,
suggesting that exposure prior to exercise, or a warm up, can hinder later performance [59, 60, 68].
Limited real world examination of pollution influencing athletic performance has been conducted. Most notably Marr and Ely [69] and Helou et al. [25] both
examined yearly marathon finishing times. The former determined that increases in PM10 resulted in decreased female performance whilst Helou et al. [25]
showed that increases in temperature above an optimal range also resulted in slower finishing times. Additionally, O3 was determined to be also detrimental to
marathon performances, although this was linked potentially to covariance with meteorological effects [25]. Although not focused on athletics, a long-term
study of the professional German football league showed a causal relationship between local air quality and productivity, whilst it has also been shown that
large deviations from an ideal walking speed of 2-6 km/h for minimal pollution uptake can more than double the inhalation dose [70, 71].
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Based upon previous research, there has been limited real-world examination of air quality and /or meteorology on athletic performance. Where studies exist,
they have focused on either elite athletes or a small number of finishers. It is important to acknowledge that meteorology and air quality are not separate
parameters for investigation. Notably, NO2 and O3 levels alter in response to sunlight and temperature, whilst relative humidity and wind speed can influence
PM concentrations [16, 72-75]. Indeed, the importance of climate and air quality has been highlighted with an estimated additional 423-769 deaths occurring
during the 2003 UK heatwave as a result of elevated temperature, O3 and PM10 [76, 77]. With deaths in recent Belfast and London marathons also being
attributed to extreme temperatures, the response of the wider public and athletic participants to both general and adverse weather and air quality conditions
needs to be examined, particularly with climate change predicted to increase mean and extreme temperatures [78-80]. Furthermore, under future climate
change predictions of increased temperatures, rising levels of thermal discomfort may also lead to reduced physical activity participation and thus community
and public well-being [80, 81]. Therefore, as public knowledge of UAQ and parkrun events and popularity spreads, the relevance of this research is increased
and could be used to educate the general public when and where might be best to exercise outdoors.

Materials And Methods
The parkrun events examined in this study are all located within Greater London. This location was chosen because of the relatively high spatial coverage of
air quality monitoring stations and parkrun events. Furthermore, London often breaches European air quality limits with poor UAQ contributing to an estimated
9,400 premature deaths, which costs between £1.4 and £3.7 billion per year [82-85]. Finishing times for participants of fifteen parkrun events (Fig 1) from
2011-2016 were provided by the parkrun research board. These were selected due to their close proximity to Department for Environment, Food and Rural
Affairs (DEFRA) monitoring stations (<15 km) to utilise as accurate ‘at event’ readings as possible due to the high spatial variability of air quality [86-89]. The
parkrun dataset contains details of the parkrun location, event date, individual run times of each participant on that corresponding date, their gender and age
group. The parkrun finishing time data was anonymised prior to research access being given in accordance with the completed and agreed ethics procedures
(ERN_17-1583).
For each parkrun event, the weekly mean finishing time was calculated and then used for further analyses. This was for the complete participant list before
being broken down into male and female times. It is important to note that due to the increasing success of parkrun events, average finishing times continue
to increase due to growing participation levels. Therefore, decomposition of the run times was performed and the remainder value was used for analysis
against the explanatory variables of temperature, relative humidity, wind speed, O3, NO2 and PM2.5 (Fig 2).
The removal of long term trend and seasonality is determined to be required due to the variation in parkrun numbers over time as a result of parkrun gaining
popularity and changes in participants over the course of the year. The decompose function in the R package ‘forecast’ was used to determine the seasonal,
long term and random components within the data via an additive model. This is used because the seasonality variation remains relatively constant despite
an increase in participation.
Meteorological data was obtained from the British Atmospheric Data Centre (BADC) using the Met Office Integrated Data Archive System (MIDAS). Seven
stations (Fig 1) were used due to their proximity to the parkrun events being examined. Observations were downloaded for 09:00 on Saturdays to match the
starting time of parkrun events and ensure that the values used in analyses were as accurate as possible to those the parkrun participants were exposed to. Air
temperature, relative humidity and wind speed variables were downloaded. The worldmet package within R was utilised to import meteorological data for
analyses [90]. This was quality checked against the MIDAS datasets and it was shown that temperature values were the same but relative humidity in some
cases varied by up to 2%, although this is likely due to the formatting algorithms used in processing the data [91].
Air quality data for Greater London was retrieved from the DEFRA Automatic Urban and Rural Network (AURN) SITES, between 08:00 and 10:00 local time at
background monitoring sites. This includes hourly readings for NO2, O3, PM2.5 and PM10. PM10 was subsequently removed from analyses due to its high
correlation to PM2.5, while the latter was retained due to the greater association of smaller particles with deleterious health effects. Locations of the
monitoring sites can be seen in Fig 1 and were selected due to them being urban background sites, i.e. not in direct proximity to roadsides and vehicular
pollution, measuring all or most of the above pollutants and their proximity to parkrun events. The mean 08-10:00 air quality values were found and used for
analysis to capture the air quality participants were potentially exposed to before and during the events.
Each parkrun site was paired with the closest DEFRA AURN and Met Office locations (Table 1). Although some are not optimally placed, they are indicative of
the local air quality. Due to not all measurement sites recording all of the desired explanatory variables, some events have been analysed against a reduced
times series as dates containing missing data have been removed from analysis. Likewise, with discrepancies in the meteorological data. Prior to analysis,
parkrun finishing times over ninety minutes were discarded, as these were technical issues indicated by parkrun [92]. Additionally, correlation and regression
analysis shows that there is no statistical relationship between the parkrun’s distance from air quality or meteorological stations and finishing times (p>0.11).
Table 1.

The analysed parkrun events and their corresponding air quality and meteorological monitoring location along with distances

between the sites.
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parkrun

DEFRA AURN

Distance (km)

Meteorological Station

Distance (km)

Bedfont

Harlington

5.3

Heathrow

3.0

Brockwell

Westminster

5.2

St James Park

6.1

Bromley

Eltham

7.8

Biggin Hill

8.9

Bushy

Teddington

1.4

Hampton W WKS

2.2

Crystal Palace

Eltham

10.2

Biggin Hill

14.1

Finsbury

Haringey

2.2

St James Park

7.3

Greenwich

Eltham

0.6

London City Airport

4.3

Grovelands

Haringey

5.3

St James Park

14.4

Hackney

Haringey

7.2

London City Airport

7.8

Kingston

Teddington

0.8

Hampton W WKS

4.9

Lloyd

Eltham

14.3

Biggin Hill

9.5

Old Deer

Teddington

4.4

Kew Gardens

0.9

Richmond

Teddington

3.7

Kew Gardens

3.6

Roundshaw

Teddington

17.0

Kenley Airfield

3.5

Wimbledon

Teddington

6.9

Kew Gardens

7.8

Correlation analyses between the decomposed finishing times and the explanatory variables were performed for the whole data set as well as the male and
female sex subsets provided by parkrun, and were used by Helou et al. [25]. Each of the parkrun events was also examined separately to determine whether
certain locations were more influenced by the measured variables. Linear regression analyses, the common technique used in aforementioned marathon
studies [44], was used to compute the R2 value, showing the total percentage of variance in finishing times explained by the control variables.
Analysis to determine the influence of UAQ and meteorology on the average weekly parkrun finishing time was achieved by two multiple linear regression
analyses. One considered the combined influence of NO2, O3 and PM2.5 on finishing times whilst for meteorological impacts, temperature, relative humidity
and wind speed were used as the independent variables. Air quality and meteorological data was not included in the sample analysis model due to the risk of
multicollinearity between variables, in particular temperature, NO2 and O3. For the multiple linear regression models, variable inflation factors (VIFs) were
checked post-test to ensure that they were below the threshold of 3. This analysis method also reintroduces a form of natural seasonality that is initially
striped from the time series. This is done to remove the ‘slowing’ influence of New Year’s resolution runners and general loss of physical fitness over the
Christmas period, rather than leaving the long term trend and seasonality in from the beginning of analyses. It also allows for a more representative insight
into real world processes and influences. Post-test analysis was also performed using the following diagnostic tests; Quantile-Quantile, Scale-Location, Fited
vs Residuals, Cooks-Distance and ACF plots and histograms of residuals (Fig 3).
It needs to be noted that this research follows a time series rather than space-time series analysis. Although there could be variation between parkrun finishing
times and the local air quality and meteorology, there are other factors that would also need to be considered such as differences between event surfaces and
elevation profiles that could lead to false conclusions. However, controlling these factors over a spatial analysis would prove challenging and probably a
paper in its own right.
For reference within the rest of the manuscript, a positive relationship between an explanatory variable and finishing time would see an increase in run time
and thus a slower performance. In contrast, a negative relationship means that performances have improved whilst the associated explanatory variable has
increased in value.

Results
4.1. Meteorology
Basic descriptive statistics for the data used in this work are shown in Table 2.Table 2. Descriptive statistics for the parkrun finishing times and meteorological
conditions encountered during the study period.
Minimum

Maximum

Mean

parkrun time (minutes)

14.42

90.50

26.62

Temperature (oC)

-6.60

26.00

11.38

Relative humidity (%)

42.50

100.00

78.30

Wind Speed (ms-1)

0.00

12.86

3.61
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4.1.1 Temperature

Initial analysis shows that the distribution of run times are predominantly between 20 and 30 minutes, with temperatures between 8-15oC. Linear regression
analysis across all parkrun events resulted in the regression equation (Equation 1) below, where t is run time in s, and T is temperature in °C. The linear
regression gives Equation 1, which is significant at the 99% confidence interval and explains 3% of the variance in run times.

t = -4.83 + (0.42 × T) (Equation 1)
Examination of individual parkrun events shows that five locations have significant relationships between finishing times and temperature (Table 3). Of these,
however, Bromley parkrun has a negative relationship with finishing times, suggesting that quicker performances occur under warmer conditions (p=0.05).
Table 3. Individual parkruns and their relationship between finishing times and temperature variations.
Location

Intercept

Temperature Coefficient

F Statistic

R2 Value

p Value

Bedfont

-3.78

0.24

0.4

-0.002

0.53

Brockwell

1.11

0.01

1.00

3.111e-05

0.32

Bromley

6.57

-0.63

3.98

0.01

0.05

Bushy Park

1564.36

1.2

4.12

0.05

0.05

Crystal Palace

-0.57

0.03

0.01

-0.004

0.93

Finsbury Park

-10.64

0.86

5.73

0.02

0.02

Greenwich

5.84

-0.52

1.34

0.01

0.25

Grovelands

1.34

0.001

0.03

-0.01

0.87

Hackney Marshes

0.64

-0.01

0.001

-0.004

0.98

Kingston

1509.3

-1.41

1.35

0.01

0.25

Lloyd

-5.00

0.4

0.4

-0.002

0.53

Old Deer Park

7.26

-0.87

2.24

0.01

0.14

Richmond

-9.4

0.84

8.21

0.03

<0.01

Roundshaw

-11.03

1.03

4.46

0.01

0.04

Wimbledon

2.06

-0.31

0.79

-0.001

0.38

Gender analyses show that at the events where comparable significant relationships are shown, female run times are more influenced than male. Additionally,
when all significant relationships between temperature and finishing times are considered, female coefficients are larger and more significant than male. For
example, for the complete female subset, temperature coefficients for correlation, linear regression and multiple linear regression are 0.19, 0.56 and 0.75
respectively with p=<0.01, whilst for the male subset the corresponding values are 0.15, 0.32 and 0.41 with p=<0.02.
Examination of age groups showed some interesting results. Increased temperatures and wind speeds were detrimental to finishing times of the age groups
shown in Table 4. Temperature shows significant positive relationships with the middle-aged to older age groups, with no apparent influence on the children,
youth and young adult competitors in the 25-29 and younger age groups.
Table 4. Significant linear regression results of age group analysis. Wind speed appears to be the
dominant variable regardless of age.
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Age Group

Explanatory Variable Coefficient

P Value

20-24

Wind Speed

2.47

<0.01

25-29

Wind Speed

0.03

<0.01

35-39

Temperature

0.43

0.06

40-44

Wind Speed

1.78

<0.01

Temperature

0.48

0.02

Wind Speed

1.34

<0.01

temperature

0.36

0.06

Wind Speed

1.2

<0.01

Temperature

0.52

<0.01

55-59

Wind Speed

1.47

<0.01

65-69

Wind Speed

1.66

0.02

Temperature

0.74

0.09[JH(G+ESLF1]

45-49

50-54

[JH(G+ESLF1]Reviewer #2 – Merged the age group cells to make table clearer.
4.1.2. Relative Humidity

Results of the relative humidity analysis suggest that in most cases elevated levels reduce performance. Although not significantly different, the
mean finishing time (not decomposed) rises from 1584.41 s under relative humidity levels of 40-55% to 1598.14 s when RH is above 85.1%. Interestingly,
female participants are slightly more influenced than male, seeing an increase in finishing time 1.3 s more when RH rises from 40-55% to over 85%. For the
age groups this descriptive analysis shows that most see increases in finishing time of 5-30 s, although notably the 70-75 and 80-85 age groups show
increases of 131.54 and 77.18 s respectively.
Correlation and linear regression analysis for this explanatory variable shows a number of significant relationships. With the exception of the 25-29 age group
and the Richmond event (overall and male subset), these all show that increased RH is associated with slower finishing times (p=<0.08).
4.1.3. Wind Speed
Significant results were only found at seven of the fifteen events as well as the overall and male and female subsets (p=<0.08, Fig 4). R2 values ranged from 112% and a student’s T-test revealed a significant difference between the mean run time at high (>6 ms-1) and low (<6 ms-1) wind speeds (p=<0.01) for the
overall and male datasets. At a number of events, wind speed increases saw correspondingly higher, thus slower, parkrun finishing times. No particular age
group showed a greater influence of wind speed on their finishing times compared to the others (Table 4).
Fig 4. Results of linear regression analysis for the overall (row A), female (row B) and male (row C) parkrun subsets with the three meteorological variables
examined.
In most cases, male competitors showed a significant relationship with wind speed that was not matched by the corresponding female analysis. For example,
at Wimbledon parkrun male finishing times are slower in association with increased wind speeds through correlation (coefficient - 0.16), regression (coefficient
- 2.25) and multiple linear regression (coefficient - 2.75) analysis (p = 0.01).
4.1.4. Combined influences
Multiple linear regression was performed using the influence of temperature, relative humidity and wind speed (Equation 2). These three variables explained
10% of the variance in average parkrun finishing times (p=<0.01), with increased values being associated with slower finishing times. Results of the multiple
linear regression are shown in Table 5, with 16% of the variance in finishing times at Bushy Park attributed to the three variables.
Average parkrun time = -23.64 + 0.51 T** + 0.13 RH + 1.07 WS**( Equation 2)
**Significance <0.01
Table 5. Meteorology multiple linear regression results for the fifteen parkrun events.
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Location

Intercept

Temperature

RH

Wind Speed

Significance

R2

Bedfont

-23.69

0.56

0.28

-0.6

0.24

0.004

Brockwell

1.37

0.01

-0.003

No Data

0.52

-0.01

Bromley

-0.26

-0.26

0.69

0.38

<0.01

0.04

Bushy Park

1522.16

1.08

0.42

1.39

<0.01

0.16

Crystal Palace

-5.57

0.06

0.03

0.26

0.96

-0.01

Finsbury Park

-3.15

0.78

-0.09

No Data

0.07

0.02

Greenwich

-31.41

-0.2

0.37

0.67

0.21

0.01

Grovelands

1.26

0.002

0.001

No Data

0.96

-0.02

Hackney Marshes

0.36

-0.04

-0.02

0.22

0.99

-0.01

Kingston

1407.99

-0.75

1.17

0.09

0.17

0.04

Lloyd

10.34

0.18

-0.29

1.2

0.37

0.001

Old Deer Park

-53.91

-0.46

0.52

3.33

0.04

0.02

Richmond

5.75

0.51

-0.24

1.5

<0.01

0.06

Roundshaw

-57.57

1.4

0.41

0.91

0.03

0.02

Wimbledon

-25.59

-0.2

0.2

2.27

0.06

0.02

4.2. Air Quality
Basic descriptive statistics for the data used in this work are shown in Table 6.

Table 6. Descriptive statistics of the air quality conditions encountered by parkrun participants during the study period in comparison to
the UK air quality standards.

O3 (ugm-3)

Minimum
1.14

Maximum (UK standard)
76.91 (120)

Mean (UK standard - yearly average)
33.62 (N/A)

10

95.38 (200)

33.54 (40)

1.4

86 (N/A)

13.33 (25)

NO2 (ugm-3)
-3

PM2.5 (ugm )

4.2.1. Ozone
Examination of the O3 data showed only two close to significant relationships with finishing times. This was for the male subset with correlation and linear
regression suggesting a correlation coefficient of 0.11 and 0.08 respectively (p=0.09). Both the overall and female subsets showed no significant relationships
between the variables. However, all analyses despite not being significant, showed O3 to have positive relationship with finishing times, thus suggesting that
run times are getting slower. At individual parkrun events, most showed positive relationships with O3, with the most notable significant relationships at the
Bushy Park, Crystal Palace and Lloyd Park events (p=<0.05). In contrast, however, Greenwich, Kingston and Wimbledon parkruns all showed negative
relationships, although these weren’t significant. The 55-59 age group also showed a significant (p=<0.09) positive relationships with ozone whilst the 40-44
and 45-49 were close to significant with p=0.07 and 0.09 respectively.
4.2.2. Nitrogen Dioxide
NO2 for the overall data and two gender subsets shows no significant relationships with performance. However, all results show a negative trend, suggesting a
potential for improved performances under elevated NO2 conditions. Similarly to the larger subsets, most individual parkrun events showed a negative
relationship between finishing times and NO2 levels, with close to significant results shown at Bushy Park, Lloyd and Richmond (p=<0.09). Interestingly, events
at Bromley and Finsbury showed positive relationships between the two variables, particularly for the overall and female subsets. Similarly to ozone, age
group analysis showed the same demographics, 40-49 and 55-59, had significant (p=<0.05) negative relationships with NO2.
4.2.3. PM2.5
PM2.5 showed no significant relationships with the overall or subset run times. Unlike the O3 and NO2 results, which if not consistently significant show clear
trends in their relationship with finishing times for both the overall and individual parkrun events, there isn’t a clear trend in the PM2.5 data (Fig 5.). At individual
parkrun events, Bushy, Bromley and Lloyd are the only significant results, which are negative relationships. At the remaining twelve events, three shown
positive trends, five are negative and the other four have both positive and negative relationships depending on the subset examined. Only the 45-49 age group
had a significant (p=0.01) relationship with PM2.5, which was again negative.
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Multiple linear regression analysis that included the three pollutants showed only one significant relationship with finishing times (Table 7).
Table[JH(G+ESLF1] 7. Air quality multiple linear regression results for the fifteen parkrun events.

[JH(G+ESLF1]Reviewer

Location

Intercept

O3

NO2

PM2.5

Significance

R2

Bedfont

-27.83

0.13

7.25

11.7

0.52

0.01

Brockwell

1.18

0.003

-0.04

No data

0.67

-0.02

Bromley

-11.7

0.11

6.66

-2.68

0.8

-0.01

Bushy Park

3.93

0.13

-1.02

-7.16

0.12

0.03

Crystal Palace

-11.15

0.25

-11.15

12.35

0.09

0.02

Finsbury Park

0.96

0.002

0.14

No data

0.84

-0.02

Greenwich

23.17

-0.31

-22.41

14.83

0.12

0.02

Grovelands

1.32

0.003

-0.04

No data

0.36

0.001

Hackney Marshes

16.48

-0.01

-10.83

No data

0.79

-0.01

Kingston

2.12

-0.01

-0.16

-0.3

0.71

-0.04

Lloyd

17.2

0.29

-26.73

1.15

0.01

0.04

Old Deer Park

0.89

0.003

0.25

0.16

0.85

-0.07

Richmond

-13.96

0.08

13.75

-10.13

0.52

-0.01

Roundshaw

-28.33

0.22

5.52

10.00

0.92

-0.03

Wimbledon

3.68

-0.03

-0.54

-3.19

0.99

-0.03

#1 MLR results included as a table as requested.

Discussion
5. Meteorology
5.1.1 Temperature
Running is a weather interference sport where conditions such as the meteorology will influence performance [93]. This is particularly so for higher
temperatures that can alter the bodies thermoregulatory systems and increase fatigue and power output [23, 36, 37]. Regression results between parkrun
finishing times and temperature predominantly show positive relationships and suggest that temperature is the largest influencer on running times, supporting
laboratory tests performed by No and Kwak [94]. Time increases of seconds compared to the larger and more substantial performance reductions shown by
Helou et al. [25] is to be expected considering the differences in event length and duration. This difference between parkrun and marathon studies is most
likely due to the reduced distance and period of time required to complete parkrun events, and therefore the reduced environmental exposure experienced by
participants.
Gender analyses suggest that female run times are more susceptible to increased temperatures than male. This contrasts the work of Vihma [33] who showed
male athletes to be more susceptible to high temperatures during the Stockholm marathon. This is theorised to be due to males generally have a smaller ratio
of surface area to body mass compared to females, making them less efficient at dissipating heat build-up during exercise and prompting earlier decreases in
performance due to temperature regulation [34, 35, 95]. However, other studies have shown female participants to be influenced more than male with this
being attributed to females having a higher core temperature that is a disadvantage when exercising in warmer conditions [96]. Finally, several events showed
no impact of temperature on performance [42-44, 97]. Overall, this research suggests that both genders are, to an extent, impacted by meteorology, as would
be expected based upon previous research [25, 32, 34, 35].
Age group analysis suggests that temperature and wind speed is detrimental to several age groups, predominantly those over thirty years of age. This partially
contrasts research that suggests that younger demographics are most negatively impacted by temperature through increased heat gain and reduced
dissipation [45, 46, 98, 98]. It should be noted, however, that the impact on older competitors does correlate with research that ageing reduces muscle mass,
metabolism and thus thermoregulatory adjustments [45, 46, 98, 99]. This would explain the decrease in performance under higher temperatures for older age
groups and also agrees with previous research into the influence of urban heat islands and pollution on vulnerable population demographics (i.e. young and
old) [76, 100-104].
5.1.2 Relative Humidity
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Results suggest that in most cases elevated relative humidity could be associated with slower finishing times. These decreases in performance may be due to
a reduced ability to disperse excess body heat generated during exercise, leading to earlier and increased fatigue in participants [34, 35, 47]. Female and the
70-75 and 80-85 age groups showed the largest decreases in performance, the latter particularly so when relative humidity rose from 40-55% to over 85%,
suggesting that they are less efficient at dispersing excess heat. Therefore, meteorology could be associated as being the main external control on athletic
performance as has previously been theorised [25, 32-35].
5.1.3. Wind Speed
Around half of the events saw significant decreases in performance as wind speed increased and there is a significant difference between finishing times
under high (>6 ms-1) and low (<6 ms-1) wind speeds. This corresponds with the work of Davies [48] who showed that headwinds will result in a greater drag
force and slower running times. However, the majority of parkrun course are lapped with participants encountering multiple wind directions over the course of
the event potentially leading to the insignificant results shown.
The gender analysis showed a number of occasions where female participants were not significantly influenced by wind speed. This could be due to male
competitors potentially being larger than their female counterparts and therefore having a larger silhouette to move through the increased wind resistance. A
range of age groups showed positive relationships with wind speeds, suggesting that despite previous studies suggesting that the cooling effect from wind
can improve performance by up to 4.4% [105, 106], the wind speeds found at parkrun events are too strong to be beneficial. Perhaps more importantly in the
UK, wind chill can have a negative impact on performance in cooler conditions, reducing core body temperature and increasing the amount of anaerobic
glycolysis in active muscles, leading to increased fatigue [107]. Furthermore, greater fitness levels does not necessarily result in improved cold weather
performance, this is more often dictated by body shape, size and sex [108].
5.1.4. Combined Influences
The combined influence of temperature, relative humidity (RH) and wind speed has been noted earlier in this research [25, 32, 33], with the results mostly
mirroring those and suggesting that they can significantly result in slower running times. This is supported by the work of Pezzoli et al. [109] who believed
these three variables to be the greatest influencers on running performance.
5.2. Air Quality
5.2.1. Ozone
Only the male results showed a close to significant relationship (p=<0.09) between ozone and finishing times. Despite a lack of statistically significant results
between finishing times and O3, there are consistent positive relationships shown between finishing times at most parkrun events for the overall, male and
female subsets and ozone levels. This may suggest that in some instances the irritant quality of the pollutant on the respiratory system could potentially
influence athletic performance and partially supports the work of Helou et al. [25] on marathon performances [17]. Furthermore, past research has shown that
O3 can decrease lung function therefore performance in maximal time trial laboratory tests [57-64], although this may not be the case under real-world
conditions when the potentially exposure of runners could vary considerably.
5.2.2. Nitrogen Dioxide
There were no significant or close to significant relationships shown between NO2 and finishing times at the London parkrun events, regardless of event,
gender nor age group. However, the majority of results show a negative trend which could suggest that quicker finishing times are recorded under higher NO2
conditions, which is unlikely due to it also being an irritant [17]. However, due to the processes referenced in section 2.4, it could be suggested that high NO2
levels are found in cooler temperatures, conditions that are likely to improve running times [25, 40]. A possible explanation for the improved finishing times
under elevated NO2 levels is that nitrate and related species are vasodilators. This can reduce arterial pressure and increase blood flow, although examination
of the influence of this on athletic performance has not been performed [110, 111, 112].
5.2.3. PM2.5
With the exception of negative relationships at Bushy, Bromley and Lloyd parkruns, PM2.5 has no significant results when compared to finishing times for any
analysis groups. The three aforementioned significant negative relationships are result that goes against common thinking of particulate matter being an
irritant and highly detrimental to human health [17, 101]. However, Giles et al. [113] found that pre-exercise inhalation of diesel exhaust containing 300 µg/m3
of PM2.5 had no significant effect on cycling time trial performance whilst particulate matter impacts are often seen as a long-term health hazard. This could
possibly explain the lack of a detrimental impacts on short-term performance, if not the few ‘beneficial’ relationships [101]. The majority of the results suggest
that there is no real relationship between short-term athletic performance and PM2.5 concentrations.
5.3 Limitations and Future Research
Due to spatial variability in air quality, how representative the air quality data is also needs to be considered. O3 is generally a regional pollutant with less
variation over London and between monitoring locations and parkrun events. Therefore, the significant relationships between O3 and parkrun finishing times
can be considered accurate. However, NO2 and PM2.5 levels are more likely to be influenced by local sources and may result in discrepancies between
monitoring and parkrun locations, potentially contributing to insignificant relationships. Although monitoring locations are not ideally located in some
instances, they are indicative of air quality levels and this research is not aimed to create a predictive model, more generate insights. To overcome this, in-situ
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monitoring at parkrun events could be performed, albeit a potentially costly option. Modelled air quality data could also be used to reduce the likelihood of
variability in air quality levels between monitoring sites and parkrun events.
Some further considerations that could be utilised in the future for additional studies include tracking performance changes over time of individual parkrun
participants, although this could not be done as parkrun ID numbers were not provided due to data protection. This meant that individual runner’s
performances could not be followed over the study period to determine whether air quality and meteorology impacted their performance. Consequently, this
research provides a useful overall view on the impact of these variables, but not the resolution to determine the impact on individuals. Being able to follow
individuals, along with their physiological data such as lean body mass ratio, heat dissipation of tissues and relative maximum oxygen consumptions that are
all influential for performance could also provide additional insight in to our results [96]. Furthermore, due to a lack of literature examining the influence of
meteorology and air quality on specifically 5 km events, associations between this research and previous work is limited to laboratory tests and long distance
running, both of which will to an extent use slightly different energy and physiological systems. However, 5 km events are at least 84% aerobic in the energy
systems used, which, although this figure rises as the race distance increases, shows that comparisons between middle and long distance races can to an
extent be drawn [114].

Conclusions
The increasing popularity of parkrun events has allowed this research to examine the influence of local air quality and meteorology on short-term athletic
performance at a weekly time scale. Previous research has focused on laboratory-based studies or yearly marathon events. Through fifteen Greater London
parkrun events, DEFRA AURN and meteorological monitoring analysis has shown a number of relationships between variables and running performance. This
includes additional subsets of parkrun data to examine gender differences.
Although the variance in run times explained by these variables are small, the results correlate well with previous laboratory and real-world marathon studies,
particularly for temperature, relative humidity and O3 [25, 32]. This also highlights the importance and impact of body temperature regulation and power
output shown by past research [23, 34-37]. Additional analysis in to the impact of wind speed, wind chill, precipitation and radiation has also been performed
and has highlighted the impact, or lack thereof, of those variables on performance.
Overall, this research suggests that meteorological changes can be associated with the clearest changes in short-term athletic performance, along with O3 in
some instances, which is potentially linked to increased temperatures. NO2 and PM2.5 do not appear to have any significant impacts, at least in the short-term.
Furthermore, this research has started to address the gap surrounding short duration athletic performance in the UK, along with utilising a wider spectrum of
participants rather than elite runners.
Despite these potentially hindering associations of UAQ and meteorology on athletic performance, it is important to stress that the health benefits of
participating in parkrun events outweighs the short-term exposure to poor UAQ [18]. This is supported by research showing that regular exercise protects
against premature deaths attributed to UAQ [22]. Finally, it is important that parkrun and other event organisers, along with policy makers and health care
providers are aware of the extent to which air quality and meteorology can impact participants, particularly under future predictions of climate change and
urban air quality [112].

Declarations
Ethical Approval and Consent to Participate
The parkrun finishing time data was anonymised prior to research access being given in accordance with the completed and agreed ethics procedures
(ERN_17-1583) by the University of Birmingham ethics team.
Consent for publication
Not applicable
Availability of data and materials
The datasets generated and analysed during the study are available in the DANS repository,
https://easy.dans.knaw.nl/ui/login;jsessionid=B27725E7352DAA8FC71FC8FBB39CEA90?
wicket:bookmarkablePage=:nl.knaw.dans.easy.web.search.pages.PublicSearchResultPage&q=parkrun
Competing Interests
The authors declare that they have no competing interests.
Funding
This research was generated as part of J.R. Hodgson’s PhD studies and funded by NERC/UKRI as part of the Data, Risk and Environmental Analytical Methods
(DREAM) CDT.
Authors’ contributions

Page 11/20

JRH – Conception and design of work. Data acquisition and analysis. Data interpretation. Write up and submission process. Approval of final work.
SE – Conception and design of work. Data acquisition and analysis. Data interpretation. Approval of final work.
LC – Conception and design of work. Data interpretation. Approval of final work.
CH – parkrun data extraction. Approval of final work.
FDP – Conception and design of work. Data interpretation. Approval of final work.
Acknowledgements
Thanks to Doctor Alice Bullas of the parkrun Research Board and the parkrun Research Board for helping facilitate this project and to Helen Pearce of The
University of Birmingham for her pre-submission comments on the manuscript.
Authors Information
JRH is a PhD student at the University of Birmingham after gaining his BSc (Hons) and MSc within the institution.
SE gained her BSc and MSc at the University of Birmingham and works at the Canal and Rivers Trust.
LC is a Professor of Climate Resilience and Deputy Director of Research and Knowledge Transfer for the College of Life and Environmental Sciences at the
University of Birmingham.
CH is a senior research fellow at the Advanced Wellbeing Research Centre within Sheffield Hallam University having previously been part of the Sports
Engineering Research Centre.
FDP is a Professor of Atmospheric Science at the University of Birmingham.

Abbreviations
O3 – ozone
NO2 – nitrogen dioxide
PM/PM2.5/PM10 – particulate matter/particulate matter of the size fraction 2.5/particulate matter of the size fraction 10.

References
1. European Commission. New policy package to clean up Europe’s air. Press Release Database. Environment. 18 December 2013. Available from:
http://europa.eu/rapid/press-release_IP-13-1274_en.htm, cited 1 April 2019.
2. European Commission. Questions and answers on the EU Clean Air Package. European Commission. Press Release Database. Press Release details. 18
December 2013. Available from: http://europa.eu/rapid/press-release_MEMO-13-1169_en.htm, cited 1 April 2019.
3. Kampa M and Castanas E Human health effects of air pollution, Environ Pollut. 2008; 151 (2): 362-367.
4. Lim S, Vos T, Flaxman A, Danaei G, Shibuya K, Adair-Rohani H, et al. A comparative risk assessment of burden of disease and injury attributable to 67 risk
factors and risk factor clusters in 21 regions, 1990–2010: a systematic analysis for the Global Burden of Disease Study 2010. The Lancet. 2012; 380
(9859): 2224-2260.
5. Walton H, Dajnak D, Beevers S, Williams M, Watkiss P and Hunt A. Understanding the Health Impacts of Air Pollution in London, King’s College London
Report for Transport for London and the Greater London Authority, 14th July 2015, 2015. Available from:
https://files.datapress.com/london/dataset/understanding-health-impacts-of-air-pollution-in-london-/2015-0929T13:18:57/HIAinLondon_KingsReport_14072015_final.pdf, cited 1 April 2019.
6. Burnett R, Pope C, Ezatti M, Olives C, Lim S, Mehta S, et al. An integrated risk function for estimating the global burden of disease attributable to ambient
fine particulate matter exposure. Environ Health Perspect. 2014; 122 (4): 397-403.
7. Lelieveld J, Evans J, Fnaise M, Giannadaki D. and Pozzer A. The contribution of outdoor air pollution sources to premature mortality on a global scale.
Nature, Letter. 2015; 525: 367-371
8. Calderon-Garciduenas L, Leray E, Heydarpour P, Torres-Jardon R. and Reis J. Air pollution, a rising environmental risk factor for neuroinflamation and
neurodegeneration: The clinical impact on children and beyond. Rev Neurol (Paris). 2016; 172 (1): 69-80.
9. Clifford A, Land L, Chen R, Anstey K. and Seaton A. Exposure to air pollution and cognitive functioning across the life course – A systematic literature
review. Environ Res. 2016; 147: 383-398.
10. Shehab M and Pope F. Effects of short-term exposure to particulate matter air pollution on cognitive performance. Sci Rep. 2019; 9: 8237, doi:
10.1038/s41598-019-44561-0
11. Sunyer J, Esnola M, Alvarez-Pedrerol M, Forns J, Rivas I, Lopez-Vicente M, et al. Association between traffic-related air pollution in Schools and cognitive
development in primary school children; A prospective cohort study. PLoS Med. 2015; 12 (3): doi: 10.1371/journal.pmed.1001792.
Page 12/20

12. Tzivian L, Winkler A, Dlugaj M, Schikowski T, Vossoughi M, Fuks K, et al. Effect of long-term outdoor air pollution and noise on cognitive and
psychological functions in adults. Int J Hyg Environ Health. 2015; 218 (1): 1-11.
13. Bos I, De Boever P, Panis L and Meeusen R. Physical activity, air pollution and the brain. Sports Med. 2014; 44 (11): 1505-1518.
14. COMEAP Committee on the Medical Effects of Air Pollutants. Long-term exposure to Air Pollution: Effect on Mortality, A report by the Committee on the
Medical Effects of Air Pollutants. 2009. Available from:
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/304667/COMEAP_long_term_exposure_to_air_pollut
cited 2 April 2019.
15. Devarakonda S, Sevusu P, Liu H, Liu R, Iftode L, and Nath B. Real-time Air Quality Monitoring Through Mobile Sensing in Metropolitan Areas. Proceedings
of the 2nd ACM SIGKDD international workshop on urban computing. 2013; 15-22: doi:1145/2505821.2505834.
16. Kobayashi Y, Peters G, Ashbolt N and Khan S. Aggregating local, regional and global burden of disease impact assessment: detecting potential problem
shifting in air quality policy making. Int J Life Cycle Assess, 2017; 22 (10): 1543-1557.
17. EEA (European Environment Agency). Every breath we take, Improving air quality in Europe. 15 April 2013. Available from:
https://www.eea.europa.eu/publications/eea-signals-2013 cited 2 April 2019.
18. Giles L and Koehle M. The Health Effects of Exercising in Air Pollution. Sports Med. 2014; 44 (2): 223-249.
19. Sallis R. Exercise is medicine and physicians need to prescribe it!. Br J Sports Med. 2008; 43 (1): Editorial, http://dx.doi.org/10.1136/bjsm.2008.054825.
20. Andersen Z, de Nazelle A, Mendez M, Garcia-Aymerich J, Hertel O, Tjonneland A, et al. A study of the combined effects of physical activity and air pollution
on mortality in elderly urban residents: The Danish diet, cancer and health cohort. Environ Health Perspect. 2015; 123 (6): 557-563.
21. Tainio M, de Nazelle A, Gotschi T, Kahlmeier S, Rojas-Rueda D, Nieuwenhuijsen M, et al. Can air pollution negate the health benefits of cycling and
walking? Prev Med. 2016; 87: 233-236.
22. Wong C-M, Ou C-Q, Thach T-Q, Chau Y-K, Chan K-P, Ho S-Y, et al. Does regular exercise protect against air pollution-associated mortality? Prev Med. 2007;
44 (5): 386-392.
23. Miller-Rushing A, Primack R, Phillips N and Kaufmann R. Effects of Warming Temperatures on Winning Times in the Boston Marathon. PLoS One. 2012; 7
(9): 1-5, https://doi.org/10.1371/journal.pone.0043579.
24. Maloney S and Forbes C. What effect will a few Degrees of climate change have on human heat balance? Implications for human activity. Int J
Biometeorol. 2011, 55: 147-160.
25. Helou N, Tafflet M, Berthelot G, Tolaini J, Marc A, Guillaume M, et al. Impact of Environmental Parameters on Marathon Running Times. PLoS One. 2012; 7
(5): 1-9, e37407, doi: 10.1371/journal.pone.0037407.
26. About parkrun. 2018. Available from: http://www.parkrun.com/about/ cited 2 April 2019.
27. Stevinson C and Hickson M. Exploring the Public Health Potential of a Mass Community Participation Event J Public Health. 2014; 36: 268–264.
28. com. parkrun STATS. Available from: http://www.elliottline.com/parkrun/ cited 2 April 2019.
29. Grunseit A, Richards J and Merom D. Running on a High: Parkrun and Personal Well-Being, BMC Public Health. 2018; 18 (1): 59.
30. Hindley D. “More Than Just a Run in the Park”: An Exploration of Parkrun as a Shared Leisure Space. Leis Sci. 2018; 1-21. DOI:
1080/01490400.2017.1410741.
31. Stevinson C, Wiltshire G and Hickson M. Facilitating Participation in Health-Enhancing Physical Activity: A Qualitative Study of Parkrun. Int J Behav Med.
2015; 22 (2): 170-177.
32. Ely M, Cheuvront S, Roberts W and Montain S. Impact of Weather on Marathon Running Performance. Med Sci Sports Exerc. 2007; 39 (3): 487-493.
33. Vihma T. Effects of Weather on the Performance of Marathon Runners. Int J Biometeorol. 2010; 54: 297-306.
34. Casa D. Exercise in the Heat, I. Fundamentals of Thermal Physiology, Performance Implications and Dehydration. J Athl Train. 1999; 34, (3), 246-252.
35. Nadel E. Limits Imposed on Exercise in a Hot Environment. Sports Sci Exchange. 1990; 3: 27.
36. Nybo L, Rasmussen P and Sawka M. Performance in the Heat - Physiological Factors of Importance for Hyperthermia-Induced Fatigue. Compr Physiol.
2014; 4: 657-689.
37. Zhao J, Lorenzo S, An N, Feng W, Lai L and Cui S. Effects of Heat and Different Humidity Levels on Aerobic and Anaerobic Exercise Performance in
Athletes. J Exerc Sci Fit. 2013; 11: 35-41.
38. Oksa J, Kaikkonen H, Sorvisto P, Vaappo, M, Martikkala V and Rintamaki H. Changes in Maximal Cardiorespiratory Capacity and Submaximal Strain While
Exercising in Cold. J Therm Biol. 2004; 29: 815-818.
39. Weller A, Millard C, Stroud M, Greenhaff P. and Macdonald I. Physiological Responses to a Cold, Wet and Windy Environment During Prolonged
Intermittent Walking. Am J Physiol. 1997; 272: R226-R233.
40. Vugts H. Influence of the Weather on Marathon Results. Weather. 1997; 52 (4): 102-107.
41. Brotherhood J. What does the WBGT Index tell us: Is it a useful index of environmental heat stress? J Sci Med Sport. 2014; 18: 60.
42. Sandsund M, Saursaunet V, Wiggen O, Renberg J, Faerevik H and van Beekvelt M. Effect of ambient temperature on endurance performance while wearing
cross-country skiing clothing. Eur J Appl Physiol. 2012; 112: 3939-3947
43. Renberg J, Sandsund M, Wiggen O and Reinertsen R. Effect of Ambient Temperature on Female Endurance Performance. J Therm Biol. 2014; 45: 9-14.
44. Maffetone P, Malcata R, Rivera I and Laursen P. The Boston Marathon Versus the World Marathon Majors. PLoS One. 2017; 1-11,
https://doi.org/10.1371/journal.pone.0184024.
45. Committee on Sports Medicine and Fitness. Climatic heat stress and the exercising child and adolescent. Pediatrics. 2000; 106 (1): 158-159.
Page 13/20

46. Rowland T. Thermoregulation During Exercise in the Heat in Children: Old Concepts Revisited. J Appl Physiol. 2008; 105: 718-724.
47. Maughan R, Watson P, Shirreffs S. Heat and cold, what does the environment do to the marathon runner? Sports Med. 2007; 37 (4-5): 396–399.
48. Davies C. Effects of wind assistance and resistance on the forward motion of a runner. J App Physiol. 1980; 48 (4): 702-709.
49. Hughson R, Green H, Houston M, Thomson J, MacLean D. and Sutton J. Heat Injuries in Canadian Mass Participation Runs. Can Med Assoc J. 1980; 122
(10): 1141-1142.
50. Muns G, Singer P, Wolf F and Rubinstein I. Impaired nasal muciciliary clearance in long-distance runners. Int J Sports Med. 1995; 16 (4): 209-213.
51. Niinimaa V, Cole P, Mintz S and Shephard R. The switching point from nasal to oronasal breathing. Respir Physiol. 1980; 42 (1): 61-71.
52. Ultman J. Ben-Jebria A and Arnold S. Uptake distribution of ozone in human lungs: inter-subject variability in physiological response. Res Rep Health Eff
Inst. 2004; 123: 1-23.
53. Avol E, Linn W, Shamoo D, Venet T and Hackney J. Acute respiratory effects of Los Angeles smog in continuously exercising adults. J Air Pollut Control
Assoc. 1983; 33 (11), 1055-1060.
54. Girardot S, Ryan P, Smith S, Davis W, Hamilton C, Obenour R, Renfro J, Tromatore A and Reed G. Ozone and PM5 exposire and acute pulmonary health
effects: A study of hikers in the Great Smokey Mouintas National Park. Environ Health Perspect, 2006; 114 (7): 1044-1052.
55. Grievink L, Jansen S, van’t Veer P and Brunekreef B. Acute effects of ozone on pulmonary function of cyclists receiving antioxidant supplements. Occup
Environ Med, 1998; 55: 13-17.
56. Strak M, Boogaard H., Meliefste K, Oldenwening M, Zuurbuer M, Brunekreef B and Hoek G. Respiratory health effects of ultrafine and fine particle exposure
in cyclists. Occup Environ Med, 2010; 67: 118124.
57. Carlisle A and Sharp N. Exercise and outdoor ambient air pollution, Br J Sports Med, 2001; 35: 214-222.
58. McKenzie D and Boulet L-P. Asthma, outdoor air quality and the Olympic Games. Can Med Assoc J. 2008; 179 (6): 543-548.
59. Rundell K and Caviston R. Ultrafine and fine particulate matter inhalation decreases exercise performance in healthy subjects. J Strength Cond Res. 2008;
22 (1): 2-5.
60. Rundell K. Effect of air pollution on athlete health and performance. Br J Sports Med. 2012; 46: 407-412.
61. Folinsbee L, Horstman D, Kehrl H, Harder S, Abdul-Salaam S and Ives P. Respiratory responses to repeated prolonged exposure to 0.12ppm ozone. Am J
Respir Crit Care Med. 1994; 149: 98-105.
62. Lippi G, Guidi D and Maffulli N. Air pollution and sports performance in Beijing. Int J Sports Med. 2008; 29: 696-698.
63. McCreanor J, Cullinan P, Nieuwenhuijsen M, Stewart-Evans J, Malliarou E, Jarup L, et al. Respiratory effects of exposure to diesel traffic in persons with
asthma. N Engl J Med. 2007; 357 (23): 2348-2358.
64. Weinmann G, Bowes S, Gerbase M, Kimball A and Frank R. Response to acute ozone exposure in healthy men: Results of a screening procedure. Am J
Respir Crit Care Med. 1995; 151: 33-40.
65. Florida-James G, Donaldson K and Stone V. Athens 2004: the pollution climate and athletic performance. J Sports Sci. 2011; 22 (10): 967-980.
66. Kargarfard M, Shariat A, Shaw B, Shaw I, Lam E, Kheiri A, et al. Effects of polluted air on cardiovascular and haematological parameters after progressive
maximal aerobic exercise. Lung. 2015; 193 (2): 275-281.
67. Rundell K, Slee J, Caviston R and Hollenbach A. Decreased lung function after inhalation of ultrafine and fine particulate matter during exercise is related
to decreased total nitrate in exhaled breath condensate. Inhal Toxicol. 2008; 20 (1): 1-9.
68. Cutrufello P, Rundell K, Smoliga J and Stylianides G. Inhaled whole exhaust and its effect on exercise performance and vascular function. Inhal Toxicol.
2011; 23 (11): 658-667.
69. Marr L and Ely M. Effect of air pollution on marathon running performance. Med Sci Sports Exerc. 2010; 42 (3): 585-591.
70. Lichter A, Pestel N and Sommer E. Productivity effects of air pollution: Evidence from professional soccer. Labour Econ. 2017; 48: 54-66.
71. Bigazzi A. Determination of active travel speed for minimum air pollution inhalation, Int J Sustain Transp. 2016; 11 (3): 221-229.
72. Leighton P. Photochemistry of air pollution. New York; London, Academic Press; 1961.
73. Marc M, Tobiszewski M, Zabiegala B, de la Guardia M and Namiesnik J. Current air quality anayltics and monitoring: A review. Anal Chim Acta. 2015; 853:
116-126.
74. Tian G, Qiao Z and Xu X. Characteristics of particulate matter (PM10) and its relationship with meteorological factors during 2001-2012 in Beijing.
Environ Pollut. 2014; 192: 266-274.
75. WHO (World Health Organisation). WHO Air quality guidelines for particulate matter, ozone, nitrogen dioxide and sulfur dioxide, Global Update 2005,
Summary of Risk Assessment, 2005. Available from: http://apps.who.int/iris/bitstream/10665/69477/1/WHO_SDE_PHE_OEH_06.02_eng.pdf cited 2 April
2019.
76. Donnelly A, MacIntyre T, O’Sullivan N, Warrington G, Harrison A, Igou E, et al. Environmental influences on elite sport athletes wellbeing: From gold, silver
and bronze to blue, green and gold. Front Psychol. 2016; 7: 1167, doi: https://doi.org/10.3389/fpsyg.2016.01167.
77. Stedman J. The predicted number of air pollution related deaths in the UK during the August 2003 heatwave. Atmos Environ. 2004; 38 (8): 1087-1090.
78. BBC News. Belfast: Man Dies After Collapsing at Marathon. BBC News. 7 May 2018. Available from: https://www.bbc.co.uk/news/uk-northern-ireland44032949 cited 2 April 2019.
79. Ingle S. and Pidd H. MasterChef Contestant London Marathon Runner Matt Campbell 29 Dies After Collapsing in Record Breaking Heat. The Guardian. 23
April 2018. Available from: https://www.theguardian.com/sport/2018/apr/23/masterchef-contestant-london-marathon-runner-matt-campbell-29-dies
cited 2 April 2019.
Page 14/20

80. Trundle A, Bosomworth K, McEvoy D, Williams N, Coutts A, Norton B, et al. Urban Heat Reduction through Green Infrastructure (GI): Policy Guidance for
State Government, Victorian Centre for Climate Change Adaption Research, Climate Resilience for Decision Makers, 2015. Available from:
http://www.vcccar.org.au/sites/default/files/publications/VCCCAR_GreenInfrastructure_PolicyBrief-2015.pdf cited 2 April 2019.
81. Vanos J, Warland J, Gillespie T and Kenny N. Thermal Comfort Modelling of Body Temperature and Psychological Variations of a Human Exercising in an
Outdoor Environment. Int J Biometeorol. 2012; 56: 21-32.
82. Carrington D. (2017) London breaches annua air pollution limit for 2017 in just five days, The Guardian, 6 January 2017, available from:
https://www.theguardian.com/environment/2017/jan/06/london-breaches-toxic-air-pollution-limit-for-2017-in-just-five-days cited 4 April 2019.
83. Carrington D. (2018) London reaches legal air pollution limit just one month into the new year, The Guardian, 30 January 2018, available from:
https://www.theguardian.com/uk-news/2018/jan/30/london-reaches-legal-air-pollution-limit-just-one-month-into-the-new-year cited 4 April 2019.
84. London Council (2017) Demystifying Air Pollution in London, published December 2017, available from:
https://www.londoncouncils.gov.uk/sites/default/files/Demystifying%20Air%20Pollution%20in%20London_FINAL.pdf cited 4 April 2019.
85. Taylor J. (2019) Worst air pollution in London: Earl’s Court, Camden and Southwark top the list of 500 places breaching air quality limits, Evening
Standard, 27 February 2019, available from: https://www.standard.co.uk/futurelondon/cleanair/air-pollution-toxic-air-pollution-crisis-a4077936.html cited
4 April 2019.
86. Duyzer J, van den Hout D, Zandveld P and van Ratigen S. Representativeness of air quality monitoring networks. Atmos Environ. 2015; 104: 88-101.
87. Ferradas E, Minarro M, Terres I and Martinez F. An approach for determining air pollution monitoring sites. Atmos Environ. 2010; 44 (21-22): 2640-2645.
88. Kaur S, Nieuwenhuijsen M and Colvile R. Pedestrian exposure to air pollution along a major road in central London, UK. Atmos Environ. 2005; 39: 73077320.
89. Kaur S, Nieuwenhuijsen M and Colvile R. Fine particulate matter and carbon monoxide exposure concentrations in urban street transport. Atmos Environ.
2007; 41 (23): 4781-4810.
90. Carslaw D. Worldmet: Import Surface Meteorological Data from NOAA Integrated Surface Database (ISD), R package version 0.8.4, https://CRAN.Rproject.org/package=worldmet, 2018
91. Lott J. (2004) The Quality Control of the Integrated Surface Hourly Database. National Climatic Data Center, Asheville, North Carolina. Available from:
https://www1.ncdc.noaa.gov/pub/data/inventories/ish-qc.pdf cited 2 April 2019.
92. Hang on! My Time is Wrong! 27 March 2017. Available from: http://www.parkrun.org.uk/chester/news/2017/03/27/hang-on-my-time-is-wrongfor-smalldifferences-like/ cited 2 April 2019.
93. Thornes J. The Effect of Weather on Sport. Weather. 1977; 32 (7): 258-268.
94. No M and Kwak H. Effects of Environmental Temperature on Physiological Responses during Submaximal and Maximal Exercises in Soccer Players.
Integr Med Res. 2016; 5 (3): 216-222.
95. Kaciuba-Uscilko H and Grucza R. Gender differences in thermoregulation. Curr Oppin CLin Nutr Metab Care. 2001; 4 (6): 533-536.
96. Gagnon D, Dorman L. Jay O, Hardcastle S and Kenny G. Core Temperature Differences Between Males and Females During Intermittent Exercise: Physical
Considerations. Eur J Appl Physiol. 2009; 105: 453-461.
97. Havenith G, Fogarty A, Bartlett R, Smith C and Ventenat V. Male and Female Upper Body Sweat Distribution During Running Measured with Technical
Absorbents. Eur J Appl Physiol. 2008; 104: 245-255.
98. Kenny W and Hodgson J. Heat tolerance, thermoregulation and ageing. Sports Med. 1987; 4 (6): 446-456.
99. Navaratnarajah A and Jackson S. The physiology or ageing. Medicine. 2013; 41 (1): 5-8.
100. Fallmann J, Emeis S and Suppan P. Mitigation of urban heat stress – a modelling case study for the area of Stuttgart. Journal of the Geographical
Society of Berlin. 2013; 144 (3-4): 202-216.
101. Gauderman W, Avol E, Gilliland F, Vora H, Thomas D, Berhane K, et al. The effect of air pollution on lung development from 10 to 18 years of age. N Engl J
Med. 2004; 351: 1057-1067.
102. Gouveia N and Fletcher T. Time series analysis of air pollution and mortality: effects by cause, age and socioeconomic status. J Epidemiol Community
Health. 2000; 54: 750-755.
103. Lenzuni P, Freda D and Del Gaudio M. Classification of Thermal Environments for Comfort Assessment. Ann Occup Hyg. 2009; 53 (4): 325-332.
104. Solecki W, Rosenzweig C, Parshall L, Pope G, Clark M, Cox J, et al. Mitigation of the heat island effect in urban New Jersey. Global Environ Change B
Environ Hazards. 2005; 6 (1): 39-49.
105. Bongers C, Hopman M and Eijsvogels T. Cooling Interventions for Athletes: An Overview of Effectiveness, Physiological Mechanisms and Practical
Considerations. Temperature: Medical Physiology and Beyond. 2017; 4 (1): 60-78.
106. Teunissen L, de Haan A, de Koning J and Dannen H. Effects of Wind Application on Thermal Perception and Self-Paced Performance. Eur J Appl Physiol.
2013; 113: 1705-1717.
107. Doubt T. Physiology of Exercise in the Cold. Sports Med. 1991; 11 (6): 367-381.
108. Castellani J and Young A. Health and Performance Challenges During Sports Training and Competition in Cold Weather, Br J Sports Med. 2012; 46 (11):
788-791.
109. Pezzoli A, Cristofori E, Moncalero M, Giacometto F, Boscolo A, Bellasio R, et al. Effect of the Environment on the Sport Performance: Computer Supported
Training-A Case Study for Cycling Sports. In: Cabri J, Correia P and Barreriros J, editors. International Congress on Sports Science Research and
Technology Support. Springer: Cham; 2013. pp. 1-16.
Page 15/20

110. Cosby K, Partovi K, Crawford J, Patel R, Reiter C, Martyr S, et al. Nitrate reduction to nitric oxide by deoxyhemoglobin vasodilates the human circulation.
Nature Medicine. 2003; 9: 1498-1505.
111. Lim M, Lorkovic I and Ford P. NO and NOx interactions with group 8 metalloprophyrins. J Inorg Biochem. 2005; 99 (1): 151-165.
112. Chan C and Ryan D. Assessing the Effects of Weather Conditions on Physical Activity. Int J Environ Res Public Health. 2009; 6 (10): 2639-2654, doi:
3390/ijerph6102639.
113. Giles L, Carlsten C and Koehle M. The effect of pre-exercise diesel exhaust exposure on cycling performance and cardio-respiratory variables. Inhal
Toxicol. 2012; 24 (12): 783-789, DOI: 10.3109/08958378.2012.717649.
114. Gastin P. Energy system interaction and relative contribution during maximal exercise. Sports Med. 2001; 31 (10): 725-741.

Figures

Figure 1
A map showing the locations of the parkrun events, DEFRA AURN stations and meteorological stations within Greater London.
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Figure 2
Decomposition of weekly mean parkrun finishing times from 2011 to 2016. The x-axis shows the six yearly periods within the data.

Page 17/20

Figure 3
Example post-test analysis of residuals, their distribution and ACF plot for the influence of ozone on finishing times at Bushy parkrun.
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Figure 4
Results of linear regression analysis for the overall (row A), female (row B) and male (row C) parkrun subsets with the three meteorological variables
examined.
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Figure 5
Results of linear regression analysis for the overall (Row A), female (Row B) and male (Row C) parkrun subsets with the three pollutants examined.
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