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PREFACE 
From 2015- Health, Safety and Environmental 
Management (HSE) at the Department of Industrial Economics and Technology Management 
(IØT). During these two years I had courses in indoor climate and air quality, occupational 
hygiene, work environment and ventilation. These courses aroused an engagement in me, and 
I decided that I wanted to do research on air quality and exposure, which are two of the focus 
areas at HSE. It was therefore a real pleasure to get the opportunity to work with air quality in 
swimming facilities in my master thesis, and an even greater pleasure that I was allowed to 
continue this work as a Ph.D. student, from 2017-2020.  

This thesis is submitted to the Norwegian University of Science and Technology (NTNU) for 
the partial fulfilment of the requirements for the degree of Philosophiae Doctor. This thesis 
consists of a summary of the Ph.D. project including five original, research papers published 
in per reviewed scientific journals. 

This Ph.D. work was funded by the Center for Sports Facilities and Technology (SIAT) at the 
Department of Civil and Environmental Engineering (IBM) and performed at the Department 
of Industrial Economics and Technology Management (IØT), NTNU, Trondheim. Professor 
Kristin von Hirsch Svendsen has been the main supervisor, Professor Rikke Bramming 
Jørgensen and Professor Salvatore Carlucci has been involved in this research as co-
supervisors, and Bjørn Aas as mentor.  
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ABSTRACT  
Norway has approximately 900 public, private, and leisure swimming facilities used for 
swimming education, recreation, and sports. Chlorine is the most common disinfectant used 
in swimming pool water to prevent the growth of microorganisms. However, while 
maintaining the chlorine concentration in a pool, continuous reactions between chlorine and 
organic and inorganic materials take place, which leads to the formation of inorganic 
chloramines and other disinfection by-products (DBPs) such as trihalomethanes (THM). The 
only group of DBPs which is controlled in Norwegian swimming pool waters is inorganic 
chloramines, often referred to as combined chlorine. To mitigate the water concentration of 
combined chlorine, UV treatment is often used as a secondary disinfectant in addition to 
chlorine. However, the results of some studies suggest that UV treatment increases chlorine 
reactivity and the formation of chlorinated DBPs in pool water. 

An increased prevalence of asthma and other respiratory irritations has been found among 
users who visit swimming pools on a regular basis. These health effects are most often linked 
to long-term exposure to a volatile inorganic chloramine, trichloramine (NCl3). In 2019, the 
Nordic Expert Group proposed an occupational health-based limit value for air exposure to 
NCl3 of 0.2 mg/m3 (stationary air samples). Another important group of DBPs is the 
trihalomethanes (THM), as represented by the four components chloroform (CHCl3), 
bromoform (CHBr3), bromodichloromethane (CHBrCl2), and dibromochloromethane 
(CHBr2Cl). The four components are referred to together as total THM (tTHM), and all are 
formed in the pool water when chlorine reacts with natural organic matter. The tTHM are 
volatile and can penetrate the skin easily, making both inhalation and dermal absorption 
important pathways of exposure. Long-term health effects, such as adverse reproductive 
outcomes, cancer, and stillbirth, have been associated with exposure to tTHM. As of today, 
no limit value for exposure to these compounds exists in Norway, and the determinants 
causing the exposure concentrations to vary over time have not received much attention. The 
main purpose of this Ph.D. thesis is to identify strategies to assess and manage air exposure in 
indoor swimming pool facilities and to estimate the prevalence of health effects amongst the 
most exposed swimmers in Norway.  

The method of repeated measures was used to quantify the within and between variability of 
different predictor variables on air concentrations of tTHM and identify the most important 
determinants for exposure assessment. The method of repeated measures was also used to 
assess how strategies for air and water quality determine the variability observed in the air 
concentration of CHCl3. An exploratory study was conducted to study how the use of UV 
treatment in pool water affects the overall air concentrations of tTHM and NCl3 and the 
covariation between these two exposure variables.  

Monitoring components in the air, such as tTHM and NCl3 is time-consuming, expensive, 
and requires skilled personnel. While carbon dioxide (CO2) sensors are used for controlling 
air quality in different buildings and can be installed in ventilation systems for continuous 
monitoring purposes, such sensors are not used in indoor swimming facilities. Also, the 
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strategies for air and water treatment are more or less static and do not correspond to the 
dynamic bather load observed in swimming pools. The concentration of CO2 was measured 
to evaluate whether this component could be used to predict the number of occupants as well 
as the concentrations of tTHM and NCl3 in the air. In addition, the prevalence of health 
effects was studied amongst the most exposed swimmers in Norway.  

For normally distributed data for which information was collected repeatedly over time, a 
mixed effect model was applied to analyse the results. This tool enables the within and 
between variance components in air concentrations to be estimated while adjusting for fixed 
and random effects. As a result, we can identify which determinants are affecting the variance 
components. Multiple logistic regression was used to estimate the odds ratio (OR) for health 
effects. The statistical analyses were performed using the Statistical Package for the Social 
Sciences (SPSS) 25 and Statistics and Data (STATA) MP 15. 

One main conclusion of this thesis is that the air concentrations vary extensively, both in 
terms of different times of the day and days of the week. To collect representative samples, it 
was necessary to monitor concentrations during different exposure scenarios; otherwise, our 
exposure estimates could have been no more valid than random guesses. In cases where 
repeated samples were collected, methods accounting for the dependency between the 
repeated observations were used, as a correlation between the repeated samples collected of 
tTHM and NCl3 was found. Even when the water quality is within the required limit values, 
the air concentration of NCl3 and tTHM may vary extensively, with the concentration of NCl3 
possibly exceeding the concentrations proposed by the Nordic Expert Group (0.2 mg/m3). 
The results also showed that when the water concentration of combined chlorine increases, 
the air concentration of tTHM also increases. Furthermore, when the concentration of free 
chlorine decreases, the air concentration of NCl3 decreases. Therefore, a recommendation is 
that the concentrations of free and combined chlorine should be kept well below their upper 
acceptable limit values. The results suggest that the use of any UV treatment should be 
carefully evaluated, as using such a treatment may increase the overall air exposure to tTHM. 
Rather, other methods for reducing the concentration of combined chlorine in the water 
should be implemented. As the air quality is highly dependent on the water quality, air and 
water quality should be treated as one system in which the air supply is controlled based on 
bather load and water concentrations of combined chlorine. Both tTHM and NCl3 should be 
monitored regularly in the air, and limit values for these components should be implemented. 
Considering that the concentration of CO2 significantly correlates with occupancy and NCl3, 
CO2 sensors can be used to create a more dynamic air supply, on that corresponds to the need 
of the users in the poolroom and, at the same time, reduces the variability observed in the air 
concentrations of NCl3 and tTHM. The prevalence of health problems is greatest amongst the 
most exposed swimmers in poolrooms. Facilities hosting swimmers spending more than 16 
hours in the water every week should have stricter requirements for pool water management 
and air quality than other facilities.  
 
Through this thesis work, six research questions have been answered and new knowledge was 
created. 
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1 INTRODUCTION 
Swimming dates back to the Stone Age, but it did not truly become an organised sport until 
1896, when it was included in the Olympic games for the first time. Since then, its popularity 
has increased, and swimming is now considered to be an important worldwide sport. Due to 

 geography, with its long coastline and many fjords, rivers, and lakes, learning to 
swim is essential to prevent drowning. Therefore, swimming education is a mandatory 
component of (1). However, swimming is also used for 
recreational and exercise purposes, and the Norwegian Swimming Federation currently has 
62,000 active members, representing all age groups.  

To prevent infectious illnesses caused by exposure to microorganisms, the water in 
Norwegian pool facilities is disinfected with hypochlorite, often in combination with UV 
treatment. However, during swimming, bathers release cosmetics and body fluids into the 
water (2). These products, along with the dissolved organic matter present in the filling water, 
react with chlorine and form numerous unwanted disinfection by-products (DBPs) (Figure 1). 
The exposure to certain DBPs is widespread, as inhalation, dermal absorption, and accidental 
oral ingestion are potential exposure pathways. As certain DBPs have been found to be toxic 
and carcinogenic, they have generated a great deal of interest (3, 4). The most common health 
issues related to exposure in swimming facilities are irritations of the respiratory tract, skin, 
eyes, and nose (5).  

To prevent irritations, the most commonly measured concentrations of precursors in 
swimming pool water are for three inorganic chloramines, namely, monochloramine 
(NH2Cl), dichloramine (NHCl2), and trichloramine (NCl3), which are referred to in 
combination as combined chlorine. The formation of inorganic chloramines occurs when 
ammonia reacts with free chlorine. In Norway, water limit values for free and combined 
chlorine exist (6). However, no limit values for the control of any other DBPs exist for the air 
or in the water. Pool water treatment is further described in Section 2.1. 

One of the quantitatively most important groups of DBPs are four trihalomethanes, often 
summarized as total trihalomethanes (tTHM), which includes CHCl3 (chloroform), CHCl2Br 
(dichlorobromomethane), CHClBr2 (dibromochloromethane), and CHBr3 (bromoform). The 

3 and CHCl2Br as 
possibly carcinogenic to humans (2B) (7). The tTHM are volatile, and their total relative 
concentration is higher above the water surface compared to in the pool water (8, 9). The 
tTHM can also penetrate the skin easily, making both inhalation and dermal absorption 
relevant pathways of exposure (10, 11). Long-term health effects, such as adverse 
reproductive outcomes, low birth weight, stillbirth, and cancer, have been associated with 
exposure (12-15), but the evidence is inconsistent. Another volatile DBP is inorganic NCl3, 
and when considering air exposure in swimming facilities, NCl3 and tTHM concentrations 
are the most essential concentrations to consider (see Figure 1) (16). NCl3 is not classified as 
carcinogenetic to humans (group 3); however, the component is associated with the increased 
prevalence of respiratory irritations, such as asthma, reported amongst swimmers and 
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lifeguards (17-19). The main objective of this Ph.D. work is to find strategies to assess and 
manage air exposure in swimming facilities, and, for this work, air concentrations of tTHM 
and NCl3 were measured. Health effects and existing limit values related to tTHM and NCl3 
are described further in Section 2.3. 

To save energy and reduce the loss of water, both the water and air are recycled and 
controlled via fixed set points for relative humidity (RH), air and water temperatures, and 
water concentration of combined chlorine. This process leads to long residence times for 
compounds in the pool system and recirculation of air contaminants. The air and water are 
treated as two independent systems. Water quality is controlled based on the measurements of 
water quality parameters, and air quality is controlled via measurements of air quality 
expressed as temperature and RH. With regard to volatile tTHM and NCl3, inhalation is 
considered to be the most critical exposure pathway. Still, information about fresh air supply 
and air exchange rate is rarely provided in the published literature, and no requirements for 
air exchange rates exist in Norway. Air handling in Norwegian pool facilities is described in 
Section 2.2. 

Existing epidemiological investigations, which are elaborated upon further in Section 2.4, 
focus mostly on hazard identification, in which the prevalence of disease amongst lifeguards 
and exposure to NCl3 have been estimated using cross-sectional study designs (18-24). 
Considering that an increased body of evidence exists for the association between exposure to 
NCl3 and respiratory irritations, in 2019, the Nordic Expert Group proposed an occupational 
guideline limit value for eight hours of air exposure to NCl3. However, measuring tTHM and 
NCl3 is expensive and requires skilled personnel, and, currently, no sensor technology for 
continuous monitoring of these compounds exists.  

The health issues related to exposure in the poolroom are caused by long-term exposure. 
Therefore, to characterize such exposure, there is a need for methods able to identify the 
long-term exposure pattern (25). To the knowledge of the candidate, the determinants of 

Figure 1: Formation of DBPs in swimming pool water 
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exposure variability required for assessing and managing concentrations of tTHM and NCl3 
in the air are not well understood. Currently, a more holistic understanding of the relationship 
between ventilation and disinfection strategy, pool water management, and variability in air 
concentrations is lacking, along with effective measures for reducing the air concentrations of 
these compounds in existing facilities.   

1.1 RESEARCH OBJECTIVES 
Based on the identified gaps in the knowledge, which are summarized in Section 2.5, the 
purpose of this Ph.D. project is to identify strategies to assess and manage air concentrations 
of DBPs in indoor swimming facilities and to estimate the prevalence of health effects 
amongst the most exposed swimmers in Norway. This work was accomplished by performing 
repeated measures of variables, such as ventilation strategy, disinfection technology, 
occupancy load, as well as air and water quality, in several pool facilities. The covariations 
between self-reported health problems amongst active swimmers, swimming facility, pool 
water management, and air concentrations were also investigated, and methods for assessing 
and managing exposure are proposed. In particular, the following two research objectives 
(RO) were addressed: 

Assessing air exposure: The work ought to identify which determinants causing 
spatial and temporal variability in air concentrations of DBPs essential to consider 
when determining air exposure. 

 
Managing air exposure: The work ought to identify strategies to manage air 
concentrations of DBPs that can be implemented to reduce exposure in indoor 
swimming pool facilities. 

 
The research objectives were then developed into the following research questions: 
 

1. What is the prevalence of respiratory irritations amongst active swimmers above the 
age of 18 years in Norway? (Paper V) 

2. What are the most important determinants to consider to produce a reliable sampling 
strategy for assessing the air concentration of tTHM in the air? (Paper I) 

3. Can the observed variability in air concentrations of CHCl3 be estimated via a 
statistical model taking into account both air and water quality? (Paper II) 

4. Does a medium-pressure UV lamp used in the water circulation system have a 
significant impact on the air concentrations of tTHM and NCl3? (Paper III) 

5. Could monitoring CO2 in swimming facilities be used as an effective method for 
predicting the air concentrations of tTHM and NCl3 in the air of swimming facilities? 
(Papers IV and V) 

6. Are there covariations amongst ventilation strategy, pool water management, and 
NCl3? (Paper V) 
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Assessing exposure (see Figure 2) includes the identification of the population at risk, air 
concentrations, exposure pathways, and strategies for exposure quantification. Exposure 
quantification consists of the identification of the determinants causing exposure variability 
and the magnitude of that variation, both of which are explored in this thesis. Once the 
determinants of exposure are identified, potential solutions for effective hazard control can be 
identified, which will enable us to propose different alternatives for managing exposure.  

  
Figure 2: Steps in assessing and managing exposure 
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1.2 SCOPE AND LIMITATIONS 
The thesis focuses on strategies to assess and manage the concentration of NCl3 and tTHM in 
the air, and it is assumed that these air concentrations function as markers for the total 
exposure concentrations in the poolroom. Bathers are also exposed through dermal 
penetration and accidental oral ingestion. Regarding the health effects caused by exposure to 
tTHM, dermal penetration is considered a vital exposure pathway; however, this method of 
exposure is not accounted for in this thesis. Microorganisms are not reviewed, and, in 
general, no measures should be implemented unless the microbiological water quality can be 
maintained. Other primary disinfection methods, such as bromine, and secondary disinfection 
methods, such as ozone and UV/ozone combinations, also exist. These methods are, however, 
not applied in Norway, and, for this reason, they are not discussed or addressed in this thesis. 

1.3 RESEARCH OUTCOMES 
The work done for this thesis resulted in five papers addressing the assessment and 
management of air concentrations in indoor swimming facilities which have provided the 
following contributions: 

1. Estimated the prevalence of health effects amongst active swimmers in Norway and 
its covariations with pool water management, asthma, and NCl3 in the air (paper V- 
assessing exposure). 

2. Identification of the determinants of importance in terms of assessing the air 
concentrations of tTHM and the magnitude of the variability observed within and 
between different swimming facilities (paper I- assessing exposure). 

3. Identification of the determinants related to the air and water explaining the variation 
observed in the air concentrations of CHCl3 in the air and development of a model 
explaining the relationship between air and water quality (paper II- assessing and 
managing exposure). 

4. Identification of the effects on airborne concentrations of NCl3 and tTHM when a 
medium-pressure UV lamp is used in the water and the relationship between these 
two air concentrations (paper III- managing exposure). 

5. Assessment of whether CO2 sensors in the ventilation system can help reduce the 
variability observed in the air concentrations of NCl3 and tTHM, thereby allowing the 
creation of a more dynamic ventilation strategy corresponding to poolroom user 
demands (papers IV and V- managing exposure). 

1.4 STRUCTURE OF THE THESIS  
The framework of this Ph.D. work is shown in Figure 3, where the activities and outcomes of 
this project are divided into exposure assessment and management. The research questions 
and issues addressed in each of the published papers are based on the knowledge gaps 
identified in the review of existing literature (see Section 2.5). The results of this Ph.D. work 
are based on case studies and field observations. Data were collected repeatedly using 
stationary test stands and field observations (papers I-V). In paper V, a cross-sectional study 
was used to estimate the prevalence of health problems amongst active swimmers in Norway 
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above 18 years of age. Statistical methods, such as descriptive statistics, linear mixed effect 
models, and multiple logistic regression, relied on the analytical software tools SPSS and 
STATA.   

Chapter 1 introduces the research problem, questions, scope and limitations, and outcome of 
the thesis. Chapter 2 describes the theoretical background and emphasis on topics pertinent to 
the research questions. Chapter 3 elaborates on the methods used for exposure assessment 
and analysis. In chapter 4, the main results are presented under each research question, and a 
discussion follows in chapter 5. The discussion is divided into sections on the two research 
objectives, exposure assessment and management. Chapter 6 presents the overall conclusions, 
and chapter 7 identifies some needed research.  

 
 

  

Figure 3: Thesis framework 
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2 THEORETICAL BACKGROUND 

2.1 POOL WATER TREATMENT  
There are approximately 900 public, private and leisure pool facilities in Norway. Swimming 
pools in Norway are commonly filled with freshwater or, in rare cases, a mixture of 
freshwater and seawater. According to the Norwegian Institute for Water Research (NIVA), 
the filling water should be of the same hygienic quality as drinking water (26), meaning that, 
in a 100 mL water sample, no pathogenic microorganisms can be quantified. Naturally, 
freshwater and seawater contain different types of organic and inorganic matter, and, when 
bathers enter pools, additional material is added to the water, such as cosmetics, urine, sweat, 
skin, particles, and so forth. These precursors, along with high water temperatures, create 
optimal conditions for the growth of microorganisms. In addition, pool water is recycled to 
save energy and water, and, depending on the water temperature, between 30 L ( 34 °C) and 
60 L ( 34 °C) of water should be added per bather. The water, therefore, has a high 
residence time; typically, it takes between 4 and 8 hours before all the water in a pool has 
been treated by the water treatment system. A simplified pool water circulation system is 
shown in Figure 4 and consists of an equilibrium tank, filter, UV treatment, and chlorination.  

 

Figure 4: Pool water circulation system. Modified from Soltermann, 2015 (27) 

To maintain hygienic conditions, the water must be disinfected. The most common strategy 
for water disinfection in Norway is hydrochlorination (sodium or calcium), often 
accompanied by UV treatment. In this section, the mechanisms for free and combined 
chlorine and UV treatment are described briefly, along with existing laws and regulations for 
pool water quality. 
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2.1.1 Free chlorine 
The disinfection properties of hypochlorite are determined by the concentrations of free and 
combined chlorine in the water. Free chlorine is the combination of hypochlorite acid (HOCl) 
and hypochlorite ion (OCl -), both of which are formed when hypochlorite is added to the 
water, see equation 1 (28).  

    (1) 

Of the two, HOCl is significantly more active than OCl-. Therefore, it is favourable to keep 
the concentration of HOCl as high as possible. However, the pH value, together with the 
water temperature, affects the equilibrium between the two, with more HOCl present when 
the pH value and water temperature are low (28). Considering that low pH values irritate the 
skin and mucous membranes of humans, the pH value should be maintained between 7.2 and 
7.6. At these pH values, the concentrations of HOCl and OCl- are approximately the same (6, 
26). To ensure proper inactivation of pathogenic microorganisms, the minimum requirement 
for free chlorine is 0.4 mg/l at water temperatures of 27 ºC and 1.0 mg/l at water temperatures 
above 37 ºC (6).  

2.1.2 Combined chlorine 
Urea (CH4N2O) is the final product of human protein metabolism. Bathers release this 
component to the pool water through skin, sweat, and urine, making it the main nitrogenous 
compound found in swimming pool water (29). When free chlorine reacts with ammonia and 
nitrogenous compounds, combined chlorine is formed (30). Combined chlorine also has some 
disinfection properties, but these are slower and weaker compared to those of free chlorine 
(26). Combined chlorine is the combination of the three inorganic chloramines NH2Cl, 
NHCl2, and NCl3 (17). Of the three, NH2Cl is the dominant compound  in pool water (26). At 
20 ºC, NCl3 is estimated to be 966 and 286 times more volatile than NH2Cl and NHCl2, 
respectively, and when combined chlorine is measured in the air, 90% of it consists of NCl3 
(31). No evidence of cancer or increased toxicity has been found in studies in which animals 
have been exposed to NH2Cl and NHCl2 (5). On the contrary, NCl3 is characterized as 
causing substantial irritation of the airways and is suspected of being the leading cause of the 
increased prevalence of asthma observed amongst professional swimmers and lifeguards (17, 
18, 23). Epidemiological investigations, health effects, and limit values for air exposure to 
NCl3 are further described in Subsection 2.3.2. 

Existing technology (N,N-dietyl-p-fenyldiamin (DPD)) allows for the continuous monitoring 
of combined chlorine in swimming pool water, and this compound is used as a marker for the 
concentrations of contaminants in swimming pools (26). According to Norwegian pool water 
regulations, the combined chlorine concentration should never exceed 50% of the 
concentration of free chlorine. The maximum accepted concentration of combined chlorine is 
0.5 mg/l (6). According to the WHO, the level of combined chlorine should ideally be less 
than 0.2 mg/l, as higher levels suggest too many bathers and low water circulation (32). 
Currently, free and combined chlorine are the only chemicals for which pool water limit 
values exist in Norway.  
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2.1.3 UV treatment 
The most commonly used UV lamp in Norway is a medium-pressure UV lamp which emits 
wavelengths between 200 nm and 600 nm. Combined chlorine, especially NCl3, is very 
photosensitive, and a common strategy for combined chlorine mitigation is to use UV 
treatment in combination with chlorination (33). The use of UV treatment is optional; 
however, this method is used as a secondary disinfectant in almost all pool facilities across 
Norway. Although the concentration of combined chlorine is mitigated when the water is 
treated via UV lamp, the results of some studies suggest that the levels of CHCl3 and 
CHCl2Br may increase significantly (34, 35). These increases have been explained by the 
observed increase in active chlorine and by radicalizing mechanisms initiated by UV 
treatment (35). Findings from lab-scale studies have shown that the concentration of tTHM 
remains constant in the UV reactor (27); however, UV treatment makes the organic 
compounds in the water more reactive towards chlorine, making them act as precursors to the 
formation of tTHM, leading to increased concentrations (36, 37).  

2.2 AIR HANDLING 
The general purpose of ventilating a room is to improve indoor air quality by both diluting 
and removing harmful compounds. In Norwegian swimming facilities, air is mechanically 
(forced) supplied to the pool room using air handling units with blowers for fresh air and 
exhaust. The most common air distribution strategy is called mixing ventilation. Mixing 
ventilation is characterized by air being supplied to the room at velocities high enough to 
impact the total air volume, so that the air temperature, RH, and air concentrations of 
compounds are assumed to be more or less uniformly distributed throughout the room 
volume (38, 39). In the swimming facilities studied in this Ph.D. thesis, the supply grills were 
located at floor level, and the air was supplied to the room up along window façades to 
prevent condensation on the window surfaces. The air was extracted from grills located on 
one of the walls of each poolroom, see Figure 5. To prevent humidity and heated air from 
leaking out of the room, negative air pressure is created by extracting a higher air volume 
than that being supplied. 

 
Figure 5: Sketch of mixing ventilation strategy in swimming facilities 



 

10 
 

Swimming facilities constitute one of the most energy-consuming building categories (40); 
hence, to save money on heating the air, the air is recycled. Dehumidification is energy 
demanding, and, to reduce water evaporation, it is recommended that the air velocity above 
the water surface be limited (maximum 0.15 m/s). The air temperature should also be kept 1-
2 ºC higher than the water temperature (41). In order to maintain a satisfying indoor climate 
for the users and to reduce the evaporation from the pool surface, the RH is normally kept in 
the range of 50-60%. Air changes per hour (ACH) represents how many times, theoretically, 
the air is exchanged per hour in a room, regardless of whether the air consists of fresh air, 
recycled air, or a mixture of the two. The mean age of the air is a term used to describe how 
long an interval exists from when an air particle enters the room until it exits that room. 
Sometimes the mean age of air differs within the room due to low ventilation effectiveness, 
which means that some parts of the room may be over ventilated while other parts of the 
room are under ventilated (38). Ventilation efficiency can be evaluated by measuring air 
concentrations, which was done in this Ph.D. thesis.  

Although it is not a requirement, SINTEF suggests that the ACH be between 4 - 7 times per 
hour for conventional pool facilities; further, for rooms with hot water pools (water 
temperatures above 34 ºC), the ACH should be between 8 - 10. The recommended fresh air 
supply per m2 water surface is 10 m3/h (41), which is well below the  
recommendation of 36 m3/h (5).  

In Norwegian swimming facilities, the feedback control method used to maintain indoor air 
quality involves adjusting the air supply based on setpoints for air temperature and RH (42). 
The air quality can also be adjusted based on concentrations of carbon dioxide (CO2), which 
is exhaled when people breathe. CO2 is considered to be a good indicator for the number of 
occupants present in the room, as well as for other air concentrations which are related to 
illness (43-46). In sports halls, it is recommended that CO2 sensors be used to control the air 
supply (47); however, such sensors have not been proposed for swimming facilities. In 
general, the air concentrations of CO2 have not been a focus in swimming facilities except for 
in a recent study, where the authors found a correlation between the measured CO2 
concentration; insufficient ventilation, as indicated by such factors as condensation on 
window surfaces; occupancy level; and air concentrations of tTHM (48).  

2.3 DISINFECTION BY-PRODUCTS  
Since the beginning of the 20th century, disinfecting drinking water with chlorine has mostly 
defeated the outbreaks of deadly waterborne diseases, making the chlorination of drinking 
water one of the greatest public health achievements, saving billions of lives worldwide (49). 
However, in 1974, Rooks discovered that when free chlorine reacts with natural organic 
matter in water, the formation of undesired halogenated disinfection by-products (DBPs) 
occurs (50). Since then, more than 600 DBPs have been identified in chlorinated water (16). 
Although the results remain uncertain (51), the most studied health effects caused by 
exposure to DBPs in chlorinated drinking water are bladder cancer and congenital disabilities 
(52, 53). 
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The reactions of free chlorine with precursors in swimming pool water are illustrated in 
Figure 6. In chlorinated freshwater pools, chlorinated DBPs, such as CHCl3, CHCl2Br and 
NCl3 dominate. However, if bromide is present, then brominated, as well as chlorinated 
DBPs, will be produced (54). As described in Section 2.1, the only chemicals for which limit 
values exist for Norwegian pool water are free and combined chlorine (highlighted in Figure 
6). The variation in concentration of DBPs in pool water depends on several factors, 
including reaction period, organic material content (55, 56), chlorine dose, number of 
swimmers, bromide content, off-gassing of volatile DBPs (57, 58), pH value, and water 
temperature (59).  

In studies of chlorinated drinking water, tTHM and haloacetic acid (HAA) are the most 
frequently targeted DBPs, not necessarily due to their toxicities, but because they are the 
quantitatively most essential DBPs and serve as indicators of water quality (16, 51). In 
swimming pool water, the water concentrations of DBPs are likely to be much higher 
compared to those found in drinking water (56, 60). However, the health effects observed for 
long-term exposure to chlorinated drinking water may not be relevant for exposure in 
chlorinated pool water, mainly due to the exposures being significantly different. While the 
health-based limited values derived for 
a lifetime and assumed an intake of 2 litres of water per day (5), oral ingestion during 
swimming can vary between 20 mL and 100 mL, making this exposure pathway essentially 
negligible (61). For non-volatile DBPs with a low ability to penetrate the skin, such as HAA 
(62), exposure might be significant when drinking chlorinated water, making it even less 
relevant when the exposure occurs in a swimming facility.  

In previous studies in which dermal, inhalation, and oral exposures using tTHM or just 
CHCl3 as indicators, have been estimated amongst swimmers, inhalation was assumed to be 
the main route of absorption, accounting for between 56% and 76% of the total exposure (9, 
10, 63-65).  

Figure 6:Schematic overview of the reactions of free available chlorine with organic matter, modified from Pickup, 2010 (30). 
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To identify strategies for assessing and managing air exposure in indoor swimming facilities, 
tTHM and NCl3 are considered to be the most relevant compounds, as these DBPs are 
characterized as relatively to extremely volatile. In the following subsections, exposure 
pathways and health effects, as well as available limit values for tTHM and NCl3, are 
described briefly. 

2.3.1 Trihalomethanes (tTHM)- Health effects and limit values 
The tTHM are formed through reactions involving chlorine and naturally occurring material 
in the water, and tTHM is one of the dominant groups, representing up to 20% of the DBPs 
present in pool water (16). The tTHM are characterized as being from relatively to extremely 
volatile, with CHCl3 being the most volatile (31, 66). The relative concentration of tTHM is 
higher above the water  surface compared to the concentration found in the pool water (11, 
60, 67)). CHCl3 and CHCl2Br are both characterized as potentially carcinogenic to humans 
(2B). In some previous studies, the hazard index and carcinogenetic risk related to active 
swimmers have been estimated using formulas for multi-pathway exposure to tTHM. In 
many of these studies, the estimated cancer risk exceeds 10-6, which indicates that 
carcinogenetic effects related to swimming cannot be neglected for lifeguards or other people 
who swim regularly (8, 68, 69). However, these calculations are based on a number of 
assumptions, and, in most of these studies, the air concentration of, and multi-pathway 
exposure to, tTHM has been estimated based on concentrations measured in the water.  

Currently, there is no limit value for the pool water concentration of tTHM in Norway; 
however, a limit value for tTHM (50 μg/l) has been proposed in the revised version of the 
Norwegian pool water regulations. In other countries, such as Denmark, Germany, and 
Sweden, a limit value for tTHM (sometimes counted as CHCl3 equivalents) in swimming 
pool water exist and range from 20 μg/l to 100 μg/l (70, 71).  

In Norway, occupational air exposure limit values for CHCl3 (10 mg/m3) and CHBr3 
(5 mg/m3) exist (72). These are, however, not considered to be optimal reference values for 
swimming facilities, as occupational health effects, such as irritative ocular and respiratory 
symptoms, have been observed at median air concentrations of tTHM as low as 76 μg/m3 
(81.1 . 45.5 μg/m3) (73). In another study, where mean air concentrations of tTHM were 
measured to be 205 μg/m3, the cancer risk among elite swimmers was found to be 
unacceptably high (8). Based on results from animal studies on dogs, a tolerable daily intake 
value for oral exposure to CHCl3 based on the increase observed in hepatic cysts of 0.015 
mg/kg body weight per day was suggested, which corresponds to a tolerable concentration for 
inhalation of 140 μg/m3. According to a risk assessment conducted by the WHO, pool users 
could potentially exceed the proposed acceptable daily intake value for CHCl3 (32). InVerein 
Deutscher Ingenieure (VDI) 2089, the German Federal Environmental Agency suggests that 
the air concentration of CHCl3 should never exceed 200 μg/m3. Although this is not a health-
based limit value, it was proposed as a marker for insufficient water quality (74). 

2.3.2 Trichloramines (NCl3)- Health effects and limit values 
As described in Subsection 2.1.2, chlorine reacts rapidly with the ammonia introduced to the 
water mainly by the bathers to form inorganic chloramines (NH2Cl, NHCl2, and NCl3), of 
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which NCl3 is exceptionally volatile. With the exception of one study, airborne levels of NCl3 
have been assumed to be the main trigger of work-related asthma or irritative symptoms (17-
19, 23, 75, 76). From a health perspective, NCl3 is considered to be the most essential DBP 
(16). Experiments carried out in mice have shown that NCl3 is an upper airway irritant which 
is as powerful as chlorine. Based upon concentration-response curves, a short-term limit 
value of 1.5 mg/m3 and a long-term limit value of 0.5 mg/m3 for NCl3 have been proposed 
(77). This last study may be the main reason why the WHO proposed a privational guideline 
limit value of 0.5 mg/m3 for swimming pool atmospheres in 2006 (5). However, in 2019, the 
Nordic Expert Group proposed occupational limit values for an 8-h air exposure to NCl3 of 
0.2 mg/m3 for stationary air samples and 0.1 mg/m3 for personal air samples (4).  

2.4 EXPOSURE GROUPS  
Theoretically, the warm and humid air of indoor swimming pools constitutes a beneficial 
environment for asthmatic subjects, as explained by the lower respiratory heat loss 
experienced in environments with high ambient humidity (78, 79). However, the prevalence 
of health problems amongst the most exposed users in the poolroom has been acknowledged, 
and air concentration is an essential determinant for the respiratory irritations observed (80). 
In Section 2.3, it was established that inhalation is considered the most critical exposure 
pathway in the poolroom. Furthermore, when considering air exposure, the volatile 
compounds tTHM and NCl3 are the most relevant compounds. 

In swimming pool facilities, there are three main exposure groups: the lifeguards, visitors, 
and active swimmers. Considering the different exposure times and pulmonary ventilation 
both between and within each of these exposure groups, the risk related to exposure differs 
significantly. In this section, the results from previous critical reviews, meta-analysis, and 
epidemiological investigations of air exposure and health effects amongst children, 
lifeguards, and swimmers is presented. If management strategies are to be implemented 
successfully, it is important to understand which exposure groups should be targeted.  

2.4.1 Exposure amongst children 
In addition to the mandatory school swimming education, the Norwegian Swimming 
Federations had, in 2016, 52106 active members aged from 0 to 19 years (81). The risk 
related to swimming and children is ambiguous. Some studies show that swimming pool 
exposure in early life is associated with a significantly higher risk of pre-school onset asthma 
(82, 83). Children with asthma have been found to report substantially more irritative eye 
symptoms and worsened asthma compared to controls (84). Nickmilder and Bernard 
concluded that the prevalence of childhood asthma and wheezing rises around 2 to 3% for 
every indoor swimming pool per 100,000 individuals in the populations across Europe after 
accounting for the gross domestic product (GDP) of a country (n=21), as well as its climate 
and altitude (85). However, in a meta-analysis published in 2016 which excluded studies 
done in vivo and in vitro as well as accidental exposure, it was concluded that there is no 
significant difference in asthma development between children utilizing swimming pools and 
controls (86). This conclusion supports the findings from other studies suggesting that 
swimming does not increase the risk of asthma or allergic symptoms in children (87-89).  
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2.4.2 Occupational exposure 
The exposure time amongst lifeguards depends on the routines of the swimming facility. In 
Norway, the exposure time in the poolroom varies from 3 to 8 hours during an 8-hour shift. It 
has been found that occupational exposure in the poolroom can be a trigger for both pre-
existing asthma and the onset of work-related asthma (90). In a previous study, 
environmental and biological monitoring of lifeguards was included. The authors found that 
employees with mean levels of tTHM in their alveolar air higher than 21 μg/m3 had higher 
risks of red and itchy eyes, dyspnoea/asthma, and blocked nose compared to subjects with 
lower exposure. At poolside, the mean air concentrations of tTHM were measured as 
81.1  ±  45.5 μg/m3 (73). In most previous studies which investigated the prevalence of 
health effects via questionnaires while measuring occupational air exposures, NCl3 was used 
as an indicator of air quality. In these studies, the air concentrations measured ranged from 
0.017 mg/m3 to 1.34 mg/m3. In most previous studies, air concentrations of tTHM and NCl3 
were collected using stationary air samples. However, in one previous study, personal air 
samples of tTHM and NCl3 were obtained; in this study, the authors found that the 
relationship between personal and stationary air samples was 1:2, suggesting that to compare 
stationery samples with personal occupational exposure, the sample concentrations should be 
divided by two (91, 4). In addition, higher air concentrations of NCl3 have been measured in 
leisure pools compared to conventional swimming facilities (17, 20, 76).  

2.4.3 Exposure amongst competitive swimmers  
The most exposed swimmers in Norway spend more than 16 hours in the water every week 
while engaging in high pulmonary ventilation (exceeding 200 L/min) (92). Thus, they are 
inhaling the same amount of air as a lifeguard during an 8-h shift in less than two hours, and 
the mean uptake of tTHM after a 1-hour swimming period for these individuals has been 
estimated to be seven times higher compared to their uptake at rest (93). High pulmonary 
ventilation, in addition to the exposure through dermal penetration during swimming, makes 
these swimmers the most exposed group in the swimming facility.  

Previous literature has shown that athletes who regularly use chlorinated swimming pools 
may have a higher risk of developing respiratory health problems compared to non-
swimming healthy individuals or other athletes (94-98). In two previous studies from 
Norway, including 24 and 29 competitive swimmers, respiratory symptoms were reported 
amongst 83% and 48% of these swimmers, respectively (99, 100). In two studies in which air 
exposure to NCl3 was estimated while swimmers where present in the pool, concentrations 
between 0.26 mg/m3 and 0.41 mg/m3 were measured. However, in these studies, a limited 
number of samples were collected (97, 101).  

2.5 IDENTIFIED GAPS IN THE KNOWLEDGE 
To summarize, inhalation is considered the most critical exposure pathway, both amongst the 
lifeguards and swimmers. The tTHM and NCl3 are characterized as being relatively to 
extremely volatile, and the relative concentrations of these compounds are higher in the air 
than in the pool water. Yet, no limit values for air supplies or air exposure for the 
concentrations of tTHM and NCl3 exist for indoor swimming facilities. Based on the air 
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concentrations measured in previous studies and the reported health effects of recent 
epidemiological investigations, the exposure concentration of tTHM should be somewhere 
between 140 μg/m3 and 200 μg/m3. In 2019, the Nordic Expert Group proposed a health-
based occupational exposure limit value for an 8-h air exposure to NCl3 which corresponds to 
200 μg/m3 for stationary measurements in swimming pool facilities (4).  

In previous epidemiological investigations in which the prevalence of health symptoms 
amongst swimmers and lifeguards was estimated, the air concentrations of NCl3 and tTHM 
have been measured mainly through cross-sectional study designs. Air samples were 
collected over one or two days, often during the winter season, using high bather loads to 
characterize worst-case conditions. However, according to Rappaport, using worst-case
sampling to estimate chronic exposure is a biased sampling strategy (102). The risk of 
chronic diseases, such as asthma, depends upon mean exposure over time. Considering the 
fact that air concentrations tend to vary extensively, it is essential to adapt sampling strategies 
that recognize the long-term behaviour of the concentrations of interest (102). In previous 
studies of exposure in swimming facilities, it was highlighted that longitudinal studies are 
necessary to establish a possible dose-response relationship between exposure to NCl3 and 
the potential risk of airway irritations among persons who are regularly exposed in the 
poolroom (18, 76). It has also been highlighted that the air should be as carefully monitored 
as the water (75, 103).  

To the knowledge of the candidate, the focus in published research has been on hazard 
identification, that is, the prevalence of health problems related to exposure in the poolroom 
has been estimated for various exposure groups. Limited attention has been given to the 
determinants causing the variability observed in air concentrations in the poolroom. These 
determinants are, however, essential for both exposure control (exposure management) and 
valid and precise assignment of exposure levels (exposure assessment) (104). 

Based on the identified knowledge gaps, the two research objectives, along with their research 
questions, presented in Section 1.1 were developed. 



 

16 
 

  



 

17 
 

3 METHODS  
Exposure assessment can be defined as the science that describes how an individual or 
population comes into contact with a substance, including the quantification of that amount 
across space and time for individuals and communities (105, 106). The aim of an exposure 
assessment varies from assessing the risk related to exposure, to testing compliance with 
existing limit values, to epidemiological investigations, to source identification, to the 
identification of determinants of exposure.  

Over the last 50 years, however, the methods and terms used in occupational epidemiology 
have undergone a shift from general to specifics due to the fact that new risks, or risks yet 
unknown, are difficult to detect (107). When the prevalence of a disease or the number of 
exposed people is low, even a small confounding variable or measurement error might 
prevent the discovery of an association between exposure and disease. The exposure 
estimates must, therefore, be accurate and reliable (106) and optimized in such a way that the 
study design, sampling strategy/collection of data, and methods for exposure analysis reduce 
the chance of estimation error (107). Reducing the consequences of uncertainty and 
measurement error is only possible if an understanding of how to collect representative air 
concentrations and what types of statistical methods to use for exposure analysis exists. 

Assessing exposure includes the identification of the population at risk; relevant exposure 
pathways; exposure quantification, including exposure frequencies across time and space and 
dose-response relationships; and determinants of exposure.  

Determinants can be defined as factors causing a reduction (such as fresh air supply) or 
elevation (such as increasing concentrations of precursors) in the outcome variable (108, 
109). When important determinants are identified, managing exposure becomes less 
complicated, as these determinants explain the observed variation, thus allowing for effective 
hazard control. The relationship between different determinants and the outcome variable is 
illustrated in Figure 7. 

 

Figure 7: Determinants explaining the variation observed in air concentrations 
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In this chapter, the methods used in this thesis for assessing air concentrations, including 
sampling strategies for assessing air exposure (Section 3.1) and the prevalence of health 
effects (Section 3.2), are described and discussed.  

3.1 ASSESSING EXPOSURE  
As described in Section 2.5, the covariation between air exposure and the prevalence of 
health effects amongst different users of pool facilities has mainly been studied using a cross-
sectional study design. In cross-sectional studies, measurements are obtained at a single point 
in time (110). Although these studies are considered suitable for estimating the prevalence of 
a disease or exposure status, it is not possible to evaluate how the outcome variable unfolds 
and varies over time. The lack of understanding of the observed variability in poolrooms 
threatens the representativeness of the air concentration(s) measured. By limiting these 
threats, the determinants of exposure and the contributors to the observed variability can be 
assessed by measuring the concentrations of interest, along with other variables of 
importance, repeatedly over time (111-113).  

When quantifying the variation observed in exposure concentration over time, we often refer 
t
2), which is b

2) and the 
w

2). Understanding the contributions made by within and between 
variations is essential, as each of these terms provides different types of information. For 
example, if the aim is to identify long-term air concentrations, the between-day variability or 
variability over time is most important, as short-term peak concentrations may not be relevant 
for the health outcome. However, if the primary interest is to identify determinants for 
effective hazard control, then identifying the determinants causing air concentrations to 
fluctuate within the same day is essential (25, 114-116).  

3.1.2 Selection of sampling locations 

For air quality monitoring, different sampling strategies can be applied, such as using 
stationary samples, where samples are collected from one or multiple fixed positions in the 
room, or personal samples, where the sampling device is placed in the breathing zone of the 
exposed subject. Depending on the available techniques and the goal of the assessment, 
samples can be collected continuously for a short time (e.g., using sensors) or 
discontinuously, in which case, an average value over a given time interval is used (e.g., 
using thermal absorption tubes (ATDs) or filter cassettes). Air sampling can be either active, 
where the air is pumped into the sampling medium, or passive, where the air is collected in 
the sampling medium according to the diffusion and kinetic energy of the gas molecules.  

In this Ph.D. work, active air sampling was used for collecting samples of tTHM and NCl3. 
These samples were collected using test stands in fixed sampling locations within the 
poolroom (papers I-V), which was considered to be the most appropriate sampling method 
due to the adsorbent used to collect air concentrations of tTHM (see Section 3.4). In a paper 
published by the candidate with co-authors prior to the work done for this Ph.D., the air 
concentration of tTHM was measured simultaneously from three different heights, namely, 
0.05 m, 0.60 m, and 1.5 m, above the surface of the water. No significant difference was 
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found between the samples collected 0.60 m and 1.5 m above the surface; hence, for this 
thesis,0.60 m was assumed to be representative of the air concentration in the breathing zone 
of people standing by the poolside, whereas, in papers I and II, the sampling heights 0.05 m 
and 0.60 m were used to represent the air concentration in the breathing zone of the 
swimmers and lifeguards.  

As described in Subsection 3.4.2, the filter cassettes used for sampling NCl3 in the air were 
prepared and analysed at Umeå University in Sweden. Following the sampling strategy used 
by the lab in Sweden, air samples of NCl3 were collected 0.30 m above the water  surface. In 
paper III, air concentrations of tTHM and NCl3 were collected simultaneously using fixed, 
stationary test stands. The concentrations of tTHM were collected at both 0.05 m above the 
water  surface, representing the breathing zone of the swimmers, and 0.30 m above the 
water  surface, in parallel with the air samples collected for NCl3. The results, however, 
showed no differences in the tTHM concentrations measured from the two heights, that is, 
0.05 m and 0.30 m above the water  surface. Hence, in paper IV, the concentrations of 
tTHM were measured at 0.30 m only and used to represent the air concentrations in the 
breathing zone of the swimmers. Sensors were used to collect information concerning CO2 

concentrations (papers IV and V), air temperature, and RH (papers I-V). The sensors for air 
temperature, RH, and CO2 (paper IV) were placed on the test stands in a manner parallel with 
that used for the samples of tTHM and NCl3. In paper V, sensors measuring CO2 
concentrations, air temperature, and RH were placed in the air supply, extraction, and fresh 
air channels.  

Monitoring all the air particles in a room is impossible. When collecting information about 
air concentrations from fixed sampling locations, assumptions are made regarding the air 
distribution in the room which depend on the ventilation strategy as well as the distribution of  
the sources, such as swimming pools. These assumptions, however, may bias the 
representativeness. For example, in a room where mixing ventilation is used, it is often 
assumed that the air concentration in a room is evenly distributed and that the concentration 
is the same for all sampling locations. In a thoroughly mixed room, the variability observed 
between B

2) different fixed sampling locations would be close to zero, meaning that the air 
collected from all sampling locations represents the air quality in the room (117). This 
situation, however, is most likely not the case within a swimming facility, especially when 
several different swimming pools are located within the same room, because different 
swimming pools have different water temperatures, different chlorine levels, and different 
bather loads, resulting if differing emissions within the facility, regardless of ventilation 
effectiveness. In cases in which B

2 differs from zero, the assumption of a thoroughly 
mixed room is no longer valid (104), and representativeness can only be achieved by 
collecting information for various sampling locations within the room. 

For the above reasons, in this Ph.D. work, repeated measures were performed several times a 
day on different days of the week and over several weeks on variables such as air 
concentration, ventilation strategy, disinfection technology, occupancy load, and air and 
water quality in several pool facilities. Air quality parameters, such as air concentration, RH, 
and air temperature, were collected from several fixed sampling locations within the pool 
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facilities (papers I-V). Repeated measures was used to quantify the within and between 
variability of facilities, days, and heights, and so forth and to identify the most important 
determinants of exposure variability.   

Due to the limitations in the sampling of tTHM (see Section 3.4), 20-minutes samples were 
collected. When short-term air samples are collected repeatedly from fixed sampling 
locations within the same pool room, the air samples are likely to be correlated. Hence, 
dealing with correlated data is described in Section 3.3. This sampling strategy is, however, 
considered most suitable for improving both the accuracy and representativeness in cases in 
which repeated samples are correlated (113). In the following section, the method used in 
paper V to collect information about the prevalence of health effects is described. 

3.2 ASSESSING THE PREVALENCE OF HEALTH EFFECTS 
In paper V, information about the prevalence of health effects was collected from active and 
competitive swimmers in Norway. This paper followed a cross-sectional study design in 
which data was obtained from the swimmers using an online questionnaire created in Select 
Survey. To increase the response rate, the Norwegian Swimming Federation distributed the 
survey to the respondents via e-mail. Some of the questions concerning respiratory irritations 
and doctor-diagnosed and self-reported asthmatic symptoms were taken from the Norwegian 
Longitudinal Health Study (HUNT) and are considered to be standardized questions. 
Additional questions concerning the name of the swimming facility used for training, use of 
medication, swimming background, sex, age, body weight, height, and tobacco habits were 
also included. The questionnaire was administered in Norwegian; however, the translated 
version can be found in appendix 1. All members above the age of 18 licensed by the 
Norwegian Swimming Federation were invited to complete the questionnaire (n = 1109), and 
313 swimmers completed the survey. The survey was distributed twice, and, based on the 
responses from the swimmers, two facilities with the highest and lowest reported prevalence 
of asthma were chosen for the further investigation of pool water management and air 
quality.  

There are some advantages and disadvantages to distributing a survey online. One concern is 
access to the internet; however, the internet coverage in Norway is good, and numbers from 
2019 show that 93% of people between 16 and 79 years used the internet to read e-mail 
(118). The survey was distributed anonymously, meaning that it was not possible to detect 
possible misunderstandings related to the survey questions. On the contrary, anonymity may 
also increase the likelihood of respondents being honest. When using internet-based surveys, 
the response rate is typically low (119), which was the case for our study as well, which 
reached a response rate of 28.4% after being distributed twice. A low response rate raises 
questions as to whether the results can be trusted, as a high proportion of non-responses is 
often related to an increased risk of estimation bias (120), especially in cases in which the 
missing responses are related to the topic (121). However, the Norwegian Ethics Committee 
has imposed some restrictions on recruiting respondents. Amongst others, the researcher was 
not allowed to ask the swimmers to respond to the survey directly unless the swimmers 



 

21 
 

contacted the researcher themselves. The coaches were also not allowed to encourage the 
swimmers to answer the questionnaire, as doing so could be perceived of as pressure.  

In a previous study, where late and non-responses to a survey concerning respiratory health 
were examined for 29,218 subjects, the results showed no significant difference in the 
prevalence of airway disease or symptoms when compared to those for the respondents (120). 
If the percentages in the responses and follow-up are the same, it is then more likely that the 
answers are representative of the responses from the whole population (122). Between the 
first and second rounds of survey distribution, the prevalence of reported doctor-diagnosed 
asthma decreased from 23.0% to 22.4%. Despite the low response rate, the most-exposed 
swimmers filled out the survey in both the selected facilities. Thus, based on the matching 
criteria's exposure hours as well as the distributions of males and females and exposure 
groups, the two facilities were considered comparable. 

The mean reported age of the swimmers, weekly exposure hours, percentage of females, and 
percentage of swimmers experiencing respiratory irritations during or after swimming did not 
change between the first (n = 209) and second (n = 104) survey distribution rounds. For this 
reason, the responses received from the swimmers spending more than 16 h in the pool every 
week were considered to be representative. All parts of this study were conducted following 
current international ethical standards. Before the survey used in paper V was distributed, the 
study was approved by the Norwegian Center for Data Research (NSD), with reference code 
577380, and the Regional Ethical Committee (REK), with application id 29689. For further 
details, please see paper V. 
 
In the following section, the statistical methods used to analyse the prevalence of health 
effects reported amongst the swimmers and to deal with the correlations between the repeated 
samples when identifying the determinants of exposure are explained.  

3.3 STATISTICAL METHODS FOR EXPOSURE ANALYSIS  

3.3.1 Analysing non-parametric data 
The type of statistical analysis used hinges on the dependency in the collected data as well as 
the distribution of that data. In paper V, in which information about disease and exposure 
status was collected using a survey, the collected information is assumed to be independent, 
as data from each swimmer was collected just once. The questions in the questionnaire were 
either ordinal (ranked answer options) or binomial (yes/no) and did not follow any specific 
distribution.  

The odds ratio (OR) represents the odds that an outcome, such as asthma, will occur given a 
particular determinant, or exposure, compared to the odds of the outcome happening in the 
reference group (123). The OR was estimated for the occurrence of health effects between the 
two different facilities using multiple logistical regression. This method allows adjustments to 
be made for possible confounding variables, such as age, or multiple independent variables 
which determine the observations. To analyse the association between two non-parametric 
variables (papers I-V) , whereas 
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coefficient was used to analyse the degree of association between two variables following 
normal distributions (papers I-V). 

3.3.2 Analysing parametric data 
For air concentrations following a normal distribution, different analytical methods can be 
applied, depending on whether the information is independent or dependent of other 
information. However, in many studies, dependent data is analysed using methods designed 
for independent data. This analysis error is one of the most common mistakes made in 
exposure and medical studies. While statistical methods, such as linear regression models, 
rely on independent sampling, the estimation of within and between variability can only be 
utilized if repeated samples have been collected (116). Repeated samples collected from the 
same cluster unit, such as a pool facility or sampling location, are, however, likely to be 
correlated. Unless the potential correlation between repeated observations is accounted for, 
under- or over-estimation of p-values and incorrect estimates of the standard errors might 
result (115, 124, 125). To estimate the air concentrations while adjusting for different 
predictor and confounding variables and accounting for the potential correlations between 
repeated observations (115, 125, 126), linear mixed effect models were used in papers I-V. 
When using such models, the intercept (random intercept model) or/and slope (random 
coefficient model) can be allowed to vary across clusters and units of repeated measures. 

Linear mixed-effect models are accommodated hierarchically (112). The basic idea behind 
such a model is that fixed determinants can partially explain the variance observed in the 
exposure concentration. Fixed determinants/effects are those determinants affecting the 
overall mean exposure concentration such as the fresh air supply, height above the water 
surface, and so on. When adjusting for these determinants, factors that unfold during the 
period of analysis, such as bather load and chlorine concentrations, can be accommodated, 
making the results from these real-life studies more reliable (127). The remaining random 
variance, which is not explained by the fixed effects, will thus be reduced (109). Linear 
mixed-effect models are also flexible in terms of being able to accommodate missing 
(unbalanced) data, which is problematic in, for example, linear regression models, where 
cases with missing values are excluded (128). In the linear mixed effect model, parameters 
are estimated using  maximum likelihood (ML) or restricted maximum likelihood (REML) 
(112, 127). For unbalanced data, using the REML method to estimate the variance 
components is considered to be more valid than ML (128). 

To account for the potential correlations between the repeated samples collected within the 
same cluster, different covariance structures specifying the structure of the variance-
covariance matrix can be applied (128). The covariance structure is essential because it is 
used to estimate the starting point (intercept) of the model parameters. If the choice of 
structure is not apparent, it is recommended that models with different covariance structures 
be run and scored based on goodness of fit (129). The covariance structure whose goodness 
to fit is closest to zero is thus the best covariance structure (130) as judged by the 
significance of the likelihood ratio tests Log-likelihood ratio (- 2LL) analysis was 
used in papers I-V to compare the fit across models, taking into consideration different 
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determinants as well as covariance structures, as judged by the significance of the likelihood 
ratio tests (131).  

Indoor air quality parameters are often autocorrelated, and the correlation varies with 
ventilation rate and effectiveness (113). In the appended papers, in the cases where multiple 
samples were collected close in time,  the first-order autoregressive (AR (1)) model provided 
the best model fit. This structure assumes that the correlation function decays exponentially 
as the interval between the measurements increases (112). In the cases in which only two 
samples were collected on the same day, compound symmetry (CS) fit the data best. This 
covariance structure assumes that the correlation is constant irrespective of the time interval 
separating the measurements (115). 

One of the assumptions made when using a linear mixed effect model is that the residuals of 
the air concentrations are normally distributed with a constant variance and a mean of zero. 
When the air concentrations are complicated, time-consuming, and expensive to measure, 
limited samples are often collected, sometimes resulting in significant observed variations in 
these concentrations. In such cases, the probability distributions are often better described 
with the natural log (ln) transformations of the air concentrations (116). In this thesis, the air 
concentrations were always tested for normality via the Shapiro Wilk test and histograms. As 
the distributions were either positively or negatively skewed, this skewness was accounted 
for by the ln transformations of the air concentrations. The following expression specifies the 
general interpretation of the random intercept model: 

  (2) 

where  is the cluster unit,  is the repeated sample unit , and  
 are assumed to be normally distributed with zero 

-day variance ( and the variance of  
represents the within-day variance ( . Finally,  represents the intercept, and  is the 
regression coefficient for the outcome variable.  

Prior to the work done on this thesis, the candidate, together with the technician Arne Vidar 
Sjønøst, developed a method for sampling, analysing, and maintaining the quality control for 
the tTHM. This method, along with the sampling, analysis, and quality control method used 
for NCl3, is described briefly in Section 3.4.  

3.4 LABORATORY ANALYSIS OF TTHM AND NCL3 
As described in Section 3.1, active air sampling was used for both tTHM and NCl3. Active 
sampling consists of pumping a defined air volume through a bed of sorbent(s) in a tube/filter 
cassette, which retains the analytes. Active sampling onto sorbents is the most versatile 
option (132), and several official methods, including US-EPA TO 17 and ISO 16017/16000, 
which were used in this work, have been established based on this technique.  
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3.4.1 Sampling, analysis and quality assurance for tTHM   

The selection of the sampling flow rate and sampling time depends on the sorbent used, the 
environment in which the samples are to be collected, and the GC detection limits. According 
to US-EPA Method TO-17, the pump flow rate should be above 10 mL/min to minimize the 
errors due to the ingress of VOCs via diffusion. Additionally, a sampling volume between 1 
L and 4 L is recommended, as long as it is consistent with safe sampling and breakthrough 
volumes (133).  

For the air sampling of tTHM, different sorbents can be used, such as Chromosorb, 
Carbopack B, Tenax TA, or charcoal, or a combination of these sorbents can be used in the 
same tube. In some previous studies, samples of tTHM were collected over a 20-minute span 
using an airflow rate of 7 mL/min (3, 9, 11, 134). In other studies, samples were collected 
using Tenax TA for two and three hours using airflows of 10 mL/min and 12 mL/min, 
respectively (135, 136). In this thesis, Tenax TA was used because it was available in the lab. 
Although there are limitations and advantages related to the different sorbents, regarding the 
aim of this thesis, short-term samples were preferable, for which Tenax TA performs well. In 
cases where personal exposure amongst lifeguards is of interest, other sorbents allowing for 
greater sampling volumes are preferable.  

Of the four tTHM, CHCl3 is the component most sensitive to high sampling volumes since its 
theoretical sampling volume is 19 L per gram of Tenax TA at an ambient air temperature of 
20 ºC. In this work, the sorbent tubes contained approximately 0.20 g Tenax, providing a 
theoretical sampling volume of 3.8 L at 20 ºC. For every ten ºC increase in ambient air 
temperature, the theoretical sampling volume is halved (137). However, RH also affects the 
sampling volume.  

Breakthrough occurs when 5% or more of the target analyte is observed in any of the back-up 
tubes (133). When determining the optimal sampling volume for tTHM, two tubes were 
coupled in series, and different flow rates (7 mL/min, 20 mL/min, 40 mL/min, 50 mL/min, 
and 100 mL/min) where tested over a sampling period of 20 minutes. The airflow rates 7 
mL/min and 50 mL/min were tested at the same time and produced the same results for 
CHCl3, but not CHBr3. This result is assumed to be related to retention time, which is around 
10 minutes for CHBr3 and only 3 minutes for CHCl3. With a flow rate of 100 mL/min, a 
significant breakthrough was observed in the backup tube. Considering the recommendations 
of the United States Environmental Protection Agency (US EPA) and the result of the tests 
for sampling volume, a pump flow rate of between 40 mL/min and 50 mL/min for 20 minutes 
was used for sampling the tTHM.  

Sampling in the swimming facility 

The low-flow pumps (Markes International) were calibrated in situ in the pool facilities with 
a TSI 4100 before and after each sample. When the tubes were not in use, they were always 
capped using Swagelok caps combined with PTFE ferrules. The tubes were also wrapped in 
uncoated aluminium foil and placed in an airtight container with charcoal to avoid 
contamination and losses. The samples were always handled using cotton gloves. For each 
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group of ten air samples collected, one field blank and one laboratory blank were prepared 
and analysed together with these samples.  
 
Laboratory analysis  

Determination of tTHM in the air was performed by using a Unity Thermal Desorber 
(Markes International) coupled with an Agilent Technologies 5975T LMT-GC/MSD. 
Thermal desorption was carried out for 10 min at 284 °C with a flow rate of 30 ml/min to a 
cold trap packed with Tenax TA. Secondary desorption was carried out with a carrier gas 
flow rate of 20 ml/min from the trap. The tTHMs were submitted using a 3.7:0.7 split ratio. 
The separation was performed on a capillary column (DB-
thicknesses). The oven temperature was elevated with a temperature program from 35 °C to 
90 °C using , and a post-run was conducted at 230 °C. Identification and 
quantification of the tTHM were performed in a selected ion monitoring (SIM) mode. The 
analysis of tTHM was performed immediately after sampling in the laboratory of the 
Department of Health, Safety, and Environment at the Institute of Industrial Economics and 
Technology Management at NTNU.  During the work on this thesis, between 400 and 500 
samples were collected in the poolrooms. 
 
The samples of tTHM was always analysed on the same day that they were collected. At the 
beginning (papers I and 11), a limited number of Tenax tubes were available. Thus, to collect 
as many samples as possible during the same day and same week, the sampling tubes were 
quantified and conditioned in the same session. Doing so resulted in the loss of three samples 
due to tube leakage. When the work for paper III started, more Tenax TA tubes were made 
available. To avoid sample loss, all samples were analysed prior to the start of conditioning.  

Method validation and quality assurance  

Both external and internal calibrations were performed. For internal calibration, the sorbent 
tubes were spiked with 250 ng 8260 Internal Standard Mix 2 (Supelco) containing 
fluorobenzene, chlorobenzene-d5, and 1.4- dichlorobenzene-d4 in methanol.  For external 
calibration, a five-point calibration curve was created, ranging from 0.5 ng to 500 ng, for 
each of the tTHM using the Trihalomethanes Calibration Mix (Supelco) in dilute with 
methanol (n = 30). This process was followed before each sampling campaign. Using this 
method, a limit of quantification (LOQ) of 0.5 μg/m3 and a linear range from 0.5 μg/m3 to 
500 μg/m3 was obtained for each of the tTHM. In accordance with US EPA Method TO-17, 
all duplicate measures and volume pairs of tubes were within 5% precision. Breakthrough 
was tested weekly to verify that less than 5% of the target analytes were observed on any of 
the back-up tubes.  

3.4.2 Sampling, analysis and quality assurance for NCl3  

Sampling in the swimming facility 

In total, 56 samples of NCl3 were collected during the work done for this thesis (papers III 
and V), and all samples were analysed by the Department of Occupational and Environmental 
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Medicine at Umeå University, Sweden. The preparing, sampling, and analysing of the NCl3 
was done following the method established by Hery et al. (17). In brief, ambient samples are 
collected on filters, which were impregnated with sodium carbonate and diarsenic trioxide, 
then placed in 37mm closed-face filter cassettes. The principle behind the method is based 
upon the reduction of chloramines to chlorides. After sampling, the filter cassettes were 
stored at room temperature in a closed plastic bag and sent to Umeå University for analysis. 
The samples were never stored for more than one month after being collected. In the lab at 
Umeå University, the filters were desorbed in water, sonicated and filtered, and the collected 
material was analysed in an ion chromatogram. For each set of ten samples collected, two 
blank samples were used as field control samples.  

In this study, samples were collected for three hours with a flow rate of 1 l/min (180 L) using 
pumps from SKC Ltd. The pumps were calibrated in situ in the pool facilities with a TSI 
4100 both before and after each sample, as well as at least once every hour during sampling.  

3.4.3 Dealing with random errors  
All samples of tTHM were spiked, sampled, and analysed by the candidate herself, except for 
the samples collected for paper IV, which were collected by a master student, Morten Sæther 
Grande. The candidate also collected all samples of NCl3; however, these samples were 
prepared and analysed by Dr. Annika Hagenbjörk in Sweden. Sampling by the same people 
reduces the random errors related to procedures and personal behaviour. Following US EPA 
TO-17, samples were to be invalidated if the pump sampling flow rate measured at the end of 
sampling varied more than 10% from the flow rate measured at the beginning of sampling 
(133). The samples included in this Ph.D. work never varied more than 10% in flow rate. For 
the NCl3 samples, the flow rate was controlled at least once every hour, and, at the end of 
sampling, the volume collected on the filter was calculated based on the average flow rate 
measured during the three-hour sampling period. For the tTHM samples, which were 
collected over 20 minutes, the average of the flow rates measured at the beginning and end of 
collection was used to calculate the total air volume collected in the Tenax TA tubes.  

The candidate remained close to the test stands during sampling, making field observations 
and observing the test stands. Posters were used to inform the people in the poolroom about 
the research and to make people aware of the test stands. The  presence in the 
poolroom made it possible to count the number of bathers continuously and to observe the 
activities in the room.  
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4 MAIN RESULTS 
This Ph.D. project had two main research objectives in which six research questions (RQs) 
were formulated. This chapter provides the main results in six different sections in 
accordance to the RQs.  

4.1 RQ 1- THE PREVALENCE OF HEALTH EFFECTS AMONGST SWIMMERS  
In paper V, the prevalence of health effects amongst active swimmers above the age of 18 
licensed by the Norwegian Swimming Federation was estimated. Responses from the 
swimmers were collected using an online questionnaire (see Section 3.2). The methods used 
for analysis of the data are described in Section 3.3.  

The overall results from the respondents in this study show that the reported prevalence of 
doctor-diagnosed asthma was 22.4%. Of those with doctor-diagnosed asthma, 84% had been 
swimming for more than 10 years. Considering the low response rate (28.2%), the estimated 
prevalence of doctor-diagnosed asthma may not be representative of prevalence in the 
population. Numbers provided by the Norwegian Swimming Federation show that around 60 
people from 18 to 26 years old qualified to participate the national competitions (NMs) in 
2019. These swimmers are characterized as the most-exposed swimmers in Norway, as they 
spend 16 hours or more in the water every week. Our survey included 64 swimmers from this 
group. Hence, the response rate amongst the most exposed swimmers is assumed to be 100%.  

In general, the prevalence of doctor-diagnosed asthma was greater amongst those who swim 
for more than 16 hours a week (35.4%, n=65) compared to those who swim less than 16 
hours a week (19.2%, n=248). In Figure 8, the prevalence of health effects during or after 
training reported amongst swimmers diagnosed with asthma, swimmers who suspect they 
have asthma, and swimmers without asthma symptoms are shown. The reported prevalence 
of health effects was significantly higher amongst swimmers diagnosed with asthma or 
suspected of having asthma (67.5% and 65.4%, respectively) compared to swimmers without 
asthmatic symptoms (36.0%).  
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In Table 1, the prevalence of reported symptoms during or after training is shown for 
different exposure groups. The increasingly dark shades of green indicate progressively 
increasing percentages of health problems. A 
between the swimmers spending less than 16 hours in the water per week and more than 16 
hours in the water per week for all question categories in Table 1, excluding the question 
about red and itchy eyes (p=0.061). The difference between the two lowest exposure groups 
(less than 16 h) was statistically insignificant for all question categories listed in Table 1.   

Table 1: Reported health problems for different exposure groups (n=312) 

Survey Question 

Less 
than 6 h 
(n=104) 

Between More 
than 16 h 
(n=65) 

6 and 14 h 
(n=143) 

Average hours in water per week 2.4 h 7.1 h 16.4 h 
Do you ever experience a red, itchy, or runny nose during or after training? (% 
yes) 29.1 37.4 46.9 

Do you ever experience red or itchy eyes during or after training? (% yes) 42.3 40.1 62.5 
Do you ever experience chest tightness during or after training? (% yes) 33.7 41.4 70.8 
Do you ever experience skin irritations during or after training? (% yes) 46.2 54.6 78.5 
Do your breathing problems increase as your activity level increases? (% yes) 34 32.9 61.5 
Do your breathing problems affect your performance? (% yes) 27.9 26.4 52.5 

Note: One swimmer did not report weekly exposure hours  

Based on the responses from the swimmers, two facilities (referred to as Facilities 1 and 2a), 
were selected for further analysis, as the reported prevalence of asthma varied significantly 
between the two facilities (17.5% in Facility 1, and 36.4% in Facility 2a). In these facilities, 
an in-depth analysis of pool water management and air quality was also performed, and the 
results are shown in RQ 5 (Section 4.5). In Table 2, a comparison was made of the reported 
prevalence of health complaints at the two facilities.  

The reported prevalence of chest or respiratory tightness during or after swimming differed 
significantly between the two facilities, and the age-adjusted OR for respiratory irritations 
and chest tightness was 8.7 (95% CI: 2.0 - 37.2, p=0.00) for Facility 2a compared to 
Facility  1. The age-adjusted OR for diagnosed and suspected asthma was 2.5 (95% CI: 0.7 - 
8.5, p=0.145), which was not statistically significant.  

Table 2: Prevalence of irritation in all respondents and the two selected facilities  

Survey Question 
Facility 1  Facility 2a All facilities 

(% yes) (% yes) (% yes) 
Do you sometimes experience red, itchy or runny eyes ?  35.9 35.5 36.8 
Do you sometimes experience an itchy or runny nose ?  42.5 48.4 45.4 
Have you ever experienced chest or respiratory tightness ?  32.5 60.6 45 
Have you ever experienced skin irritations/skin problems ?  55 56.2 56.6 
Have you been diagnosed with asthma by a doctor?  17.5 36.4 22.4 
Do you suspect you have asthma?  5 23.8 13.8 
Have you ever used medications to prevent/reduce asthmatic or 
allergic symptoms? 47.5 51.5 44.5 

 during or after training 



 

30 
 

4.2 RQ 2- THE MOST IMPORTANT DETERMINANTS FOR ASSESSING TTHM IN 
THE AIR   

This research question was investigated in paper I, which aimed to determine the size and 
magnitude of the variability in the concentrations of tTHM and analyse which determinants 
affected air exposure in three pool facilities. In each facility, air samples were collected above 
the surface of one sports pool (27-28°C) and one therapy pool (33-34°C), both 0.05 m and 
0.60 m above the water  surface, repeatedly over different days of the week and different 
times during the day. These three pool facilities used different methods for hypochlorination: 
Facility 1 used calcium hypochlorite, Facility 2b used liquid sodium hypochlorite, and 
Facility 3 used electrolysis for the onsite production of sodium hypochlorite. The variables 
were analysed using the linear mixed effect model described in Section 3.3. 
 
The results, which are summarized in Table 3, showed that all the water quality parameters 
were within the Norwegian regulations; however, the air concentrations of tTHM differed 
significantly between the three different pool facilities (p < 0.05). The mean air concentration 
of tTHM varied significantly within the same day and between different days. One example 
comes from Facility 2b, where the highest air concentrations were observed. Here, the mean 
day-to-day concentrations ranged from 341.7 μg/m3 to 590.9 μg/m3 and the air concentrations 
sampled during the same day ranged from 361.7 μg/m3 to 781.7 μg/m3. 
 
Table 3: Means (AMs) for chemical parameters and bathers and the number of samples taken from each sampling location 

 
Despite the lower water temperatures in the sports pools, 32% higher concentrations, on 
average, were measured above the sports pools compared to the therapy pools. Between 34% 
(Facility 1) and 20% (Facility 3) higher concentrations were also measured 0.05 m above the 
water  surface compared to 0.60 m above the floor. The determinants (fixed effects) 
significantly affecting the air concentrations in the three pool facilities are shown in Table 4. 
These determinants explained 42% of the total variability in the tTHM air concentration and 
98% of the between sampling location variability observed at each sampling location. 
 
  

Facility Sampling 
location 

tTHM  
(min-max) 

(μg/m3) 

Bathers  ClComb 

(mg/l) 
ClFree 

(mg/l) 
Twater 

(º C) 
pH N 

1 1 
2 

185.2 (99.7  316.4) 
132.6 (95.9  202.7) 

13 
8 

0.21 
0.21 

0.82 
1.22 

26.7 
33.1 

7.3 
7.5 

12 
17 

2b 1 
2 

549.2 (366.5  781.7) 
362.6 (205.0 - 638.4) 

16 
31 

0.04 
0.19 

0.49 
1.02 

28.6 
34.1 

7.3 
7.2 

10 
20 

3 1 
2 

234.1 (109.0 - 381.9) 
179.9 (87.2 - 306.3) 

8 
8 

0.24 
0.24 

1.01 
1.14 

28.1 
33.6 

7.3 
7.4 

24 
37 
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Table 4: Significant determinants of exposure 

Fixed Effect  e  

Df 13 
Intercept 4.84* 0.17 126.47 
Facility 
          1 
          2b 
          3 

 
-0.18* 
0.91* 
0 

 
0.09 
0.07 
0 

 
0.84 
2.48 
1 

Height 
          0.05 m 
          0.60 m 

 
0.22* 
0 

 
0.05 
0 

 
1.25 
1 

Pool 
          Therapy pool 
          Sports pool 

 
-0.31* 
0 

 
0.06 
0 

 
0.73 
1 

Day  
         Monday 
         Wednesday 
         Friday 

 
0.24* 
0.04 
0 

 
0.09 
0.11 
0 

 
1.27 
1.04 
1 

Time 
         Morning 
         Afternoon 

 
0.11* 
0 

 
0.05 
0 

 
1.12 
1 

Bathers  
          0 - 6 
          7  16 
          17  34 
          35 - 50 

 
0.25* 
0.26* 
0.35* 
0 

 
0.13 
0.13 
0.12 
0 

 
1.28 
1.30 
1.42 
1 

*Significant at p< 0.1 

Using Table 4, the geometric mean (GM) ) for the different exposure scenarios can be 
estimated using equation 3  

GM= Intercept Facility Height Pool Day  Time Bathers   (3) 

For example, if we assume 15 swimmers are present in the sports pool Friday evening, then 
the estimated air concentrations in Facilities 1 and 2b would be: 

Facility 1= (126.47  0.84  1.25  1.0  1.0  1.12  1.30) = μg/m3 

Facility 2b = (126.47  2.48  1.25  1.0  1.0  1.12  1.30) = μg/m3 

This example demonstrates that the swimmers would be exposed to an air concentration in 
Facility 2b that is nearly three times higher than that in Facility 1. 
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4.3 RQ 3- ESTIMATING CHCL3 CONCENTRATIONS BASED ON AIR AND WATER 
QUALITY  

While the determinants contributing to the within and between variabilities of different 
facilities were investigated in paper I, the determinants in air and water causing the air 
concentration of CHCl3 to vary within one swimming facility (RQ3) were investigated in 
paper II. The aim of this study was to see if the relationship between ventilation strategy and 
physical-chemical water quality could be used to estimate the exposure concentration of 
CHCl3 in the air. Hence, information was collected on fresh air supply, air change rate, bather 
load, as well as other physical-chemical parameters in the air and water repeatedly three 
times a day and two days a week over a period of six weeks. Samples were collected from six 
different sampling locations in a leisure facility (Facility 3), which consisted of several 
swimming pools and aerosol-generating activities.  

The results showed that all water quality parameters were in accordance with the Norwegian 
regulations. The ACH and ACHfreshair for the different sampling days are listed in Table 5, 
along with information on the mean CHCl3 concentrations measured in the morning and 
afternoon. As explained in Section 2.2, the ACH represents the number of times the air is 
exchanged per hour in the poolroom, regardless of whether the air consists of fresh air, 
recycled air, or a mixture of the two. ACHfreshair represents how many times per hour the air in 
the poolroom is exchanged with outside air. All variables, except the number of bathers and 
air and water temperatures, differed significantly according to the day sampling was 
conducted.  
 
Table 5: ACH, ACHfreshair, and mean concentrations of CHCl3 for both heights and sampling locations across sampling days 

A Monday, B Wednesday, *A fault with the fresh air dampers; n. d.= not detected or below the calculation limit 

 
As shown in Table 2, the ACHs were all lower than the recommended 4-7. On the first day of 
sampling, there was an issue with the fresh air dampers, and almost no fresh air was supplied 
to the pool facility (0.4 ACH fresh air) in the morning.  

According to the linear mixed effect model, using CHCl3 as an output variable showed that, of 
the collected air and water quality parameters, the variables significantly explaining the 
observed variability in CHCl3 were RH, fresh air supply, and the water concentration of 
combined chlorine. For more details, see paper II.  

Day Time ACH ACHfreshair n Mean CHCl3 (range) (μg/m3) 
1 A Morning 

Afternoon 
3.0 
3.4 

0.4* 
2.9 

8 
6 

274.9 (164.7 457.0) 
172.9 (87.2 358.9) 

2 B Morning 
Afternoon 

3.1 
3.6 

2.5 
3.6 

10 
6 

120.8 (80.7 159.8) 
150.9 (110.8 199.1) 

3A Morning 
Afternoon 

3.2 
3.7 

2.4 
3.7 

10 
6 

165.1 (124.0 285.8) 
196.7 (132.6 308.5) 

4 A Morning 
Afternoon 

2.9 
3.4 

2.2 
3.4 

10 
6 

216.3 (152.4 362.6) 
218.0 (157.6 355.5) 

5 B Morning 
Afternoon 

3.1 
3.6 

2.5 
3.6 

10 
6 

169.9 (97.9 251.0) 
182.7 (110.8 267.0) 

6 A Morning 
Afternoon 

3.0 
3.0 

1.9 
2.1 

9 
6 

204.6 (147.7 308.4) 
241.0 (146.5 371.9) 
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4.4 RQ 4- UV LAMP AND THE AIR CONCENTRATIONS OF TTHM AND NCL3  
In papers I and II, the determinants for assessing exposure to tTHM and the effects of 
determinants in the air and water on the air concentration of CHCl3 were investigated. 
However, disinfection method is also an important determinant for the formation of DBPs, as 
some studies have showed that the concentrations of some DBPs in the water increase due to 
increased reactivity brought about by UV treatment (see Subsection 2.1.3). RQ4 was 
explored in paper III, where it was hypothesized that use of a UV treatment does not 
significantly affect the air concentrations of NCl3 but rather will increase the overall exposure 
to tTHM. This hypothesis was investigated by collecting air concentrations of tTHM and 
NCl3 simultaneously by the poolside (location 1) and in the inlet of the extract grill (location 
2) in a poolroom consisting of only one therapy pool. This study was an experimental study 
in which samples were collected repeatedly with and without the use of a medium-pressure 
UV lamp in the water treatment system. More details are found in paper III.  

The results show that slightly higher concentrations of tTHM (14%) and NCl3 (10%) were 
observed by the poolside (location 1) compared to in the extract grill (location 2), and the air 
concentrations observed in the two sampling locations were statistically significant (p=0.02). 
By the poolside, air concentrations of tTHM were collected at both 0.05 m and 0.30 m above 
the water  surface, and, on average, a 2% difference in tTHM was observed between the two 
heights, a statistically insignificant result (p=0.66). When the UV treatment was used, the 
concentrations of tTHM CHCl3, CHClBr2, and CHCl2Br increased by 37%, 41%, 51% and 
68%, respectively, compared to when the UV treatment was switched off. The concentrations 
of NCl3 and CHBr3, however, decreased by 15% and 12%, respectively.  
Between 42% and 56% of the gases in the air are recirculated back into the poolroom along 
with the recycled air. 

The correlation observed between NCl3 and tTHM concentrations in the air when the UV 
treatment was on (r2 = 0.963) (see Figure 9) was greater than when the UV treatment was off 
(r2 = 0.472).  
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Figure 9: Correlation between NCl3 and tTHM concentrations when the medium-pressure UV lamp was on 

According to the linear mixed effect models built for NCl3 and tTHM, most of the variability 
observed in the tTHM concentration was attributed to UV treatment, while most of the 
variability observed in the NCl3 concentration was attributed to the number of bathers present 
in the pool. 

4.5 RQ 5- COVARIATION AMONGST POOL WATER MANAGEMENT AND NCL3  
In the two facilities selected for further investigation due to the reported prevalence of health 
effects (Section 4.1 (RQ1)), air samples of NCl3 were collected, as well as information about 
strategies used for air and water treatment. In most previous studies, air samples of NCl3 were 
investigated using cross-sectional study designs, and they largely neglected the determinants 
for the air concentrations of NCl3.  

In papers II and III, it was demonstrated that, for smaller pool rooms containing only one 
swimming pool with a ACH, the air in the room can be considered well mixed (paper III). 
However, in larger pool facilities, where multiple swimming pools are in the same room, the 
mean age of the air might not be the same for all sampling locations (paper III). To account 
for the different sizes of the two chosen swimming facilities, one sample of NCl3 was 
collected simultaneously from each long side of the sports pool in Facility 1, while samples 
of NCl3 were only collected from one long side of the pool in Facility 2a. As described in 
Subsection 2.1.3, the level of combined chlorine should never exceed 0.5mg/l. Furthermore, 
the combined chlorine should never be more than 50% of the measured concentration of free 
chlorine (6). The measured air concentrations in Facilities 1 and 2a are shown in Table 6. In 
Facility 1, the measured levels of free and combined chlorine never exceeded the Norwegian 
regulations. The concentration of NCl3 ranged from 245μg/m3 to 265μg/m3, and the 
concentrations measured simultaneously from the two sampling locations varied by just 
10μg/m3, suggesting homogenous concentrations across this swimming pool, despite the low 
ACH.  
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Table 6: Technical data on ventilation and disinfection strategies, plus chemical-physical parameters for the two facilities  

Abbreviations: HRT= Hydraulic retention time, %OA= percentage of outdoor air, Clcomb= Combined chlorine, ClFree= Free 
chlorine, Tair = Air temperature, Twater= water temperature  

In Facility 2a, the level of combined chlorine was always more than 50% of the measured 
concentration of free chlorine, and 50% of the measured values of combined chlorine 
exceeded the Norwegian limit of 0.5mg/l. While the measured RH level and air temperature 
were stable, the air concentrations of NCl3 varied significantly from day to day, ranging from 
58μg/m3 to 327μg/m3 in the morning and 92μg/m3 to 461μg/m3 in the evening. On Thursday 
during the week of measurement, low concentrations of NCl3 were measured, with 58μg/m3 
in the morning and 92μg/m3 in the evening being recorded. On this particular day, the 
chlorine machine stopped working, and free chlorine levels as low as 0.15 mg/l were 
measured in the pool water. In general, the concentrations were always lower in the morning 
than in the evening, which is perhaps explained by increased swimmer load during the day.  

In Facility 1a, almost no air was recirculated, and, on average, 91% of the air supply was 
fresh air from the outdoors. However, the ACH was low (0.95 h-1). The average percentage of 
fresh air in Facility 2a was 69%, which was calculated based on the measured CO2 
concentrations. The ACH was also much higher (9.55 h-1). In Facility 2a, the HRT was high 
and so was the swimmer load, showing that professional pool water management is crucial 
for achieving acceptable exposure levels. 

  

Facility HRT 
(h) 

m3 
water  

ACH %OA Clcomb ClFree pH RH Tair 

(ºC) 
m3/ 
swimmer 

Twater 

(ºC) 
1 4.6 2450 0.95 91% 0.17 0.64 7.12 71.3 27.1 28.3 28.0 
2a 7.2 450 9.55 69% 0.52 0.78 7.02 45.1 28.4 7.7 26.5 
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4.6 RQ 6- USING CO2 TO PREDICT TTHM AND NCL3 IN THE AIR?  
In papers I, II and III, air exposure was investigated by measuring NCl3 and tTHM 
concentrations. However, measuring these components is expensive and time-consuming and 
requires skilled personnel. In addition, no sensor exists which can monitor these components 
continuously. In papers IV and V, the air concentrations of CO2 were measured to investigate 
if this substance could function as a predictor for tTHM (paper IV) and NCl3 (paper V)  
concentrations in the air of swimming facilities.  

The results in paper IV showed a statistically significant correlation between the measured 
level of CO2 and number of occupants in the room (  = 0.645, p = 0.01) and between the 
tTHM and the CO2 (r = 0.38, p 2 and tTHM concentrations are 
significantly and positively correlated with RH, that is, when the RH increases, the air 
concentration rises. A significant negative correlation between tTHM concentration and ACH 
was also found. The random intercept model built for tTHM showed that 52% of the total 
variability observed could be explained by CO2 concentration, occupancy load, and the water 
concentration of combined chlorine.  
 
In paper V, the relationship between NCl3 and CO2 concentrations was investigated, and a 
significant correlation was also found between CO2 in the extract channel and NCl3 

concentration (r=0.80, p=0.01). According to the random intercept model, 52% of the 
variability observed in the NCl3 concentration could be explained by the CO2 concentration 
measured in the extract grill.  
In Figure 10, the relationship between the concentration of CO2 measured in the extract 
channel, return air channel, supply air channel, and the number of occupants is shown. Note 
that the highest levels of CO2 were observed during high occupancy. The concentration of 
CO2 measured in the extract channel significantly correlated with occupancy level (  0.82, 
p=0.01). Hence, CO2 can be used as a marker for NCl3 exposure. 

 

Figure 10: Number of occupants and measured concentrations of CO2 in the extract and supply air channels of Facility 2a  
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5 DISCUSSION 
In the following chapter, the results presented for each research question are discussed in two 
different sections according to the research objectives (RO): exposure assessment (Section 
5.1) and exposure management (Section 5.2). 

5.1 RO1- EXPOSURE ASSESSMENT 

The prevalence of health effects amongst swimmers  
Amongst all swimmers who responded to the questionnaire, the overall reported prevalence 
of doctor-diagnosed asthma was 22.4%. However, this estimate might be biased considering 
that only 313 out of 1109 swimmers responded to the survey. It is expected that swimmers 
who spend limited time in the pool water or do not experience any health issues related to 
swimming would be less likely to participate in this type of study. It should be noted that 
amongst swimmers spending >16 h in the water per week, the prevalence of asthma was 
36%, with 71% reporting respiratory irritations or chest tightness during or after training. As 
the response rate amongst swimmers spending >16 h in the water per week is assumed to be 
approximately 100%, these estimates are also considered to be representative. A similar 
prevalence of doctor-diagnosed asthma (36.6%) was reported in a Swedish study including 
101 elite swimmers from 13 to 23 years old who swam between 10 and 30 h per week (97). 
In a Finish study including 200 competitive swimmers, a lower prevalence of doctor-
diagnosed asthma (16%) was reported (98). 
 
The difference in reported prevalence of doctor-diagnosed asthma might be caused by several 
factors, such as the concentrations of the air inhaled during training (80, 138) and selection 
bias. However, more severe cases of bronchial hyperreactivity and asthma have been found 
amongst swimmers compared to cross-country skiers (139) and healthy individuals (97). 
Considering that an increased prevalence of health effects has also been found among 
lifeguards, it is likely that the prevalence of health effects is caused not only by heavy 
exercise but also air exposure. In this study, a significant association was found between 
asthma diagnosis and pool facility. It also found that the prevalence of reported asthma 
symptoms, as well as irritation of the eyes, skin, and nose, increases with increasing weekly 
exposure time as well as years of exposure. This finding highlights why it is important to 
establish a framework for assessing air exposure to make managing air concentrations less 
complex and reduce exposure to DBPs. 

Towards a framework for exposure assessment  
As described in Section 2.4, the unwanted health effects of exposure in the poolroom are 
primarily asthma and respiratory irritations. Such problems are caused by long-term exposure 
to unacceptably high air concentrations of irritants. Identifying determinants for assessing 
exposure should help future occupational hygienists and epidemiologist design effective 
sampling strategies as well as implement measures for effective hazard control. Thus, this 
aim was included in this Ph.D. work, that is, concentrations of tTHM and/or NCl3 were 
measured repeatedly to identify the most important determinants for assessing exposure and 
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understand the magnitude of the variability observed within and between pool facilities 
containing one or several swimming pools. 

In a previous study carried out before the work of this thesis started, no difference was found 
between samples of tTHM collected 0.60 m and 1.5 m above the water  surface (140). Based 
on this result, to collect air concentrations representative of the breathing zones of the 
swimmers as well as people walking by the poolside, samples were collected simultaneously 
from 0.05 m and 0.60 m above the water  surface (papers I and II). Values of potentially 
important variables, such as the water concentrations of free and combined chlorine, water 
temperature, pH value, and number of bathers, were also collected.  
 
In paper I, the within variabilities for heights, days, and sampling locations were always 
greater than the between variabilities, reflecting that time of day is of great importance when 
collecting representative air concentrations. As shown in Section 4.1 (RQ 1), the air 
concentrations measured over the course of the same day and the mean day-to-day 
concentrations vary significantly, highlighting that one single sample or one-day sampling 
may not be representative of the exposure of the users in the pool. Using a cross-sectional 
study design to collect information about the air quality and exposure, as done in several 
previous studies (24, 60, 141), is not considered suitable for collecting representative air 
samples in pool facilities. Rather, repeated measures over time are important in terms of 
understanding the exposure variability.  

The results of the mixed effect model built in paper I show that swimming facility, height 
of day, and number of 

bathers contribute to the mean exposure level. The mean overall air concentrations of tTHM 
differed significantly between the three swimming facilities, ranging from 154 μg/m3 
(Facility 1) to 425 μg/m3 (Facility 2b). This finding suggest that, if swimmers are categorized 
in the same exposure category or when individual exposure is estimated based on air 
concentrations collected from a non-representative exposure scenario, the estimated risk 
related to exposure might be biased towards zero associations.  

In paper III, samples of tTHM were collected simultaneously at 0.30 m and 0.05 m above the 
water  surface; however, only a 2 percentage point difference separated the two 
concentrations collected from the two different heights. This finding suggests that to collect 
air samples representative of the breathing zone of the swimmers, samples should be 
collected somewhere between 0.05 m and 0.30 m above the water. The results of paper III 
also show that when UV treatment is included in the water treatment, samples of tTHM may 
function as indicators for NCl3 concentrations. For rooms containing only one swimming 
pool and in which the ACH is high (above 4), samples may be collected from one sampling 
location by the swimming pool to represent the air concentrations in the room. For larger pool 
facilities, however, with different ventilation systems and/or multiple swimming pools in the 
same room, samples should be collected from at least one location above each pool or from 
each long side of a pool if the ACH is low (below 4) (papers I and II).  
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Framework for assessing air concentrations 
To assess the exposure amongst lifeguards, personal samples are considered more 
representative, as it is not possible to fully characterize personal exposure patterns using 
stationary test stands. In a previous study, it was suggested that stationary air samples 
collected in a swimming facility should be divided by two in order to represent personal 
samples (91). The sampling strategy used in this thesis is considered most relevant for 
assessing the exposure amongst the swimmers in the swimming pool or for source 
identification. All the studied swimming facilities used the same ventilation strategy. In 
facilities where this strategy is not applied, other sampling strategies should be tested. 

To obtain representative air concentrations, samples should be collected by the poolside and 
below 30 cm above the water  surface in order to represent the breathing zone of the 
swimmers and when the swimmers are present in the pool. To estimate the long-term 
exposure and reduce the risk of misclassification amongst swimmers in epidemiological 
investigations, samples should be collected repeatedly, as the air concentration may vary 
significantly within and between days (paper I). If the ACH is low (below 4), the results 
presented in this thesis suggest that samples that should be collected from each long side of a 
pool. If the ACH is above 4, then one sampling location above each pool of interest might be 
considered representative (papers II and III). 

During sampling of tTHM/NCl3, information about RH, type of chlorine, type of water, 
combined chlorine, free chlorine, bather load, ACH, and fresh air supply should also be 
collected. In addition, information from the chlorine log should be studied to check for 
irregularities.  

5.2 RO2- EXPOSURE MANAGEMENT  
Techniques for managing indoor air pollution sources include source elimination, 
substitution, modification, or altering the amount, location, or time of exposure (142). Source 
elimination is not considered to be an option due to high residence time in the pools. 
Furthermore, some form of active disinfectant is necessary to provide hygienic conditions. 
Substituting bromine for chlorine has been tested in some studies. However, some studies 
suggest that brominated compounds are more toxic to human health, and chlorine is currently 
considered to be the most cost-effective option available on the market. Based on the results 
presented in chapter 4, modifying and limiting the amount, location, or time of exposure for 
exposure management is possible. In the following chapter, methods for exposure 
management in existing pool facilities will be discussed in relation to the results presented in 
chapter 4.  

Air and water quality 
Except for one of the swimming facilities investigated in paper V, the water quality in the 
investigated swimming facilities was always within the requirements for Norwegian pool 
water quality. However, the air exposure to tTHM and NCl3 still varied extensively, and only 
11% (6) of the collected samples of NCl3 had concentrations below the 200 μg/m3 proposed 
by the Nordic Expert Group.  
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As described in Section 2.2, no specific requirements for air quality in Norwegian swimming 
facilities exist. This lack of requirements is also considered to be the main reason why the 
average ACHs in in the investigated swimming facilities varied from 2.9 to 10. In a previous 
study, where the candidate with co-authors collected energy statistics from 45 facilities across 
Norway the reported ACHs ranged from 2.7 in leisure pools to 4.9 in conventional pool 
facilities (143), which might explain why higher air concentrations are measured in leisure 
pools compared to conventional swimming facilities. The recommendations concerning 
ventilation in Norwegian swimming facilities focus on how to reduce water evaporation and 
energy consumption rather than how to ensure proper air quality in the breathing zone of the 
pool users. The air and water quality in Norway are treated as two independent variables. 
However, the volatile components found in the air are formed in the water, and the 
correlation between the air concentration of NCl3 and its water concentration is highly 
dependent on the ventilation (101). This finding was reinforced by paper II, in which fresh air 
supply, RH and combined chlorine were identified as important predictor variable for the 
variability observed in tTHM concentration.  

Use of recirculating air has been found to be the most effective energy-saving measure (144); 
however, in paper III, where samples of tTHM were collected simultaneously in the air 
extract and air supply duct, it was found that between 40 and 60% of the tTHMs extracted 
from the pool room were recirculated back into the pool room, which corresponded to the 
percentage of recirculated air used in this pool room. In papers II and IV, the results also 
showed that fresh air supply significantly effects the exposure concentration of tTHM. To 
prevent the accumulation of volatile compounds in the air, it was concluded that a more 
dynamic strategy for air and water flow and treatment is needed, one which can reduce the 
variability in volatile compounds.  

As explained in Section 2.1, different requirements for chlorine levels and fresh water supply 
exist and depend on the pool water temperature. For example, in a swimming pool containing 
water at 28 ºC, the minimum concentration of free chlorine is 0.4 mg/l and the recommended 
fresh water supply per bather is 30 l/day. In a therapy pool with a water temperature of 34 ºC, 
the required minimum concentration of free chlorine is 1.0 mg/l, and the recommended fresh 
water supply per bather is 60 l/day. Considering that different swimming pools have different 
requirements and bather loads, the emissions from the water  surfaces will also be different, 
despite optimal ventilation effectiveness. After adjusting for the water concentration of 
combined chlorine, bather load, and RH, the between sampling location variability decreased 
(paper II), meaning that some of the heterogeneity observed within the poolroom can be 
attributed to use, the fresh air supply, and water management.  

As found in papers I and II, the difference in pool water regulations (see Section 2.1) may be 
the main reason why the concentrations of tTHM were consequently lower above the therapy 
pools (34 ºC) compared to the sports pools (28 ºC), despite the increased formation potential 
for tTHM in higher water temperatures (46). The most active swimmers in Norway spend 
more than 16 hours in the water every week (paper V) and have high pulmonary ventilation. 
As presented in paper V, the estimated prevalence of doctor-diagnosed asthma amongst the 
most exposed swimmers in Norway is 36%. Amongst active swimmers, predictor variables, 
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such as years of swimming, weekly exposure, and type of swimming facility, significantly 
affect the prevalence of asthma (papers I and V). While the air concentrations might not 
significantly affect the health of the general population spending a limited amount of time in 
swimming pools, the air concentrations above the sports pools affect the prevalence of health 
effects amongst swimmers. Based on this result, it is suggested that, in swimming facilities 
hosting active swimmers, stricter requirements for pool water management as well as air and 
water quality should be implemented. If possible, the most exposed swimmers should occupy 
the pools in the hours during which the exposure and bather load is at its lowest (paper V and 
paper I).  

In papers II and IV, a significant positive relation between air concentrations of tTHM and 
combined chlorine was obtained, meaning that when the concentration of combined chlorine 
increases, the concentration of tTHM in the air also increases. In paper V, low concentrations 
of NCl3 were also measured in the air of Facility 2a when the chlorine machine stopped 
working and the concentration of free chlorine was unacceptably low. As long as the 
microbiological water quality is maintained, these finding suggest that the concentration of 
free and combined chlorine should be kept as low as possible.  

Currently, air supply is controlled using setpoints for RH and air temperature. However, 
findings from papers III and IV suggests that when the RH increases or when the fresh air 
supply decreases, the tTHM concentration will also increase. When adjusting the air supply 
to balance the RH and air temperature, air concentrations are adjusted as well. In general, the 
ventilation logs from the investigated swimming facilities shows that the ACH, including 
both fresh air and recirculated air, varies between 10% and 20% during opening hours, which 
does not correspond to the significant variations observed in bather load. As found in papers I 
and II, a more dynamic ventilation strategy is needed, and the fresh air ratio should be 
balance with respect to bather load and water quality, not just RH and air temperature.  

Controlling air supply using CO2 sensors  
As summarized in Section 2.4, the exposure concentration of tTHM should not exceed 
between 140 μg/m3 and 200 μg/m3, and the air concentrations of NCl3 should not exceed 
200 μg/m3 for stationary measurements in accordance with the limit value proposed by the 
Nordic Expert Group. These limits require not only an optimal ventilation strategy but also 
proper water quality. However, even if such limit values were to be implemented in Norway 
in the near future, monitoring NCl3 and tTHM is expensive and requires skilled personnel. In 
addition, no senor technology for the continuous monitoring of these components exists. 
Since the air concentrations may vary significantly over time, there is no guarantee that the 
low air concentrations measured one day are representative of long-term exposure.  

In paper V, CO2 sensors were placed in the air supply and fresh and return air channels, and 
the correlation between CO2 and NCl3 concentrations was strong and significant (r=0.80). 
According to the random intercept model, the CO2 concentration measured in the extract 
channel alone explained 52% of the observed variability in NCl3 concentration. CO2 
concentration measured in the extract channel also correlated significantly with occupancy 
(p= 0.82). The precursors from the swimmers are the main sources of ammonium found in 



 

42 
 

chlorinated swimming pool water which leads to the formation of the volatile NCl3. 
However, the formation of tTHM depends also on the precursors in the filling water, 
contaminates in the chlorine, and precursors from bathers. Therefore, it is assumed that CO2 
will be a better predictor for NCl3 compared to tTHM. A significant correlation was also 
found between CO2 and t ); however, the relationship is far 
from linear. The results from the linear mixed effect model show that the air supply should be 
balanced using CO2 in combination with bather load and the water concentration of combined 
chlorine, suggesting that to create a more dynamic air supply and reduce the variability 
observed in tTHM and NCl3, concentrations, CO2 sensors can be used in the ventilation 
system. This placement could also reduce the overall energy used for ventilation, as the air 
supply would decrease during non-occupancy periods. Such a solution, however, might only 
be suitable for rooms with well-mixed air, which may not be the case for larger pool 
facilities. It also requires a relatively high ACH so that the sensors can detect representative 
concentrations of CO2 in the breathing zone. For buildings with a low ACH (0.2  0.5 h-1), 
there might be a delay between the response from the ventilation system and the supply of 
fresh air, which, in some cases, might result in fresh air being supplied to the room after the 
occupants have left.  

UV treatment 
In Subsection 2.1.3, it was described that the results of laboratory studies have shown that 
NCl3 is very photosensitive and can be effectively degraded in the water using a medium- 
pressure UV lamp (27). However, on-site measurements in real swimming pools have shown 
that UV treatment does not affect the concentration of NCl3 considerably in water, especially 
not when the HRT of the water is several hours (33, 145), and, in paper III, it was 
hypothesized that UV treatment also has limited effect on NCl3 concentrations in the air and 
increases the overall exposure concentration in the poolroom.  

When the UV lamp was on, the concentration of combined chlorine in the water decreased 
58%, the concentration of tTHM in the air increased 37%, and the concentration of NCl3 in 
the air decreased 15%, thus the overall air exposure increased when the UV lamp was turned 
on. Using a linear mixed model, 30% of the variability in the tTHM concentration was 
attributed to UV treatment. For NCl3, the number of bathers, explaining 30% of the 
variability, was the most important predictor variable. UV treatment has a limited effect on 
airborne NCl3 but increases the air concentration of tTHM. To reduce the level of combined 
chlorine in the water, other methods, such as lowering the concentration of free chlorine or 
reducing the HRT is considered more effective than UV treatment, as long as the 
microbiological and hygienic water quality is maintained (146).  
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6 CONCLUSION  
One main conclusion of this thesis is that the air concentrations vary extensively across times 
of day and days of the week. To collect representative samples, it is necessary to monitor 
different exposure scenarios; otherwise, exposure estimates may be no more valid than a 
random guess. In cases where repeated samples are collected, methods accounting for the 
dependency between the repeated observations should be used, as a correlation between the 
repeated samples collected of tTHM and NCl3 was found. Even when the water quality is 
within the required limit values, the air concentrations of NCl3 and tTHM may still vary 
extensively, with the overall concentration of NCl3 higher than that proposed by the Nordic 
Expert Group (0.2 mg/m3). The results also show that when the water concentration of 
combined chlorine increases, the air concentration of tTHM also increases. Furthermore, 
when the concentration of free chlorine decreases, the concentration of NCl3 decreases. It is 
therefore recommended that the concentrations of free and combined chlorine be kept in the 
lower range of the acceptable limit values. The results suggest that the use of UV treatments 
should be carefully evaluated, as using such a treatment may increase the overall air 
exposure. It is recommended that other methods be used to reduce the concentration of 
combined chlorine. As the air quality is highly dependent on the water quality, the air and 
water quality should be treated as one system in which the air supply is controlled on the 
basis of bather load and water concentrations of combined chlorine. Both tTHM and NCl3 
should be monitored regularly in the air, and limit values for these components should be 
implemented. Considering that the concentration of CO2 significantly correlates with 
occupancy and NCl3 concentration, CO2 sensors can be used to create a more dynamic air 
supply corresponding to the need of the users in the poolroom while reducing the variability 
observed in the air concentrations of NCl3 and tTHM. The prevalence of health problems is 
greatest amongst the most exposed swimmers in the poolroom. Facilities hosting swimmers 
spending more than 16 hours in the water every week should have stricter requirements for 
pool water management and air quality.  
 
Through this thesis work, six research questions have been answered and new knowledge was 
created. 
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7 FUTURE WORK  
For future studies, the effects of lowering the water concentration of free and combined 
chlorine, without compromising microbiological water quality, on air quality should be 
elaborated. More studies on the dose-response to exposure amongst professional swimmers 
are needed so that limit values suitable for the protection of this class of swimmers in the 
poolroom can be implemented. The implementation of CO2 sensors, and possibly the 
monitoring of the water concentration of combined chlorine, to control the air supply should 
be studied with respect to air exposure, user comfort, and energy use. Currently, no 
adsorbents are used in the return air channels of ventilation systems; however, filters able to 
adsorb the volatile gases observed in the hot-humid air of indoor swimming facilities might 
improve air quality as well as well as lower energy use.   

For the optimal monitoring of air quality, sensors for the continuous air monitoring of NCl3 
and tTHM concentrations should be developed. As pool water management significantly 
effects the air concentrations in the poolroom, a proper training program for lifeguards is 
necessary.  
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APPENDIX A: QUESTIONNAIRE 
1. Age (in years) 

2. Body weight (in kg) 

3. Height (in cm) 

4. Sex   

 Male    Female  

5. Name of the facility where you usually swim. 

6. For how many years have you been swimming? 

  1 - 5 

  6 - 10 

  More than 10 years 

7. Have you previously been/are you active in other sports besides swimming?  

 No 

 Yes 

8. What type(s) of sport(s) have you been/are you active in?  

9. How many days a week are you in the pool? 

 1 - 2  

 3 - 5  

 6 - 7 

10. How long is one training session in the pool usually? 

 Less than two hours  

 2 - 3 hours  

 More than 3 hours 

11. Have you been diagnosed with asthma by a licensed doctor?     

 No   Yes  

12. Do you suspect that you are suffering from asthma even though you have not been 
diagnosed with this disease?  

 No   Yes   
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13. Have you been examined by a doctor because of breathing problems?  

 No   

 Yes, but without breathing tests   

 Yes, with breathing tests  

14. Have you previously been examined by a paediatrician, lung doctor, or any other hospital 
doctor because of breathing problems?        

 No   Yes  

15. Have you had seizures with heavy breathing or wheezing in the past 12 months? 

 No    Yes  

16. Do you cough during periods of the year?   

 No   

 Yes, but without expectoration  

 Yes, with expectoration  

 Yes, and I have had a cough which produced sputum consecutively for three months or more over 
the last two years  

17. Have you of have you ever had a nose allergy? 

  No   

 Yes, but not for the last 12 months  

 Yes, and I have struggled with this for the last 12 months  

18. Have you struggled with any of the following continuously for at least 3 months during the 
last year?  

 During 
training/competition 

After 
training/competition 

Other times 
during the 
day 

Nasal congestion    
Mucus from the nose or back of 
the throat 

   

Pain or pressure in the face    
Reduced sense of smell    
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19.  

 No Yes 
Do you ever experience red, itchy, or runny eyes during or after training?   

Do you ever experience, during or after training, an itchy or runny nose?   
Have you ever experienced chest or respiratory density during or after swimming?   

Do your breathing problems increase with your activity level?    

Is the breathing problem affecting your sports performance?    
 

20. Do you smoke?        

 No  

 Yes, but less than 5 per day  

 Yes, between 5 -20 per day  

 Yes, more than 20 per day 

21.Are you ever exposed to tobacco smoke during the day? 

 No  

 Yes, but less than 2 hours each day  

 Yes, more than 2 hours per day 

22. Do you snus?      

 No   Yes, sometimes   Yes, every day 
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Abstract

Introduction: Negative health effects related to long-term exposure to volatile trihalomethanes 
(THMs) formed during the chlorination of pool water is recognized, but the determinants causing 
the concentrations to vary within and between sampling locations have not received much attention.
Methods: One hundred and twenty air samples of four THMs were examined in three Norwegian 
indoor pool facilities. In each facility, repeated samples were collected above a sports pool and a 
therapy pool, 0.05 and 0.60 m above the water’s surface. A linear mixed model (LMM) was used 
to identify determinants of exposure and the variability in THM concentration within and between 
sampling locations, days, and heights in pool facilities.
Results: The within variability of days, sampling locations, and heights was greater than between 
days, sampling locations, and heights. Determinants contributing significantly to the exposure were 
pool facility, height, swimming pool, day of the week, time during the day, and number of bathers. 
These findings limits how exposure categories should be defined to be able to identify the real long-
term exposure and to propose suitable exposure limit values.
Discussion: These determinants could help future research be designed with effective sampling 
strategies and to collect information about the real long-term exposure, which is important in terms 
of establishing a dose–response relationship and exposure limit values.
Conclusions: If unbiased exposure assessments are to be conducted among the different users of 
the pool facility, air samples should be collected over time and for different exposure scenarios.

Keywords:  determinants of exposure, epidemiology, exposure assessment methodology, exposure assessment—
mixed models, exposure variability, indoor environment, mixed effects models
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Introduction

To prevent the growth of hazardous microorganisms 
in swimming pool waters, it is common to disinfect 
the pool water using chlorine. However, when chlorine 
reacts with organic and inorganic materials in the pool 
water, unwanted disinfection by-products (DBPs) are 
formed (World Health Organization, 2006). Increased 
prevalence of asthma and other respiratory irritations 
have been found among users who visit swimming pools 
on a regular basis (Bernard et al., 2003; Bernard and 
Nickmilder, 2006). These health effects are most often 
linked to chronic exposure to chloramines in the air 
(Hery et al., 1995; Jacobs et al., 2007; Chu et al., 2013). 
Another important group of DBPs is the trihalomethanes 
(THM), represented by the four components chloroform 
(CHCl3), bromoform (CHBr3), bromodichloromethane 
(CHBrCl2), and dibromochloromethane (CHBr2Cl). The 
sum of the four is referred to as total THM (tTHM). 
The tTHM is volatile and can penetrate the skin 
easily, making both inhalation and dermal absorption 
important pathways of exposure (Erdinger et al., 2004; 
Chowdhury, 2015). Long-term health effects, such as 
adverse reproductive outcomes, cancer, and stillbirth, 
have been associated with exposure (World Health 
Organization, 2017; Rivera-Núñez et al., 2018). In 
some studies, in which multi-pathway exposures have 
been estimated, the cancer risk of exposure to THMs 
in indoor swimming pool facilities is found to be 
unacceptably high compared with the upper limit of 
the acceptable cancer risk proposed by the European 
Commission (10−5) (European Commission, 2009; Lee 
et al., 2009; Chen et al., 2011).

Some European countries have established exposure 
limit values for tTHM in swimming pool water, 
ranging from 20 to 100 μg l−1 (ANSES, 2010; Ohlsson 
et al., 2014; Rijksinstituut voor Volksgezondheid en 
Milieu, 2014). In Norway, no such limit for pool water 
exists. Although inhalation is recognized as the most 
important exposure pathway (Erdinger et al., 2004; 
Aprea et al., 2010), only one suggested limit value, 
proposed by the German Federal Environmental Agency 
(in VDI 2089) for CHCl3 in indoor pool facilities exists 
(200 μg m−3) (Verein Deutsher Ingenieure, 2010). It is 
important to understand the cause and magnitude of 
the variabilities in the contaminants to comprehend 
the dose–response relationship. This is essential before 
designing a sampling strategy or evaluating compliance 
with limit values and control measures (Burdorf, 2005). 
In pool facilities, the users are exposed to a mixture 
of components in the air and water (Catto et  al., 
2012; Chowdhury, 2015; Tardif et al., 2016), and the 

exposure concentrations of tTHM are relatively low. 
Studying the effect of chronic exposure to low-exposure 
concentrations is complicated (Goldberg and Hemon, 
1993), especially since researchers often have limited 
time and resources available to conduct sufficient 
sampling for exposure characterization.

Identifying the determinants of exposure is essential 
in the control of exposure but also for a valid and 
precise assignment of exposure levels (Rappaport and 
Kupper, 2008). Although the occurrence and exposure 
to tTHMs in swimming pools have been investigated 
in several previous studies (Lee et al., 2009; Westerlund 
et al., 2016; Boudenne et al., 2017), the determinants 
causing the concentration to vary within and between 
sampling locations have not received attention and no 
systematic sampling strategy to collect representative air 
samples has so far been proposed. The aim of this study 
is to determine the size and magnitude of the variability 
and to analyse which determinants affect the exposure 
within three pool facilities in order to be able to optimize 
a sampling strategy for tTHM.

Methods

The pool facilities
Three swimming pool facilities, each with several pools, 
located in the middle part of Norway were included in 
this study. The physical parameters and types of water 
and disinfectants used in these pools are given in Table 
1. In Facilities 1 and 3, the swimming pools are located 
in the same room and ventilated using one ventilation 
system. In Pool Facility 2, the therapy pool and sports 
pool are located in two separate rooms, and these rooms 
have two different systems for both water circulation 
and ventilation.

Sampling and analytical method
In all, 120 stationary air samples were collected. In each 
pool facility, samples were collected above one therapy 
pool (Location 1) and one sports pool (Location 2), 
both 0.05 and 0.60 m simultaneously above the water’s 
surface, during the morning and afternoon. Each day, 
two sampling sessions were conducted in the morning 
and one sampling session in the evening. Auxiliary data, 
such as bather load, water temperature, pH value, and 
free and combined chlorine were also recorded on each 
day of sampling. In one of the pool facilities (Facility 3), 
61 air samples were collected on 6 days over a period 
of 6 weeks. In Facilities 1 and 2, 29 and 30 samples 
were collected, respectively, on ten different days over a 
period of 4 weeks.
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The sampling, quality assurance, and analytical 
methods are based on Method TO-17, published by the 
Unites States Environmental Protection Agency (US EPA) 
(United States Environmental Protection Agency, 1999). 
Samples were collected using the method of active air 
sampling, in which two low-flow pumps (Markes Int.) 
were calibrated to deliver between 40 and 50 ml min−1 
for 20 min to collect ambient air into an automatic 
thermal desorption tube containing 200 mg Tenax TA 
(Markes Int.) simultaneously at both 0.05 and 0.60 m 
above the water surface. Analyses were performed using 
a Unity Thermal Desorber (Markes Int.) coupled with 
an Agilent Technologies 5975T Low Thermal Mass Gas 
Chromatography/Mass Selective Detector. The analysis 
setup is explained elsewhere (Nitter et al., 2017).

Statistical analysis
Statistical analyses were performed using the Statistical 
Package for the Social Sciences (IBM SPSS) 25. To verify 
that the three facilities and the sampling locations were 
statistically different from each other, the Bonferroni 
post hoc test and t-test were used. The linear mixed-effect 
model (LMM) was used to examine the relationship 
between the concentrations of tTHM and to identify 
the determinants of importance for the variability in 
measured concentrations. The concentration of tTHM 
was skewed and log-transformed before the statistical 
analysis and the Shapiro–Wilk test and Kolmogorov–
Smirnov test showed no significant deviation form 
normality.
The LMM was fitted as follows:

Bij =β0i × r0i + β1i × F+ β2i × h + β3i × P + β4i ×
Day + β5i × t + β6i × Bathers + eij

 (1)

where Bij is natural log transformed value of the tTHM 
concentration i for observation j; F is the facility; h is 
the height above water surface in metres; P is the type of 
swimming pool; Day is the day of the week; t is the time 
during the day; Bathers are the number of bathers in the 

pool; β0i is the fixed intercept; r0i is the random intercept, 
and eij is the random error.

All parameters were estimated using the method 
of restricted maximum likelihood (REML) (Symanski 
et al., 2001; West et al., 2006).

Analysing the variability and determinants of 
exposure
The dataset consisted of categorical variables, such 
as pool facility, swimming pool, and height above the 
water’s surface, time during the day, day of the week, and 
the number of bathers, and continuous variables, such 
as free and combined chlorine, air temperature, relative 
humidity, pH value, and the log-transformed tTHM. First, 
the within and between subject variability was estimated 
using REML and without including additional factors 
and covariates. For this analysis, each pool facility was 
analysed separately. Each sampling location represents one 
swimming pool and both heights (0.05 and 0.60 m above 
water surface) and sampling location, day of the week 
and height above the water’s surface were treated as the 
subject. The subject was included as random combination 
variable using the default variance components as a 
covariance structure. Models with different combinations 
of fixed effects were constructed by forward selection 
and the subsequent likelihood ratio test using maximum 
likelihood estimation. The final model was estimated by 
REML. Sampling location was the subject of the analysis 
and was included as random variable using the default 
variance components as a covariance structure.

Results

The characteristics for the three different pool facilities 
with sampling location, tTHM, bathers, free and 
combined chlorine, water temperature, pH value, and 
number of samples are given in Table 2. All water 
quality parameters were in accordance with Norwegian 
regulations (Norwegian Ministry of Health, 1996).

Table 1. Physical parameters, disinfectants, and number of bathers for the three pool facilities

Facility Pool Size (m) Twater (°C)a Disinfectants Bathers/year 

1 Sports pool 25.0 × 12.5 27 Ca(OCl)2 120 000

Therapy pool 12.5 × 6.5 33 Ca(OCl)2 + UV

2 Sports pool 50.0 × 21.0 28 NaOCl+ UV 360 000

Therapy pool 16.7 × 9.5 34 NaOCl+ UV

3 Sports pool 25.0 × 12.5 28 Electrolysisb + UV 100 000

Therapy pool 12.5 × 9.0 34 Electrolysisb + UV

aTwater= water temperature.
bSoduim hypochlorite (NaOCl) produced on-site using electrolysis.
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As given in Table 2, the highest level of tTHM was 
observed above the sports pools in each pool facility, and 
the highest concentrations were observed in Pool Facility 
2. The tTHM levels for all pool facilities and sampling 
locations were statistically significantly different from 
each other (P < 0.05).

Variability within each facility
In Table 3, the estimates of the within and between 
variability for sampling locations, days, and heights for 
each of the three pool facilities are given.

As given in Table 3, the within sampling location 
variability was greater than or equal to the between 
sampling location variability. The variability between 
days was less than that within days, and the variability 
within heights was greater than that between heights, 

reflecting the importance of the time of the day for 
sampling.

Determinants of exposure
The determinants shown to affect significantly the 
exposure contamination level of the different sampling 
locations are given in Table 4. The fixed factors height, 
pool, day, time, and bathers explain 42% of the total 
variability for each sampling location, of which these 
fixed factors reduced the within sampling location 
variability by 36% and the between sampling location 
variability by 98%.

The geometric mean (GM) (eβ) for different exposure 
scenarios can be estimated using the values obtained in 
Table 4. To determine the worst case (Monday morning) 
and best case (Friday afternoon) for exposure among a 

Table 3. Within and between variability of the logtransformed tTHM at different sampling locations, days, and heights 
for each pool facility

N µ (SD) σb
2 (SD) σw

2 (SD)

Pool Facility 1

 Sampling locations 29 4.99 (0.32) 0.04 (0.06) 0.09 (0.02)

  Day 0.04 (0.04) 0.08 (0.02)

  Height 0.03 (0.04) 0.09 (0.02)

Pool Facility 2     

 Sampling locations 30 6.06 (0.22) 0.09 (0.14) 0.09 (0.03)

  Day 0.03 (0.03) 0.11 (0.03)

  Height 0.01 (0.02) 0.13 (0.03)

Pool Facility 3     

 Sampling locations 61 5.25 (0.34) 0.03 (0.04) 0.11 (0.02)

  Day 0.03 (0.02) 0.09 (0.02)

  Height 0.03 (0.05) 0.10 (0.02)

N, number of samples; µ, the log transformed concentration of tTHM; SD, standard deviation; σb
2, between variability (sampling location, day, height); σw

2, within 

variability (sampling location, day, height).

Table 2. Mean (AM) descriptive statistics for chemical parameters, bathers, and number of samples from each sampling 
location

Facility Sampling location tTHM 
(min–max) 

(µg m−3)

Bathers ClComb 
(mg l−1)

ClFree 
(mg l−1)

Twater 
(°C)

pH N

1 1a 

2b

185.2 (99.7–316.4) 

132.6 (95.9–202.7)

13 

8

0.21 

0.21

0.82 

1.22

26.7 

33.1

7.3 

7.5

12 

17

2 1 

2

549.2 (366.5–781.7) 

362.6 (205.0–638.4)

16 

31

0.04 

0.19

0.49 

1.02

28.6 

34.1

7.3 

7.2

10 

20

3 1 

2

234.1 (109.0–381.9) 

179.9 (87.2–306.3)

8 

8

0.24 

0.24

1.01 

1.14

28.1 

33.6

7.3 

7.4

24 

37

AM, arithmetic mean; Clcomb, combined chlorine; Clfree, free chlorine; Twater, water temperature; N, number of repetitions.
aSports pool.
bTherapy pool.
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team of 15 swimmers training in the sports pool in the 
morning in Pool Facility 2, the following calculation can 
be done:

GM = Intercept× Facility×Height×
Pool×Day× Time× Bathers 

(2)

Worst caseFacility 2GM = (126.47× 2.48 × 1.25 × 1.0 ×
1.27 × 1.12 × 1.30) = 725.0μ g m−3

Best caseFacility 2GM = (126.47 × 2.48 × 1.25 × 1.0×
1.27 × 1.12× 1.30) = 530.1 μ g m−3

Swimmers training Monday morning are, on average, 
exposed to 37% higher concentrations compared to 
swimmers training on Friday afternoon. Using the same 
scenario to calculate the worst case in Facility 1, the 
mean exposure is estimated to 292.3 µg m−3, meaning 

that the swimmers in Facility 2 are exposed to 2.48 times 
higher concentrations compared with the swimmers in 
Facility 1.

Discussion

In our study, the within days and within heights 
variability was greater than the between days and 
between heights variability in all pool facilities. The 
within and between sampling location variabilities 
obtained from Facility 2 were equal (0.09), while, in 
the other two facilities, the within swimming pool 
(sampling locations) variabilities were 2.3 (Facility 
1) and 3.7 (Facility 3) times greater compared with the 
between sampling location variabilities. The equality in 
the variabilities within and between pools for Facility 
2 is probably explained by the swimming pools being 

Table 4. Significant determinants of exposure

Fixed effect β SE eβ

df 13

Intercept 4.84* 0.17 126.47

Facility

 1 −0.18* 0.09 0.84

 2 0.91* 0.07 2.48

 3 0 0 1

Height

 0.05 m 0.22* 0.05 1.25

 0.60 m 0 0 1

Pool

 Therapy pool −0.31* 0.06 0.73

 Sports pool 0 0 1

Day

 Monday 0.24* 0.09 1.27

 Wednesday 0.04 0.11 1.04

 Friday 0 0 1

Time

 Morning 0.11* 0.05 1.12

 Afternoon 0 0 1

Bathers

 0–6 0.25* 0.13 1.28

 7–16 0.26* 0.13 1.30

 17–34 0.35* 0.12 1.42

 35–50 0 0 1

Random effects for sampling locations Variance

σ
w

2 0.062

σb
2 0.001

−2LL 39.5

df, degrees of freedom; β, regression coefficient of the different determinants; SE, standard error; e, determinants for estimating the geometric mean (GM) of 

different exposure scenarios.

*P < 0.10.
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located in two different rooms and being ventilated by 
two different ventilation systems. Greater variability 
within pools than between pools was also found in the 
water of eight swimming pools in London (Chu and 
Nieuwenhuijsen, 2002). In a cross-sectional study, in 
which air and water samples were collected once from 
41 pool facilities, the results showed great variability 
between the different swimming pools (Tardif et al., 
2016). However, in this study, the variabilities between 
days and times of day were not considered.

For components such as THMs, the long-term 
average exposure is relevant, as the health effects are 
caused by long-term chronic exposure (Boleij et al., 
1995). To understand the long-term average exposure, 
our findings highlight the importance of collecting 
repeated samples during different scenarios over time. 
Samples should also be collected from each room in the 
facility or from each zone in which different ventilation 
systems are used.

In Facility 2, the highest measured concentration 
during a 20-min sampling time within the same day 
ranged from 361.7 to 781.7 µg m−3, and the mean day-
to-day concentration in this facility ranged from 341.7 
to 590.9 µg m−3. This highlights that one single sample 
or 1-day sample is not representative of the exposure of 
a user who spends only a few hours in the pool. Using a 
cross-sectional study design to collect information about 
the air quality and exposure, which was done in several 
previous studies (Chen et al., 2011; Löfstedt et al., 
2016; Tardif et al., 2016), is not considered suitable for 
collecting representative air samples in pool facilities. 
Rather, repeated measures over time are important 
in terms of understanding the total variability and the 
change in exposure over time.

Our study shows that the swimming facility, height 
above the water’s surface, swimming pool, day of 
the week, time during the day, and number of bathers 
contribute to the mean exposure level. These fixed 
factors also reduced the magnitude of the between 
sampling location variability within the facilities and 
suggested that some of the heterogeneity observed in 
each facility was due to these determinants. From the 
literature, the level of THM is reported to increase 
rapidly within the first few hours after the precursors 
are introduced to the chlorinated water (Urano et al., 
1983), and, in a previous study, it was suggested that 
an equilibrium period of 72 h is the optimal time for 
THM formation in water (D Eichelsdörfer and Jandik, 
1983). As given in Table 4, the concentration of THM 
was consequently higher on Mondays compared with 
Wednesdays and Fridays, which could be explained by 
the high bather load in the weekends. We also measured 

higher concentrations in the morning compared with 
in the afternoon, which might be explained with the 
ventilation being reduced by ~30% during the night. 
The fresh air supply is also reduced during night mode 
ventilation. As given in Table 4, the exposure levels were 
smallest for the highest number of bathers. When the 
bathers are present in the pool this increases the water 
turbulence and the evaporation rate from the water to 
the air, thereby leading to increased contamination level. 
However, at some point, the degassing from the water 
might be higher than the formation rate of tTHMs in 
the water, which might also explain why the lowest 
contamination level was observed when the bather load 
in the pool was at its highest. This hypothesis however, 
should be investigated further.

Although increased water temperatures are related 
to increased formation of THMs (Padhi et al., 2012), 
there are several reasons why higher concentrations 
were measured above the sports pools compared 
with above the therapy pools, despite the fact that the 
therapy pools had higher bather loads as well as higher 
water temperatures. In Norway, it is a requirement that 
60 l of fresh water per bather be supplied in therapy 
pools, while, for pools with lower water temperatures, 
the requirement for fresh water is only 30 l bather−1 
(Norwegian Ministry of Health, 1996; Norwegian 
Institute for Water Research, 2000). In addition, it 
might be reasonable to assume that the swimmers in the 
sports pool have a higher activity level and release more 
precursors into the water.

As given in Tables 2 and 4, the choice of pool facility 
significantly affects the exposure level. In a recent study, 
we documented that the chlorination method and type 
of water significantly affects the types and formation 
of THMs (Nitter et al., 2017). This is explained partly 
by contaminates of bromide in the brine solution used 
to produce NaOCl (World Health Organization, 2017) 
since previous studies have documented that the presence 
of bromine has been found to increase the formation of 
THMs (Amy et al., 1987).

A swimming club training Monday morning in the 
sports pool will be exposed to higher concentrations 
compared to swimmers training Friday afternoon. 
However, if these swimmers are categorized in the 
same exposure category during an epidemiological 
investigation, doing so might bias the estimated risk 
of exposure towards association considering that the 
afternoon swimmers are less exposed compared to 
swimmers swimming in the morning.

Taking into account the determinants of exposure 
identified in Table 3, a more dynamic strategy for 
both the water exchange and the ventilation system is 
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necessary. As of today, the fresh air and water supply 
are approximately constant regardless of the day of the 
week, time of day, or number of bathers in the pool. 
A balanced system, accounting for these determinants, 
may more appropriate considering the great within day, 
within height, and within sampling location variability. 
Considering that the average exposure level above the 
sports pool, which is 32% higher than that above the 
therapy pool, despite the lower water temperatures, it 
would make sense to increase the fresh water supply per 
bather for waters with lower temperatures.

Conclusions

The determinants of exposure represented in Table 4 
indicate which factors are important to consider in 
effective sampling strategies, as these determinates 
explained most of the heterogeneity within each pool 
facility. Our findings highlight the need for a more 
dynamic water and air circulation system, one which 
is able to identify the variations within each sampling 
location in terms of times, days, and bather loads.

Considering that the exposure concentration is 
very time-dependent, varying with days of the week 
and times during the day, this time dependency should 
be considered before exposure categories among the 
different users of the pool facilitates in epidemiological 
investigations are created. Putting every swimmer in the 
same exposure category might prevent the investigator 
from understanding the dose–response relationship.
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H I G H L I G H T S

• The efficiency of the traditional ventila-
tion strategy in a Norwegian swimming
facility was examined

• The covariance between air-and water
quality parameters were evaluated

• Determinants for chloroform in the air
were examined using a linear mixed ef-
fect model

• Predictor variables for chloroform in the
air were height above water, fresh air
supply, day of theweek, combined chlo-
rine and relative humidity
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Certain volatile disinfection by-products (DBPs) off-gassing from pool water can cause eye and skin irritations,
respiratory problems, and even cancer. No guidelines or recommendations concerning DBPs in the air exist in
Norway. Traditionally, ventilation strategies in indoor swimming pools are based on reducing condensation on
the windows rather than ensuring proper air quality in the users' breathing zone.
A total of 93 air samples of airborne concentrations of trihalomethanes (THMs) were collected via stationary
sampling. We investigated the distribution of total THM (tTHM) 0.05 m and 0.60 m above the water surface at
six different locations in the poolroom and the covariation between the water and air quality parameters.
Based on a linearmixed effects model, themost important determinants in terms of predicting the air concentra-
tion of CHCl3 were height abovewater surface, air changes of fresh air per hour, concentration of combined chlo-
rine in thewater, relative humidity (RH) and day of theweek. Approximately 36% of the total variability could be
attributed to these variables; hence, to reduce the average exposure in the poolroom, hazard control should focus
on these variables. Based on the identified predictor variables, the supplied air should be controlled based on
water quality in addition to the traditional control censors for RH and air temperature used in the ventilation sys-
tem of Norwegian swimming facilities.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Chlorine is the most used water disinfectant worldwide. In Norwe-
gian pool facilities, chlorine is often used in combination with UV
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treatment. Properwater disinfection is necessary in order to prevent the
growth of hazardous microorganisms (World Health Organization,
2006), but disinfection of water with oxidizing biocides also leads to
the formation of unwanted disinfection by-products (DBPs). N600
DBPs have currently been identified in disinfected water (The
European Chemicals Agency, 2017). Even though a small amount of
water is ingested during swimming, dermal penetration and inhalation
are considered the most important routes for exposure (Chowdhury,
2015; Erdinger et al., 2004). Although there is disagreement (Löfstedt
et al., 2016), exposure to volatile chloramines is considered to be the
main reason for the increased prevalence of respiratory conditions,
such as voice loss, sore throat, phlegm and asthma, observed in pool
workers and swimmers (Chu et al., 2013; Guglielmina Fantuzzi et al.,
2012; Jacobs et al., 2007). As a result, the World Health Organization
(WHO) has suggested a provisional guideline value for chlorine species,
expressed as NCl3, in the ambient air of swimming facilities being lim-
ited to 0.5 mg/m3 (World Health Organization, 2006).

Quantitatively, one of themost important group of DBPs are trihalo-
methanes (THM), with chloroform (CHCl3), bromodichloromethane
(CHCl2Br), dibromochloromethane (CHClBr2), and bromoform
(CHBr3) being most common (The European Chemicals Agency,
2017). The two THMs CHCl3 and CHCl2Br are, according to the Interna-
tional Agency for Research on Cancer (IARC), classified as group 2B,
i.e., they are possibly carcinogenic to humans (World Health
Organization, 2017). The high volatility and dermal penetration poten-
tial of the four THMs suggest that both dermal penetration and inhala-
tion are important pathways for exposure (Erdinger et al., 2004).

1.1. Control of water and air quality in Norwegian indoor swimming pool
facilities

In Norway, a declaration that the legal requirements of free and
combined chlorine in swimming pool water are met must be made
(Norwegian Ministry of Health, 1996). However, unlike many other
countries, no upper acceptable limits for the four THMs in pool water
exist. A typical indoor swimming pool ventilation system in Norway
consists of supply diffusors at floor level along the window facade and
return grills in the ceiling or on one wall. The ratio between fresh air
and recirculated air is controlled using set points for air temperature
and air relative humidity (RH). Traditionally, this ventilation strategy
was chosen to prevent condensation on windows due to the cold cli-
mate in Norway and the subsequent large difference in temperature
and enthalpy between indoor and outdoor air. However, stricter energy
requirements now mandate the use of better- insulated windows, and
condensation along the window facade is no longer considered to be
of great importance. No legal requirements concerning air volume and
air circulation in Norwegian swimming pool facilities exist. However,
the Norwegian Industrial Technological Research Centre (SINTEF) has
proposed some guidelines, one of which is to change the air volume
4–7 times per hour (ACH) in pool facilities, in general, and 8–10 ACH
in rooms with hot water pools. The suggested fresh air supply is 2.8 l/s
per m2 of water surface (SINTEF Byggforsk, 2003), which is well below
the suggested 10 l/s per m2 of water surface proposed by the WHO
(World Health Organization, 2006). To reduce the evaporation rate
from humid skin and the water surface, it is suggested that the air tem-
perature be kept between 1 °C and 3 °C above the water temperature,
with a maximum air temperature of 31 °C. Accordingly, the air velocity
above the water's surface should be b0.15 m/s (SINTEF Byggforsk,
2003).

In recent years, research has shown that poor air quality in indoor
swimming pool facilities, caused by volatile DBPs off-gassing from
pool water, results in an increased prevalence of irritative symptoms
and asthma among workers, swimmers, and users who visit swimming
pools on a regular basis (Bernard et al., 2003; Bernard et al., 2009;
Varraso et al., 2002). Still, recommendations concerning ventilation
focus on how to reduce water evaporation and energy consumption

rather than on how to ensure proper air quality in the swimmers'
breathing zone. The modelling of DBPs has been a focus in many differ-
ent articles, and one of the most frequent technique used in their anal-
yses has been multivariate regression (Al-Omari et al., 2005;
Bessonneau et al., 2011; Westerlund et al., 2016).

The aims of the present study are to

1. Document the distribution of the four THMs 0.05mand0.60mabove
thewater surface in various locations in the poolroom in themorning
and afternoon, and

2. By the use of a linear mixed effects model, identify the most impor-
tant determinants of exposure.

2. Method

2.1. Study objective

Repeated measures design was chosen to study one pool facility lo-
cated outside the city of Trondheim, Norway. This facility consists of
seven swimming pools: one sports pool (25 m) with a diving spring-
board and platforms, three therapy pools, one baby pool, one wave
pool, one Jacuzzi, and two fountains. Samples were collected during
morning and afternoon, once or twice per week between the 2nd of Oc-
tober and 6th of November 2017. The number of visitors to this facility
per year is approximately 120,000. On sampling days, the pool facility
was used mainly for school children's swimming lessons (in the sports
pool) and for water aerobics (in one therapy pool) for elderly people.
The swimming pool water was disinfected using electrolysis of NaCl in
combination with ultraviolet (UV) treatment during sampling. The
water supplywas from themunicipal water works. The total ventilation
rate, i.e., the sum of recirculated air and fresh air, was adjusted to deliver
between 29,000m3/h (nightmode ventilation) and 44,000m3/h (after-
noonmode ventilation) of air. The total air volume in the pool facility is
approximately 12,000 m3.

2.2. Sampling plan

Air samples were collected on six days using a test stand with two
heights: 0.05mand 0.6m above thewater surface. In themorning, sam-
pleswere collected from location 1 (n=24), 2 (n=12), 3 (n=12) and
4 (n= 12), and, in the afternoon, samples were collected from location
1 (n=12), 2 (n= 12), 5 (n= 6), and 6 (n=6), see Table 1. In total, 16
samples were collected each day over time and space to represent the
air quality. The samples collected from locations 1–4 were collected si-
multaneously from 0.05 m and 0.6 m above the water surface and by
the two long sides of their respective pools, where locations 2 and 3
were on each long side of the sports pool, and locations 1 and 4 were
on each long side of the therapy pool. The samples collected from loca-
tions 5 and 6 were collected only 0.6 m above the floor and 1.5 m from
the pool edges bordering each side of the centre of the pool facility. The
results are based on 93 out of 96 collected air samples. Three samples
were rejected due to tube leakage during analysis. Information on air
temperature and RH was obtained using one EasyLog USB. This logger
was attached to the test stand 0.4 m above the floor or water surface
and logged information about absolute air temperature and RH at inter-
vals of 120 s. Information about free and combined chlorine, pH, and
water temperature was received from the supervisory control and
data acquisition (SCADA) system located in the pool facility. This online
logging system collects information on water quality every second
minute during the day. Information on fresh air supply, recirculated
air, extracted air, and total air supplywas collected from the air handling
unit (AHU) that provides information on the different damper positions
and how much air is being extracted and supplied to the pool facility
every minute during the day.
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2.3. Method of sampling, laboratory analysis, and quality assurance

Sampling, analysis, and quality assurance are in accordancewith the
published US EPA Method TO-17 (Compendium of methods for the
determination of toxic organic compounds in ambient air, 1999). The
method used for active air sampling was to collect ambient air onto au-
tomatic thermal desorption tubes (ATD) of stainless steel containing
0.20 g of Tenax TA 35/60 (Markes Int.). At 20 °C, CHCl3 and CHCl2Br
have reported breakthrough volumes of 3.8 l and 3.4 l per
200 mg/Tenax TA, respectively (Baroja et al., 2005). The breakthrough
volume reduces by a factor of 2 for each 10 °C rise in temperature and
is also effected by the pump flow (International Organization for
Standardization, 2000). To find the safe sampling volume for the THM
in the air, different pump flows were tested (7 ml/min, 20 ml/min,
40 ml/min, 50 ml/min and 100 ml/min) for 20 min at 0.05 m above
the water surface. During these tests, the test tubes were coupled in se-
ries with an identical back-up tube to analyse if N5% of the THMs could
be identifiedon theback-up tube. In the EPA's TO-17, it is recommended
that the pumpflow be above 10ml/min in order tominimize errors due
to ingress of volatile organic compounds (VOCs) via diffusion (United
States Environmental Protection Agency, 1999). In the present study,
two ACTI-VOC low-flow pumps (Markes Int.), adjusted to deliver a
flowrate of 40 ml/min for 20min. This pump flow rate provided a satis-
factory result andwas chosen to keep the uncertainty related to theflow
calibration as low as possible. The pumps were calibrated in situ before
and after each sample.

Determination of THMs in the air was performed with a Unity ther-
mal desorber (Markes International) coupled anwith Agilent Technolo-
gies 5975T LMT-GC/MSD. Thermal desorption was carried out for
10 min at 284 °C with a flow rate of 30 ml/min, and the collected
THMswere sent to a cold trap packedwith Tenax TA. Secondary desorp-
tionwas then carried out with a carrier gas flow rate of 20ml/min from
the trap. The separationwas performed on a capillary column (DB-1; ID
0.25 mm and 0.25 μm film thickness). The oven temperature was ad-
justed with a temperature program to go from 35 °C to 90 °C using 5
°C/min steps andmaintain a post-run temperature of 230 °C. A selection
ion monitoring (SIM) mode was used for identification and quantifica-
tion of the collected THMs.

2.4. Method validation and quality assurance

Both external and internal calibrationmethodswere utilized. For the
internal calibration, the sorbent tubeswere spikedwith 250 ng 8260 In-
ternal Standard Mix 2 (Supelco) containing chlorobenzene-d5, 1.4-di-
chlorobenzene-d4 and fluorobenzene in methanol. For external
calibration, a five-point calibration curve, ranging from 0.5 ng to

500 ng, was created for each of the four THMs. A THM calibration mix
(Supelco) inmethanol (n= 25) was used for this purpose. All duplicate
measures and volume pairs of tubes were within a precision of 5%. Once
per week, one test tube, 0.05m above water surface, was coupled in se-
ries with an identical back-up tube to verify no breakthrough (United
States Environmental Protection Agency 1999).

Identification and quantification of THMs were performed in selec-
tion ion monitoring (SIM) mode in the laboratory of the division of
Health, Safety and Environment at the Norwegian University of Science
and Technology (NTNU). Thewater activity, air and water temperature,
number of users, RH, pH, free and combined chlorine, supplied and ex-
tracted air volume, and amount of fresh air and recirculated air were re-
corded during sampling. Statistical analyses were performed using the
Statistical Package for Social Sciences (SPSS) 25.00.

2.5. Statistical analysis

One-way analysis of variance (ANOVA)was used to study if themea-
sured variables varied significantly between the different days of sam-
pling. Since CHCl3 was the only component detected in the collected
samples, CHCl3 was the only component included in the modelling of
the air concentration. The concentration of CHCl3was positively skewed
and was ln-transformed prior to statistical analysis. To account for the
correlation between the repeated measures, the concentration of
CHCl3 was modelled using a linear mixed effects model. Judging from
the likelihood ratio test, the covariance structure of the first-order
autoregressive (AR (1)) model for the repeated samples produced the
bestfit for thedata (p≤ 0.05). Determinantswere treated asfixed effects
and kept in the model if the p-value was b0.05 and if they could justify
the more complex model, as judged by the likelihood ratio test (p ≤
0.05). The interest of this study was not in the effects present only at in-
dividual sampling locations but rather in the effects present within the
poolroom. Sampling locations were therefore treated as a subject, in-
cluding the random specific intercept of location, in the model. To esti-
mate the variance components, the method of restricted maximum
likelihood (REML) was used since this method is considered to be
more precise, ice, it reduces the standard error, formixed effectsmodel-
ling compared to maximum likelihood (Leech et al., 2015; Baayen et al.,
2008). The contribution of thefixed effectswas estimated by comparing
the variance component of the final model to the variance components
estimated in the initial model, in which only the subject-specific inter-
cept was included. The final model included ACHfreshair, height above
the water surface, day of the week, concentration of combined chlorine
and RH.

The linear mixed effect model with random subject-specific inter-
cept predicting the contamination of the ln-transformed CHCl3 can be
back-transformed to estimate the exposure levels of different

Table 1
Measured air and water quality parameters by sampling location.

Location Time Height n RH (%) Tair (°C) CHCl3 (μg/m3) CHCl2Br (μg/m3)a

1
Morning

0.05 m
0.60 m

11
12

57.6 ± 3.5 29.4 ± 0.7
207.5 ± 56.3
176.2 ± 52.2

3.4 ± 1.3
2.6 ± 0.7

Afternoon
0.05 m
0.60 m

6
6

56.3 ± 2.3 29.4 ± 0.6
166.9 ± 44.6
131.4 ± 33.8

3.2 ± 2.1
1.7 ± 0.9

2
Morning

0.05 m
0.60 m

5
5

57.5 ± 1.9 29.1 ± 0.2
272.5 ± 77.2
174.2 ± 41.9

6.7 ± 0.8
2.8 ± 2.1

Afternoon
0.05 m
0.60 m

6
6

58.6 ± 1.7 29.1 ± 0.6
272.3 ± 93.1
198.2 ± 67.4

6.3 ± 2.7
3.6 ± 2.2

3 Morning
0.05 m
0.60 m

6
6

53.7 ± 3.8 29.0 ± 0.5
146.5 ± 29.6
127.9 ± 33.1

1.2 ± 1.7
0.8 ± 1.1

4 Morning
0.05 m
0.60 m

6
6

59.5 ± 2.4 30.2 ± 0.2
216.7 ± 104.2
197.1 ± 129.6

3.5 ± 1.0
1.3 ± 1.1

5 Afternoon 0.60 m 6 56.9 ± 5.0 27.5 ± 0.9 180.4 ± 91.8 2.3 ± 1.6
6 Afternoon 0.60 m 6 60.3 ± 2.8 28.8 ± 0.4 212.9 ± 48.3 3.0 ± 0.7

Abbreviations: n = number of samples; RH = relative humidity in the air; Tair = air temperature.
a The average of the quantified samples. Samples below the limit of quantification or below the detected limit are not included in the calculated average mean for CHCl2Br.

1041T.B. Nitter, K.H. Svendsen / Science of the Total Environment 664 (2019) 1039–1044



combinations of predictor variables using the following formula:

E ¼ eintercept � edeterminat 1 � edeterminant 2 �…:� edeterminant n;

where E is the estimated geometricmean exposure, the intercept repre-
sents the true underlying concentration level (fixed) over all subjects
(here, sampling locations) and the determinant n represents the identi-
fied significant determinates of exposure.

3. Results

All water quality parameters obtained in this study were in accor-
dance with the Norwegian regulations. In Table 1, the quantified air
quality parameters are presented as mean ± standard deviation (SD),
along with their sampling locations. In general, CHBr3 was not detected
in any of the collected air samples, and CHClBr2 was either not detected
or below the limit of qualification. CHCl2Br was quantified in 53 of the
93 collected air samples. In these 53 samples, CHCl2Br accounts for
0.05%–2.6% of the tTHM, while the rest of the quantified tTHM was
CHCl3.

All variables, except the number of bathers and air and water tem-
peratures, differ significantly according to day of sampling. ACH repre-
sents how many times the air is exchanged per hour in the poolroom,
regardless of whether the air consists of fresh air, recycled air, or a mix-
ture of the two. ACHfreshair represents howmany times per hour the air
in the poolroom is exchanged with outside air. This value is estimated
based on the valve position opening recorded in the ventilation log
and information from the ventilation supplier, who were able to read
off the exact fresh air supply from their logging system. ACH and
ACHfreshair for the different days of sampling are listed in Table 2, along
with information on the mean CHCl3 and CHCl2Br concentration mea-
sured in the morning and afternoon.

As shown in Table 2, the ACHwas always lower than the Norwegian
recommended ACH of 4-7. During night-mode ventilation, from 8 PM to
6 AM, between 2.5 and 2.9 ACH was supplied to the swimming facility,
and, of this, between 0% and 33%was fresh air. The first day of sampling
(October 2nd), there was an issue with the fresh air dampers, and al-
most no fresh air was supplied to the pool facility (0.4 ACH fresh air)
during the morning. Day-mode ventilation was switched on at 6 AM,
and the supplied air volume increased slowly from 6 AM to 8 PM in
the evening.

The linear mixed effects model for the concentration determi-
nants for CHCl3 is presented in Table 3. Before any of the fixed vari-
ables were accounted for, i.e., only the subject-specific intercept
was included in the model, the estimated between and within loca-
tion variabilities were σb

2 = 0.015, and σw
2 = 0.12, respectively.

The interclass correlation among locations was also highly

dependent, with an AR (1) rho value of 0.30 (p = 0.01) and scores
for each location highly dependent on one another. After the deter-
minants improving the fit of the model were adjusted for, σb

2 de-
creased to 0.008 and σw

2 decreased to 0.079, hence, it is clear that
σw

2 has greater weight than σb
2. Approximately 47% and 34% of the

between and within variability observed, respectively can be attrib-
uted to the determinants identified in Table 3.

Sample calculation based on estimated exposure to CHCl3 (E) 0.05m
above thewater surface on aMonday, with a concentration of Cl combined

of 0.24 mg/l, ACHfreshair of 2 and a RH of 55%:

E ¼ e2:69 � e0:24 � e0:20 � e 1:67�0:24ð Þ � e −0:13�2:0ð Þ � e 0:04�55ð Þ ¼ 237:7 μg=m2

4. Discussion

4.1. The distribution of CHCl3 among heights and locations in the poolroom

This study describes the variation in repeated samples of CHCl3 ob-
tained from different stationary sampling locations within the same
poolroom. In some previous studies, results have been based on a lim-
ited number of air samples, often collected from only one stationary
sample location above the swimming pool (Erdinger et al., 2004;
Nitter et al., 2017). However, the assumption that one sampling location

Table 2
ACH, ACHfreshair, and mean concentration of CHCl3 and CHCl2Br (mean of both heights and all sampling locations) obtained by sampling date.

Date Time ACH ACHfreshair n Mean CHCl3 (range) (μg/m3) Mean CHCl2Br (range) (μg/m3)

02.10a Morning 3.0 0.4c 8 274.9 (164.7–457.0) n. d.
Afternoon 3.4 2.9 6 172.9 (87.2–358.9) n. d.

04.10b Morning 3.1 2.5 10 120.8 (80.7–159.8) n. d.
Afternoon 3.6 3.6 6 150.9 (110.8–199.1) 2.8 (1.5–4.0)

09.10a Morning 3.2 2.4 10 165.1 (124.0–285.8) 2.8 (0.3–6.6)
Afternoon 3.7 3.7 6 196.7 (132.6–308.5) 3.9 (1.5–7.1)

16.10a Morning 2.9 2.2 10 216.3 (152.4–362.6) 2.8 (n.d-6.0)
Afternoon 3.4 3.4 6 218.0 (157.6–355.5) 3.0 (0.9–7.3)

18.10b Morning 3.1 2.5 10 169.9 (97.9–251.0) 1.2 (0.1–2.5)
Afternoon 3.6 3.6 6 182.7 (110.8–267.0) 2.1 (0.4–3.3)

06.11a Morning 3.0 1.9 9 204.6 (147.7–308.4) 3.9 (2.0–7.6)
Afternoon 3.0 2.1 6 241.0 (146.5–371.9) 5.1 (1.6–10.0)

n. d. = not detected or below the calculation limit.
a Monday.
b Wednesday.
c A fault with the fresh air dampers.

Table 3
Significant determinants for CHCl3 estimated using a linear mixed effects model.

Effect Estimate (SE)

aIntercept 2.69 (0.57)⁎⁎

Height above water
0.05 m 0.24 (0.03)⁎⁎

0.60 m 0
Day of the week

Monday 0.20 (0.06)⁎⁎

Wednesday 0
Clcombined 1.67 (0.55)⁎⁎

ACHfreshair −0.13 (0.04)⁎⁎

RH 0.04 (0.01)⁎⁎

Variance (SE)
Between-location variance 0.008 (0.03)
Between samples covariance (rho) 0.668 (0.12)⁎⁎

Within-location variance 0.079 (0.03)⁎⁎

% of between variance explained by fixed effects 46.7%
% of within variance explained by the fixed effects 34.2%

Abbreviations: SE = standard error; Clcombined = combined chlorine; RH = relative
humidity.

a Intercept represents the true underlying concentration level (fixed) over all sampling
locations.
⁎⁎ p ≤ 0.001.
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can represent the air quality for the entire facility may be incorrect. In a
recently published study of one indoor swimming pool in Canada, re-
sults showed that some zones have appropriate air-renewal, while
others are poorly ventilated or even over-ventilated (Lebon et al.,
2017). It is also known that parameters such as water temperature,
water turbulence, water surface, RH and air temperature can impact
air quality (Shah, 2014). As this pool facility consists of swimming
pools with different surface areas, water temperatures and activity
levels, it is reasonable to assume that local air contamination will vary,
despite ventilation system efficiency.

During themorning, air sampleswere collected from locations 1 and
4 by the therapy pool. As shown in Table 1, the average concentration of
CHCl3, RH, and air temperature were always slightly higher at location 4
versus location 1, although not significantly. As shown in Table 1, there
was a greater difference between the air quality parameters measured
at locations 2 and 3 by the sports pool. However, when considering
heights, only 37% higher values of CHCl3 were obtained 0.6 m above
water surface at location 2 compared to location 3, and the variability
showsno significant difference between the two locations at this height.
When we looked at samples collected 0.05 m above the water surface,
88% higher values were obtained at location 2 compared to location 3,
a statistically significant result. This finding suggests that there is a
dead zone by location 2, where themean age of air is greater compared
to themean age of the air observed at location 3. Although the evapora-
tionmass flow increaseswith decreasing RH (Asdrubali, 2009), the con-
centration of CHCl3 was found to increase with increasing RH. RH was
also found to be one of the most important predictors of exposure to
air contamination levels of CHCl3.

Another important predictor identified for the concertation level of
CHCl3 was height above the water surface. On average, between 8%
and 57% higher concentrations of CHCl3 were obtained at 0.05 m than
0.60 m. Higher concentrations have also been measured closer to the
water surface in previous studies in which samples at different heights
have been collected (Nitter et al., 2017). However, in a French study,
in which the air concentrations of tTHM were measured from two dif-
ferent heights (0.25 m and 1.5 m) above the water surface, the authors
did not find any statistically significant difference between the chosen
sampling locations (Bessonneau et al., 2011). This might be explained
by the difference in chosen heights and possibly a different ventilation
strategy. Even though air velocity was not measured in the present
study, the ventilation strategy is designed to deliver low air velocities
above the water surface to reduce the evaporation rate from the
water. This might result in a layer above the water surface where the
air is not changed as often as the air in the rest of the poolroom. To col-
lect representative information about the exposure among the swim-
mers, it is therefore essential to collect air samples as close to the
water surface as possible.

4.2. Predictor variables for the concentration of CHCl3

Limited information about the importance of proper ventilation in
preventing the accumulation of DBPs above the water surface exists.
In a previous study, it was found that the ventilation rate was strongly
associatedwith themeasured level of the volatile NCl3 in the air. The au-
thors estimated that N2 ACHfreshair was necessary in order to keep the
level of NCl3 below the French limit value of 0.3 mg/m3 (Levesque
et al., 2015). In our study, theACH in the pool facilitywas below theNor-
wegian recommendations of 4–7 ACH per hour, but this variable was
not found to be an important predictor variable for the air concentration
of CHCl3. ACHfreshair, however, was estimated to be an important deter-
minant and a minimum requirement for ACHfreshair is considered to be
necessary in order to ensure proper air quality in the swimmers' breath-
ing zone. No upper acceptable contamination limit for tTHM in the air of
indoor swimming pool facilities exists in Norway. The German Federal
Environmental Agency recommends that the concentration of CHCl3
in a swimming pool facility be ≤200 μg/m3 air (VDI 2089, 2010). In our

study, 33% of the air samples exceeded this value, and, of these, 75%
were observed 0.05 m above the water surface. If we are exposed
0.05 m above the water surface together with five other bathers on a
Monday, with a combined chlorine concentration in the water of
0.24 mg/l and an RH of 58%, we need an ACHfreshair of approximately
3.1 to keep the concentration of CHCl3 below 200 μg/m3.

The filters and dehumidification unit in the ventilation systemman-
age, to some extent, to remove particles and keep the humidity and the
air temperature in the recirculated air under control, and the variability
observed in these variables was low compared to the variability ob-
served in CHCl3. Gases off-gassing from the poolwaterwill pass through
thefilters and thereforemay be recirculated back into the roomwith the
recirculated air (Hery et al., 1995). Considering the determinants of con-
centration identified in Table 3, the supplied air should be balancedwith
respect to the water quality as well as the bather load, and not just the RH
and air temperature, as it is today. The variations obtained within the pool
roomhighlight the need for a new ventilation strategy, as supplied ventila-
tion air should provide proper air quality in the users' breathing zone and
not along thewindow facade. For future studies, the use of absorbentfilters
in the air handling unit should also be tested to see if they reduce the gas
concentration in the recirculated air sufficiently.

One of the main advantages of using a linear mixed effects model is
the ability to account for the correlation between the repeatedmeasures
using covariance structures. The determinants identified in Table 3 ex-
plained about 35.5% of the total variability observed in CHCl3, and
these determinants should also beprioritized if hazard control is consid-
ered necessary. When all determinants improving the model were
accounted for, the correlation between the repeatedmeasures was esti-
mated to be 0.69 using AR (1). Therefore, the observations are highly
dependent and, in order to enhance the precision in the estimates of ex-
posure, handling this dependence is important in terms of preventing
biased estimates of the point estimate and confidence interval. Another
advantage is the model's ability to adjust for factors that might unfold
during the experiment, such as the free and combined chlorine and
fresh air supply. Being able tomake adjustments allows us to investigate
in naturalistic settings and not just under controlled experimental con-
ditions (Baayen et al., 2008). Adjusting for variables that might influ-
ence the variable of interest is important for the credibility of the
study and for estimating the influence from different effects.

5. Conclusion

The concentration of CHCl3, RH, and air temperature vary within the
pool facility and around the same swimming pool, and the within-
location variability suggest that repeated samples over time are neces-
sary in order to understand the long-termmean concentration. The cho-
sen ventilation strategy does not ensure the same air exchange for all
locations in this pool facility, and, based on the identified predictor var-
iables, hazard control should focus on increasing the air renewal of the
layer above the water surface. ACH did not explain the variability in
the observed concentration of CHCl3; however, ACHfreshair did. Based
on the identified determinants of contamination, the supplied air
should be balanced with respect to bather load and water quality, and
not just RH and air temperature, as it is today.
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A B S T R A C T

Volatile and hazardous compounds are formed during the chlorination of pool water. Monitoring components in

the air, such as the four trihalomethanes; chloroform, dichlorobromomethane, dibromochloromethane and

bromoform (tTHM), is challenging. Carbon dioxide (CO2) sensors are used for controlling air quality in different

buildings and can be installed in ventilation systems for continuous surveillance and monitoring purposes.

However, such sensors are not used in indoor swimming facilities. In this study, samples of tTHM and CO2 were

collected and analysed, along with other air and water quality parameters such as combined chlorine, to evaluate

whether CO2 sensors could be used to explain the observed variability in the tTHM concentration in an indoor

swimming facility and thereby reduce the exposure of individuals utilising the pool to tTHM. Random intercept

models were built for the tTHM and CO2 concentrations, respectively, and the results show that the relationships

between combined chlorine in the water, CO2 in the air and number of occupants explain 52% of the variability

in tTHM. The correlation between occupancy and CO2 concentration (ρ = 0.65, p ≤ 0.01) suggests that CO2

sensors should be used so that the air supply corresponds to the demand of the users.

1. Introduction

People in developed countries spend an average of 80–90% of their

time indoors (ASHRAE, 2016), and sufficient indoor air quality (IAQ) is

necessary to maintain a healthy indoor environment. However, due to the

evaporation of potentially hazardous gasses from the pool water’s surface,

indoor swimming facilities introduce unique IAQ challenges compared to

those observed in offices and residential buildings (Lebon et al., 2017). In

pool facilities, there are increased risks of moisture damage, bacterial

growth and corrosion (Ciuman and Lipska, 2018; Liu et al., 2018), and in

many facilities, the occupants complain regularly about thermal comfort,

respiratory irritations and skin problems (Nitter et al., 2019).

Although improper disinfection is associated with outbreaks of fatal

contaminants in the water (World Health Organization, 2006), the re-

action between free chlorine and precursors in the pool water, in-

troduced by swimmers and from filling water (Deutsches Institut für

Normung (DIN), 2012), also leads to the formation of disinfection by-

products (DBPs) (Daiber et al., 2016). Volatile DBPs, such as trihalo-

methanes (THM), can be potentially hazardous to human health if in-

dividuals are exposed to high concentrations over a long period of time

(Font-Ribera et al., 2018; Gouveia et al., 2019). Typically the following

four THM, referred to as total THM (tTHM) are formed as a result of

chlorination: bromoform, dibromochloromethane, chloroform and di-

chlorobromomethane, of which the last two are characterized as poten-

tially carcinogenetic to humans by the International Agency for Research

on Cancer (IARC) (World Health Organization, 2017). In previous stu-

dies, the air concentrations of tTHM have been found to correlate with

the volatile trichloramine (NCl3) concentration (Cossec et al., 2016;

Nitter and Svendsen, 2019a), which is related to the increased prevalence

of respiratory irritations amongst swimmers and lifeguards (Chu et al.,

2013; Jacobs et al., 2007; Lévesque et al., 2006; Andersson et al., 2018).

In order to control the relative humidity (RH) and air temperature in

the poolroom, the room is ventilated mechanically. The air supply grills

are typically located at floor level, and the air is supplied to the room at
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relatively high velocities to mix the air by jets up along the window

façade. However, the distribution of air in such facilities is often complex

and inadequate (Lebon et al., 2017; Nitter and Svendsen, 2019b).

Worldwide, the most common measure for the concentration of precursors

in swimming pool water is combined chlorine, a product of the reaction

between ammonia and free chlorine. Combined chlorine is also the only

DBP for which a pool water limit value exists in Norway; no other DBPs

are being controlled either in the air or in the water (Norwegian Ministry

of Health, 1996). The German Federal Environmental Agency suggests

that the concentration of chloroform (one of the four THMs) in the air

should never exceed 200 μg/m3, as this value indicates improper air and/

or water quality (Verein Deutsher Ingenieure, 2010).

The absence of required limit values for DBPs in the air of pool

facilities makes it difficult to judge whether the air renewal is adequate.

Monitoring the most hazardous components is also challenging, as no

easy measurement techniques, such as sensors for characterizing NCl3
and tTHM concentrations in the air, exist.

Carbon dioxide (CO2) is exhaled when people breathe, and this

component is considered to be a good indicator of the number of oc-

cupants in a given room (Dougan and Damiano, 2004; Seppänen et al.,

1999). The development of different sensors for the continuous sur-

veillance and measurement of CO2 have also made it easy to monitor

this gas (Norbäck et al., 1995; Qiao et al., 2019). In Norway, it is re-

commended that the air supply be controlled in sport halls with the use

of sensors for CO2 and air temperature (Ministry of Culture, 2016). Such

sensors, however, are not used in swimming facilities.

Findings from previous studies show that the concentration of CO2,

in addition to the occupancy level, could function as an indicator for

other components that are related to illness (Norbäck et al., 1995; Padhi

et al., 2012; Rodríguez et al., 2018). Studies have also identified in-

sufficient ventilation, such as condensation on window surfaces, high

CO2 concentrations and occupancy level, to be associated with high

tTHM concentrations (Gabriel et al., 2019). Based on knowledge from

previous studies, the aim of the present study is to investigate whether

the measured CO2 concentration can be used as an effective indicator

for predicting tTHM concentration in a swimming pool facility.

2. Materials and methods

2.1. Pool dimensions, air handling and water treatment

In this study, one poolroom built in 2018 and containing one

swimming pool (12 m × 8 m) was investigated. The total air volume in

the poolroom was approximately 1050 m3. The swimming pool was

filled with freshwater and disinfected using sodium hypochlorite

(NaOCl) in addition to UV treatments. During the sampling days, the air

change rate (ACH) varied between 5.1 and 5.7 h−1, with a fresh air rate

of between 70 and 100%. During night-mode ventilation, the ACH was

reduced to 60–70% of the day-mode ventilation. The air supply was

controlled using set points of RH and air temperature and was pre-

heated in the ventilation unit before being supplied to the room. The air

was supplied to the room by grills located on the floor and up along the

window façade. To mix the air in the room, the air was supplied at

relatively high velocity. During air sampling, the swimming pool was

being used mainly for swimming education.

2.2. Sampling strategy

Due to the sampling and analytical procedures, each tTHM sample

had to be collected over 20 min. In total, 65 samples of tTHM were

collected, simultaneously with CO2, RH and air temperature, over the

course of three Tuesdays and four Thursdays during a four-week period.

CO2, RH and air temperature were collected at intervals of two minutes

and were logged continuously while present in the poolroom. One 20-

minute sample of tTHM was collected every 30 min from 10:00 to

15:00, except for the final day, when samples were collected from 12:00

to 14:00. All air quality parameters (tTHM, CO2, air temperature and

RH) were collected from 0.30 m above the floor level using a test stand.

The location of the test stand is shown in Fig. 1. In a previous study, no

differences in tTHM concentration were found between 0.05 m and

0.30 m, and the concentrations measured from 0.30 m were therefore

assumed to be representative of the concentration in the breathing zone

of the occupants in the pool (Nitter and Svendsen, 2019a). The test

stand was placed approximately 2.8 m from the pool edge to prevent

interference with the activity in the room. Before sampling was carried

out, the air temperature and RH were measured from two different

locations in the room to investigate whether the air in the room could

be considered fully mixed. The two locations are shown in Fig. 1.

2.3. Air samples and analysis

Samples were collected using the active air sampling method, by

which air is pulled into an automatic thermal desorption (ATD) tube

using a pump. The ATD tubes contained 200 mg of Tenax TA 35/60

(Markes Int, 2019b) and were fastened to one Acti-Voc low-flow sam-

pling pump (Markes Int.) (Markes Int, 2019a). The pump was calibrated

to deliver a flow rate of 40 ml/min for 20 min, which has been found to

provide satisfactory results with regards to both safe sampling volume

and uncertainty (Nitter and Svendsen, 2019b). The pump was calibrated

in the poolroom before and after each sample. The ATD tubes were

sealed with Swagelok fittings with PTFE ferrules and packed in uncoated

aluminium foil, both before leaving the lab and immediately after sam-

pling. To prevent the ATD tubes from being contaminated, they were

always stored in an airtight container with charcoal when not in use. The

sampling, analysis, and quality assurance for collecting samples of tTHM

in the air were based on the methods published in US EPA TO-17 (United

States Environmental Protection Agency, 1999) and the ISO standard

16017 (International Organization for Standardization, 2000). Samples

of tTHM were identified and quantified using a GC/MSD in the labora-

tory of Health Safety and Environment at the Department of Industrial

Economics and Technology Management, NTNU, Norway. The analysis

setup is explained elsewhere (Nitter et al., 2018).

The air temperature and RH were recorded every two minutes using

one EasyLog USB (EL-USB-2). The concentration of CO2 was measured

every second minute using a KIMO AQ 200. Information on tube

number, time, flow rate, water activity and number of occupants was

logged for each sample of tTHM collected. The water concentration of

Fig. 1. Sketch of the pool facility with its sampling locations.
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free and combined chlorine was logged continuously in the facility. To

calibrate the logging instrument, the concentrations of free and com-

bined chlorine were measured manually at least three times per day

during open hours, in accordance with the Norwegian regulations

(Norwegian Ministry of Health, 1996). After each day of sampling, the

concentrations of free and combined chlorine, pH and water tempera-

ture were provided by the technical staff who performed these mea-

surements.

2.4. Statistical analysis

All variables observed in this study were interpreted and analysed

using the statistics software package STATA 15.1. The average mea-

sured CO2 concentration, RH and air temperature for each tTHM

sample (lasting for 20 min) was used in the statistical analysis.

Descriptive data for the different variables measured in this study are

presented in Table 1. Due to some skewness in the data, tTHM and CO2

concentrations were transformed using the natural logarithm function

before parametric methods were applied. The residuals for the tTHM

and CO2 concentrations were tested for normality using the Shapiro-

Wilk test and plotted using histograms. Based on the results, the null

hypothesis of normality could not be rejected.

The dataset consisted of both continuous variables (such as tTHM

and CO2 concentrations, number of occupants, air temperature, RH,

ACH and combined chlorine) and ordinal cyclic variables (such as day

of the week and time during the day). To estimate the independence

and variability of the collected data, random intercept models for tTHM

and CO2 concentrations were built, where day was used as cluster unit,

and time was used as unit for repeated measures. In the random in-

tercept model, the natural logarithm transformations of the two com-

ponents (ln Cijk) were used as dependent variables. In the model for

tTHM concentration, the number of occupants, the concentration of

combined chlorine and the CO2 concentration were interpreted as fixed

effects. The same approach was used for CO2, but, in this second model,

the tTHM concentration was included as a fixed effect, and the con-

centration of combined chlorine was excluded, as this variable did not

explain any of the observed variability. The geometric mean exposure,

as determined by the identified variables, can be estimated by back

transformation of the regression coefficients using the following for-

mula:

= = × ×
+ +E e e effect effect ,c b b c

determinant determinant
1 2

1 2 (1)

where E is the exposure, c is the intercept of the regression model and b1

and b2 are the regression coefficients of the predictor variables. The

final model was estimated using the method of restricted maximum

likelihood. Other variables, such as the interaction between combined

chlorine and number of occupants, RH, air temperature and ACH, were

tested for both models, but, as they were not statistically significant (at

p ≤ 0.05), they were taken out of the model again. IAQ parameters are

often autocorrelated as a result of limited mixing of contaminants and

insufficient air exchange (Luoma and Batterman, 2000). To account for

the potential correlation between the repeated samples collected on the

same day, different covariance structures were tested using the log

likelihood ratio test. The covariance first-order autoregressive (AR (1))

structure was used for both models. The AR (1) structure assumes that

the correlation function decays exponentially as the intervals between

the measurements increase (Peretz et al., 2002).

3. Results

In Table 1, an overview of the mean values for the different vari-

ables measured in this study is shown. The water temperature, con-

centration of free chlorine and pH value were stable throughout the

study period at 31 °C, 0.8 mg/l and 7.2, respectively; therefore, these

values are not included in the table. As shown, the average daily con-

centrations of tTHM and CO2 measured ranged from 88.9 μg/m3 to

184.0 μg/m3 and 620 ppm to 668 ppm respectively. Except for di-

bromochloromethane, which was not quantifiable on three samples, all

four tTHM were quantified in all samples, in which chloroform ac-

counted for 82% of the quantified tTHM, while bromodichloromethane,

dibromochloromethane and bromoform accounted for 9.5%, 1.0% and

7.5% respectively. During the period of sampling, the mean outdoor air

temperature, measured from the city weather station, varied between

−9.2 °C and 7.7 °C. The measured air temperature was very stable, and

the difference between the lowest and highest measure was only 0.6 °C.

In Table 2, the parameters that were significantly correlated with CO2

and THM concentrations are shown. As expected, a statistically sig-

nificant correlation between the measured level of CO2 and number of

occupants in the room was obtained ( = 0.645, p = 0.01). A significant

Pearson’s correlation was also obtained between the natural logarith-

mically transformed tTHM concentration and the natural logarithmically

transformed CO2 concentration (r = 0.38, p ≤ 0.01). Both the CO2 and

tTHM concentrations are significantly and positively correlated with RH;

i.e. when RH increases, air contamination rises. A significant negative

correlation between tTHM concentration and ACH was also found.

Table 1

Mean for physical and chemical parameters and number of occupants for the

different sampling days.

Day Number of

Occupants

ClComb

(mg/l)

Tair (°C) RH (%) tTHM

(μg/

m3)

CO2 (ppm) ACH

(h−1)

n†

1 7 0.12 29.0 112.0 626 5.7 10

2 14 0.15 29.0 116.3 641 5.1 10

3 14 0.13 28.4 56.9 116.8 639 5.6 10

4 15 0.10 28.6 55.0 88.9 649 5.7 10

5 13 0.19 28.5 60.0 134.6 668 5.5 10

6 5 0.20 28.7 56.1 126.8 620 5.6 10

7 14 0.20 29.0 184.0 659 5.1 5

Abbreviations: ClComb stands for combined chlorine, Tair stands for air tem-

perature.
† Based on the number of tTHM samples collected.

Table 2

Significant Spearman’s correlations ( ) with tTHM and CO2 concentrations.

Number of Occupants Cl comb tTHM CO2 RH ACH Tair

Number of Occupants −0.11 0.22 0.65** 0.25 −0.03 −0.26*

Clcomb −0.11 0.61** 0.02 0.22 −0.44** −0.00

THM 0.22 0.61** 0.34** 0.53** −0.33** −0.10

CO2 0.65** 0.02 0.34** 0.46** 0.02 0.25*

RH 0.25 0.22 0.53** 0.46** −0.18 −0.35*

ACH −0.03 −0.44** −0.33** 0.02 −0.18 −0.14

Tair −0.26* −0.00 −0.1 −0.25* −0.35* −0.14

Abbreviations: Tair stands for air temperature, Clcomb stands for combined chlorine.

* p ≤ 0.05.

** p ≤ 0.01.
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The parameter estimates for tTHM concentration using a random

intercept model are shown in Table 3. Before the variables were added

to the model, the estimated total variability was 0.070. After the three

significant variables (i.e. CO2 concentration, number of occupants and

concentration of combined chlorine in the water) were included in the

model, the total variability was reduced to 0.033, meaning that three

variables thereby explained 52% of the total variability observed. The

correlation between the repeated observations within the same day was

estimated as 0.73, meaning that ignoring the correlation between the

repeated observations might lead to incorrect parameter estimates.

In Table 4, the random intercept model for the CO2 concentration is

shown. For this component, only two explanatory variables (tTHM

concentration and number of occupants) contributed significantly to

the model. These two variables explained 44% of the observed varia-

bility. The correlation between the repeated observations was low

(0.081), meaning that the observations of CO2 concentrations can be

assumed to be approximately independent of these variables and that

other independent observations might be useful in analysing the results.

The CO2 concentration can be estimated using Eq. (1) and the re-

gression coefficient in Table 4. For example, if the concentration of

tTHM is 200 μg/m3 and the number of occupants is 20, results in an

estimated geometric mean CO2 concentration of:

= = × × =
+ + × ×E e e e e 698 ppmc b b 6.3365 (0.00426 20) (0.00063 200)1 2

4. Discussion

Epidemiological evidence suggests that there is an association between

exposure in swimming pool facilities and health effects such as irritations

to the skin, eyes and respiratory tract and even cancer (Gouveia et al.,

2019; Fantuzzi et al., 2010; Hery et al., 1995; Jacobs et al., 2007). To

protect people who are regularly exposed in such environments from in-

creased risk of disease, the implementation of guidelines and control

strategies is considered necessary. Volatile compounds, such as NCl3 and

tTHM, in the air of indoor swimming facilities have been studied in pre-

vious literature (Afifi and Blatchley, 2015; Hsu et al., 2009; Nitter and

Svendsen, 2019a); however, these components are difficult and expensive

to measure and analyse, and no sensor technology allowing for continuous

monitoring exists. Air concentrations of tTHM may be used as an indicator

for the air concentration of NCl3 (Nitter and Svendsen, 2019a; Cossec

et al., 2016). If sensors for CO2 could be used to predict the tTHM con-

centrations in the air, controlling the air quality in swimming facilities

would become less complex. In this study, the indoor concentration of CO2

was measured in parallel with the tTHM concentration in order to in-

vestigate whether CO2 could be used to estimate the number of occupants

and function as an indirect indicator for the tTHM concentration in the air.

4.1. Can CO2 be used to estimate contamination by tTHM?

The highest value of tTHM, 184 μg/m3, was measured the final day of

sampling and is close to the threshold value of 200 μg/m3 recommended

by the German Federal Environmental Agency (Verein Deutsher

Ingenieure, 2010). In a recent study, where mean air concentrations of

tTHM was measured to be 205 μg/m3, the cancer risk among elite

swimmers was found to be unacceptably high (Gouveia et al., 2019), and

therefore keeping the concentrations below 200 μg/m3 is considered

necessary to protect the occupants in the poolroom. Pearson’s correlation

between the air concentrations of CO2 and tTHM shows a statistically

significant relationship between the two (r = 0.38, p ≤ 0.01). However,

this relationship is far from linear, and the CO2 concentration is not

considered an optimal means for controlling the air concentration of

tTHM. As shown in Table 3, the concentration of tTHM depends on the

water concentration of combined chlorine, occupancy level and CO2, and

these variables combined explained 52% of the observed variability in

tTHM concentration. If one assumes that the concentration of combined

chlorine in the water is stable around 0.15 mg/l and that the pool ca-

pacity is 20 people, then one can allow the CO2 concentration to be

around 700 ppm while keeping the geometric mean concentration of

tTHM below 200 μg/m3. This limit value may only help control the IAQ

in poolrooms of the same size, same water quality, same occupancy level

and same ventilation strategy as in the investigated poolroom.

As of today, the air supply in this facility is controlled using sensors

for RH and air temperature. Controlling these parameters is necessary to

control the energy use and to protect the building construction (SINTEF

Byggforsk, 2003), and these sensors allow the amount of recirculated air

to be adjusted. The dehumidification unit makes the system robust to-

wards changes in outdoor and indoor conditions concerning RH. How-

ever, as shown in Table 2, a negative correlation between ACH and tTHM

was observed, meaning that when the ACH increases, the tTHM con-

centration decreases. Adjusting the amount of recirculated air or ACH to

adjust RH will therefore cause changes in the level of tTHM or other

DBPs. Overall, little variation of CO2 and tTHM were observed, which is

likely to be a result of the high ACH and fresh air supply used in this

poolroom. The investigated poolroom is also small, consisting of only one

swimming pool, and the chosen ventilation strategy is assumed to be

effective (Nitter and Svendsen, 2019a). In larger pool facilities, however,

the ventilation efficiency might not be considered equally good (Nitter

and Svendsen, 2019b), and lower ACH, which is related to the accu-

mulation of tTHM in the air and an increase in reported health issues, is

common (Bessonneau et al., 2011; Nitter et al., 2019).

tTHM is a product of the reaction between precursors from the

number of occupants in the pool, precursors in the filling water and

chlorine, and the formation rate depends on the water circulation system,

the disinfecting strategy, water temperature, pH value and the con-

centration of bromine (World Health Organization, 2017). While CO2 is

generated by the occupants in the room and thereby will be reduced to

outdoor concentrations when no occupants are present (Dougan and

Table 3

Random intercept model for Ln tTHM with estimates of random effects.

Parameter† Estimate‡ 95% Confidence interval

Intercept 3.036 2.34 3.73

Number of occupants 0.005 0.00 0.01

Combined chlorine 4.299 0.91 7.69

CO2 concentration 0.002 0.001 0.003

Random effects† Variance explained by random effects

Within day variability ( )w2 0.021 52%

Between day variability ( )b2 0.012

Correlation between repeated

measures

0.73

† All parameters are significant at p < 0.05.
‡ The estimates are for each one unit increase in the parameters and how

much this increases the tTHM concentration. Example: One ppm increase in

CO2 gives an =e 1.0020.002 or a 0.2% increase in tTHM. The estimated model

parameters may only be valid for the observed values.

Table 4

Random intercept model for Ln CO2 with estimates of random effects.

Parameter† Estimate 95% Confidence interval

Intercept 6.337 6.28 6.40

Number of occupants 0.004 0.003 0.006

tTHM 0.001 0.0001 0.001

Random effects† Variance explained by random effects

Within day variability ( )w2 0.003 44%

Between day variability ( )b2 0.000

Correlation between repeated

measures

0.081

† All parameters are significant at p < 0.05.
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Damiano, 2004), tTHM will be transported from the water to the air even

after the occupants have left the swimming pool. This fact also explains

the large correlation obtained between the repeated measures of tTHM

(see Table 3), as the concentration levels are not only dependent upon

the occupancy level, as is the case for the concentration of CO2. Despite

the complex nature of swimming facilities, with their varying sizes,

ceiling heights and different user groups, a minimum requirement for

ACH and the implementation of CO2 sensors are assumed to make the

system more robust towards sudden changes in occupancy or activity

level as well as reducing the observed variability in tTHM.

4.2. Can CO2 be used to predict the number of occupants in a poolroom?

In a previous study that used a cross-sectional study design, CO2

concentrations were measured in the air of 20 swimming facilities, and

these concentrations where found to vary significantly between the

facilities, ranging from 351 ppm to 1553 ppm (Gabriel et al., 2019). In

this study, the CO2 concentrations in the poolroom investigated de-

creased quickly after each swimming session and when no people were

present, which indicates that the ventilation system replaced the air in

the room effectively (Lu et al., 2015). As shown in Table 4, effective air

exchange is also confirmed by the lack of correlation observed between

the repeated measurements of CO2 (Luoma and Batterman, 2000).

The main predictors for energy consumption in a swimming facility

are floor area, surface of the swimming pool and number of visitors

(Kampel et al., 2016; Nitter et al., 2019). During the days of sampling,

the bather load varied from 0 to 30 people in the pool. While the ACH is

controlled after design criteria and therefore varies little over the day,

the bather load varies significantly. Considering bather load to be one

of the main predictors for energy consumption, creating a more dy-

namic system corresponding to the user demand can potentially reduce

the energy use as well as improve the air quality.

As shown in Table 2, a statistically significant correlation was ob-

tained between CO2 concentration and the number of occupants

( = 0.654, p ≤ 0.01), which corresponds to the correlation between the

number of occupants and CO2 concentration found in previous studies

(Gabriel et al., 2019; Lu et al., 2015; Rodríguez et al., 2018). The results

obtained in this study might indicate that the air supply should be con-

trolled with respect to the CO2 level so that more fresh air could be

distributed to the poolroom during periods of occupancy. However, such

a tactic might only be suitable for rooms where the air can be considered

well mixed, which might not be the case for larger pool facilities and

water parks. It also requires having a relatively high ACH for the sensors

to detect concentrations of CO2 representative of that in the users’

breathing zone. For buildings where the ACH is low (0.2–0.5 h−1), there

might be a delay between the response from the ventilation system and

supply of fresh air, which, in some cases, might result in fresh air being

supplied to the room after the occupants have left the location. In pre-

vious studies, correlations have been found between the number of oc-

cupants and the respiratory irritant NCl3, and between tTHM and NCl3 in

the air (Nitter and Svendsen, 2019a; Cossec et al., 2016). Adjusting the

air supply based on the number of occupants using CO2 censors might

therefore also control the concentration of NCl3. This assumption, how-

ever, should be investigated further before any conclusions are made.

When CO2 concentration is used as an indicator to predict the

number of occupants in a room, then the underlying assumption is that

the occupants have the same metabolic rate, diet and activity level

(Dougan and Damiano, 2004). A poolroom, however, is typically used

by individuals in different age groups, for different purposes and with

dissimilar metabolic rates. Therefore, individuals might differ sig-

nificantly in terms of the release of CO2. Controlling the supply airflow

rate based on the CO2 level will increase the fresh air supply when the

need for fresh air increases, regardless of the level of occupancy. The

integration of CO2 sensors into the ventilation system might make the

ventilation strategy more dynamic and better able to correspond to

visitor and activity level patterns.

5. Conclusions

The aim of this study was to investigate whether the measured CO2

concentration can be used as an effective indicator for predicting tTHM

concentration in a swimming pool facility. The results show that the

CO2 concentration alone may not function as an optimal indicator for

predicting the air concentration of tTHM. Rather, the CO2 concentra-

tion, in combination with the occupancy level and water concentration

of combined chlorine can improve the control of the air exposure to

tTHM in this swimming facility and these predictor variables explained

52% of the variability observed in tTHM. The correlation between oc-

cupancy level and CO2 (ρ = 0.65, p ≤ 0.01) also suggests that CO2

sensors should be used to increase the air supply during occupancy and

reduce the air supply during non-occupancy periods to save energy. A

significant negative correlation between ACH and tTHM was obtained,

and a minimum requirement of ACH and fresh air supply should be

implemented to prevent tTHM to accumulate in the air.
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• Air exposure to trichloramine in swim-
ming facilities is associated with
asthma.

• No sensor for monitoring air concentra-
tions of NCl3 exist.

• The prevalence of asthma amongst the
most-exposed swimmers in Norway
was 36%.

• CO2 concentration explained 52% of the
variation observed in NCl3.

• CO2 sensors can improve air quality and
balance the air supply to occupancy
level.
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The association between asthma and exposure to the air in swimming facilities has been acknowledged. How-
ever, the variation in, long-term exposure to and management of the respiratory irritant trichloramine (NCl3)
is not well understood. In this study, 313 swimmers above 18 years of age licensed by the Norwegian Swimming
Association answered a questionnaire about health and swimming. The prevalence of asthma amongst themost-
exposed swimmers was 36%. Two facilities, those with the highest and lowest reported prevalence of asthma,
were chosen for further investigation. For each facility, a one-week-long monitoring campaign was performed,
during which pool management, air and water quality were investigated. The results of this study showed that
time of day, occupancy and pool management affect the concentration of NCl3, which ranged from 58 μg/m3 to
461 μg/m3. Furthermore, in one of the facilities, the concentration of CO2 was measured to evaluate whether
this contaminant could be used to predict the number of pool occupants as well as the concentration of NCl3 in
the air. The concentration of CO2 was significantly correlated with occupancy level (ρ = 0.82, p = 0.01) and
NCl3 concentration (r = 0.80, p = 0.01). Furthermore, according to the random intercept model the concentra-
tion of CO2 explained 52% of the variation observed in the air concentration of NCl3. CO2 sensors to control the air
supply can help reduce the air concentrations of NCl3 and balance the air supply based on occupancy level.
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1. Introduction

In Norway, swimming has become increasingly popular which can
be linked to the implementation of mandatory swimming education
in schools (Det kongelige kulturdepartementet, 2013) and increased so-
cioeconomic status. For most people, swimming promotes health, and,
in many studies published on swimmers' health, especially before
1980, swimming was recommended for people struggling with asthma
due to the lower respiratory heat loss experienced in environments
with high humidity (Chen and Horton, 1977; Inbar et al., 1980). To
maintain hygienic conditions, thewater in the approximately 250 train-
ing and competitive pools in Norway are disinfected with hypochlorite
and UV treatment. However, during swimming, the occupants release
cosmetics and bodyfluids into thewater (Keuten et al., 2012),which re-
acts with chlorine and forms inorganic chloramines with trichloramine
(NCl3) as the dominating inorganic chloramine in the indoor air
(Richardson et al., 2010; Wastensson and Eriksson, 2019). The associa-
tion between regular swimming pool attendance and increased preva-
lence of asthma has been confirmed in several previous studies
(Lévesque et al., 2006; Thickett et al., 2002), and the prevalence of respi-
ratory irritations reported amongst poolroomusers ismost often associ-
ated with exposure to volatile NCl3 (Hery et al., 1995; Parrat et al.,
2011). Respiratory problems, such as bronchial hyperactivity, which is
a feature of bronchial asthma, appear to be greater amongst professional
swimmers compared to healthy individuals (Bougault et al., 2010;
Bougault et al., 2009; Romberg et al., 2012; Langdeau et al., 2000).

1.1. Asthma in Norway

In the last few years, the overall prevalence of asthma in Norway has
increased, with an incidence of 4.1% amongst adult females and 2.9%
amongst adult males from 1984 to 2008 (Langhammer and Brumpton,
2014). The best approximation of the prevalence of asthma in Norway
amongst young adults can be obtained through theNorwegianprescrip-
tionDatabase (NorPD). Numbers from2018 show that theprevalence of
asthma amongst adults varies from 4.8% (20–24 years old) to 5.5%
(35–39 years old) (Folkehelseinstituttet, 2018).

1.2. Exposure to, and control of, NCl3 in the pool room

High pulmonary ventilation, in addition to higher concentrations of
contaminants in the air above the water surface (Nitter et al., 2018;
Nitter and Svendsen, 2019a; Nitter and Svendsen, 2019c), renders pro-
fessional swimmers the most exposed users in the poolroom. In
Norway, an upper limit for inorganic chloramines, also called combined
chlorine, in the water exists (0.5 mg/l). Aside from this limit, there are
no upper limits for exposure to inorganic chloramines in the air. How-
ever, in a recent report published by the Nordic Expert Group, a
health- based occupational exposure upper limit for NCl3 in the air of
200 μg/m3 as an 8-hour time-weighted average was recommended for
stationary measurements in swimming pool facilities (Wastensson
and Eriksson, 2019).

1.3. Characterizing long-term exposure

Intense, long-term training in indoor chlorinated swimming pools is
associated with airway changes similar to those seen in mild asthma
(Bougault et al., 2012). In previous studies in which surveys have been
used to collect information about respiratory health amongst swimmers
or lifeguards, the concentrations of NCl3 have been measured using
cross-sectional designs (Parrat et al., 2011; Andersson et al., 2018;
Thickett et al., 2002). Although these studies have strengthened the as-
sociation between the increased prevalence of respiratory irritations
and exposure to NCl3 in the poolroom, the information of exposure
and outcome is collected only once. Therefore, cross-sectional studies
are not considered suitable for establishing dose-response relationships

as the timing of sampling may not be representative with long-term
conditions (Sedgwick, 2014).

When considering the limitations of a cross-sectional study design, it
is clear that variations in exposure plus the ventilation criteria and pool
management necessary to ensure low air concentrations in the pool-
room require more attention (Lévesque et al., 2006; Löfstedt et al.,
2016). Considering that the exposure concentration may be time-
dependent, varying with the days of the week and times during the
day, this time dependency should be considered prior to creating expo-
sure categories amongst the different exposure groups for epidemiolog-
ical investigations (Nitter and Svendsen, 2019a). Monitoring NCl3
requires skilled personnel, is expensive and time consuming. To the
best of the authors' knowledge, this study represents the first time
that a one-week-longmonitoring campaign has been designed and per-
formed to investigate the covariation amongst pool management, air
exposure and asthma for competitive swimmers while taking into con-
sideration exposure's time-dependent nature. The aims of this study
were to:

1. Estimate the prevalence of respiratory irritations amongst active
swimmers above the age of 18.

2. Determine whether there is a covariation amongst pool manage-
ment, reported health effects and air quality.

3. Study the possibility of using CO2 sensors in poolroom ventilation
systems to predict the concentrations of NCl3 in the air above the
water surface.

2. Materials and methods

2.1. Questionnaire

To determine the prevalence of respiratory irritations amongst ac-
tive and competitive swimmers, a questionnaire, created in Select Sur-
vey, was distributed to swimmers via e-mail through the Norwegian
Swimming Association. Some of the questions concerning respiratory
irritations and doctor diagnosed- and self-reported asthmatic symp-
toms were taken from the Norwegian Longitudinal Health Study
(HUNT) and are considered to be standardized questions. Additional
questions concerning the name of swimming facility used for training,
use of medication, swimming background, sex, age, body weight,
height, tobacco habits were also included. All members above the age
of 18 licensed by the Norwegian Swimming Association were invited
to complete the questionnaire (n = 1109). Prior to distribution, the
questionnaire was approved by the Regional Ethical Committee in
Norway (REK), with application ID 29689, as well as the Norwegian In-
stitute for Data Research (NSD), with reference 577380. The survey was
first distributed to the swimmers in May of 2019, and the non-
respondents were reminded to participate in August of 2019.

2.2. In-depth analysis of two facilities

Based on the response rate from the questionnaire as well as the re-
ported prevalence of doctor-diagnosed asthma, two facilities were cho-
sen for further investigation in terms of air and water quality,
ventilation and disinfection strategies and technical installations. Facil-
ity 1 is a water park consisting of eight swimming pools as well as
jacuzzies, springboards and fountains. This Facility was opened in
2001 and has approximately 385,000 visitors per year. The facility is
used from Monday to Sunday for organized training as well as public
swimming and the technical staff works full- time. The water in the
sports pool contains approximately 15% seawater. The target population
for this study rent the sports pool (21m× 50m) in this facility between
7 PM and 11 PM. However, some of the swimmers also have individual
training sessions during other periods of the day. Facility 2 was built in
the 70s and consists of only one sports pool (12 m × 25 m), filled with
freshwater. The facility is operated by one swimming club and technical
staff is available only for a shorter time during the day. The target
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population for this study use the swimming pool from 6 AM to 9 AM in
themorning, and from approximately 3 PM in the afternoon until 6 PM.
However, the swimming pool is occupied most hours from 6 AM to
10 PM, Monday to Sunday, by school children and training groups.

In both swimming facilities, liquid sodium hypochlorite (15%)
(NaOCl) and UV treatment is used to disinfect the pool water. The facil-
ities use the same ventilation strategy, where air is supplied up along
the window façade, and return air is extracted from extract grills on
the wall opposite to the window façade in the facility.

2.3. Sampling strategy

The samples of NCl3 were collected fromMonday to Friday over two
different weeks; Facility 1 was sampled during the first week, the Facil-
ity 2 was sampled during the second week. Samples were collected
using a stationary test stand, and samples were collected at a height of
0.3 m above the floor next to the pool. The test stand was pointed
away from the pool to prevent water droplets from entering the filter.
Samples were collected while the most-exposed swimmers were pres-
ent in the pool, i.e., from 7 PM to 10 PM in Facility 1 and from 6 AM to
9 AM and 3 PM to 6 PM in Facility 2. In previous studies conducted by
the authors, it was demonstrated that, for smaller pool rooms contain-
ing only one swimming pool with a high air change rate (ACH), the air
in the room can be considered to be well mixed (Nitter and Svendsen,
2019b). However, in larger pool facilities, where multiple swimming
pools are located in the same room, the mean age of the air might not
be the same for all sampling locations (Nitter and Svendsen 2019). To
account for the different sizes of the two chosen swimming facilities,
one sample of NCl3 was collected simultaneously from each long side
of the sports pool in Facility 1, while samples of NCl3were only collected
from one long side of the pool in Facility 2.

Each sample was collected on impregnated filters in 37 mm closed
face filter cassettes for 3 h with a flowrate of 1 l/min using pumps
from SKC Ltd. (one SKC Sidekick and one SKC Universal). The flow rate
though the filter was checked at least once every hour.

Additional information on air temperature and air relative humidity
(RH)was collected at two-minute intervals using Easy Loggers (EL-USB-
2),whichwere also fastened to the test stand at a height of 0.30mabove
the floor. Information about free and combined chlorine as well as pH
value was collected from the logging systems in the pool facilities, and
the number of swimmers was counted continuously during sampling.
Information on the ventilation system in Facility 1 was obtained from
the ventilation supplier, and the fresh air ratio was calculated based
on the valve openings. In most facilities, some air is recirculated, mean-
ing that the air supplied to the poolroom is a mix of fresh air from out-
side and recirculated air. Both facilities use the same ventilation system;
however, the ventilation system in Facility 2 is older, and no log detail-
ing the valve openings and air supply exists. To estimate the fresh air
supply in this facility, CO2 censors (Elma CA1510) were placed in the
supply channel, return channel and fresh air channel of the facility,
with the logging interval set to every 5 min. Based on the information
from the CO2 sensors, the fresh air supply was calculated using the fol-
lowing formula:

%OA ¼ XR−XS

XR
−XO

� �
� 100%; ð1Þ

where OA is the outdoor air supply, XR is the CO2 concentration in the
return air/extracted air, XS is the CO2 concentration in the air supply
and XO is the CO2 concentration in the outdoor air. The air flow rate in
m3/h was collected from the ventilation room. Although some varia-
tions in air flow rate will occur during the day in order to balance the
RH and air temperature in the poolrooms, the variations in air supply
can be assumed to be approximately constant, as both ventilation sys-
tems operate according to settings, i.e., day mode (from 6 AM to
10 PM) or night mode (from 10 PM to 6 AM) ventilation.

2.4. Analysis of NCl3

The analysis of NCl3 was done in accordance with the method pub-
lished by Hery et al. (1995). In brief, air passes through a filter impreg-
nated with sodium carbonate and diarsenic trioxide. The chloramines
collected on the filter are reduced to chloride ions. After sampling, the
filters are desorbed in water, sonicated and filtered, and the collected
material is analysed in an ion chromatogram. For each set of ten samples
collected and analysed, two blank samples were used as control sam-
ples. The samples were sent to Sweden, to the department of Occupa-
tional and Environmental Medicine at Umeå University, for analysis.

2.5. Statistical analysis

To analyse the degree of association between two variables,
Pearson's correlation coefficient was used for parametric variables; for
non-parametric variables, Spearman's correlation was used. To test for
the difference reported amongst the swimmers in the two selected
pool facilities, the Mann-Whitney U test for independent samples was
used, using facility as grouping variable. When analysing the responses
from the swimmers, the odds ratio (OR) of irritation between the two
selected facilities was calculated using multiple logic regression analy-
sis. This method allows adjustments to be made for possible confound-
ing variables or multiple independent variables determining the
observations. The OR represents the odds that an outcome will occur
given a particular determinant, or exposure, compared to the odds of
the outcome occurring in the reference group (Szumilas, 2010).

To determine the possible covariation between CO2 and NCl3 ob-
served in Facility 2, a random intercept model was built using day as
the subject and time during the day as the unit for repeated measures.
This method was used as repeated samples collected over the course
of the same day are likely to be more correlated compared to samples
collected on different days. The NCl3 concentration was ln-
transformed, and itwas found to be normally distributed via the Shapiro
Wilk test (with a check conducted via histogram). The only variable sig-
nificantly correlated with the NCl3 concentration was the CO2 concen-
tration in the extraction channel. Other variables, such as swimmer
load and water quality, also varied significantly between the different
days of sampling, but no pattern with NCl3 concentrations could be ob-
served, assumingly due to the limited number of samples of NCl3 col-
lected. The CO2 concentration was treated as a fixed effect, and
timepoints (morning and afternoon) from the same day were treated
as random effects.

The random interceptmodel is specified by the following expression

γij ¼ β0 þ β1xij1 þ ζ j þ ∈ij; ð2Þ

where i is the cluster unit (day), j is the unit for repeated samples
(time), ζ is the random intercept and ϵ represents the error term. Both
ζ and ϵ are assumed to be normally distributed with zero means. The
variance of ζ represents the between-day variance (σb

2), and the vari-
ance of ϵ represents the within-day variance (σw

2 ). Finally, β0 represents
the intercept, and β1 is the regression coefficient of the CO2 concentra-
tion. To account for the potential correlation between the repeated sam-
ples collected on the same day, the covariance structure's compound
symmetry (CS) was used, as only two samples, one in the morning
and one in the afternoon, were collected each day. This covariance
structure assumes the correlation is constant regardless of how far
apart the samples are (Peretz et al., 2002). The statistical analysis was
performed using the Statistical Package for the Social Sciences (SPSS)
25.

2.6. Dealing with error and uncertainty related to the data collection

The question concerning “physician-diagnosed asthma” has been
measured previously to a specificity of 99% (Torèn et al., 1993),meaning
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that, even when the prevalence of illness is high, the number of false
negatives due to misclassification is assumed to be low. In general, the
greater proportion of non-responses is often related to increased risk
of estimation bias (Rönmark et al., 2009), especially in cases where
the missing responses are related to the topic (Schouten et al., 2009),
which is the case in this study. In this study, the association between ex-
posure and disease was strongest amongst the swimmers spending
N16 h in the water per week; therefore, this group is considered to
have beenmore likely to respond to the survey compared to swimmers
spending only a few hours in the water per week. If the response rate
had been higher, it is likely that the estimated prevalence of disease
would be reduced for the group of swimmers spending b16 h in the
water per week.

If the percentages in the responses and follow-up were to be the
same, it is then more likely that the responses are representative of
the responses from the whole population (Tyrer and Heyman, 2016).
Between the first and second round of survey distribution, the preva-
lence of reported doctor-diagnosed asthma decreased from 23% to
22.4%. The mean reported age of the swimmers, weekly exposure
hours in the pool, percentage of females and percentage experiencing
respiratory irritations during or after swimming did not change be-
tween the first (n = 209) and second (n = 104) round of survey
distribution.

3. Results

3.1. Prevalence of respiratory irritations amongst swimmers above the age
of 18

Of the 1109 swimmers who received the survey via the Norwegian
Swimming Association, 313 swimmers completed the survey, resulting
in a responds rate of 28.2%. However, the response rate is assumed to
differ between the different exposure groups. The numbers provided
by the Norwegian Swimming Association show that around 60 people,
from 18 to 26 years old, qualified to participate the national competi-
tions (NMs) in 2019. These swimmers are characterized as the most-
exposed swimmers in Norway, as they spend 16 h or more in the
water every week. In this survey, 64 of the respondents reported
being between 18 and 26 years old and swimming N16 h every week.
Therefore, it is assumed that the estimates reported for this group are
representative for the most-exposed swimmers in Norway.

The overall reported prevalence of doctor-diagnosed asthma
amongst all the respondents in this study was 22.4%, 84% of whom
had been swimming for N10 years. The prevalence of doctor-
diagnosed asthma was greater amongst those who swim for N16 h a
week (35.4%, n = 65) compared to those who swim b16 h a week
(19.2%, n = 248).

In Fig. 1, the prevalence of skin, nose and respiratory problems dur-
ing or after training reported amongst swimmers with asthma,

swimmers who suspect they have asthma and swimmers who do not
have asthma is shown.

As shown in the figure, one ormore health irritations were reported,
during or after swimming training, by 67.5%, 65.4% and 36% of the
swimmers diagnosed with asthma, suspecting asthma and with no
asthmatic symptoms, respectively. A significant Spearman's correlation
coefficient was found between asthma diagnoses and coughing daily
during periods of the year (ρ=0.38, p= 0.01) and one ormore attacks
of heavy breathing during the last 12 months (ρ = 0.37, p = 0.01). A
significant positive correlation was also found between asthma diagno-
sis and facility (ρ = 0.14, p = 0.05), age of swimmer (ρ = −0.13, p =
0.05), increased prevalence of airway irritation with increasing activity
level (ρ = 0.46, p = 0.01) and spending N16 h in the water every
week (ρ = 0.16, p = 0.01).

In Table 1, the prevalence of reported symptoms during or after
training is shown for different exposure groups. The increasingly dark
shades of red indicate progressively increasing percentages of health
problems. Using the Kruskal Wallis test and Mann-Whitney test for in-
dependent samples, a significant difference (p ≤ 0.05) was found be-
tween the swimmers spending b16 h in water per week and N16 h in
water per week for all questions in Table 1, excluding the question
about red and itchy eyes (p = 0.061). The difference between the two
lowest exposure groups was statistically insignificant for all questions
listed in Table 1.

3.2. In depth-analysis of the two selected facilities

The 313 swimmers answering the questionnaire represent 82 differ-
ent swimming facilities. The two facilities selected for in-depth analysis
where chosen based on the number of responses as well as the differ-
ence in reported prevalence of doctor-diagnosed asthma and respira-
tory irritation. For Facility 1, 40 swimmers completed the survey, and
the reported prevalence of doctor-diagnosed asthma was 17.5%. For Fa-
cility 2, 33 swimmers completed the survey, and 36%of these swimmers
reported being diagnosed as having asthma by a doctor. The average re-
ported hours spent in thewater at the two facilitieswere approximately
the same (7.0 h/week for Facility 1, and 7.3 h/week for Facility 2) as
were the number of swimmers spending N16 h in the water per week
and between 6 and 14 h in the water per week. However, the mean
age of the swimmers differed between the two facilities; therefore, an
adjustment was made for age when the OR was calculated. For Facility
1, 9, 16 and 15 swimmers reported swimming 16 h or more, between
6 and 14 h and b6 h every week, respectively. These numbers corre-
spond to the number of active swimmers given by the club leaders;
hence, it is assumed that the most-exposed swimmers using Facility 1
filled out the questionnaire. For Facility 1, the response rate was 40/
203. For Facility 2, the response rate was higher (33/84), and the per-
centage of reported doctor-diagnosed asthma was twice as high as
that in Facility 1. From the survey, 8, 10 and 15 swimmers reported

Fig. 1. Reported prevalence of health problems during or after training amongst swimmers diagnosed with asthma, suspecting asthma and having no problems with asthma.
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swimming 16 h or more, between 6 and 14 h and b6 h every week, re-
spectively. Based on these matching criteria, it is assumed that the two
facilities are comparable with respect to the participating individuals,
despite the differing response rates.

As shown in Table 2, there are negligible differences between the
two facilities in terms of irritation of the eyes (0.4 percentage point dif-
ference), nose (6 percentage point difference), skin (1.2 percentage
point difference) andmedication (4 percentage point difference). How-
ever, using the Mann Whitney U test, the reported prevalence of chest
or respiratory tightness during or after swimming differed significantly
between the two facilities (28.1percentage point difference) (p=0.02),
and, after adjusting for age, the calculated OR for respiratory irritations
and chest tightness was 8.7 (95% CI: 2.0–37.2, p = 0.00) for Facility 2
compared to Facility 1. The OR for diagnosed and suspected asthma,
after adjusting for age, was 2.5 (95% CI: 0.7–8.5, p = 0.145), which
was not statistically significant.

Technical data on ventilation and disinfection strategies, as well as
the arithmetic mean values of physical-chemical parameters measured
in the two facilities, is shown in Table 3. The hydraulic retention time
(HRT) is a measure of the average time that the pool water remains in
the swimming pool before it is treated in the water treatment system.
The air exchange rate (ACH) is a measure of how many times per hour
the air (combination of fresh air and recirculated air) in the room is re-
moved divided by the volume of the room. The ACH (h−1), HRT, per-
centage of outdoor air (%OA), free chlorine, combined chlorine, RH
and air temperature differed significantly between the two selected fa-
cilities. The water volume (m3 water) in the two sports pools also dif-
fered, and, in order to render the swimmer density at the two facilities
comparable, m3 water per swimmer was used. These values are pre-
sented in Table 3. As shown in the table, the density of swimmers was
almost four times greater in Facility 2 compared to Facility 1.

According to Norwegian regulations, the level of combined chlorine
should never exceed 0.5 mg/l. Furthermore, the combined chlorine
should never be N50% of the measured concentration of free chlorine

(NorwegianMinistry of Heathcare, 1996). The measured exposure con-
centrations in Facility 1 and 2 is shown in Table 4. In Facility 1, themea-
sured levels of free and combined chlorine never exceeded the
Norwegian regulations. The concentration of NCl3 ranged from 245 μg/
m3 to 265 μg/m3, and the concentration measured simultaneously
from the two sampling locations only varied by 10 μg/m3, suggesting
homogenous concentrations across this swimming pool, despite the
low ACH.

In Facility 2, the level of combined chlorine was always N50% of the
measured concentration of free chlorine, and 50% of the measured
values of combined chlorine exceeded the Norwegian limit of 0.5 mg/
l. While the measured RH level and air temperature were stable, the
air concentrations of NCl3 varied significantly from day to day, ranging
from 58 μg/m3 to 327 μg/m3 in the morning and 92 μg/m3 to 461 μg/
m3 in the evening. On Thursday during the week of measurement, low
concentrations of NCl3 were measured, with 58 μg/m3 in the morn-
ing and 92 μg/m3 in the evening being recorded. On this particular
day, the chlorine machine stopped working, and free chlorine levels
as low as 0.15 mg/l was measured in the pool water. In general, the
concentrations were always lower in the morning compared to in
the evening, which is perhaps explained by increased swimmer
load during the day.

In Facility 1, almost no air is recirculated, and, on average, 91% of the
air supply is fresh air from the outdoors. However, the ACH was low
(0.95 h−). The average percentage of fresh air in Facility 2 was 69,
which was calculated based on the measured CO2 concentrations. The
ACH was also much higher (9.55). In Facility 2, the HRT was high, and
sowas the swimmer load. In some periods during the day, up to 60 peo-
ple were present in the pool at the same time. During the evening, the
area around the pool was used for warm-ups, strength training and by
parents waiting for their kids to finish swimming. Despite the high oc-
cupancy level, the concentration of CO2 measured in the extraction
channel never exceeded 750 ppm as a result of the high air exchange
rate and fresh air supply.

Table 1
Reported health problems for different exposure groups (n = 312).

Note: One swimmer did not report weekly exposure hours.

Table 2
Prevalence of irritation in all respondents and the two selected facilities.

† during or after training.
The increasingly dark shades of red indicate progressively increasing percentages of health problems.
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3.3. Using CO2 sensors to predict the concentrations of NCl3 in the air

A significant Pearson's correlation was found between the NCl3 con-
centration in the air and the concentration of CO2 (average over 3 h)
measured in the extract channel (r = 0.80, p = 001). A significant
Spearman's correlation was also found between the CO2 concentration
and occupancy load (ρ = 0.82, p = 0.01). The covariations between
the number of occupants and the measured concentration of CO2 in
the extract, supply and fresh air channels are shown in Fig. 2.

As shown in Fig. 2, during the night, the CO2 concentrations mea-
sured in the extract channel are below the CO2 concentrationmeasured
in the fresh air channel, suggesting that some of the CO2 in the room is
absorbed by the pool water during the night. In Table 5, the random in-
tercept model for ln NCl3 with the CO2 concentration as a fixed effect is
shown.

The CO2 concentration was a significant predictor variable (p =
0.004), and, after this component was included into the random inter-
cept mode, the total variability (σw

2 + σb
2) was reduced by 52.3%. How-

ever, as the sample size is small, the model cannot be generalized for
values other than those observed in this study. Despite the small sample
size, the relationship between NCl3 and CO2 concentrations is signifi-
cant. In Fig. 3, a scatterplot between CO2 and NCl3 concentrations is
shown. The star represents the predicted concentration of CO2 neces-
sary to keep the concentration of NCl3 below 200 μg/m3, based on the
estimates in Table 5. According to the plot and the random intercept
model, the CO2 concentrations should be below 500 ppm in order to
keep the concentration of NCl3 below 200 μg/m3. This is illustrated in
Fig. 3.

4. Discussion

4.1. Prevalence of respiratory irritations amongst swimmers above 18 years
of age

The prevalence of irritation to the eyes, nose, skin and respiratory
tract was greatest amongst swimmers with asthma and who were
suspected of having asthma as well as those who have been swimming
for N10 years or N16 h per week. Amongst all swimmers, the overall re-
ported prevalence of doctor-diagnosed asthma was 22.4%. However,
this estimatemight be biased due to the low response rate, as we expect
that swimmers who spend limited time in the pool water or do not ex-
perience any health issues related to swimming would be less likely to
participate in this type of study. It should be noted that amongst swim-
mers spending N16 h in the water per week, the prevalence of asthma
was 36%, with 71% reporting respiratory irritations or chest tightness
during or after training. As the response rate amongst swimmers

spending N16 h in the water per week is assumed to be approximately
100%, these estimates are also considered representative. The same
prevalence of doctor-diagnosed asthma (36.6%) was reported in a
Swedish study including 101 elite swimmers from 13 to 23 years old
who swam between 10 and 30 h per week (Romberg et al., 2012). In a
Finish study, which included 200 competitive swimmers, a lower prev-
alence of doctor-diagnosed asthma (16%) was reported (Päivinen et al.,
2009).

In Table 2, selected questions are shown to compare the responses
from the two facilities to the responses from all the 313 swimmers. As
shown, 203 swimmers using Facility 1 received the questionnaire, but
only 40 of these swimmers participated in this study. In order to in-
crease the response rate, the leaders of the two swimming clubs using
Facility 1were contacted and asked to distribute the survey to themem-
bers by e-mail once more. The largest club, consisting of approximately
180 licensed student members refused, as they had not asked for per-
mission to contact their members by e-mail. The Norwegian Ethics
Committee also imposed some restrictions on recruiting respondents.
Amongst others, the researcher was not allowed to ask the swimmers
to respond to the survey directly unless the swimmers contacted the re-
searcher themselves. The coaches were also not allowed to encourage
the swimmers to answer the questionnaire, as doing so could be per-
ceived as pressure. Despite the low response rate, the most-exposed
swimmers filled out the survey in both facilities, and, based on the
matching criteria's exposure hours as well as the distributions of male
and females and exposure groups, the two facilities are comparable.

The difference in reported prevalence of doctor-diagnosed asthma
might be caused by several factors, such as air inhaled during training
(Langdeau et al., 2004; Kippelen et al., 2012) and selection bias. How-
ever, more severe cases of bronchial hyperreactivity (BHR) and asthma
have been found amongst swimmers compared to cross-country skiers
(Stang, 2017) and healthy individuals (Romberg et al., 2012); thus, the
high prevalence of asthma is not likely to be caused by the intensity
level alone (Romberg et al., 2012; Päivinen et al., 2009), rather endur-
ance exercise itself can disrupt the airway epithelium and lead to an in-
crease in vascular leakage of inflammatory cells (Williams, 2011). In this
study, a significant association was found between asthma diagnosis
and facility, and the results from this study also show that the preva-
lence of reported asthma symptoms, as well as irritation of the eyes,
skin and nose, increases with increasing weekly exposure time as well
as years of exposure. Based on these results, both pool management
and exposure duration are likely to affect the prevalence of irritations
reported by swimmers.

4.2. Pool management and air quality in the two selected swimming
facilities

When chlorine is added to a pool, it reacts with free ammonia to
form combined chlorine, which is known to cause allergic dermatitis
(Cohen and Wolff, 2000). In the two selected facilities, no difference in
the prevalence of skin irritations was reported, despite the difference
in combined chlorine. However, the difference in the reported preva-
lence of airway irritations was significant, and the estimated OR be-
tween the two facilities was 8.7 after adjusting for age.

The mean air concentrations of NCl3 measured in the evening in Fa-
cility 1 and Facility 2were 250 μg/m3 and 305 μg/m3, respectively.While
the concentrations of NCl3 in Facility 1 varied from 245 μg/m3 to 265 μg/
m3, the concentrations of NCl3 measured in Facility 2 varied from 92 μg/

Table 3
Technical data on ventilation and disinfection strategy, plus chemical-physical parameters for the two facilities.

Facility HRT (h) m3 water ACH %OA Clcomb ClFree pH RH Tair (°C) m3/swimmer Twater (°C)

1 4.6 2450 0.95 91% 0.17 0.64 7.12 71.3 27.1 28.3 28.0
2 7.2 450 9.55 69% 0.52 0.78 7.02 45.1 28.4 7.7 26.5

Abbreviations: %OA = percentage of outdoor air, Clcomb = Combined chlorine, ClFree = Free chlorine, Tair = Air temperature, Twater = water temperature.

Table 4
Exposure concentrations of NCl3 measured in the morning and evening in Facility 1 and 2
spread over five days.

Facility N Time AM (μg/m3) GM (μg/m3) SD (μg/m3) Range (μg/m3)

1 10 Evening 250 250 9.4 240–270
2 5 Morning 205 200 101.3 58–327
2 5 Evening 305 286 145.6 92–461

Abbreviations: N = number of samples, AM= arithmetic mean, GM= Geometric mean,
SD=Standard deviation, Range shows the lowest and highest value observed inNCl3 dur-
ing morning and evening.

6 T.B. Nitter, K. Hirsch Svendsen / Science of the Total Environment 723 (2020) 138070



m3 to 461 μg/m3. Although higher concentrations of NCl3 where mea-
sured in Facility 2 compared to Facility 1, this difference is not likely to
explain the great difference in doctor diagnosed asthma prevalence re-
ported between the two facilities. In a previous study, it was found that
the OR for respiratory, asthma-related and ocular symptoms increased
when the concentration of NCl3 was above 500 μg/m3. However, these
results are based on only one sample of NCl3 collected from each of 20
swimming facilities included in the study (Fantuzzi et al., 2013). The
highest concentrations of NCl3 observed in Facility 1 might explain the
high reported prevalence of respiratory irritations and thereby the
high estimated OR from this facility. However, considering the variabil-
ity observed in Facility 2, both with respect to the air and water quality,
estimating the long-term exposure in this pool facility might require
more samples. The variations measured in Facility 2 also highlight
how important it is to collect samples over a longer period in order to
understand the real long-term exposure, especially when the water
quality varies as much as it did in Facility 2.

In Facility 1, the measured values of free and combined chlorine
never exceeded the Norwegian limits. However, this was not the case
in Facility 2, where 50% of the combined chlorine was unacceptably
high. In addition, the concentration of combined chlorine was always
N50% of the concentration of free chlorine. A few weeks before the in-
spection, the chlorinemachine in Facility 2 stopped working and values
as low as 0.01mg/l of free chlorineweremeasured in the pool water. On
one day during the week of sampling, the chlorine machine stopped
working once again, which is assumed to be the main reason for the
low concentrations of NCl3 (58 μg/m3 in the morning, and 92 μg/m3 in
the evening) observed on this day.

In Facility 1, the technical staff work full-time,whichmakes the facil-
ity more robust in the event of failures. However, in most smaller facil-
ities, such as Facility 2, the technical staff is only present for short
periods during the day. As of now, no specific requirements for pool
management exists in Norway, and a minimum amount of training is
devoted to learning how to keep thewater and air qualitywithin the re-
quirements. Considering the reported prevalence of irritations in this
study, keepingwithin the requirements is especially important for facil-
ities hosting competitive swimmers.

4.3. Using CO2 sensors to predict the concentration of NCl3 in the air

The air exchange rate for fresh air was significantly higher in Facility
2 (5.6) compared to Facility 1 (0.9); however, a higher fresh air supply is
necessary in Facility 2 due to higher swimmer density. Despite the high
amount of fresh air in Facility 2, the concentrations of NCl3 varied exten-
sively, both within and between the sampling days, with the highest
concentrations measured in the evening. This variability is associated
with varying chlorine levels, low HRT levels and high swimmer load.
The stable concentrations of NCl3 observed in Facility 1 are associated
with better pool management, despite varying swimmer load. Accord-
ing to the Nordic Expert Group, however, the concentrations of NCl3
should not exceed 200 μg/m3 in stationary air samples. Of the 20 NCl3
samples collected in this study, 16 exceeded this value. In Facility 1,
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Fig. 2. Number of occupants and measured concentrations of CO2 in the extract, supply and fresh air channels of Facility 2.

Table 5
Random intercept model for ln NCl3 using the CO2 concentration as a fixed effect.

Determinant Random intercept model for
Ln
NCl3

Sig.

Constant 1.1799 0.185
CO2 0.0083 0.004
Variance explained by random effects

Within day (σw
2 ) 0.013

0.109Between day (σb
2)

% variance explained by CO2

concentration
52.3%

Fig. 3. Scatterplot of the CO2 measured in the extract and NCl3.
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reducing themean concentrations of NCl3might be accomplished by in-
creasing the ACH level.

In Facility 2, the concentrations of CO2 were measured in the extrac-
tion channel, air supply channel and fresh air channel. According to the
random intercept model and scatter plot, the concentration of CO2

should not exceed 500 ppm (average over 3 h) in order to have an
NCl3 concentration below 200 μg/m3. To achieve this goal without im-
proving the water management, a greater exchange of fresh air would
be required, which is not a sustainable suggestion considering the al-
ready high fresh air supply in this facility. In accordance with the Nor-
wegian regulations, the lowest acceptable concentration of free
chlorine in water with a temperature below 27 °C is 0.4 mg/l. At this
value, the maximum allowable concentration of combined chlorine is
0.2 mg/l. If the microbiological water quality is maintained, reducing
the concentrations of chlorine in the water, reducing the water HRT or
the maximum allowable swimmer load would probably also reduce
the concentration of NCl3 observed in the air.

As of today, no sensor for the continuous monitoring of NCl3 exists.
Based on the random intercept model, the CO2 concentration explained
52% of the variability observed in the NCl3 concentration. A strong cor-
relation was also found between the CO2 concentration and occupancy
load (ρ=0.82, p=0.01). and between theCO2 andNCl3 concentrations
(r = 0.80, p = 0.01), meaning that the CO2 concentration might func-
tion as a marker for both these variables. Based on these results, a CO2

sensor could be used in the ventilation system to control the concentra-
tion of NCl3 as well as create a more dynamic air flow rate correspond-
ing to the occupancy load in the room. Although no dose-response
relationship was found in this study, it is considered likely that if the
air concentrations of NCl3 are kept below 200 μg/m3, the prevalence of
respiratory irritationswould decrease as the proposed health-based ex-
posure limit is based on irritations from the respiratory tract.

Higher concentrations were always measured in the afternoon
when more swimmers where present in the pool. Time of exposure
(morning or afternoon), swimmer load and pool management are vari-
ables that should be considered to reduce the exposure amongst
swimmers.

5. Conclusion

The prevalence of doctor-diagnosed asthma amongst competitive
swimmers in Norway was 36% in this study. Predictor variables, such
as years of swimming, weekly exposure and type of facility, are signifi-
cantly associated with asthma. Even though some of the asthma cases
may be exercise induced, some are related to the air contamination in
the poolroom. Time of day, occupancy and pool management affect
the concentration of NCl3, and characterizing which strategies are
more beneficial in terms of reducing air exposure might be crucial for
the health, wellbeing and performance of the swimmers. In swimming
facilities hosting active swimmers, stricter requirements for pool man-
agement as well as air and water quality should be implemented, as
varying water quality also leads to varying air quality. However, moni-
toring NCl3 concentrations requires skilled personnel, is expensive and
time consuming. The concentration of CO2 is significantly correlated
with both occupancy level (ρ=0.82, p = 0.01) and NCl3 concentration
(r = 0.80, p = 0.01). Furthermore, the concentration of CO2 explained
52% of the variation observed in the air concentration of NCl3, suggest-
ing that using CO2 sensors to control the air flow rate can help reduce
the air concentrations of NCl3, as can increasing the air flow rate when
the occupancy load increases.
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