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Abstract 
Tropospheric ozone (O3) is a toxic pollutant and a greenhouse gas with widespread effect on 

human health, ecosystem, food production and climate. Since ozone is strongly correlated with 

temperature, these effects become more numerous and severe when ozone concentrations are 

elevated during weather events such as heatwaves. To assess how tropospheric ozone might 

influence us in the future, it is important to study how these weather events affect the ozone 

concentration, as a whole, and how it varies between sites.  

 

This study used data from four different measuring stations in southwest Sweden, and analysed 

how the summer of 2018, with its elevated temperatures, affected the ozone concentration at a 

coastal rural site (Råö), an inland urban background site (Ytterby), a coastal urban site 

(Gothenburg) and an inland rural site (Östad). The result revealed that all sites experienced 

higher average ozone concentrations during 2018 than the period 2013-2017, and factors such 

as elevated temperature, high insolation, low relative humidity and high vapor pressure deficit 

are likely important contributors to this. The heatwave 2018 was found to worsen the ground-

level ozone problem by increasing the rate of which ozone increases with temperature, i.e. the 

heatwave amplified the climate penalty on [O3]. Main differences between the sites were that 

the coastal site Råö had higher average [O3] than the inland sites Östad and Ytterby, and the 

rural inland site Östad had higher average [O3] than the urban site. The steepest relationship 

between ozone and temperature was especially found in the inland areas Östad, Ytterby and the 

urban area Gothenburg, though the relationship was noticeably amplified for all sites during 

heatwave condition. 

 

As climate change proceeds, warmer temperatures and higher frequency of heatwaves are 

expected. Ozone concentrations are therefore likely to increase. To be able to meet future air 

quality standards, strong mitigation strategies are needed, especially during heatwaves. 

Knowing the implications of how heatwaves affect tropospheric ozone and how it varies 

between sites is an important step in planning for long-term prevention measures and in tackling 

the climate crisis.  

 

Keywords: Tropospheric ozone; Heatwave; Temperature; Climate change; Southern Sweden  
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Sammanfattning 
Troposfäriskt ozon (O3) är en giftig förorening och en växthusgas med omfattande effekt på 

människors hälsa, ekosystem, matproduktion och klimat. Eftersom det finns en stark korrelation 

mellan ozon och temperatur så ökar och förvärras dessa effekter under väderfenomen såsom 

värmeböljor, då ozonkoncentrationer blir förhöjda. För att värdera hur marknära ozon kan 

påverka oss i framtiden så är det viktigt att studera hur de här väderfenomenen kan påverka 

ozonkoncentrationen i helhet, och hur det kan variera mellan olika platser.  

 

Den här studien använde data från fyra olika mätningsstationer i sydvästra Sverige och 

analyserade hur sommaren 2018, med sina förhöjda temperaturer, påverkade 

ozonkoncentrationen vid en lantlig kustnära lokal (Råö), en inlandslokal med urban bakgrund 

(Ytterby), en kustnära urban lokal (Göteborg) och en lantlig inlandslokal (Östad). Resultatet 

visade högre ozonkoncentrationer för 2018 än för perioden 2013–2017 i genomsnitt för alla 

platserna. Viktiga bidragande faktorer till de höga ozonhalterna 2018 var troligen sommarens 

förhöjda temperaturer, högre solinstrålning, låga relativa fuktighet och dess höga 

ångtrycksunderskott. Studien visar också att värmeböljan 2018 bidrog till en snabbare ökning 

av ozon i relation till temperaturökning än vid förhållanden utan värmebölja. De största 

skillnaderna mellan platserna var att den kustnära lokalen Råö hade högre genomsnittlig [O3] 

än inlandslokalerna Östad och Ytterby, och den lantliga inlandslokalen Östad hade i genomsnitt 

högre [O3] än den urbana lokalen. Genom studien utmärkte sig inlandslokalerna Östad och 

Ytterby och den urbana lokalen Göteborg för att ha speciellt hög lutningskoefficient i 

sambandet mellan ozon och temperatur. Dock var det tydligt att sambandet förhöjdes märkbart 

för alla platser under värmeböljan i jämförelse med åren innan.   

 

Med framtida klimatförändringar förväntas varmare temperaturer och ökad förekomst av 

värmeböljor, vilket med sannolikhet kommer att öka ozonkoncentrationerna. För att kunna 

möta framtida luftkvalitetstandarder kommer starka föroreningsbegränsningar att krävas, 

speciellt vid värmeböljor. Att känna till de implikationer som förorsakas av värmeböljors effekt 

på ozonkoncentrationer och hur det varierar mellan platser är ett viktigt steg i att planera för 

långsiktiga förebyggande åtgärder och för att kunna hantera klimatkrisen.  

 

Nyckelord: Troposfäriskt ozon; Värmebölja; Temperatur; Klimatförändringar; Södra Sverige 
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1 Introduction 
 

1.1 Background 
 

1.1.1 Tropospheric Ozone – An Important Air Pollutant 
 

Tropospheric ozone (O3) is formed when volatile organic compounds (VOCs) including 

methane (CH4), carbon monoxide (CO) and nitrogen oxides (NOx; NO and NO2) react in the 

presence of sunlight. This formation benefits from warmer temperatures and strong solar 

radiation, making tropospheric ozone mostly a problem during spring and summers 

(Brimblecombe, 1996). Ozone is also present in the stratosphere, but unlike the ground-level 

ozone its presence there is essential for our wellbeing. This is because stratospheric ozone, 

formed in different processes from molecular oxygen (O2), protects the Earth from most of the 

sun’s harmful ultraviolet radiation (Crutzen, 1998). In the troposphere, however, today’s 

elevated ozone is instead of great concern due to its effect as a toxic pollutant and a greenhouse 

gas (Monks et al., 2015).  

 

Ozone is a highly reactive oxidant and is under increased concentration harmful to humans, 

ecosystems and materials (WHO, 2008). Ozone pollution affects in short-term exposures of 

high ozone concentrations as well as long-term exposures with lower concentrations (Swedish 

Environmental Protection Agency, 2018). Potential health effects are respiratory symptoms, 

such as changes in lung function, lung inflammation and damage to the airway. Short-term 

exposures of high ozone concentrations are shown to increase mortality and respiratory 

morbidity rates. Especially at risk of these adverse health impacts are elderly, children and 

people with lung diseases such as asthma (WHO, 2008). Ozone also has damaging effects on 

vegetation, causing reduced crop yield and quality as well as reduced forest growth (Krupa & 

Manning, 1988). Its widespread effect over large parts of the world, impacting human health, 

food production and the environment, makes ozone one of the most important air quality 

problems today (Royal Society, 2008).  

 

1.1.2 Heatwaves and the summer of 2018 
 

The health and damaging effects of ozone become more numerous and severe in places where 

ozone concentrations are high due to human activities, or when ozone is elevated during 

episodes of hot weather (WHO, 2005). During the western European heatwave of 2003, which 

took place two weeks in August, several studies have found that the accompanying high ozone 

concentration contributed significantly to the increased mortality rate (see e.g. Fischer et al., 

2004; Stedman, 2004; Dear et al., 2005). For example, a French study by Dear et al. (2005), 

which examined the effects of temperature and ozone on mortality in 12 French cities during 

the heatwave, found that in Paris, the ozone concentration accounted for half of the increased 

daily mortality. This demonstrates how episodes of enhanced temperature severely can affect 

the air quality and successively the impact on human health.  
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Since heatwaves are expected to increase in frequency and intensity in the future due to climate 

change (IPCC, 2012), periods with higher ozone concentration can be expected to follow. The 

summer of 2018 was for large parts of the northern hemisphere an unusually warm and dry 

period. This heatwave led to numerous record-breaking temperatures and drought events which 

affected especially northern and central Europe (World Meteorological Organization, 2018). 

Sweden was one of the countries affected hard by the heatwave, experiencing wildfires, reduced 

crop-yields, low ground and surface water levels and increased health risks for sensitive groups 

(SMHI, 2018a). Weather stations observed that the whole summer on average was 2-4 degrees 

Celsius above normal for South Sweden, and for most stations the warmest summer ever 

registered. It was also observed that the spring and summer of 2018 had less precipitation and 

more sunshine hours than usual for a large part of the country (SMHI, 2018b). All these 

conditions favor high levels of ozone.  

 

The weather of the summer of 2018 conforms with the climate scenarios predicted for the future 

in Sweden (SMHI, 2018a). The period can therefore provide important insights in how the 

ozone levels may appear under normal circumstances at the end of this century. It can also give 

us a clearer picture on what we can expect in ozone concentration until then, when this kind of 

climate events become more frequent. This study will use ozone and temperature data from 

measuring stations in south Sweden to compare the summer of 2018 with the period of 2013-

2017. By doing this the study will evaluate the effect of a future climate on ground-level ozone, 

which is an important step in assessing how it might affect us in the future and appropriate ways 

to mitigate it.  

 

1.1.3 Ozone and its precursors  
 

Since ozone is a secondary pollutant, it is highly dependent on its precursors, mainly NOx and 

VOCs, for formation (EEA, 2018). Ozone’s precursors have both natural and human-caused 

sources. NOx is for example emitted by vehicles, heat & energy production and industrial 

processes. VOCs are naturally released from vegetation but also emitted by human activities 

such as the usage of solvents and burning fuel. Due to increased human caused emissions of 

ozone precursors, the ozone level is estimated to have increased two to three-fold in background 

locations during the last century (WHO, 2008).  

 

To decrease ozone concentrations, strategies usually involves declining its precursors (EEA, 

2018). However, suitable ozone controls vary depending on if the site is NOx- or VOC- 

saturated. In urban areas, where NOx levels are high because of traffic and other human 

activities, reduction of [NOx] would increase [O3] rather than reduce it. This is because the 

presence of nitric oxide (NO) favors ozone depletion, also known as the “NOx titration effect” 

(Royal Society, 2008). Instead, suitable ozone controls in urban areas involves restrictions in 

VOCs emissions, since urban areas are VOC-limited, and input of VOC would favor ozone 

formation. The opposite applies to rural areas which are often NOx-limited and VOC-saturated. 

Restricting [NOx] in rural areas is therefore an effective strategy to reduce ozone. It is also 

possible to control ozone in NOx-saturated areas by suppressing [NOx] sufficiently to make the 

system NOx-limited (Abeleira & Farmer, 2017; Paoletti et al., 2014; Royal Society, 2008).  
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1.1.4 Ground-level ozone concentrations and the influence from meteorological conditions 
 

Ozone levels do not only depend on its precursors’ quantity, but also on the atmosphere’s ability 

to form and deplete ozone. As mentioned before (see part 1.1.2), weather with the character of 

heatwaves; high temperatures, strong sunshine and stable anticyclonic conditions are known to 

be favorable meteorological conditions for high levels of ozone (Pyrgou et al., 2018). Increased 

temperature will enhance the rate of ozone’s photochemical reaction, which is one of the 

reasons ozone is strongly correlated with temperature (Jacob & Winner, 2009). Another reason 

is that ozone’s precursors is emitted to a higher extent during warmer temperatures, e.g. VOCs 

from vegetation or methane (CH4) from wetlands (Doherty et al., 2017). Peroxyacetyl nitrates 

(PANs), which are major sequestering reservoirs for e.g. NOx have a lifetime strongly 

dependent on temperature (Jacob & Winner, 2009). PANs can transport NOx long distances 

from the source, e.g. from urban and industrial environments, in cold temperatures and will 

regenerate NOx through thermal decomposition in warmer regions. Higher temperatures in 

general will therefore decrease the lifetime of PANs significantly and thus reduce the sink of 

NOx. NOx will be regenerated to a higher extent and contribute to high surface ozone levels in 

warmer regions, especially if transported to more NOx-limited areas (Sillman & Samson, 1995; 

Zeng & Young, 2008). Ozone concentration is also positively influenced by other 

meteorological variables such as high insolation, low precipitation, less humidity (or more 

humidity in polluted regions), low wind speed and strong vertical air mixing (Doherty et al., 

2017; Tang et al., 2009).  

 

High insolation will favor ozone concentration because, like increased temperature, it enhances 

the photochemical reaction in which ozone forms (Jacob and Winner, 2009). Low precipitation 

during heatwaves will presumable lead to reduced soil moisture, which after an extended period 

will lead to plants closing their stomata in effort to save water. Since dry deposition of ozone 

to a large extent occur through stomatal uptake, such events will lead to even larger ground-

level ozone concentrations staying in the atmosphere than it would under normal circumstances 

(Emberson et al., 2013). This reduction in dry deposition is believed to have had a significant 

part of the elevated ozone concentrations during most days of the 2003 heatwave (Vieno et al., 

2010).  

 

Increased humidity has been found to reduce [O3], by influencing the photochemical reaction 

and by reducing the risk of plants closing their stomata because of water stress (Otero et al., 

2016). However, under polluted conditions the effects of the water vapor are more complicated 

and includes competing chemical reactions which increases O3 (Doherty et al., 2017; Jacob & 

Winner, 2009). According to a study by Zhang et al. (2017) performed in U.S the majority of 

ozone extremes occurred when minimum relative humidity was less than 40%, and the 

minimum wind speed below 3 m/s. Higher wind speed is generally correlated with low ozone 

concentration due to enhanced advection and deposition (Jacob & Winner, 2009), while weak 

wind speed in polluted areas can allow high ozone concentrations to accumulate in the air. So 

called ozone episodes can arise when stagnant weather becomes heavily polluted under a longer 

period, resulting in ozone concentrations about two to three times higher than normal. The air 
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can eventually be transported by wind and affect new areas with sudden ozone episodes (see 

e.g. Swedish Environmental Protection Agency, 2018).  

 

Other important meteorological conditions affecting ozone concentrations include the vertical 

mixing of air, since this allows higher ozone concentrations from above the earth’s boundary 

layer to replenish loss of ozone by deposition near the surface (Fowler et al., 2009). 

Temperature inversions, characterized by temperature increasing with height instead of the 

opposite, can act as a barrier and limit this exchange of ozone concentrations. Temperature 

inversions are usually formed during the night, when the air close to ground is being cooled 

down by the earth’s surface (Klingberg et al., 2012). However, these weather conditions can be 

very site specific (see 1.1.6 Geographical variations).  

 

All in all, the meteorological factor with the largest impact on ozone concentration is 

temperature (Dawson et al., 2007). This strong relationship creates a major concern, since with 

climate change the current strategies and efforts on mitigating ozone and its precursors might 

be insufficient. This is referred to as the climate penalty and implies that stronger emission 

controls will be needed to meet the current and future air quality standards (Wu et al., 2008; 

Jacob & Winner, 2009). Bloomer et al. (2009) defined the climate penalty factor (CPF) to be 

the slope coefficient of the relationship between [O3] and temperature. The study found that the 

CPF dropped when NOx emissions in the U.S were reduced and expressed the CPF to be a 

useful metric for evaluating the response of ozone to climate change.  

 
1.1.5 Guidelines 
 

To ensure adequate protection for public health the World Health organization (WHO) have set 

a long-term objective stating that the daily maximum 8-hour average [O3] should not exceed 

100 μg/m3 (or 50 ppb). Although it should be noticed some health effects may still occur below 

this level (WHO, 2006). The European Union also have a long-term target value for ozone 

concentration, set through the EU directive 2008/50/EC, which is a strict 120 μg/m3 (or 60 ppb) 

limit for maximum daily 8-hour mean. The current target value for ozone is the same value, 

though it allows exceedance at most 25 days per year, averaged over 3 years (EU, 2008). 

 

The EU Directive 2008/50/EC also have air quality standards for protection of the vegetation. 

The standard is expressed in AOT40 (Accumulated Ozone exposure over a Threshold 40 ppb), 

with the unit μg/m3-hours, and means the accumulated excess of hourly ozone concentration 

greater than 40 ppb. The accumulated excess in May to July should not exceed the target value 

18 000 μg/m3-hours (or 9 000 pbb) averaged over 5 years. Or in long-term objective, a strict 

6 000 μg/m3-hours (or 4 500 ppb) limit. Another standard for accumulated excess above 40 ppb 

in April to September, is the critical level for protection of forests, namely 10 000 μg/m3-hours 

(or 5 000 pbb) (EU, 2008).  
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1.1.6 Geographical variations  
 
To a significant extent, the local atmospheric [O3] depend on the magnitude of O3 dry 

deposition, which can vary considerably between sites. The local variation depends highly on 

the land cover, since the underlying vegetation determine much of the uptake (Emberson et al., 

2013). Local ozone concentration also depends on the vertical mixing of air, and how much the 

[O3] higher up in the atmosphere replenishes the ozone deposited to the Earth surface (Fowler 

et al., 2009). To assess the exposure of ozone, it is important to include the geographical 

variations of [O3], e.g. in coastal, inland, urban and rural environments. It is also important to 

acknowledge the relative topography, since it influences the strength of temperature inversions 

and therefore the vertical mixing of air, especially during the night (Klingberg et al., 2012).  

 

Coastal environments have generally very low deposition, since it is surrounded by water 

surfaces and less terrestrial and vegetated surfaces. Deposition velocity to a water surface is 

very low compared to vegetation (Galbally & Roy, 1980). Coastal environments have therefore 

higher average [O3] compared to inland sites. The water surfaces do not cool down to the same 

extent as land surfaces at night, leading to weak or absence of nocturnal temperature inversions. 

This allows strong vertical air mixing, resulting in small diurnal [O3] variations for coastal sites 

(Klingberg et al., 2012).   

 

Inland environments usually have lower average ozone concentrations than coastal sites since 

terrestrial surfaces, e.g. vegetation, have higher deposition rate than water surfaces (Pleijel et 

al., 2013). Terrestrial surfaces also cool downs to a higher extent at night, resulting in stronger 

nocturnal temperature inversions. Since inversions will act as a limit to vertical air mixing, [O3] 

will be very low at night because the rate of which ozone is being deposited to the ground will 

be higher than the ozone transported vertically. However, when the inversion disappears in the 

morning, ozone concentration will increase both from vertical air mixing and ozone formation 

in the presence of sunlight. Hence, inland sites will have larger diurnal [O3] variations than 

coastal sites (Klingberg et al., 2012).  

 

Urban environments mean more human activities and emissions, from e.g. traffic, leading to 

high NOx levels. Because of the destruction of ozone through NOx titration, i.e. ozone reacts 

with nitrogen monoxide, which dominates the emissions of NOx from e.g. vehicles, urban areas 

will have generally lower ozone concentrations than nearby rural sites (Royal Society, 2008; 

EEA, 2018). The precursors emitted in the urban area can however be transported downwind 

and expose surrounding areas with higher ozone concentration (WHO, 2008).  

 

Rural environments have less human activity and therefore less direct sources of emissions to 

titrate the ozone, meaning [O3] will be higher than in urban areas. Biogenic VOCs are however 

emitted from forests and other vegetation, which often make rural areas VOC saturated and 

NOx limited. Ozone will therefore increase in the presence of NOx-emissions (Paoletti et al., 

2014). Though, depending on where the site is located, rural environments are likely to have 

more vegetation than urban sites, and therefore have higher rate of O3 uptake from vegetation 

(Klingberg et al., 2012). 
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Topography is also an important aspect in how the local [O3] varies between sites. Klingberg 

et al. (2012) found that inland low sites (in relation to surrounding terrain) experienced lower 

average [O3], as well as stronger temperature inversions at night and larger diurnal [O3] 

variations than inland high sites. The reason why valley sites experience stronger temperature 

inversions at night is because the coldest and thus densest air settles in the lowest levels of the 

landscape (Oke, 1987). With the strongly limited vertical mixing under temperature inversions, 

ozone lost by deposition to the earth surface will not be replenished by O3 from air layers aloft.  

Ozone concentrations in valley sites will therefore become very low during the night, which 

also brings down the average long-term [O3]. High inland sites will experience more mixing of 

air and therefore weaker temperature inversion, resulting in higher ozone concentrations at 

night than low inland sites (Klingberg et al., 2012). To include the variations in [O3] caused by 

different geographical sites, this study will analyse data from four different locations.  

 

1.2 Aim and hypotheses 
 

Tropospheric ozone has widespread and adverse effect on human health, ecosystem, food 

production and climate. With climate change, weather events such as heatwaves are predicted 

to increase in both frequency and intensity. Since ozone concentration is strongly correlated 

with temperature, periods with higher ozone concentration can be expected to follow. To assess 

how this might influence us in the future, it is important to look into how these climate events 

affect the ozone concentration, as a whole, and how it may vary between sites.  

 

The aim of this study is to use data from four monitoring stations in southwest Sweden, and 

analyse how the extreme summer of 2018 affected the ozone concentration in comparison to 

the period of 2013-2017. Further, to include all the variations that different geographical 

location implies, the study will include locations with coastal, inland, urban and rural 

characteristics. The study will answer following research questions:  

 

1. How was [O3] in southwest Sweden affected by the heatwave of 2018? What important 

factors might have played a role? 

 

2. How did [O3], temperature and air humidity in the summer of 2018 differ from the 

period 2013-2017 in the four different locations in southwest Sweden?  

 

3. How did [O3] differ between a rural coastal area (Råö), an inland urban background 

location (Ytterby), a coastal urban area (Gothenburg) and a rural inland location 

(Östad)?  

 

The hypotheses were: 

 

1. Increased temperature during heatwaves is likely to increase the ground-level ozone 

problem i.e. to amplify climate penalty on [O3]. The extended drought experienced 

during the summer is expected to have been an important factor in [O3] increase, since 
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it causes closure of stomata and therefore reduced dry deposition, which is likely to add 

to the temperature effect on [O3].  

 

2. [O3] is on average higher at higher temperatures. If the summer of 2018 was warmer 

than 2013-2017 for all locations 2018 can be expected to have higher ozone 

concentrations. 

 

3. [O3] averages are expected to be elevated in coastal areas (e.g. due to low deposition 

velocity to water), lower in inland areas (e.g. because of higher deposition velocity to 

non-water surfaces), suppressed in urban areas (e.g. due to NOx-titration), and higher in 

rural areas (e.g. due to low NOx-titration).  
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2 Methodology 
 

2.1 Data Collection and Analysation 
 

This study was conducted by using data from four different measuring stations in southwest 

Sweden (see 2.3 Study Sites). The data was partially retrieved from SMHI (the Swedish 

Meterological and Hydrological Institute), IVL (Swedish Environmental Research Institute) as 

well as Miljöförvaltningen (Gothenburg’s environmental administration). The data consist of 

hourly averages of ozone concentrations for all stations, together with hourly averages of 

temperature, relative humidity and solar irradiance for some of the stations.  

 

Modelled temperature data from SMHI was 

used for Ytterby since no hourly temperature 

was measured sufficiently close to the site. 

Modelled relative humidity data was also used 

for Ytterby and Råö since measured data was 

missing in those stations as well. To ensure the 

modelled data was close to the reality, 

modelled and measured temperature and 

humidity data for Östad was plotted against 

each other. As seen in Figure 1A, modelled and 

measured data are following the same trend, where 

the trendline (black line) is close to y=x (red 

line), ensuring the reliability of the modelled 

data. Figure 1B is more scattered, the 

trendline lies above y=x which indicate that 

the modelled data is in general slightly lower 

than the measured data. The trendline is 

however relatively close to y=x, and the 

modelled data is acceptable to use for the 

locations missing measured humidity data.  

 

The modelled temperature and humidity data 

were extracted from two meteorological data 

analyse models called Mesan and MesanA. 

Mesan is the older version of MesanA and was 

used until 2016. The modelled data used in this 

study is therefore a combination of the two data 

set. Where Mesan (11km resolution) is used for the period 2013-2015 and MesanA (2.5 km 

resolution) for 2016-2018. Overlapping data from the two sets were plotted against each other 

to compare how the difference in resolution and method influenced the different values. 

However (as seen in Figure 2), the data from the two sets were strongly correlated.    

Figure 1. Modelled and measured temperature (A) and 

relative humidity (B) data for Östad plotted against each other. 

The dashed black trendline is the trendline of the plotted data 

and the red trendline shows the graph y = x for comparison.  

y = 1.0341x - 0.5678
R² = 0.8892

-10

0

10

20

30

-10 0 10 20 30

M
ea

su
re

d
 d

at
a 

(T
 °

C
)

Modelled data (T °C)

Temperature

y = 0.9368x + 9.3978
R² = 0.7237

-30

0

30

60

90

-30 0 30 60 90

M
ea

su
re

d
 d

at
a 

(R
H

 %
)

Modelled data (RH %)

Relative humidity

A 

B 



 13 

 

To interpret all data used in this study the spreadsheet 

program Microsoft Excel was used, along with SPSS 

for further statistical analyses (see 2.5). The 

retrieved ozone data was converted from the unit of 

µg/m3 to ppb by dividing the values by 2, which is 

the conversion factor for ozone at normal 

temperature and atmospheric pressure. Since the 

data was originally measured in ppb in the 

measuring device and later been converted to µg/m3 

(by using the conversion factor 2), this action returned 

the original data. Time standard used when 

managing the data was Swedish local time. 

Throughout the analyse the summers from the five-

year period 2013-2017 was compared with the 

summer 2018 (see 2.2).  

 

2.2 Time restrictions 
 

The data used in this study are hourly observations from 2013-2018, for the summer period of 

April to September. The day and night are divided up in the hours 08:00-20:00 (day) and 20:00-

08:00 (night). Some figures and tables also consist of data from 10:00-16:00 or 22:00-04:00. 

This is to avoid the influence of the diurnal variations that the early morning and early night 

might bring, e.g. in temperature, insolation and ozone concentration. Henceforth when the years 

2013-2018 is mentioned in the report, only the summer months (April to September) is implied. 

 

2.3 Study Sites 
 

The data used in this study was retrieved from four different measuring stations in southwest 

Sweden. These are located in Råö, Ytterby, Gothenburg and Östad (see Figure 3).  

 

Råö is a coastal and rural area located in Kungsbacka municipality, Halland, with the 

coordinates 57.39383° N, 11.9140° E. The measuring instrument is situated 20 meters from the 

shoreline, 5 metres above sea level. The temperature was measured by a TinyTag data logger. 

Humidity data was extracted from meteorological models managed by SMHI.  

 

Ytterby is a background urban and inland area located in Kungälv, Bohuslän, with the 

coordinates 57.8635° N, 11.9215° E. The location is topographically low compared with 

surrounding terrain. Temperature and humidity data are extracted from meteorological models 

managed by SMHI.  
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Figure 2. Temperature data extracted from two 

meteorological data models, Mesan and MesanA, plotted 

against each other. The dashed black trendline is the 

trendline of the plotted data and the red trendline shows the 

graph y = x for comparison.  
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Figure 3. Locations of the measuring stations - Råö, Ytterby, Gothenburg and Östad. 

Gothenburg is the second largest city in Sweden, located at the mouth of Göta river, and is 

therefore an urban area with coastal background. The measuring station has the coordinates 

57.7085° N, 11.9695° E and is situated on the rooftop of the shopping mall “Femman” 27 meter 

above ground.  

 

Östad is a rural and inland area located in Lerum’s municipality, Västergötland, with the 

coordinates 57.9525° N, 12.4035° E. The location is topographically low compared with 

surrounding terrain. The measuring instrument is situated on an open field 65 metres above sea 

level. Temperature was measured by a Tinytag data logger.  

 

2.4 Estimation of the climate penalty on [O3] from temperature 
 

Figure 9-11 were based on the concept of climate penalty ([O3] depending on temperature) as 

defined by Bloomer et al. (2009). The figures display the temperature and ozone relationship 

by marking the 95th, 75th, 50th, 25th, and 5th percentiles of ozone distributions in 3°C temperature 

bins in the interval 15-29°C for daytime data and 4-18°C for nighttime data. The climate penalty 

factor is the average slope coefficient value for the five linear fits for 2013-2017 and 2018 

presented in the graph. 

 

The climate penalty was also estimated as the slope coefficients (rate of increase in [O3] with 

the increase in temperature) from regression-based scatterplots. These scatterplots are divided 

into 2013-2017 and 2018 and are presented in Figure 12 and 13, as well as Table 3.  
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2.5 Calculation of VPD 
 

The vapor pressure deficit (VPD), the drying power of the air, is a metric describing the 

difference in vapor pressure between saturated and ambient air and is used in this study for 

Figure 7. VPD is obtained from parameters such as relative humidity and temperature, and is 

calculated by equation 1:  

 

     (eq. 1) 

 

where the es (Ta) is the Saturation Vapor Pressure of water calculated from equation 2, and ea 

is the Actual Vapor Pressure calculated from equation 3:  

 

    (eq. 2) 

 

 

    (eq. 3) 

 

In the equations the variable T is the temperature in degree Celcius and RH is the relative 

humidity (Campbell & Norman, 1998). VPD is explained further in the result (see section 

3.3.3).  

 

2.6 Statistical analyses 
 

To identify if two variables in a scatterplot (temperature and ozone concentration in Figure 12-

13; temperature and the probability that [O3]>40 ppb in Figure 14) was significantly correlated, 

linear regression analysis in Excel was used for 2013-2017 and 2018 respectively. To study if 

the graphs different slope coefficients between 2013-2017 and 2018 was significantly different, 

regression analysis in SPSS was used according to the guide by UCLA Institute for Digital 

Research and Education (IDRE). The guide can be found in the reference list.  

 

2.7 Data loss 
 

The ozone data, including hourly observations April-

September for the period 2013-2018, have generally low 

loss in observations for the four different measuring 

stations (see Table 1). Exceptions are April and May 

2013 for Ytterby, and July (and partly August) 2017 for 

Gothenburg. Total number of hours during April to 

September is 4 392.   

 

 

 

 
 

Summer Råö Ytterby Gothenburg Östad 

2013 1 32 2 0 

2014 1 1 8 1 

2015 2 0 5 0 

2016 0 0 1 0 

2017 1 0 19 0 

2018 0 0 0 0 

Table 1. Missing hours (%) from ozone data for the 

period April to September, for the years 2013-2018 

and the different sites.  

 

D = es (Ta) - ea 

es (Ta) = 0.611* EXP (17.5 * T / (T + 241)) 

ea = RH / 100 * es (Ta) 
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3 Results 
 

3.1 Important climate factors 
 

3.1.1 Temperature 
 

In Figure 4 the average diurnal temperature for the different sites are presented. All sites show 

noticeably elevated temperatures during 2018 compared to 2013-2017. The error bars present 

the standard deviation between the years 2013-2017. Still the average of 2018 exceeds the 

deviations from 2013-2017 for the majority of the hours of the day. The difference between the 

sites is displayed through the diurnal variability. Östad have larger diurnal variations (range: ~ 

9-20°C 2018 and ~ 8-18°C 2013-2017) while the other sites have smaller (e.g Gothenburg ~ 

14-19°C and 12-17°C). Råö have a visible “bump” for the time interval 16:00-18:00 for 2018, 

which is traced back to the coincidence of the highest temperatures above 30°C occurring 

during this time period and are therefore dragging up the average.  
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Tables with average temperature for all summer months and years between 2013-2018 for the 

sites is available in Appendix A. For all sites 2018 had the highest temperature in yearly 

average.  

 

3.1.2 Insolation 
 

The insolation in 2018 exceeded the normal 

interval of 2013-2017 considerably 

during the months May, June and July 

in Gothenburg during 2018 (see Figure 

5). During April, August and September 

the insolation were not as high and can 

be found in the lower edge of the 2013-

2017 interval.  

 

3.1.3 Relative humidity and VPD 
 

The average relative humidity was noticeably 

lower during 2018 than during 2013-2017 at 
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all sites (see Figure 6). Although, the large error bars for Östad (Figure 6D) suggests that the 

time period 2013-2017 includes deviations with similarly low relative humidity as observed 

during 2018. Östad have the largest diurnal variation (~95% during the night and ~62/58 during 

the day) and Råö the smallest (~84/81% during the night and ~72/70% during the day). Ytterby 

and Gothenburg have relatively high diurnal variations as well, but do not become as humid as 

Östad during the night.  

 

Although relative humidity is a common measurement on atmospheric moisture, it is a bit 

lacking as an environmental variable. Vapor pressure deficit (VPD) is a metric describing the 

difference between the amount of moisture in the air and how much the air can hold to become 

saturated, i.e. the drying power of the air. High VPD is therefore a sign that the air is dry while 

low VPD means the air contains almost enough moisture to be saturated (Campbell & Norman, 

1998). Figure 7 show that 2018 had substantially higher average diurnal VPD than 2013-2017. 

This is still true when studying the standard deviations for the previous years.  

Figure 7. Average diurnal vapor pressure deficit for A: Råö, B: Ytterby, C: Gothenburg, D: Östad. Error bars display 

the standard deviations of the years 2013-2017. The commas in the y-axis are decimal separators; minimum 0.00 

and Maximum 1.40.  
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High diurnal variability is observed for Östad, Ytterby and Gothenburg, where all the sites 

experience high VPD during the day (especially during 2018). Östad also reach extreme low 

VPD during the night.  

 

3.2 Ozone concentrations 
 

3.2.1 Average diurnal ozone concentration 
 

Figure 8 presents the average diurnal ozone concentration for 2018 and 2013-2017. For all sites 

the average ozone concentration for 2018 exceeded the average for 2013-2017. The difference 

is at its highest during the daytime, and smaller or non-existent during the night. The large error 

bars for Gothenburg suggest that at least one year during 2013-2017 had similar average diurnal 

ozone concentrations as 2018. By studying Table 4, which present the AOT40 sum for all years, 

2014 is a likely source behind the deviation.  

 

As expected, the lowest average ozone concentrations are observed during the night. However, 

for Gothenburg a decline in ozone concentration during 06:00-08:00 in the morning is 
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especially visible, surely caused by titration from NO emitted by the morning traffic rush. The 

diurnal variability is large for Östad and Ytterby while much smaller for Råö.  

 

3.2.2 AOT40 
 

Table 2 presents the AOT40, which is the accumulated amount of ozone over the value of 40 

ppb, for all summer months in the years 2013-2018. The summer of 2018 had the considerably 

highest AOT40 sum for all sites except Gothenburg. In Gothenburg the year 2014 have the 

highest AOT40 value, where almost half of the AOT40 are accumulated in May. These high 

values are mostly traced back to a strong ozone episode which occurred 21-23 May 2014 (see 

Appendix D) and are clearly visible in Figure 12C as hourly observations. For Ytterby and 

Östad the year 2014 has the second highest sum of AOT40, and for Råö the year 2013. Observe 

that some years are missing data, e.g. Ytterby and Gothenburg, which can affect the sum (see 

Table 1 about Data loss).   

 

Table 2. AOT40 (Accumulated Ozone exposure over a Threshold 40 ppb) expressed in the unit ppb for all summer 

months the years 2013-2018. Orange marked rows display the year with the highest sum of AOT40 (darker orange) 

and second highest sum of AOT40 (light orange).  

 

 

 

AOT40 Gothenburg 
     

April-Sept. April May June July August September Sum 

2013 690 702 159 159 159 24 1893 

2014 1027 3039 537 1600 1021 247 7471 

2015 928 1205 457 523 25 0 3138 

2016 7 493 235 203 148 79 1165 

2017 149 514 145 no data 24 0 831 

AOT40 Råö 
      

April-Sept. April May June July August September Sum 

2013 1748 2421 1055 974 950 460 7608 

2014 1376 1796 941 1773 1145 282 7313 

2015 532 1065 301 661 1197 232 3989 

2016 584 1936 1334 319 425 451 5049 

2017 927 1313 319 181 552 21 3312 

2018 1127 3248 2118 1768 838 364 9463 

AOT40 Ytterby 
      

April-Sept. April May June July August September Sum 

2013 no data no data 704 729 466 184 2083 

2014 1274 1107 498 1063 515 76 4532 

2015 575 444 175 557 783 22 2556 

2016 320 1586 523 217 201 118 2965 

2017 452 730 95 64 165 0 1506 

2018 704 2983 1876 1712 491 223 7990 
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2018 309 2025 1532 1028 403 209 5505 

 

 

3.3 Ozone vs. temperature 
 

3.3.1 Climate penalty - Percentiles 
 

Focus for the majority of tables and figures in this study lies in displaying the relationship 

between ozone and temperature, and how this differ between 2018 and the period 2013-2017. 

For the graphs in Figure 9-11 the slope coefficients are lifted as the main focus. In the upper 

left corner of every graph the average slope coefficient value for the five linear trendlines for 

2013-2017 and 2018 is displayed. Tables containing the values of all the individual slopes for 

the graphs in Figure 9-11 is presented in Appendix C. Every marker (circle or plus) represent a 

specific percentile for all [O3] data observed within a certain temperature bin. The number of 

observations behind every temperature bin is presented in Appendix B.  

 

Figure 9 is based directly on a figure by Bloomer et al. (2009) which in their study presented 

the difference in the ozone/temperature relationship before and after NOx reductions had been 

implemented across the rural eastern U.S. In the study by Bloomer et al. the slope coefficients 

of the ozone/temperature relationship were defined as the climate penalty factor and was a 

central point for the study. In this study the figure presents how the ozone/temperature 

relationship (2013-2017) is affected by a heatwave (2018), and the climate penalty factor is a 

good metric to measure that. Figure 10 and 11 are alternative versions of this figure, where data 

is restricted to the time intervals 10:00-16:00 and 20:00-08:00 respectively. Through these 

graphs it is possible to evaluate how the ozone/temperature relationship is changed during 

different time intervals of the day. A figure containing data from 22:00-04:00 was also created. 

Although, since it was almost identical to the other nighttime figure (Figure 11) it was not 

included in the report.  

 

By displaying the data through different percentiles, it is possible to see how the 

ozone/temperature relationship is present in all layers of the data. In Figure 9, all trendlines 

show a positive linear correlation between ozone and temperature. For the four locations the 

climate penalty factor is in average 1.4 ppb/°C (range:1.0-1.6 ppb/°C) for 2018 and 1.2 ppb/°C 

(range: 0.8-1.6 ppb/°C) for 2013-2017. For Gothenburg (Figure 9C and 10C) the 95th 

percentiles for temperature bins 24-26°C and 27-29°C exceeds the ones in 2018 considerably, 

AOT40 Östad 
      

April-Sept. April May June July August September Sum 

2013 1803 1275 424 571 337 162 4571 

2014 1568 1226 525 1205 525 201 5249 

2015 877 807 250 624 842 21 3419 

2016 807 2148 635 191 240 162 4182 

2017 1205 1711 187 170 211 3 3487 

2018 1783 3464 1941 1783 719 254 9944 
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resulting in a significantly higher slope coefficient. As mentioned in section 3.2.2, Gothenburg 

went through a strong ozone episode in May 2014 (see Appendix D) observing high ozone 

concentrations up to 91 ppb during a couple of days. These extreme values are the reason behind 

how the 95th percentile deviates from the other percentiles. The coastal site Råö (Figure 9A and 

10A) presents the lowest slope coefficient and the inland sites Ytterby and Östad show the 

greatest difference between 2013-2017 and 2018.  

 

Figure 10 (10:00-16:00) is fairly similar to Figure 9 (08:00-20:00). Total average for all four 

sites is still 1.4 ppb/°C (range: 0.8-1.7) for 2018 and 1.2 ppb/°C (range: 0.7-1.5 ppb/°C) for 

2013-2017. A slight reduction in space between the trendlines is observed for all graphs, i.e. 

trendlines are more compact in relation to each other. The restriction to a narrower range of 

ozone values from 08:00-20:00 to 10:00-16:00 is likely to have removed the more scattered 

ozone concentrations.  

 

For Figure 11 (20:00-08:00) the positive ozone/temperature relationship is considerably 

weaker. Average slope coefficients for all four sites are 0.5 ppb/°C (range: -0.1-0.9) for 2018 

and 0.4 ppb/°C (range: -0.1-0.8 ppb/°C) for 2013-2017. Gothenburg and Östad (Figure 11C & 

11D) still show positive correlation for some of the percentiles during the night, but for Råö 

and Ytterby (Figure 11A & 11B) the correlation is almost completely lost.  
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Figure 9. DAYTIME 08:00-20:00. Ozone concentration (ppb) vs. temperature (°C) plotted for 3°C intervals (bins) across 

the range 15-29°C for the 5th, 25th, 50th, 75th and 95th percentiles of the ozone distributions in each temperature interval. 

Solid lines and filled circles are for the period 2013-2017 and dashed lines and plusses are for 2018. Percentiles 

corresponds to the color (top to bottom); red for 95 th percentile, green 75th percentile, light blue 50th percentile, dark blue 

25th percentile and black 5th percentile. Values are plotted for the middle value of the 3°C temperature bin. The graphs 

represent the sites: A; Råö, B; Ytterby, C; Gothenburg, D; Östad. 
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Ytterby
2013-2017: 1.3 ppb/°C
2018: 1.7 ppb/°C
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Figure 10. DAYTIME 10:00-16:00. Ozone concentration (ppb) vs. temperature (°C) plotted for 3°C intervals (bins) across the 

range 15-29°C for the 5th, 25th, 50th, 75th and 95th percentiles of the ozone distributions in each temperature interval. Solid lines 

and filled circles are for the period 2013-2017 and dashed lines and plusses are for 2018. Percentiles corresponds to the color 

(top to bottom); red for 95th percentile, green 75th percentile, light blue 50th percentile, dark blue 25th percentile and black 5th 

percentile. Values are plotted for the middle value of the 3°C temperature bin. The graphs represent the sites: A; Råö, B; 

Ytterby, C; Gothenburg, D; Östad. 
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Figure 11. NIGHTTIME 20:00-08:00. Ozone concentration (ppb) vs. temperature (°C) plotted for 3°C intervals (bins) 

across the range 4-18°C for the 5th, 25th, 50th, 75th and 95th percentiles of the ozone distributions in each temperature 

interval. Solid lines and filled circles are for the period 2013-2017 and dashed lines and plusses are for 2018. 

Percentiles corresponds to the color (top to bottom); red for 95th percentile, green 75th percentile, light blue 50th 

percentile, dark blue 25th percentile and black 5th percentile. Values are plotted for the middle value of the 3°C 

temperature bin. The graphs represent the sites: A; Råö, B; Ytterby, C; Gothenburg, D; Östad. 
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3.3.2 Climate penalty - Regression-based Scatterplots 
 

Figure 12-13 consist of scatterplots of hourly temperature and ozone observations for the time 

interval 08:00-20:00. All sites show a significant positive ozone/temperature relationship 

(p<0.001) for both 2013-2017 (Figure 12) and 2018 (Figure 13). The slope coefficients are 

considerably higher for 2018 (avg: 0.78) than 2013-2017 (avg: 0.34) for all sites. Scatterplots 

for the time intervals 10:00-16:00, 20:00-08:00 and 22:00-04:00 were also created. The slope 

coefficients from these are presented in Table 3. The table also includes p-values from a 

statistical test analysing if the slope coefficients between 2013-2017 and 2018 are significantly 

different from each other.  
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Figure 12. DAYTIME 08:00-20:00. Hourly ozone concentrations for 2013-2017 plotted against temperature for A; Råö, 

B; Ytterby, C; Gothenburg, D; Östad.  
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For the time intervals 08:00-20:00 and 10:00-16:00 presented in Table 3 the difference between 

2013-2017 and 2018 is considerably distinctive. The so-called climate penalty is much greater 

in 2018. However, during the night, the difference between 2013-2017 and 2018 is smaller, and 

for Ytterby and Östad the difference is not statistically significant. The slope coefficients for 

Råö are smaller than for the other sites, and although Råö and Gothenburg slope coefficient is 

generally lower at night, the coefficient goes up for Ytterby but specially Östad for 2013-2017.  
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Figure 13. DAYTIME 08:00-20:00. Hourly ozone concentrations for 2018 plotted against temperature for A; Råö, B; 

Ytterby, C; Gothenburg, D; Östad. 
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Table 3. Slope coefficients (ppb/°C) for scatterplots from the time intervals: DAYTIME 08:00-20:00 (see Figure 

12 & 13), DAYTIME 10:00-16:00, NIGHTTIME 20:00-08:00 and NIGHTTIME 22:00-04:00, for the periods 

2013-2017 and 2018. If 2013-2017 and 2018 is statistically different the p-value<0,05. P-values exceeding 0,05 

are marked in red.  

 

3.3.3 Climate penalty - Probability of exceeding 40 ppb 
 

Figure 14 presents a positive linear relationship between temperature and probability of 

observing hourly [O3] above 40 ppb. In other words, the higher temperature the higher 

probability of the air containing [O3] above 40 ppb, thus contributing to AOT40. The 

relationship is significantly correlated (p<0.001) for all sites and for both 2013-2017 and 2018 

(see Table 4). The slope for the relationship is steeper in 2018 than it is for 2013-2017. This is 

statistically significant for Råö (p=0.01) Ytterby (p=0.001) and Gothenburg (p=0.006), but not 

for Östad (p=0.076). The main differences between the sites are that Ytterby and Östad have 

higher slope coefficients while Gothenburg and especially Råö have noticeably lower. 

 

 
  RÅÖ YTTERBY GOTHENBURG ÖSTAD 

TIME   2013–2017 2018 2013–2017 2018 2013–2017 2018 2013–2017 2018 

08:00-
20:00 
  

ppb/°C 0.13 0.56 0.40 0.86 0.40 0.90 0.41 0.80 

Significance p<0.001  p<0.001  p<0.001 p<0.001  

10:00-
16:00 
  

ppb/°C 0.10 0.56 0.37 0.88 0.27 0.80 0.26 0.75 

Significance p<0.001 p<0.001 p<0.001  p<0.001 

20:00-
08:00 
  

ppb/°C 0.05 0.24 0.43 0.49 0.38 0.59 0.60 0.71 

Significance p<0.001 p=0.34  p<0.001   p=0.051 

22:00-
04:00  

ppb/°C 0.01 0.18 0.43 0.47 0.21 0.44 0.53 0.55 

Significance p=0.006 p=0.65  p=0.009 p=0.80 
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Table 4. Statistical analyses for Figure 14. “Correlation sign.” refers to the relationship between ozone and 

temperature and “Slope coefficient sign. different” refers to the slope coefficients between 2013-2017 and 2018 

being significantly different from each other. P-values exceeding 0,05 are marked in red and are not statistically 

significant. 

 

  

  Råö Ytterby Östad Gothenburg 

  2013–2017 2018 2013–2017 2018 2013–2017 2018 2013–2017 2018 

Correlation sign. p<0.001 p<0.001 p<0.001 p<0.001 p<0,001 p<0,001 p<0,001 p<0,001 

Slope coefficient  
sign. different 

p=0.01 
  

p=0.001 p=0.076 p=0.006 
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Figure 14. Linear relationships between Probability: [O3] > 40 ppb and temperature (°C). Purple circles, trendlines and 

text represent 2018, while green squares, trendline and text represent 2013-2017. Each marker symbolizes the probability 

of [O3]> 40 ppb for all observations within a specific temperature degree in the interval 17-26°C. All hours included. 

The commas in the y-axis are decimal separators; minimum 0.00 and Maximum 1.00.  
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4 Discussion 
 

4.1 The effect of the heatwave 2018 
 

In agreement with the first and second hypothesis the sites in southwest Sweden; Råö, Ytterby, 

Gothenburg and Östad, experienced higher average ozone concentrations during 2018 than the 

period 2013-2017 (Figure 8). Climate circumstances such as elevated temperatures (Figure 4), 

higher insolation (Figure 5), low humidity and higher vapor pressure deficit (Figure 6 and 7) 

are likely important contributors to this. This is because higher temperature and insolation for 

instance increase the rate of the photochemical reaction in which ozone forms, and low 

humidity and high VPD for an extended period tend to mean decreased dry deposition when 

vegetation closes its stomata to save water. AOT40 for the period April to September was 

considerably high during 2018 for all sites. For Ytterby and Östad the values were almost twice 

as high during 2018 than the value of the second highest year (Table 2).  

 

The relationship between ozone and temperature was positively correlated for all years; higher 

temperature gives higher ozone concentrations (Figure 9-14). However, the relationship was 

considerably weaker during the night for all sites in Figure 11. When comparing the relationship 

between 2013-2017 and 2018 Figure 9-14 show a steeper relationship during 2018 in general, 

i.e. [O3] increased with temperature at a higher rate 2018. This agrees with the first hypothesis 

of this study; increased temperature during heatwaves is likely to amplify climate penalty on 

[O3]. This is most evident in Table 3, where the value of the slope coefficients is at least twice 

as high for 2018 than 2013-2017 during daytime.  

 

4.2 Climate Penalty 
 

The result show that a higher climate penalty is expected during heatwaves similar to 2018. 

This means higher ozone concentrations will be observed during heatwaves than during non-

heatwave conditions under the same temperatures. According to Figure 9 and 10, which are 

based on Bloomer et al., the average slope coefficients for inland sites during daytime are 1.6 

ppb/°C for 2018 and 1.2 ppb/°C for 2013-2017. Climate penalty is in general higher for inland 

areas and lower for Coastal areas (as can be seen in Figure 9-14). However, both environments 

can expect high increase in climate penalty during heatwave conditions according to the 

regression-based scatterplots of hourly observations (Table 3). During daytime 10:00-16:00, 

the coastal site Råö had about five times as high slope coefficient for 2018 than during 2013-

2017 (0.56 ppb/°C and 0.10 ppb/°C respectively). For the other sites, the slope coefficient 

increased about twice as much (avg. 0.81 ppb/°C for 2018 and 0.30 ppb/°C for 2013-2017). A 

study by Kalisa et al. (2018) similarly studying the effect of a heatwave on air pollution in 

Birmingham, UK, found that levels of ozone increased by more than 50% with increase in 

temperature during heatwave conditions.  

 

In this study, the ozone climate penalty factor is estimated both from the figures based on the 

study by Bloomer et al. (Figure 9-11) as the average slope coefficient for different percentile 
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trendlines, and as the slope coefficients of the regression-based scatterplots of hourly 

observations (Figure 12-13; Table 3). The latter includes all hourly observations within the 

specific time interval, while the Bloomer et al. plots presents the ozone distribution within 3 

degrees interval as one percentile value and also within a limited temperature interval. The 

regression-based scatterplots present lower slope coefficients than the Bloomer et al.-plots, 

because of its inclusion of numerous deviating values which is not included in Bloomer et al. 

However, this study suggests the outcome in difference in climate penalty between 2018 and 

2013-2017 is much stronger for the hourly observation scatterplots than for the Bloomer et al.-

plots.  

 

The linear graphs of Figure 14 presents very strongly how the probability of observing ozone 

concentrations above 40 ppb was benefited by heatwave conditions. Long heatwave periods, 

like the one in 2018 will therefore mean greater effect on AOT40 values. During heatwaves 

and high temperatures above 26°C ~85-90% of all observations were above 40 ppb for the 

inland sites Östad and Ytterby. For the coastal site Råö and the urban site Gothenburg ~70% of 

the observations were above 40 ppb.  

 

4.3 Difference between sites 
 

In agreement with the third hypothesis of this study the sites’ experienced different ozone 

concentration depending on their location. Coastal sites, in this case Råö, experienced a higher 

average ozone concentration than the other sites as well as the smallest diurnal variability 

(Figure 8). This agrees with the study by Pleijel et al. (2013) which concluded that surface [O3] 

is higher in coastal areas than inland areas, especially at night. The graphs in Figure 8 also 

display, as concluded by Klingberg et al. (2012), that inland sites experience high diurnal 

variation, with low ozone concentrations during the night and high during the day. This is 

especially visible for Östad, which is a rural inland site. It is also distinct in Ytterby, although 

since it is a background urban area it is somewhat affected by NOx emissions. The lack of a 

peak in the average diurnal [O3] for Gothenburg, as well as the decline in the morning, suggests 

that Gothenburg is affected by the increased NO-emissions from traffic and especially when 

traffic is as most dense.  

 

The relationship between ozone and temperature differed between the sites (Figure 9-14). Råö 

have generally lower slope coefficient than the other sites, even during the day. Which likely 

depends on the small diurnal variations in both temperature and ozone concentrations, which is 

partly caused by the low deposition rate to water as well as the waters ability to even out the 

temperature during day and night. This leads to both the lower and higher observed 

temperatures will have more similar levels of ozone concentrations, thus a smaller climate 

penalty. Ytterby, Gothenburg and Östad have all steeper relationship between ozone and 

temperature during the day. Likely because their diurnal variability is much greater. Higher dry 

deposition, together with higher abundance of cold temperatures in these sites are better 

conditions to show the contrast between cold temperatures and the benefits of higher 

temperatures on ozone concentration. According to Table 3, Östad experience an even steeper 

ozone/temperature relationship during the night. The reason behind this is likely geographical. 
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Since Östad is located in a valley, the site is prone to experience strong nocturnal temperature 

inversions. These inversions prevent the vertical mixing of air to replenish the ozone deposited 

to the earth, and the ozone concentration will therefore be very low during the cold night. 

However, during warmer nights the temperature inversions will be weaker or perhaps non-

existent and allow the ozone concentration deposited to the earth to be replenished. The contrast 

between these cold nights with low ozone concentration and warm nights with higher ozone 

concentrations might be the reason why Östad have so strong climate penalty during the night.  

 

4.4 Potential limiting factors 
 

This study was performed with a data quantity of hourly observations from April to September 

during a six-year period, for four different sites. This is a sufficient amount of data to create 

reliable content, still there are some potential limiting factors which could have affected the 

result in this study. For example, even if data loss was relatively small (see Table 1), there 

existed some continuous periods where the data was missing. Visibly this mostly affected the 

sum of the AOT40 (Table 2).  

 

Another limiting factor could be the variability of 2018. Although the summer of 2018 was 

considerably warm and dry during the majority of the time, it still contained an extent of 

variability. May and July and the beginning of August were the main periods with extreme heat. 

April, June and September, although on average warmer than normal, still included periods 

with similar temperatures as earlier years (SMHI, 2018c). Limiting the summer of 2018 in this 

study to only days with extreme heat could have reduced some deviations which might have 

influenced the result. However, with limited number of observations figures such as 9-11 and 

14 would have turned out less reliable.  

 

In Sweden, hourly observations with high temperatures above 30°C are limited. Especially in 

non-heatwave conditions. It is therefore not possible to create graphs (such as Figure 9-11 and 

14) with temperature intervals continuing above 29°C and for them to still be reliable. Bloomer 

et al. (2009), with a large quantity of data from U.S. used the temperature interval 19-37°C and 

could therefore study the relationship between ozone and temperature on higher temperatures 

as well. This was not possible for this study, with the more limited temperature interval 15-

29°C with daytime data (or 4-18°C with nighttime data). It is possible a temperature interval 

including higher temperatures would show a stronger, steeper or even more exponential 

relationship than the current one.  

 

A strong ozone episode which took place during a couple of days in May 2014 affected all sites, 

especially Gothenburg, with elevated ozone concentrations. High wind speed during the whole 

event indicate that the extremely high ozone concentrations possibly was transported from 

ozone rich air above which was mixed down by the strong wind. Graphs displaying the ozone 

and NO2 concentration and wind speed in Gothenburg during the event is available in Appendix 

D, including a graph showing the difference between the sites. The reason Gothenburg was 

exposed to so much higher ozone concentration than the other sites might be because the height 

of the monitoring station. The station is located on top of a building 27 meter above ground, 
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and perhaps more exposed to the wind. It is also possible that the strong wind removed most of 

the local emissions which otherwise would suppress the ozone concentration. The extreme 

values during this strong ozone episode are likely to have increased the average for the sites, 

especially since the extreme ozone concentrations was high during the night as well, when 

ozone concentration usually goes down. Without this event the difference between the average 

for 2013-2017 and 2018 might have been even larger, particularly for Gothenburg.  

 

4.5 Climate change 
 

Tropospheric ozone is an important and toxic pollutant with widespread effect on human health, 

crop production, ecosystem and climate. According to the World Health Organisation (2008) 

the effect includes about 21 000 premature deaths annually in 25 EU countries on and after days 

with high ozone levels. The result in this study indicates that a future warming will increase the 

concentrations of tropospheric ozone, and during really warm summers and heatwaves (like the 

one 2018) this increase will be at an even higher rate. Since ozone also is an important 

greenhouse gas, its presence will heat up the planet even further, contributing to even more 

ozone, i.e. resulting in a positive feedback scenario.  

 

To be able to meet future air quality standards, strong mitigation strategies on ozone and its 

precursors are needed. As concluded by Bloomer et al., the mitigation of NOx can help in 

reducing the climate penalty of ozone. When heatwaves are forecasted, additional measures 

might be needed to compensate for the amplification. Knowing the implications of heatwaves 

on tropospheric ozone and how it varies between sites is an important step in planning for long-

term mitigation strategies and in tackling the climate crisis.  

5 Conclusions 
 

This study investigated how the extreme summer of 2018 affected the ground-level ozone 

concentrations compared to the summer periods of 2013-2017 in four different sites in 

southwest Sweden. The result revealed that all sites experienced higher average ozone 

concentrations during 2018 than the period 2013-2017, and factors such as elevated 

temperature, high insolation, low humidity and high vapor pressure deficit are likely important 

contributors to this. The study found a strong positive correlation between temperature and 

[O3], and that heatwaves lead to an even higher climate penalty on [O3]. The climate penalty 

factor was defined as the rate of which [O3] increase with temperature and was in some cases 

shown to be at least twice as high for 2018 than 2013-2017 during daytime.  

 

The differences between the sites agreed with the hypothesis. The coastal site Råö had higher 

average [O3] than the inland sites Östad and Ytterby, and the rural inland site Östad had higher 

[O3] in average than the urban site. The steepest relationship between ozone and temperature 

was especially found in the inland areas Östad and Ytterby and the urban area Gothenburg, 

however the relationship was noticeably amplified for all sites during heatwave condition.  
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With climate change warmer temperatures and higher frequency of heatwaves is expected. To 

be able to meet future air quality standards for ozone, strong mitigation strategies are needed, 

especially during heatwaves. Knowing about the implications of how heatwaves affect 

tropospheric ozone and how it varies between sites is an important step in planning for long-

term mitigation strategies and in tackling the climate crisis.  
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Appendix A – Average Temperature 

Average temperature April-September, 08:00-20:00. 

 

 

Gothenburg      

Year April May June July August September Average 

2013 8.0 16.1 17.7 20.4 19.6 15.4 16.2 

2014 11.7 15.2 18.1 23.2 18.8 16.7 17.3 

2015 9.9 12.0 15.8 18.6 20.5 15.6 15.4 

2016 9.0 16.3 19.0 19.6 18.3 18.6 16.8 

2017 8.2 15.1 17.6 19.0 18.5 15.2 15.6 

2018 10.2 20.2 20.3 23.6 19.6 16.2 18.3 

 

Östad      

Year April May June July August September Average 

2013 7.7 15.7 17.1 19.6 18.3 14.1 15.4 

2014 11.9 15.1 17.7 22.4 17.4 16.1 16.8 

2015 10.9 12.5 16.2 18.3 20.5 15.0 15.6 

2016 9.6 16.4 18.7 18.8 17.1 17.1 16.3 

2017 9.1 15.7 17.3 18.9 17.5 14.3 15.4 

2018 10.3 20.5 20.2 24.5 19.0 15.0 18.2 

 

 

 

 

Råö      

Year April May June July August September Average 

2013 7.7 16.9 18.9 22.8 21.8 17.0 17.5 

2014 11.3 16.3 20.4 25.6 20.7 18.6 18.8 

2015 10.0 12.5 16.4 19.6 21.6 16.7 16.1 

2016 8.7 17.3 21.1 21.8 20.1 20.3 18.2 

2017 8.4 15.2 18.6 20.5 19.9 16.6 16.5 

2018 10.7 20.5 21.7 25.4 21.0 17.4 19.5 

Ytterby      

Year April May June July August September Average 

2013 7.8 15.7 16.7 20.0 18.4 14.7 17.5 

2014 11.5 14.8 17.6 22.5 17.6 16.1 16.7 

2015 9.5 11.7 15.0 17.4 19.8 14.9 14.7 

2016 8.5 15.8 18.7 18.8 17.4 17.5 16.1 

2017 7.7 14.7 17.0 18.7 17.7 14.6 15.1 

2018 9.5 19.9 19.9 23.5 19.0 15.4 17.9 
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Appendix B – No. of observations 

 

Number of observations behind the graphs in Figure 9-11. 

 

 
Table 1: Number of observations behind Figure 9 (08:00-20:00) for the different temperature bins.  

 

 
 
 

Table 2: Number of observations behind Figure 10 (10:00-16:00) for the different temperature bins. 

 

 

 

 
Table 3: Number of observations behind Figure 11 (20:00-08:00) for the different temperature bins.  

 

 

 
 
 
 
  

Temp. 
bins 

Råö Ytterby Gothenburg  Östad 
2013–2017 2018 2013–2017 2018 2013–2017 2018 2013–2017 2018 

15–17 1858 325 3025 361 2431 384 2693 322 

18–20 2486 471 2390 415 2829 449 2351 347 

21–23 2043 366 938 386 1089 408 1159 342 

24–26 970 335 392 318 446 326 511 315 

27–29 288 220 108 75 153 94 148 174 

Temp. Råö Ytterby Gothenburg Östad 
bins 2013–2017 2018 2013–2017 2018 2013–2017 2018 2013–2017 2018 

15–17 752 151 1385 167 1142 167 1284 136 

18–20 1146 207 1392 200 1494 230 1357 176 

21–23 1253 188 579 195 612 195 743 155 

24–26 643 188 250 201 243 193 330 186 

27–29 187 143 78 46 93 53 123 132 

Temp. 
bins 

Råö Ytterby Gothenburg Östad 
2013–2017 2018 2013–2017 2018 2013–2017 2018 2013–2017 2018 

4–6 1080 74 940 161 1568 303 1568 303 

7–9 1064 274 1366 271 2243 375 2243 375 

10–12 1555 176 2331 332 2872 497 2872 497 

13–15 2676 481 3231 645 2335 485 2335 485 

16–18 2674 697 1494 439 493 230 493 230 
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Appendix C – Slope coefficients 

Slope coefficients for the trendlines in Figure 9-11.  

 
 

Table 1: Slope coefficients for the different trendlines in Figure 9 (08:00-20:00).  

 
 
 

Percentiles 

Råö Ytterby Gothenburg Östad 
2013–2017 2018 2013–2017 2018 2013–2017 2018 2013–2017 2018 

0.95 1.27 0.97 1.35 1.46 2.51 1.70 1.44 1.45 
0.75 0.99 1.14 1.30 1.83 1.32 1.73 1.47 1.76 
0.50 0.59 1.07 0.98 1.67 1.25 1.48 1.10 1.70 
0.25 0.53 0.80 1.07 1.61 1.29 1.36 1.14 1.60 
0.05 0.83 0.90 1.49 1.66 1.58 1.43 1.05 1.48 

Average 0.84 0.98 1.24 1.65 1.59 1.54 1.24 1.60 

 

 
Table 2: Slope coefficients for the different trendlines in Figure 10 (10:00-16:00).  

  
Råö Ytterby Gothenburg Östad 

Percentiles 2013–2017 2018 2013–2017 2018 2013–2017 2018 2013–2017 2018 

0.95 1.20 0.96 1.53 1.48 2.57 1.67 1.40 1.49 

0.75 0.84 0.84 1.37 1.85 1.23 1.74 1.50 1.70 

0.50 0.47 0.92 1.19 1.76 1.19 1.35 1.06 1.63 

0.25 0.45 0.72 1.05 1.61 1.26 1.08 1.08 1.45 

0.05 0.76 0.72 1.37 1.77 1.50 1.19 0.89 1.17 

Average 0.74 0.83 1.30 1.69 1.55 1.41 1.19 1.49 

 

 
Table 3: Slope coefficients for the different trendlines in Figure 11 (20:00-08:00).  

 

 

 

  

 
Råö Ytterby Gothenburg Östad 

Percentiles 2013–
2017 

2018 2013–2017 2018 2013–2017 2018 2013–2017 2018 

0.95 -0.04 0.17 -0.05 -0.02 0.39 0.23 0.39 0.23 

0.75 -0.48 -0.23 -0.37 -0.14 0.19 0.40 0.19 0.40 

0.50 -0.48 -0.20 0.01 0.03 1.03 1.20 1.03 1.11 

0.25 -0.14 -0.15 0.58 0.56 1.63 1.55 1.63 1.55 

0.05 0.50 -0.03 0.45 0.39 0.99 1.28 0.99 1.28 

Average -0.13 -0.09 0.13 0.16 0.84 0.93 0.84 0.91 
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Appendix D – Ozone episode May 2014 

 

Graphs presenting ozone and nitrogen dioxide concentration (first graph) and wind speed 

(second graph) during strong ozone episode in Gothenburg, 21-23 May 2014. The ozone 

episode affected all four sites, though Gothenburg observed especially high ozone 

concentration up to 91 ppb (third graph).  
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