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Abstract

:

Episodes of hot weather and poor air quality pose significant consequences for public health. In this study, these episodes are addressed by applying the observational data of daily air temperature and ozone concentrations in an event-based risk assessment approach in order to detect individual heat and ozone events, as well as events of their co-occurrence in Berlin, Germany, in the years 2000 to 2014. Various threshold values are explored so as to identify these events and to search for the appropriate regressions between the threshold exceedances and mortality rates. The events are further analyzed in terms of their event-specific mortality rates and their temporal occurrences. The results reveal that at least 40% of all heat events during the study period are accompanied by increased ozone concentrations in Berlin, particularly the most intense and longest heat events. While ozone events alone are only weakly associated with increased mortality rates, elevated ozone concentrations during heat events are found to amplify mortality rates. We conclude that elevated air temperatures during heat events are one major driver for increased mortality rates in Berlin, but simultaneously occurring elevated ozone concentrations act as an additional stressor, leading to an increased risk for the regional population.
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1. Introduction


Episodes of hot weather and poor air quality have been identified as major concerns for public health. Numerous investigations from different parts of the world consistently show a strong relation between elevated air temperature and increased morbidity and mortality, especially during events lasting for several days [1,2,3,4,5,6,7,8,9,10]. Likewise, increased ground-level ozone concentrations are significantly associated with negative health and mortality effects [11,12]. Both stressors are highly temporally correlated, and are thus also discussed as major confounders or effect modifiers to one another when determining their particular health risks, underlining their close relationship [13,14,15]. Vulnerable groups that are identified to be the most sensitive to both stressors are, among others, the elderly and those who suffer from cardiovascular or respiratory illnesses, as well as people of low socioeconomic status and those living in densely populated areas [16].



So far, few investigations have focused on the combination of these two environmental stressors, although it has been shown that the combined occurrence of both worsens morbidity and mortality effects [17,18,19,20,21]. By stratifying air temperature effects for different levels of ozone concentrations, several studies have found significantly increased heat effects on mortality if accompanied with increased ozone concentrations [17,21,22]. However, studies focusing on the relation between both stressors themselves, as well as their combined effect on human health, also reveal inconsistent results for different regions or their relative effect-contribution [13,17,23]. A comparison of 25 Italian cities revealed a strong effect modification by ozone concentrations to the air temperature–mortality association only in some cities, whereas other cities showed no effect modification [21]. Similar results were found in a Europe-wide study. However, they found no evidence for an effect modification when heat waves were considered instead of air temperature for any of the cities where the study was carried out [22]. Other investigations could not even find any interaction or confounding between air temperature and ozone to affect all-cause mortality [24,25]. Inconsistencies in the results are mainly attributed to the local-specific characteristics of the city under investigation (e.g., [21,22,23]). This underlines the need for a better understanding of the mechanisms between these environmental stressors and their resulting health effects.



Physically, both health stressors are closely linked to each other, but the nature of the relationship between air temperature and ozone is highly complex and depends on a number of variables. The formation of ozone as a secondary pollutant is driven by the photochemical oxidation of precursors like volatile organic carbons, methane, and carbon monoxide [26,27,28]. Strong ozone forming can be observed during days of warm, cloud-free, and calm conditions [29,30,31]. Persistent atmospheric conditions of low winds speeds accompanied by high air temperature may enhance the accumulation of ozone [32,33,34,35]. A study for the United States of America (USA) investigated the co-occurrence of extreme heat events and events of high ozone concentrations as exceedances of the 95th percentile of air temperature and the maximum daily eight-hourly average ozone concentration (MDA8). It was shown that the probability of their co-occurrence is up to 30%–50%, especially when lasting for multiple days [36]. But, similar to the regional variabilities of their relations to morbidity and mortality, the correlation between air temperature and ozone concentration itself is also found to be regionally variable [32,37,38].



Climate change projections attest heat waves to become more frequent, more intense, and longer lasting [39,40], and they project an increased probability of air stagnation, which may lead to high ozone concentrations [41]. Exemplarily for the USA, an increased frequency of events of high ozone concentrations by 50% by the 2050s is projected [38]. Even under future declining emission scenarios, episodes of high ozone concentrations are expected to become more frequent, mainly because of an increase in weather situations favorable for ozone production like heat waves, air stagnation, or decreased cloudiness and precipitation during summer months [26,35,42].



Few of these investigations specifically focus on urban areas. Although ozone concentrations tend to be lower in cites compared to their rural environments, the opposite is true for air temperature. The term “urban heat island” describes the effect of a higher air temperature within an urban area compared with rural surroundings, which may lead to more frequent and longer lasting heat-waves within cities [43,44]. In combination with the high density of citizens living in cities, more people are exposed to potentially hazardous conditions, underlining the importance of understanding the dynamic of weather and air pollution, and its impact on the public.



Therefore, Berlin, Germany, is chosen in this study as an example for a mid-latitude city. Several studies that were already conducted in this city address the impacts of air temperature and ozone concentrations on morbidity and mortality (e.g., [17,45]). However, applying an event-based approach, as only heat events have so far been addressed in relation to mortality [7,46]. This approach has the main advantage of exploring not only the relationship between a hazard variable (e.g., air temperature or ozone concentration) to an effect variable (e.g., mortality), but also to deliver a local-specific threshold and information about the timing of these events. Thus, the objectives for this study are (1) to investigate the relationship between air temperature as well as ozone concentrations to crude mortality rates in Berlin, by using an explorative, event-based risk assessment approach; (2) to identify individual events of both stressors, as well as events of their co-occurrence; and finally, (3) to analyze these event types, considering their effect on mortality rates and their temporal occurrence. A quantitative comparison or separation of the attributable individual deaths either to air temperature or ozone concentrations is not in the scope of this study.




2. Data and Methods


2.1. Study Area


This study was carried out for the city of Berlin. The capital of Germany is located in the north-eastern part of the country at 52.5° N and 13.4° E, and spans 37 km in a north–south and 45 km in an east–west direction, with an overall area of 892 km2. At the end of the study period in 2014, Berlin had almost 3.4 million inhabitants. The surroundings of the city are predominantly flat land of agriculture and woodlands (Figure 1).




2.2. Data


This study uses observational data of air temperature and ozone concentrations from different locations within the urban area of Berlin. The study period is limited to 15 years, from 2000 to 2014, by the common availability of all of the necessary time series of air temperature, ozone concentrations, and daily mortality rates, which are described below in more detail.



The daily average air temperature values (Tmean) were taken from the site Tempelhof (52.4675° N, 13.4021° E, 48 m above mean sea level (amsl)), which is located on a former air field (~3 km2) in the city center (Figure 1). The station is operated by the German Weather Service (DWD) and the data is freely available online [47]. The data from this site has already been used in previous studies, and was shown to be suitable to represent city-wide air temperature conditions [7,46]. We used Tmean, as it was shown to be more suitable than, or at least as good as, the daily maximum or minimum air temperature in order to describe heat-related mortality in cities [8,46,48,49,50,51]. No significant temporal long-term trend in Tmean could be observed during the study period.



The ozone concentration data were taken from all seven observation sites of the local air-quality network, located within the urban area of Berlin (Figure 1). The data were provided by the Berlin Senate Department for the Environment, Transport, and Climate Protection [52]. The sites Wedding (urban station #1) and Neukölln (urban station #2) are located in a typical urban structure of the inner city, surrounded by buildings of partly commercial and residential use, as well as roads with minor traffic density. These sites are classified as urban background stations so as to represent the exposure of the general urban population, according to the location placement specified by the EU Directive definition [53]. The five observation sites, Marienfelde (suburban station #1), Grunewald (suburban station #2), Buch (suburban station #3), Friedrichshagen (suburban station #4) and Frohnau (suburban station #5), are classified as suburban stations, which are located in the outskirts of the city, where highest ozone concentrations occur. These stations are characterized by low density built-up structures, low traffic, and highly vegetated surroundings. Moving eight-hourly averages of ozone concentrations were calculated from hourly values, where the end of the averaging interval indicates to which calendar day it is assigned. We used the daily maximum of these averages (MDA8), as it is the recommended metric by the World Health Organization (WHO) for public health assessment [16]. During the 15-year study period, no significant trend in MDA8 could be observed at any of the sites.



The data of the daily death counts (all ages, all causes of death) were provided by the local statistical office (Statistisches Landesamt Berlin-Brandenburg). The annual population size of Berlin was provided by the federal statistical office [54]. This dataset provides an error-corrected time series of the annual population size for each year’s 31 December. These annual data were linearly interpolated to daily values. The daily mortality rate was then calculated as deaths per 1,000,000 inhabitants per day. The mortality data were de-trended for a significant (p < 0.05) negative linear trend over the 15-year study period.




2.3. Methods


2.3.1. Event-Based Regressions


The event-based risk assessment approach, which is used here, basically follows the concept of risk evaluation for the Intergovernmental Panel on Climate Change (IPCC) [55]. The approach has been adopted and applied by several studies, either to quantify heat-related risks [46,56], or as one option to define heat waves [43]. The approach was developed by and is explained in detail in the literature [46], and is used and configured for this study as described in the following.



In a first step, the approach searches each time series describing the hazard (the one of Tmean and the seven of MDA8) separately for occurrences of at least three consecutive days exceeding a threshold value. These occurrences are called events hereinafter. For Tmean, the threshold value is iteratively increased by 1 °C within the range of 10 °C to 40 °C, and for MDA8 by 5 µg m−3 within the range, from 10 µg m−3 to 210 µg m−3. The range was set so as to allow for an exploration of the time series without any pre-assumption of the existing thresholds or relations between the hazard and risk variables. At this point, a set of 31 threshold values for Tmean and 41 threshold values for each MDA8 time series were obtained. For each threshold and each single event, the approach calculates the difference between the daily values of the hazard variable and the respective threshold, accumulated over all days of each event. Each value is then logarithmized (log10) and is defined as the magnitude. The effect on mortality of each event is represented by the mean daily mortality rate during the event and zero to seven subsequent days (lag days). For each combination of threshold and the number of lag days, a linear regression is then calculated between the event magnitudes and the resulting mortality rates. The base rate is calculated as the mortality rate for zero event magnitude (y-intercept), indicating conditions of no stress. The use of magnitudes as predictor instead of daily values has the advantage of taking not only the intensity of the hazardous process during the event into account, but also their variable length. Each regression delivers a statistical output of the explained variance (r2), the p-value of a two-sided t-test, the relative error of the base rate (REBR), and the relative error of the regression coefficient (RERC).



The regressions were also calculated for events of minimum duration, different from three days. The chosen minimum duration of three days yielded the best results for both hazard variables in terms of r2, REBR, and RERC.




2.3.2. Selection of Event-Based Regressions


The remaining large set of regression models was then filtered for statistical significance (p < 0.05), and for each threshold value, the model with the number of lag days yielding the highest r2 was selected. This resulted in a set of statistically significant models for each hazard variable. Each of these models is characterized by a unique combination of a threshold value and the number of lag days. For MDA8, one single time series out of the seven was selected for further analyses, which showed the best statistical results over all of the regression models, and is thus considered to explain the variance of event-specific, city-wide mortality rates the most appropriately (see Section 3.1.2.).



For each of the two remaining sets of regression models (Tmean and MDA8), three models were selected that revealed high values of r2 and low values of REBR and RERC. These models were considered as the most appropriate for representing events with low, medium, and high thresholds of both hazard variables. The reason we chose three different models is that it enables to identify potential differences in the regressions to mortality rates for different levels of Tmean or MDA8. Furthermore, we can evaluate the robustness of our results in the comparison of single and coupled events (see Section 2.3.3.).



Our approach allows for an explorative investigation of time series for events and an unprejudiced selection of regression models, so as to assess the local-specific relationship between the risk of either heat or ozone concentrations and event-specific mortality rates. This approach does not allow for any conclusions about individual causes of death, nor do we follow the objective to quantify and distinguish between deaths attributable to heat or ozone. However, the approach enables a risk-based identification and characterization of hazardous heat and ozone events.




2.3.3. Classification of Single and Coupled Events


Based on the threshold values of the selected models (see Section 2.3.1 and Section 2.3.2), the events of Tmean (heat events—HE) and MDA8 (ozone events—OE) were then separately classified for further analysis, as follows:




	
Single heat events (HEs): Events of Tmean threshold exceedance for at least three consecutive days, and not more than two consecutive days of MDA8 threshold exceedance.



	
Coupled heat event (HEc): Events of Tmean threshold exceedance for at least three consecutive days, and at least three consecutive days of MDA8 threshold exceedance.



	
Single ozone events (OEs): Events of MDA8 threshold exceedance for at least three consecutive days, and not more than two consecutive days of Tmean threshold exceedance.



	
Coupled ozone event (OEc): Events of MDA8 threshold exceedance for at least three consecutive days, and at least three consecutive days of Tmean threshold exceedance.








This classification is done in order to compare the impact of one stressor on mortality when it is unaccompanied by the second stressor, with its impact when the value of the second stressor exceeds its threshold. This was done by comparing the mean mortality rates during HEs with those during HEc. All HEs and HEc were grouped into classes of similar magnitudes, in range of 0.5 magnitude units. The Mann–Whitney U-test [57] was used to test whether the mean mortality rates during HEs differ significantly from the mean mortality rates during HEc for each class of magnitude, if HEs and HEc showed in at least five events. The procedure was performed analogously for ozone using OEs and OEc. Figure 2 schematically displays different possibilities of the threshold exceedances for Tmean and MDA8, as well as the resulting event types so as to illustrate how the events were classified.






3. Results


3.1. Risk-Based Event Analysis


3.1.1. Air Temperature


Table 1 shows the results of the regression models for Tmean. Statistically highly significant (p < 0.01) results are found for threshold values from 18 °C to 24 °C. With an increasing threshold value, r2 also increases up to a maximum of r2 = 65.8%, which was obtained for the model with the highest threshold value. Three regression models are selected at Tmean > 20 °C (five lag days), Tmean > 22 °C (four lag days), and Tmean > 24 °C (six lag days), representing a low, medium, and high definition for HE. These three options particularly show the high r2 and low relative errors of the regression. Figure 3 displays the regressions of these three selected models.




3.1.2. Ozone


For the seven observation sites, statistically highly significant regressions (p < 0.01) were obtained for various MDA8 threshold values between 75 µg m−3 and 135 µg m−3 (Figure 4). For suburban sites, we found higher r2 at higher thresholds compared with the urban background sites. Based on this comparison, we considered site Wedding (urban station #1) as a good MDA8 predictor for all-cause, city-wide mortality in Berlin. Regressions based on this observation site reveal, in general, good results in view of a combination of high r2 and low relative errors (not shown). A low, medium, and high threshold value for event detection was selected at MDA8 > 90 µg m−3 (zero lag days), MDA8 > 100 µg m−3 (zero lag days), and MDA8 > 105 µg m−3 (one lag day), respectively. The regression results based on the measurements at site Wedding (urban station #1) are shown in Table 2 and Figure 5. The results based on the other sites are available in Tables S1–S6 in the supplement.





3.2. Event Type-Specific Mortality Rates


Figure 6 compares the classified HEs and HEc on the basis of their relation between event magnitudes (Tmean) and mean mortality rates during these events. This is shown for all combinations of the selected Tmean and MDA8 threshold values. With the exception of high Tmean threshold values, the majority of events with low to medium magnitudes are HEs. With an increasing event magnitude, the number of HEc increases in relation to the number of HEs. This is observable throughout all of the different threshold combinations, and shows that the higher the magnitude of an HE, the higher the probability that these events are accompanied by high MDA8 values. The most intense events (in terms of magnitude) are HEc (Figure 6, with the exception of two events in Figure 6c). Figure 6g–i reveals that for events defined by the highest threshold value (Tmean > 24 °C), all 17 detected events were accompanied by MDA8 concentrations higher than 100 µg m−3, and only two events were not accompanied by MDA8 higher than 105 µg m−3. Separate correlations of HEs and HEc reveal highly significant linear relationships between the event magnitudes and mean mortality rates for all HEc throughout all different threshold combinations. For HEs, significant correlations were found for the medium threshold values. However, the strength of the relationship between the event magnitude and mortality rates is stronger for HEc than for HEs. By comparing events of similar magnitudes (magnitude class), HEc revealed significantly (p < 0.05) higher mean mortality rates than HEs across all threshold combinations and magnitude classes (Figure 6). The difference in mortality rates becomes larger with an increasing event magnitude.



As for HEs and HEc, Figure 7 compares OEs to OEc. The number of OEc also rises with the increasing event magnitude in relation to the number of OEs. OEc show statistically significant relations between event magnitude and mortality rates in any combination of Tmean and MDA8 threshold values. For OEs, only in the case of MDA8 > 90 µg m−3, Tmean > 22 °C, and MDA8 > 90 µg m−3, Tmean > 24 °C did we find a weak but significant relation between event magnitudes and mortality rates (Figure 7d,g). The comparison of events of similar magnitudes showed that at low Tmean thresholds, mortality rates during OEs were even higher compared to OEc, and significantly higher mean mortality rates for OEc could only be found for medium and high Tmean thresholds.




3.3. Temporal Pattern of Events


Across all possible combinations of Tmean and MDA8 threshold values, we obtained at least 40% of all HE to be HEc during the study period, and at least 13% of OE were OEc. Coupled events were mostly frequent during summer months (June, July, and August), and were also the longest events, which was observable for all threshold combinations. During spring months (April and May), OEs were frequent, while during summer months, events of elevated ozone concentrations mostly occurred in combination with a high air temperature. But HEs and OEs were shorter during summer in comparison to coupled events. Figure 8 exemplarily shows the temporal occurrence of all events during the study period for medium threshold values (Tmean > 22 °C, MDA8 > 100 µg m−3). Figure 9 shows, that the longer a heat event is, the higher the probability is to be a HEc. As shown in this example, HE that last longer than five days are HEc, while a small number of OEs may last for longer periods.





4. Discussion


4.1. Risk-Based Identification of Heat and Ozone Events


The results show that by applying an event-based risk assessment approach, heat events and events of increased ozone concentrations can be associated to crude mortality rates in Berlin, Germany. Basically, these results are in consensus with the results shown world-wide for both stressors [14,16,58,59]. The majority of studies within this subject use Poisson regressions to investigate the mortality effects of a continuous time series of air temperature and/or ozone concentration. The often reported non-linearity in this relationship (e.g., [20,60,61]) excludes the application of linear regressions. The main difference between these studies and the study at hand is that here, we stratify the time series for events of a variable length that exceed a threshold at the higher end of the range of air temperature and ozone concentrations, and analyze their effect on mortality rates. Thus, the relationship between the event magnitudes and the mean mortality rates has a shape that is not comparable with the shape of the relationship between the whole range of either air temperature or ozone concentrations with mortality.



The use of event magnitudes as a predictor, instead of air temperature or ozone concentrations, takes the intensity of the event and its length into account. We additionally tested for a polynomial regression fit between event magnitudes and mortality rates, but the selection of models and therefore the threshold values used for event detection remained identical. For that reason, linear regressions between magnitudes of these events as predictor and event-specific mortality rates as predictand are considered as appropriate in order to explain this relationship (cf. Figure 3 and Figure 5). We found statistically highly significant correlations between event magnitudes and mortality rates for both stressors for events defined by various threshold values. This reveals that no single threshold that reflects one ideal relation to mortality rates being representative for the whole city can be deduced with this method. Significant results for different threshold values may be an effect of inner-city variances. First, people may be exposed to elevated air temperature differently in various districts of one city at the same time, as air temperature varies across different districts [62]. Also, exposure to ozone varies spatially dependent on the availability of precursors [63,64], and tends to be higher in suburban areas compared with inner-city locations. Second, highly vulnerable citizens with multiple pre-existing illnesses may be affected at much lower air temperatures or ozone concentrations than others, whose health conditions are still able to endure the current exposure. This variability is not only causing inner-urban variability, but is also shown in studies that analyze heat or ozone effects on mortality in comparison across different cities (e.g., [5,8,23,65]). The inner-urban variability of the exposure to heat and ozone in Berlin is already investigated by the authors of [45], and the inter-urban differences are shown by the authors of [17]. Thus, we argue that the results of this study are city-specific for Berlin, and the exposure of the air temperature and ozone may affect mortality rates differently in other cities. An inter-urban comparison based on this event-based approach could be the objective for further research. Appropriate results for the ozone-mortality relationship are obtained for threshold values between 90 µg m−3 and 105 µg m−3, which are close to the WHO’s guideline of 100 µg m−3, which was set so as to reduce the impact of ozone on health [66]. However, this is lower than the current target value for human health protection of 120 µg m−3, set by the European Commission, which must not “be exceeded on more than 25 days per calendar year averaged over three years” [53]. This target value was met in Berlin since 2009, but on an annual basis, the threshold of 120 µg m−3 was exceeded, between 3 and 45 times during the study period.




4.2. Influence of Ozone onto Heat Events


For HE, we could show that the more intense these events are, the higher the probability is to be accompanied with elevated ozone concentrations. This relationship is well investigated, as high air temperatures promote the formation of high ozone concentrations through precursors [35,36,37,67,68]. This effect may be time-dependent, as we could show for Berlin, that heat events lasting over more multiple days, occurred in combination with elevated ozone concentrations.



Also, weather conditions like air stagnation, high solar irradiance, or elevated air temperature, which are common during heat events, foster ozone forming and accumulation, and thus increase the exposure to ozone [30,31,41]. Separate regressions of HEs and HEc strongly depend on the distinct combination of ozone thresholds, whether magnitudes of HEs are significantly related to mortality rates. This underlines that a clear separation of HEs and HEc is not simple. But we consistently show, that with increasing Tmean magnitude, mortality rates rise with a stronger effect during HEc than HEs. Across all threshold combinations and magnitude classes, HEc show significantly higher mean mortality rates than HEs. We interpret that HEs alone have an impact on mortality, but increased ozone concentrations add an additional health stressor, producing a larger effect on mortality in Berlin. This supports research carried out for other regions, in which ozone was identified to amplify the heat–mortality relationship [35,58,68,69]. In particular, highly vulnerable people, who are already physiologically stressed by heat, lose their ability to withstand simultaneously occurring elevated ozone concentrations [70].




4.3. Influence of Air Temperature onto Ozone Events


While we found significant correlations between ozone and mortality rates, the separation into OEs and OEc shows that the ozone magnitude of OEs, without coincident high air temperatures, only weakly explains mortality rates during these events. This relationship strongly differs when OE are temporally accompanied with increased air temperate (OEc). However, we found high mortality rates for a number of OEs, especially for events defined by low thresholds (Figure 7). It is possible that these may have been caused by other stressors, like other air pollutants, which were found to affect mortality rates [18,34,71,72], but were not addressed in this study. Another possible explanation could be related to the time of occurrence of these OEs. They frequently occurred during spring months, during which mortality rates are generally higher compared to summer in Germany [73,74]. This may explain the high mortality rates during OEs occurring earlier in the year, compared with events occurring during summer months, when almost all OEs are accompanied with HEs. This may possibly also affect the overall relationship between ozone and mortality rates. However, we interpret that the ozone–mortality relationship is mainly driven by co-occurring high air temperatures, either as result of increased formation of ozone during OEc, or through the effect of elevated air temperatures during these events. These results are in consensus with other studies that investigated the modifying impact of air temperature on the ozone–mortality relationship (e.g., [13,58,75]). However, we could not find overall evidence for different thresholds and event magnitudes, that OEc show significantly higher mortality rates compared with OEs.





5. Conclusions


This study analyzed heat and ozone events, including their combined occurrence during 15 years from 2000 to 2014 in Berlin, Germany. With an event-based risk assessment approach, the events were deduced based on their overall relationship between daily mean air temperature and maximum daily eight-hourly mean ozone concentration, and crude mortality rates. The events were furtherly stratified into single events of elevated air temperature or ozone concentrations, and events in which both stressors occur. At least 40% of heat events were shown to be temporally co-occurring with high ozone concentrations, with the highest probability for the most intense and longest heat events. While single ozone events were found to weakly affect mortality rates, heat events produce a stronger effect on mortality rates. In combination with elevated ozone concentrations, this effect was shown to be amplified. We conclude that air temperature is one major driver for mortality rates during summer months. High ozone concentrations add an additional stressor for citizens during heat events, contributing to increased mortality rates during these events. However, further research is needed in order to investigate different cities in various climatic regions so as to identify potential inter-city differences in heat–ozone–mortality interactions.
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Figure 1. Study area and locations of observation sites of air temperature (Tempelhof) and ozone concentrations (Wedding, urban station #1; Neukölln, urban station #2; Marienfelde, suburban station #1; Grunewald, suburban station #2; Buch, suburban station #3; Friedrichshagen, suburban station #4; and Frohnau, suburban station #5) in Berlin. Land cover based on CORINE 2012, v18.5. The black line marks the administrative border of the city. 
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Figure 2. Schematic overview of possible threshold (Thr) exceedances (top row). The resulting heat events (HE) and ozone events (OE) are labeled. The classified event types that were used in the analyses were defined as single heat events (HEs), single ozone events (OEs), coupled heat events (HEc), and coupled ozone events (OEc). 
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Figure 3. Regressions between the mean mortality rates (MR; y-axis) during HE from 2000 to 2014 in Berlin, and event magnitudes (x-axis) for selected thresholds values. (a) Tmean > 20 °C (five lag days); (b) Tmean > 22 °C (four lag days); (c) Tmean > 24 °C (six lag days). 
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Figure 4. Comparison of the explained variance (r2) for all of the statistically highly significant (p < 0.01) regression models and for different ozone observation sites. The x-axis displays the model-specific threshold values. 
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Figure 5. Regressions between mean mortality rates (MRs; y-axis) during OE from 2000 to 2014 in Berlin, and event magnitudes (x-axis) for selected thresholds, based on observations at site Wedding (urban station #1). (a) Maximum daily eight-hourly average ozone concentration (MDA8) > 90 µg m−3 (zero lag days); (b) MDA8 > 100 µg m−3 (zero lag days); (c) MDA8 > 105 µg m−3 (one lag day). 
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Figure 6. Comparison of HEs (yellow bars) and HEc (purple bars) with Tmean as the predictor variable (x-axis) for daily mortality rates (y-axis) for different threshold combinations ((a) Tmean > 20 °C, MDA8 >90 µg m−3; (b) Tmean > 20 °C, MDA8 > 100 µg m−3; (c) Tmean > 20 °C, MDA8 > 105 µg m−3; (d) Tmean > 22 °C, MDA8 > 90 µg m−3; (e) Tmean > 22 °C, MDA8 > 100 µg m−3; (f) Tmean > 22 °C, MDA8 > 105 µg m−3; (g) Tmean > 24 °C, MDA8 > 90 µg m−3; (h) Tmean > 24 °C, MDA8 > 100 µg m−3; (i) Tmean > 24 °C, MDA8 > 105 µg m−3). Separate regression lines (based on individual events) for HEs and HEc are shown if significant (p < 0.05). Events are grouped into classes of similar event magnitudes (boxes, top x-axis). The edges of each box reflect the 25th and 75th percentile, median values are given as solid lines, and whiskers are the minimum and maximum values, respectively. Less than five events per class are shown as dots. The number of events (n) is displayed above each box. Significant different means (Mann–Whitney U-test) between HEs and HEc are signed at p < 0.05 per class for n ≥ 5; n. s. denotes not significant differences. 
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Figure 7. Comparison of OEs (green bars) and OEc (purple bars) with MDA8 as a predictor variable (x-axis) for the daily mortality rates (y-axis) for different threshold combinations ((a) Tmean > 20 °C, MDA8 > 90 µg m−3; (b) Tmean > 20 °C, MDA8 > 100 µg m−3; (c) Tmean > 20 °C, MDA8 > 105 µg m−3; (d) Tmean > 22 °C, MDA8 > 90 µg m−3; (e) Tmean > 22 °C, MDA8 > 100 µg m−3; (f) Tmean > 22 °C, MDA8 > 105 µg m−3; (g) Tmean > 24 °C, MDA8 > 90 µg m−3; (h) Tmean > 24 °C, MDA8 > 100 µg m−3; (i) Tmean > 24 °C, MDA8 > 105 µg m−3). Separate regression lines (based on individual events) for OEs and OEc are shown if significant (p < 0.05). Events are grouped into classes of similar event magnitudes (boxes, top x-axis). The edges of each box reflect the 25th and 75th percentile, median values are given as solid lines, and whiskers are the minimum and maximum values, respectively. Less than five events per class are shown as dots. The number of events (n) is displayed above each box. Significant different means (Mann–Whitney U-test) between OEs and OEc are signed as p < 0.05 per class for n ≥ 5; n. s. denotes not significant differences. 
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Figure 8. Temporal occurrences of HEs (Tmean > 22 °C, orange), OEs (MDA8 > 100 µg m−3, green), and corresponding coupled events (HEc/OEc, purple) in Berlin from 2000 to 2014. Overlapping days of HEs and OEs that are not classified as coupled events are marked in olive-green. 
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Figure 9. Stacked bars for the number of events per length of HEs (Tmean > 22 °C, orange), OEs (MDA8 > 100 µg m−3, green), and corresponding coupled events (HEc/OEc, purple) in Berlin from 2000 to 2014. 
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Table 1. Statistically highly significant (p < 0.01) results from the event-based regression analysis for Tmean measured at site Tempelhof from 2000 to 2014. Thr—threshold value for event detection; percentile—percentile of the threshold value for the whole study period; lag days—lag days included in regression; N events per year—average number of events per year; N event days per year—average number of event days per year; r2—explained variance; REBR—relative error of the base mortality rate; RERC—relative error of the regression coefficient (slope). Selected regression models are shaded.
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	Thr

(°C)
	Percentile
	Lag Days
	N Events

per Year
	N Event Days

per Year
	r2

(%)
	REBR

(%)
	RERC

(%)





	18
	≈81.
	5
	7.5
	58.2
	14.2
	1.5
	23.5



	19
	≈85.
	4
	6.5
	43.3
	25.0
	1.8
	17.8



	20
	≈89.
	5
	5.3
	32.1
	34.5
	2.0
	15.6



	21
	≈92.
	6
	4.1
	22.2
	35.0
	2.8
	17.8



	22
	≈94.
	4
	3.3
	16.0
	41.9
	2.6
	17.0



	23
	≈96.
	6
	1.8
	8.3
	40.3
	3.1
	24.3



	24
	≈98.
	6
	1.1
	4.9
	65.8
	3.2
	18.6
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Table 2. Same as Table 1, but for the maximum daily eight-hourly average ozone concentration (MDA8) at site Wedding, urban station #1.
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	Thr (µg m−3)
	Percentile
	Lag Days
	N Events

per Year
	N Event Days

per Year
	r2

(%)
	REBR

(%)
	RERC

(%)





	80
	≈75.
	1
	10.3
	73.0
	8.4
	2.7
	26.6



	85
	≈79.
	0
	9.1
	56.9
	14.2
	2.9
	21.2



	90
	≈83.
	0
	7.8
	44.5
	18.6
	3.6
	19.5



	95
	≈86.
	0
	6.8
	35.7
	14.1
	3.8
	24.7



	100
	≈89.
	0
	5.3
	25.9
	18.5
	4.4
	23.9



	105
	≈91.
	1
	3.6
	18.3
	25.6
	5.5
	23.7



	110
	≈93.
	3
	2.8
	13.1
	16.4
	6.7
	35.8
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