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Abstract

:

In order to assess whether there is an increasing need for adaptation to the associated human health risks, the long-term occurrence (1983–2019) of low-ozone events (LOEs) with associated near-surface anomalies of erythema-effective UV irradiance was examined using an impact-related approach. Based on satellite data, means of four locations in Germany (Sylt, Berlin, Frankfurt, Munich) were compared for three subperiods (T1: 1983–1989, T2: 1990–1997, T3: 1998–2019). The period of peak global ozone depletion in the 1990s (T2) is characterized by a larger frequency of LOEs than the preceding (T1) and the subsequent (T3) subperiods. During the most recent subperiod (T3), the mean number of LOEs is 1.1 ± 0.5 events/year, with a variability of 0 to 4.2 ± 0.8 events/year, and shows a statistically significant decrease in the annual number of −4.8%/year. The annual totals of the LOE-associated anomalies of the erythema-effective UV radiation dose show no trend during T3. With regard to LOE-associated UV index anomalies, spring is the season most affected by LOEs, with more than half of all cumulative UV peak loads, while the absolute maximum values of the LOE-associated UV index anomaly of about 1.8 UV index occur near the summer solstice. Within the most recent subperiod (T3), summer contributes an increasing share of the peak loads. Overall, the study confirms that LOEs pose health risks due to intermittent, pronounced positive anomalies in erythema-effective UV irradiance and therefore require special attention and adaptation measures. Long-term changes can be identified, but to date there has been no evidence of an increasing health risk in Germany.
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1. Introduction


Solar ultraviolet radiation (UVR) is known to be biologically very effective. In terms of human health, it can be associated with both positive and negative effects [1,2]. Short-term effects range from the initiation of vitamin D formation in the human body [3] as a positive example, to sunburn of the human skin or cataracts in the eyes [4,5,6] as negative examples. The most significant negative long-term effects are the development of melanoma or nonmelanoma skin cancer [7,8,9,10,11]. Since the long-term effects can have dramatic consequences, dealing with UVR exposure requires special attention. The risks from UVR are usually not unavoidable but can be significantly reduced with appropriate behavior and suitable framework conditions (e.g., for working or staying outdoors) [12,13,14]. In connection with the increasingly frequent discussions in Germany and other countries about the consequences of long-term changes in the atmosphere (e.g., due to climate change), the question arises as to whether there are indications that an increasing need for adaptation due to possibly increased UVR must be assumed [14,15]. The UVR in the human environment is characterized by a very high temporal and spatial variability. It depends (in addition to the sun elevation) mainly on total column ozone (TCO) and cloudiness, but also on aerosols, the albedo of the surface and the altitude of the location [16,17,18,19]. Stratospheric ozone is the strongest absorber of UVR [16]. In addition to the climatological knowledge of the average conditions [17], the occurrence of events with strongly positive anomalies in UVR is of importance for health protection. It stands to reason that such events are possible scenarios for the occurrence of sunburns. Such intermittent sun exposure is associated with an increased risk of developing melanoma [20,21]; for example, people with more than five episodes of severe sunburn have a 2-fold increased risk of melanoma [22].



Due to the inverse relationship between TCO and UVR, the occurrence of low-ozone events (LOEs) is predestined for strongly positive UVR anomalies; however, the effect of significantly reduced TCO on the UVR can be masked, in particular by clouds and/or aerosols. LOEs can arise for two different reasons [23]. On the one hand, the weather situation can lead to a high tropopause height and thus to a (reversible) displacement of part of the stratospheric ozone [24]. On the other hand, it is possible that air masses from the polar vortex, in which ozone has been irreversibly degraded by chlorine chemistry, are trans-ported to lower latitudes in spring [25,26,27,28,29,30]. In simplified terms, the LOEs can be referred to as LOEs of dynamic origin and LOEs of chemical origin.



There are a number of studies that examine LOEs and also consider their occurrence in mid-latitudes; however, a uniform definition of the term LOE has not yet been established [23,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55]. Mainly early studies use a fixed threshold as the LOE definition [23,31,33,34,35,37,39,53,54]. Absolute deviations are rarely used [23,32,54]. In the last two decades, studies have often been based on relative deviations [36,38,40,41,42,43,44,45,46,47,48,49,50,51,52,53,55]. The common use of monthly mean thresholds has the disadvantage of artificial jumps in the reference value at the turn of the month, which can be avoided, for example, by concepts of extreme value theory [42] or mitigated by linear interpolation [52]. To determine the reference value, the present study uses a smoothing method based on daily mean thresholds, and thus represents a further development of the method of time-dependent relative deviation, which essentially corresponds to a nonlinear interpolation of the monthly mean thresholds and considers the impact-related approach of the study.



Compared to the number of studies on ozone anomalies, the relationship between LOEs and UVR anomalies is less often the subject of study [40,46,51,52,53,54,55]. A methodological challenge here is the superimposition of the influences of changes in the TCO with changes in cloud cover, which is characteristic of the mid-latitudes as a result of the frequently changing weather systems. This question is dealt with in different ways. Ref. [55] considers changes in UVR as a deviation from average conditions, i.e., the evaluation assumes cloud cover, which is averaged over the entire study period. Ref. [42] takes actual cloud cover into account and compares UVR to preindustrial cloudless conditions. Studies [40,46,51,52,53] investigate the (theoretical) change in UVR under the assumption of cloudless conditions or allow cloudiness to a certain specified extent.



The aim of the present study is to investigate the occurrence of “health-relevant” LOEs, i.e., in the sense of unusual health risks due to increased UVR exposure as a result of a significantly reduced TCO. In contrast to previous work, an impact-based approach is used, which refers to conditions that people are essentially used to and considers all-sky conditions, i.e., is not constrained by explicit assumptions about cloudiness in advance. Accordingly, this study combines an improved, time-dependent relative LOE definition and an impact-related approach to investigate the long-term changes of positive UVR anomalies in Germany during the period 1983 to 2019.




2. Materials and Methods


2.1. Total Column Ozone Data and Definition of Low-Ozone Events


In this study, TCO data based on multisensor reanalysis were used from the Tropospheric Emission Monitoring Internet Service [56,57], which is hosted by the Royal Netherlands Meteorological Institute. The mean bias of the multisensor reanalysis is reported to be less than 1% [56].



For the period, for which values are available in all months from January to December (1971–2021), data were extracted for 4 locations in Germany: Sylt, 54.9° N, 8.33° E, 16 m; Berlin, 52.5° N, 13.41° E, 36 m; Frankfurt, 50.1° N, 8.68° N, 112 m; Munich, 48.1° N, 11.57° N, 495 m. The selection of the locations aims to cover the span of the geographic latitude of Germany as far as possible (Figure 1). The locations are each about 2 degrees (2.0–2.4 degrees) apart geographically and (with the exception of Sylt) each represent regions with high population densities.



First, the number of LOEs is determined for each location. A uniform definition of the term LOE has not yet been established in the scientific literature. The method used here shows some parallels, but also differences to the approach of [52]. For each of the 4 locations, the mean daily TCO at local solar noon and its standard deviation is calculated for the entire period. A LOE (TCO) is defined here by the condition that the daily value of the TCO (at local solar noon) is less than or equal to the 30-day moving average of the difference between the long-term average and twice the standard deviation. On the one hand, this procedure avoids jumps at the end of the month, which are unavoidable when using monthly mean values of the TCO. TCO deviations in the range of up to −17 DU over the course of one month would be due solely to using the monthly means as a reference to identify the anomalies. On the other hand, the fact is considered that the study is carried out with a special focus on the possible health significance of LOEs. The human body adapts rather gradually to the UVR exposure that changes over the course of the year. Unsystematically varying daily thresholds, which would mean frequent (daily) fluctuations in the sense of progress, but also regression, of adaptation, do not seem plausible as a physiological reference and are avoided with the 30-day moving average. Ref. [52] uses monthly means of TCO and monthly means of TCO standard deviation, which are linearly interpolated to obtain daily values. To define an “extreme low ozone episode eLOE” [52], which corresponds to the LOE (TCO) in the present study, the value 2 of the quotient of the interpolated daily values of TCO monthly means and the monthly means of TCO standard deviation is used, which is equivalent to using twice the standard deviation and refer to value 1. Instead of the linear interpolation of the monthly means [52], the present study uses the moving 30-day average, which—with minor deviations due to the different month lengths—essentially corresponds to an improved, nonlinear interpolation of the monthly mean thresholds. Figure 2 shows the thresholds of the TCO for the 4 locations considered, which must be reached or fallen below depending on the day of the year for a classification as LOE (TCO). Although the mean TCO shows a north–south gradient with higher values in the north, the thresholds for the LOE classification for the 4 locations are relatively close, which is due to the fact that the standard deviation also shows a north–south gradient with higher values in the north.




2.2. Definition of Subperiods


With regard to the LOEs (TCO), the 4-location means of the annual numbers were calculated and their development over time was examined. Different subperiods were defined on this basis. In further evaluations, these subperiods enable comparisons that are based on long-term changes in TCO und the characteristic occurrence of LOEs (TCO) instead of purely arbitrarily defined periods (e.g., 10-year periods). TCO is subject to significant fluctuations due to various causes (such as solar cycle, quasi-biennial oscillation, volcanic eruptions, weather patterns, ozone-depleting substances) [58]. Since—among other influences—the 11-year solar cycle plays a role, which as an external factor is not caused by changes in the earth’s atmosphere, the 11-year moving average of the number of LOEs (TCO) is included in the trend analysis. Figure 3 shows the 4-location means of the annual number of LOEs (TCO) in the period 1971 to 2021 together with the 11-year moving average. In order to obtain the most comprehensive possible overview of the long-term changes in the occurrence of LOEs (TCO), the entire available dataset of the TCO 1971–2021 was first considered. However, the erythema-effective UV irradiance for all-sky conditions of the 4 locations is only available for the period 1983–2019, so that the evaluation with regard to the health-relevant LOEs is limited to this period.



In relation to the entire period, the number of LOEs (TCO) does not show a uniform linear trend. The 11-year moving average shows weaker negative trends, with a decrease in the number of LOEs (TCO) in the periods up to the early 1980s and since the late 1990s, respectively, and stronger changes in the period in between, with an increase from 1983 to 1993 and a decrease afterwards. Long-term measurements of the TCO in southern Germany (Hohenpeissenberg) show that the 1990s mark the period with the lowest TCO [59]. This period is strongly influenced by the highest levels of chlorine and bromine in the atmosphere, which have been slowly decreasing again since the mid-1990s, and by the effects of increased aerosol pollution on the ozone layer after the Pinatubo volcanic eruption [59,60]. A study with global data for the period 1979 to 2016 [58] identifies the year 1996 as the trend reversal in ozone depletion. In the 1990s, the number of LOEs (TCO) reached the highest values of the entire study period. The linear trend of the long-term (11-year moving) average of the number of LOEs (TCO) since 1998 essentially corresponds to the trend of the individual years (~−6%/year). Due to the facts about long-term TCO changes and the characteristic occurrence of LOEs (TCO), it makes sense to evaluate the subperiod 1990 to 1997 separately from the previous and subsequent subperiods. Accordingly, the following different subperiods are considered in the study: T1: 1983–1989, T2: 1990–1997, T3: 1998–2019.




2.3. Erythema-Effective UV Irradiance Data and Definition of Health-Relevant Low-Ozone Events


The erythema-effective UV irradiance data for the 4 locations were extracted according to its geographic coordinates from the UVR climatology [17] of the Deutscher Wetterdienst (German National Meteorological Service) which provides data for both clear-sky and all-sky conditions. Details on how the UVR climatology was calculated can be found in [17]. The principal method can be briefly outlined as follows. The clear-sky UVR data are essentially computed by an empirical parametrization [61] as a function of the TCO (multisensor reanalysis, see also Section 2.1) and the solar zenith angle, also considering climatological data of surface albedo [62] and aerosols [63] as well as the varying sun–earth distance and the elevation of the location [17]. To obtain all-sky UVR data, the clear-sky UVR data are subject to cloud correction using cloud modification factors (CMF) [17,64]. CMF is calculated as a function of the solar zenith angle and the effective cloud albedo in the visible spectral range (provided by Satellite Application Facility on Climate Monitoring of the European Organization for the Exploitation of Meteorological Satellites). It considers the fact that in the UV spectral range, clouds reduce the irradiance less than in the visible spectral range. Based on the method described, the existing UVR climatology of the Deutscher Wetterdienst for the years 1983 to 2015 [17] was extended by the years 2016 to 2019. The calculation of the data in hourly resolution enables the determination of the daily maximum and the daily sum of the erythema-effective UV irradiance, i.e., UV index and erythema-effective UVR dose. The present study specifically considers the LOEs with regard to their direct influence on human health and therefore focuses on the changes in UVR in the human environment. In this study, LOEs are classified as “health-relevant” if they are associated with health risks beyond those normally encountered, i.e., when associated with positive anomalies in erythema-effective UV exposure relative to an appropriate threshold. Typically, in Germany and other mid-latitude regions, there is an alternation of cloudy periods and phases with little or no cloud, each caused by the changing weather systems. These phases can change at high frequency or, for example, can persist for weeks in blocking situations. It can therefore be assumed that people are basically used to the full range of conditions. In contrast, the mean cloudiness as a purely statistical value does not represent an appropriate threshold value. A health-related positive anomaly of the UVR can rather be assumed if the UVR exceeds the typical clear-sky level, and consequently an increased risk of sunburn beyond the typical extent must be expected. From the set of all LOEs (TCO), which result due to the TCO anomaly described above, those events are classified as “health-relevant”, which show a positive deviation of the daily maximum of the erythema-effective UV irradiance under all-sky conditions from the mean daily maximum at clear-sky conditions (30-day moving average). The 30-day moving average is used as a reference value in analogy to the procedure described above for the TCO anomaly. The advantage of the impact-related definition of health-relevant LOEs is that it can include both clear-sky conditions and, in principle, cloudy days, as long as positive anomalies in erythema-effective UV irradiance (compared to the level of typical clear-sky conditions) are recorded.



The method used here shows some parallels but also differences to the approach of [42]. The reference to clear-sky conditions is in accordance with [42]. Differences result from the determination of the reference period and the initial situation. While the present study carries out an analysis for situations with strongly negative TCO anomalies [42], examines, among other things, the reasons for high UVR anomalies. The reference value used is the preindustrial level of the 1950s with a fixed deviation of 15% [42]. However, this study aims to identify additional health risks (i.e., risks that exceed the usual level), and therefore, the period of the last few decades is taken as a basis, for which exposure and basic adaptation of people can be assumed.



The results presented below deal with the health-relevant LOEs (i.e., with associated near-surface anomalies of the erythema-effective UV irradiance), unless the term LOE (TCO) is used, which indicates an exclusive reference to low TCO.





3. Results


3.1. Occurrence of Human Health-Relevant Low-Ozone Events


The four-location means of the annual number of health-relevant LOEs in Germany in the period 1983–2019 are shown in Figure 4.



On average, 0.6 ± 0.2 events per year associated with positive anomalies in erythema-effective UV irradiance occur in subperiod T1, 2.2 ± 0.4 events per year in subperiod T2 and 1.1 ± 0.5 events per year in subperiod T3. The health-relevant LOEs occur in the period of the 2000s (T3) in a larger number on average than in the 1980s (T1), but only half as often compared to the 1990s (T2). The annual number of events is characterized by a large variability. In the most recent subperiod, T3, 0 to 4.2 ± 0.8 events per year occur. The (linearly described) trend in the most recent subperiod, T3, shows a decrease in mean number by −4.8%/year. The trend of the 11-year moving average in T3 is statistically significant (p < 0.05). The subperiods T1 and T2 each show no statistically significant trends.



Figure 5 shows the percentage of health-relevant LOEs, i.e., the annual proportion of days on which LOEs and anomalies of the erythema-effective UV irradiation occur at the same time in relation to the number of days with LOEs due to anomalies of the TCO. The mean proportion in subperiod T1 is 35 ± 5%, in subperiod T2 is 37 ± 12% and in subperiod T3 is 52 ± 11%, while in all subperiods, the variability extends over the entire possible range from 0 to 100%. Accordingly, on average, health-relevant LOEs during the 2000s (T3) account for about half (51%) of all LOEs that occur. Their average share in the most recent period is approximately 16 percent larger than in the subperiod T1. The subperiods T1 and T2 have average shares of a comparable magnitude. This could be interpreted as an indication of the weather-related influence of changing cloud conditions (decrease in cloud cover) and/or a shift in the occurrence of the LOE to periods that are usually characterized by less cloud cover (e.g., from winter to spring). Within subperiod T3, there is a trend towards an increase in the annual LOE share of +1.2%/year, but this is not statistically significant.



To determine whether there is evidence of temporal shifts in the occurrence of LOEs, the relative frequency of seasonal occurrence of LOEs and changes between periods were evaluated (Figure 6). The most frequent occurrence is always in spring, with an average of 36 ± 9% during T1, 63 ± 11% during T2 and 51 ± 11% during T3. Over time, there have been changes in the seasonal frequencies of the occurrence of health-relevant LOEs. In the subperiod T2, compared to the previous subperiod T1, LOEs occurred more frequently in spring (+27 ± 10%) and less frequently in autumn (−16 ± 8%) and summer (−9 ± 12%). Only the spring trend is clearly an increase. In the most recent subperiod, T3, this development is at least partially reversed, which is shown by a (compared to subperiod T2) more frequent occurrence in summer (+9 ± 2%) and autumn (+4 ± 2%), as well as a less frequent occurrence in spring (−13 ± 11%). Currently (T3) about half (51 ± 11%) of the health-relevant LOEs occur in spring, followed by winter (28 ± 12%), summer (12 ± 2%) and autumn (9 ± 2%). Consequently, the frequency of occurrence in summer and winter during the 2000s (T3) is approximately at the same level as during the 1980s (T1); in spring, on the other hand, it is increased, but this increase in frequency is currently (T3) only about half of the increase during the 1990s (T2) and within the range of the standard deviations. The occurrence in autumn is currently (T3) decreased in comparison to T1. The results of Figure 6 suggest that it is less likely that a temporal shift in the occurrence of the LOEs to periods typically characterized by less cloudiness is responsible (or partly responsible) for the results in Figure 5. Rather, it can be assumed that the results of Figure 5 reflect a more frequent occurrence of clear-sky or sparsely cloudy weather conditions.



The extent to which there are temporal shifts in the occurrence of LOEs within the seasons over the course of the period under consideration was examined using the cumulative relative frequency of the monthly occurrence of LOEs (Figure 7). Looking at spring, the steepest increase in the cumulative relative frequencies of monthly occurrences of LOEs is observed during subperiod T1 in April and during subperiods T2 and T3 in March. It follows that during the 1990s and 2000s (T2 and T3), a larger proportion of the spring LOEs occurred earlier in the season than during the 1980s (T1).



A significant proportion of the LOEs (28 ± 12%) occur in winter (Figure 6), and thus at a time when UVR exposure in Germany typically only reaches a low level due to the low sun elevation, even with a clear sky [17], and a health hazard in the sense of a risk of sunburn cannot be assumed a priori. Under these conditions, a health risk assessment based solely on UVR anomalies is not appropriate, but requires an assessment of absolute levels of UVR exposure. The absolute values of the UVR exposure differ depending on the geographical latitude and thus in northern and southern Germany, since they are strongly determined by the sun elevation. The individual UVR exposure depends on the exposure duration and the response of the skin to the UVR exposure, which in turn can be described and classified via the skin type [65]. In Germany, skin type II occurs most frequently, with a proportion of 55.4% of the population [66]. According to the International Commission on Non-Ionizing Radiation Protection, an average minimum erythema dose (MED) of 250 J/m2 corresponds to skin type II [67]. Table 1 shows the mean proportions (1983 to 2019) of winter LOEs associated with a health risk from prolonged UVR exposure in northern Germany (locations: Sylt and Berlin) and southern Germany (locations: Frankfurt and Munich). In Table 1, the term “health risk” is used for reaching the MED for skin type II. The risk levels are given according to [68]. Even with prolonged exposure in winter, the health risk in northern Germany is negligible on at least one-third of the days with LOE (33% to 38%), while in southern Germany, at least a low risk can always be assumed. In winter in southern Germany, people with skin type II are at risk of sunburn on 57% to 79% of days with LOEs for prolonged exposure of more than 1.5 h.




3.2. Anomalies of Erythema-Effective UV Irradiance and UVR Dose Associated with Low-Ozone Events


Figure 8 shows the monthly maxima of the positive anomalies of the erythema-effective UV irradiance associated with LOEs in the three subperiods. The mean values are calculated from the number of locations affected, i.e., four locations at most, but fewer locations if only some of them are affected.



The largest mean maximum of the anomaly of the erythema-effective UV irradiance associated with LOEs is noted in June: 45 mW/m2 UV irradiance (equivalent to 1.8 UV index) in the most recent subperiod, T3. Mean maxima of the anomaly of the erythema-effective UV irradiance, which exceed 12.5 mW/m2 (or 0.5 UV index), occur between February and August (in relation to the entire period 1983–2019, not necessarily in all subperiods). With mean maxima of the anomaly, which exceed 1 UV index or 25 mW/m2 erythema-effective UV irradiance, this is the case between April and June. UVR anomalies greater than 1.5 UV index or 35.7 mW/m2 erythema-effective UV irradiance are only detected in June. As expected, the mean maxima of the anomaly of the erythema-effective UV irradiance largely follow the position of the sun, with increasing values as the sun elevation increases. Due to the satellite data used, the other differences are to be assigned to the influences of cloud cover and the individual extend of the TCO anomalies. Long-term changes in the aerosol optical thickness are not represented with this database.



For an assessment of the health relevance of LOEs, in addition to the maximum anomalies of the erythema-effective UV irradiance, it is also of interest how they affect the corresponding annual dose. Figure 9 shows the mean annual sums of the anomalies of the erythema-effective UV dose associated with LOEs. In relation to the subperiods, there are mean annual anomalies of 0.15 ± 0.07 kJ/m2 during T1, 0.55 ± 0.21 kJ/m2 during T2 and 0.44 ± 0.30 kJ/m2 during T3. The mean annual anomalies of the erythema-effective UVR dose associated with LOEs in the most recent period, T3, is 20 percent below the mean annual anomalies during the 1990s, but the difference is within the range of the standard deviations. The variability (standard deviation) is highest in the period T3. The mean proportion of LOE-associated anomalies in UVR exposure is 0.09 percent, less than 1/1000 of the mean annual dose of erythema-effective UV irradiance during T3. The highest mean annual sum of the anomalies of the erythema-effective UVR dose occurred in 2016, which was 4.1 times the mean anomaly and reached 0.38 percent of the mean annual dose. For the most recent period, T3, there is no statistically significant trend across the evaluated locations.



Figure 10 shows the seasonal mean values of the anomalies of the erythema-effective UVR dose per event.



In relation to the seasons, the strongest mean anomaly of the erythema-effective UVR dose per event occurs in summer. It is 0.146 ± 0.005 kJ/m2 during T1, 0.145 ± 0.005 kJ/m2 during T2 and 0.118 ± 0.027 kJ/m2 during T3, i.e., during period T3 it is about 20 percent below that of the summer periods of T1 and T2, but the difference is within the range of the standard deviations. In spring, the mean anomaly of the erythema-effective UVR dose per event during the period T3 shows a size comparable to the values of the period T1. It is about 23 percent below the value of the spring periods of T2 and about 28 percent below the value of the summer periods of T3, but all differences are within the range of the standard deviations. During the spring and summer periods of T3, the anomaly of the erythemal UVR dose per event is about 5% of the mean seasonal daily erythema UVR dose, which is 1.58 ± 0.30 kJ/m2 in spring and 2.58 ± 0.16 kJ/m2 in summer.



The seasonal contributions to the UV index anomalies during T3 and changes between the 1998–2008 and 2009–2019 half-periods of T3 are shown in Figure 11. Spring contributes the strongest proportions of UV index anomalies during period T3 (54 ± 7% to 58 ± 7%), followed by summer (19 ± 2% to 42 ± 2%). The changes between the two 11-year half-periods within T3 show a significantly increasing proportion of UV index anomalies in summer (+23 ± 2%), and smaller decreasing changes in proportions in winter (−11 ± 4%), autumn (−8 ± 3%) and spring (−4 ± 7%).





4. Discussion and Conclusions


In order to assess whether there is an increasing need for adaptation to associated human health risks, the long-term occurrence (1983–2019) of health-relevant LOEs and the associated, positive anomalies of erythema-effective UV irradiation were examined. Health-relevant LOEs were identified using improved time-dependent thresholds in relation to TCO and UVR, the calculation concept of which was adapted to the health aspect of the study. Three time periods were compared (T1: 1983–1989, T2: 1990–1997, T3: 1998–2019), defined according to the different characteristics of the frequency of occurrence of the LOEs (TCO). From the point of view of health protection, the frequency of occurrence of health-relevant LOEs, the associated positive anomalies in UVR doses and UVR peak exposures and the long-term changes in these parameters are of interest.



Both LOEs (TCO) and health-relevant LOEs are characterized by a rare occurrence with a pronounced annual variability. These events do not occur every year, but can occur at any season. During the 1990s (T2), the annual numbers reached the largest values of the entire study period (mean: LOEs (TCO) 5.2 ± 0.7, LOE 2.2 ± 0.4; maximum: LOEs (TCO) 11.3 ± 1, LOE 6.3 ± 1.4), which is in accordance with the highest concentrations of ozone-depleting substances in the atmosphere [59,60] and is also reflected in the general occurrence of days with large erythemal-effective UVR doses in other parts of Europe [69]. In the most recent period, T3, the annual number of LOEs (TCO) decreases by about −6% per year, and thus confirms a result from Austria about a decreasing number of LOEs (TCO) [48]. However, in the recent subperiod, T3, opposite trends are also observed: the number of LOEs is declining, but relative to the total number of LOEs (TCO), a larger proportion of health-relevant LOEs (characterized by positive near-surface anomalies of erythema-effective UV irradiation) occur. This is a plausible explanation for the fact that compared to the trend of the LOEs (TCO), the decline in the annual number of health-relevant LOEs is smaller, at −4.8% per year. Differences in the numbers of LOEs (TCO) and health-relevant LOEs result principally from the fact that the effect of significantly reduced TCO on the near-surface UVR can be masked, in particular by clouds and/or aerosols. While long-term changes in the optical thickness of aerosols are not represented with the analyzed satellite-based data for methodological reasons, the studied changes in the relative frequency of seasonal occurrence of LOEs suggest that the increasing proportion of health-relevant LOEs can be interpreted as consequence of a more frequent occurrence of clear-sky or sparsely cloudy weather conditions. A study also based on the evaluation of satellite data provides further indications of changes in cloud cover [17]. For some locations (Berlin and Munich match with the present study), the mean differences in the UV index for monthly decades (10 ± 1 days) from 2006–2015 are compared to 1983–1992, distinguishing between clear-sky and all-sky conditions. The periods differ somewhat from those considered here. An increase in UV index can be seen during the spring and early summer months. The increase in clear-sky UV index is associated with the changes in TCO, but the additional increase in all-sky UV index compared to clear-sky UV index indicates a further impact of reduced cloud cover during these months [17]. If weather conditions with reduced cloud cover occur more frequently, the probability of this also increases in relation to the rare LOEs evaluated.



The two different causes for the formation of LOEs may provide another possible explanation for the increasing proportion of health-relevant LOEs. In connection with the slow recovery of the ozone layer since the late 1990s [60], it can be assumed that the probability of the occurrence of LOEs of chemical origin is tending to decrease. In the present analysis, there are at least indications that support this assumption. The mean annual total of all LOEs was larger during the period of peak ozone depletion in the 1990s (T2) than in the subsequent period, T3. In addition, within period T3, a shift in the occurrence of the LOE-associated UV peak loads to summer was found. However, LOEs of chemical origin occur only in spring, while LOEs of dynamic origin occur at any time of year. Due to the association of the LOEs of dynamic origin with the occurrence of large anticyclones, they are often accompanied by a clear-sky or sparsely cloudy weather character in spring and summer in Germany. Consequently, the increasing proportion of health-relevant LOEs could also be interpreted as an indication of an increasing proportion of LOEs of dynamic origin in the total number of LOEs.



As the analysis shows, LOEs occur most frequently in spring. This is in principal agreement with a study from Austria [48], which also found the largest proportion in spring (note that this refers to 2-day eLOEs in relation to TCO in [52]). Within spring, a greater proportion of LOEs occur earlier in the year (in March rather than April) in subperiods T2 and T3 compared to T1. The occurrence of LOEs at this time of the year is of particular importance with regard to health effects, because at the end of winter, human skin is usually still unaccustomed to the sun and has not yet developed any or has only developed a little self-protection. Consequently, significantly increased erythema-effective UV irradiance can potentially be linked to increased health risks (such as sunburn and the long-term consequences) the earlier in spring they occur. However, it must be considered that there is no risk automatism (in the sense of “the earlier, the worse”) due to the dependence on the sun elevation. The daily maximum values of sun elevation increase in the course of spring (until the summer solstice is reached), so the risk is ultimately determined by the specific constellation, not least in relation to the prevailing thermal conditions, which also determine other influences such as the amount of clothing worn, and thus the exposed body surface.



Winter is the season with the second most frequent occurrence of LOEs. Despite the low sun elevation, there are health risks in terms of the possibility of reaching the MED for skin type II, especially with longer exposure times, such as can be assumed for people who work outdoors. In southern Germany, up to 4/5 of the winter LOEs are associated with a sunburn risk for this group of people for longer stays of more than 1.5 h. With the aim of uniform statements on health protection throughout Germany, it therefore seems appropriate to include the winter LOEs in the analysis of “health-relevant” LOEs. It must also be considered that the calculated data for the erythema-effective UV irradiance are related to a horizontal surface, whereas surfaces facing the sun almost vertically, such as parts of the face, receive up to 40% more UVR when the sun elevation is low [70].



The seasonal mean values of the anomalies of the erythema-effective UVR dose per event follow the sun elevation with the largest values in summer. They do not show any significant differences during the subperiods T1 to T3, which can be interpreted as an expression of the variability of the occurrence dates of the rather rare individual events. Due to the rare and very variable occurrence of LOEs, the average annual total of the LOE-associated positive anomalies of the erythema-effective UVR dose contributes little to the total annual UVR dose (about 1/1000), even though it can increase to a multiple of its average value in individual years. In general, outdoor workers are particularly exposed to UVR, and as a result of their frequent exposure in the course of their work, are also more likely to experience increased UVR from LOEs. As part of the GENESIS UV study on UVR exposure values in 250 occupations [71], it was determined that the annual UVR exposure of the various occupations range from around 50 SED to 650 SED (1 standard erythema dose (SED) amounts to 100 Jm−2 [72]). In addition to occupational exposure, there is leisure exposure, which averages 130 SED [14]. If the largest annual UVR dose anomaly due to LOEs during the entire analysis period 1983 to 2019 (of the year 2016) is proportionally transferred to the personal exposure in a very rough estimate, then according to the present analysis, additional LOE-related UVR doses of 0.7 ± 0.6 SED to 3.0 ± 2.5 SED result for the sum of occupational and average leisure time exposure.



Although in period T3 the annual number of LOEs is on average only about half as large as in period T2 and shows a negative trend, the annual sums of the anomalies of the erythema-effective UVR dose show neither a significant difference in the mean values of the two periods nor a trend. These results reflect the fact that the mean dose anomaly per event is larger during period T3 than during T2, which in turn is associated with the observed larger proportion of summer (comparing the half-periods of T3) to UVR peak exposure (UV index anomalies). Here again, opposing trends can be seen, which cancel each other out during T3 in their effect on the annual sums of the anomalies of the erythema-effective UVR dose.



With regard to necessary adaptation measures, the question of extrapolating the results also arises, i.e., of assessing future developments. Regarding springtime Arctic ozone depletion, the ozone layer is expected to recover by mid-century [60]. It is therefore reasonable to conclude that LOEs of chemical origin may become less frequent in the coming decades, but may still occur. In the case of the predominantly occurring LOEs of dynamic origin, there is still little evidence of further development. Because of the declining number of LOEs, simple extrapolations of the retrospective trends would suggest a decrease in UVR exposure. On the other hand, a further reduction in cloud cover and a more frequent occurrence of LOEs in summer could make an increase in UVR exposure more likely. Neither the net effect of the opposing trends nor the admissibility of the extrapolations can currently be reliably estimated. With regard to future individual UVR exposure and health risks, there are indications that changes in people’s behavior (e.g., the amount of clothing worn) must also be considered in connection with climate change [73].



Since it is important from a health protection perspective to avoid any form of sunburn, with regard to the question of adaptation measures, raising public awareness and using the existing tools for information on events with increased UVR and the necessary sun protection measures remain important tasks. In Germany, the existing UVR warning system (UVWS) of the Deutscher Wetterdienst specifically addresses situations with low TCO by issuing warnings in the event of expected exceptionally high daily maxima of erythema-effective UV irradiance (UV index) [74]. In addition to warnings of absolutely high values of UV index, which usually occur during the time around the summer solstice, the UVWS also includes seasonal LOEs in spring. The information on the increased UVR in such situations has been available since 2005. Related to climate change, existing national information systems in Germany were evaluated by the Federal Environment Agency from the point of view of public health [75]. This evaluation also provides insights into the acceptance and awareness of the UVWS, which was, however, evaluated as a unit together with the general, daily forecasts of the UV index. The results suggest a need for action at this point, especially with regard to suitable communication concepts and implementation of adaptation measures in order to reach those exposed and to ensure their consistent sun protection.



Overall, the present study confirms that LOEs pose health risks due to intermittent, pronounced positive UVR anomalies, and therefore require special attention and adaptation measures. Long-term changes with respect to the frequency of occurrence of health-relevant LOEs, the associated anomalies in UVR doses and UVR peak exposures can be identified, but to date there has been no evidence of an increasing health risk from LOEs in Germany. An assessment of future developments is subject to considerable uncertainty. There is a need for further research and development.
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Figure 1. Map of Germany and position of the 4 locations included in the study. 
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Figure 2. Thresholds of the TCO for Sylt (yellow line), Berlin (blue line), Frankfurt (grey line), Munich (orange line) depending on the day of the year for a classification as LOE (TCO). 
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Figure 3. Mean annual number of LOEs (TCO) in the period 1971–2021 together with the 11-year moving average (blue line) and the linear trend of the subperiod 1998–2019 (orange dashed line), (4-location means and standard deviations). 
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Figure 4. Mean annual number of health-relevant LOEs in Germany in the period 1983–2019 together with the 11-year moving average (blue line), the linear trend of the subperiod 1998–2019 (purple dashed line) and the averages and standard deviations of the subperiods T1 (1983–1989), T2 (1990–1997), T3 (1998–2019) (orange dashed lines) (grey: 4-location means and standard deviations). 
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Figure 5. Mean annual proportion of days on which LOEs and anomalies of erythema-effective UV irradiation occur at the same time in relation to the number of days with LOEs due to anomalies of TCO, together with the averages and standard deviations of the subperiods T1 (1983–1989), T2 (1990–1997), T3 (1998–2019) (orange dashed lines) (grey: 4-location means and standard deviation). 
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Figure 6. Mean relative frequency of seasonal occurrence of LOEs during the subperiods T1 (1983–1989), T2 (1990–1997), T3 (1998–2019) and changes between subperiods (4-location means and standard deviations). 
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Figure 7. Mean cumulative relative frequency of monthly occurrence of LOEs during the subperiods T1 (1983–1990), T2 (1990–1997), T3 (1998–2019) (4-location means). 
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Figure 8. Monthly maxima of the positive anomalies of the erythema-effective UV irradiance and equivalent UV index associated with LOEs during the subperiods T1 (1983–1989), T2 (1990–1997), T3 (1998–2019) (means of affected locations from 4 locations and standard deviations). 
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Figure 9. Mean annual sums of the anomalies of the erythema-effective UVR dose associated with LOEs together with the linear trend of the subperiod 1998–2019 (purple dashed line) and the averages of the subperiods T1 (1983–1989), T2 (1990–1997), T3 (1998–2019) (orange dashed lines), (4-location means and standard deviations). 
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[image: Environments 10 00031 g009]







[image: Environments 10 00031 g010 550] 





Figure 10. Seasonal mean values of the anomalies of the erythema-effective UVR dose per event during the subperiods T1 (1983–1990), T2 (1990–1997), T3 (1998–2019) (4-location means and standard deviations). 






Figure 10. Seasonal mean values of the anomalies of the erythema-effective UVR dose per event during the subperiods T1 (1983–1990), T2 (1990–1997), T3 (1998–2019) (4-location means and standard deviations).



[image: Environments 10 00031 g010]







[image: Environments 10 00031 g011 550] 





Figure 11. Seasonal contributions to the UV index anomalies during period T3 and changes between the 1998–2008 and 2009–2019 subperiods of T3 (4-location means and standard deviations). 
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Table 1. Mean proportions (1983 to 2019) of winter LOEs associated with health risks from prolonged UVR exposure in northern Germany (locations: Sylt and Berlin) and southern Germany (locations: Frankfurt and Munich). The term “health risk” is used for reaching the MED for skin type II [67]. The risk levels are given according to [68].






Table 1. Mean proportions (1983 to 2019) of winter LOEs associated with health risks from prolonged UVR exposure in northern Germany (locations: Sylt and Berlin) and southern Germany (locations: Frankfurt and Munich). The term “health risk” is used for reaching the MED for skin type II [67]. The risk levels are given according to [68].





	Health Risk in Case of Prolonged Exposure
	Median of Daily Minimum Exposure Duration to Receive One MED 1
	Mean Proportion of LOEs in Winter in Northern Germany
	Mean Proportion of LOEs in Winter in Southern Germany





	Negligible
	9.3 h
	33–38%
	0%



	Existing but low
	3.3 h
	62–67%
	21–43%



	Consideration necessary
	1.5 h
	0%
	57–79%







1 For skin type II [65,67,68].
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