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Abstract: The UV-Index (UVI) is aimed at the prevention of skin cancer as well as other negative
implications of ultraviolet radiation exposure. In order to support health related applications,
assessments and planning that rely on long term data in high spatial resolution and as there exist only
limited ground-based measurements, satellite products from reliable atmospheric monitoring services
are used as sustainable data sources to create a climatology of the UVI at the local noon. In this study,
the (all-sky) UVI as well as the hypothetically clear-sky UVI were analysed for the European region
from 30° North to 65° North and from 25° West to 35° East in a spatial resolution of 0.05° for the time
period 1983 to 2015. Maps of the monthly mean UVI provide an overview of the distribution of UVI
for Europe as well as the spatial and temporal differences and regional variability at local solar noon.
Additionally, eight selected locations provide insight into the effects of latitude and altitude on UVI
in Europe. Monthly boxplots for each location provide information about regional differences in the
variability of UVI, showing maximum variability in Northern and Central Europe in summer, where
in Southern Europe this basically occurs in spring. The frequency of the World Health Organization
exposure categories moderate, high and very high UVI is provided based on ten-day means for
each month. The maximum difference between mean values per decade of 2006-2015 compared to
1983-1992 ranges from —1.2 to +1.2 for UVI and from —0.4 to +0.6 for UV .z sk All locations,
except the Northern European site, show an increase of UVI during spring and early summer months.
A statistically significant increase in the annual mean all-sky UVI has been found for four sites,
which ranges from +1.2% to +3.6% per decade. The latest eleven-year period of the UVI climatology
(2005-2015) has been validated with UVI measured in five sites. The sites that are located north of
the Alps show an underestimation of the UVI, likely due to the cloud modification. In the south, the
UVI climatology provides values that are on average overestimated, possibly related to the use of
climatological aerosol information. For the site within the Alps, a switch between underestimation
and overestimation during the course of the year has been found. 7% to 9% of the UVI values of the
climatology differ from the measured UVI by more than one unit.
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1. Introduction

Solar ultraviolet (UV) radiation is necessary for life on Earth, ecosystems and global
biogeochemical cycles [1-3]. According to wavelength A, UV radiation is classified as UV-A
(A =400-315nm), UV-B (A = 315-80nm) and UV-C (A = 280-100 nm). UV-C is absorbed by the ozone
and oxygen in the upper atmosphere and doesn’t reach the Earth’s surface. Depending on the ozone
layer thickness, UV-B is partly absorbed and only approximately 10% reaches the Earth surface. UV-A
absorption in the atmosphere is very marginal [4]. The exposure to primary UV-B, but to a lower
extent also to UV-A, is known to have positive and negative impacts on human health. UV radiation
supports vitamin D synthesis, relevant i. a. for bone health, and is the main source of vitamin D in
the human body [5,6]. On the other hand, UV radiation can provoke health disorders and diseases,
such as sunburn, skin cancer, or cataracts, and alter the immune response of the human body [7].
The incidence of skin cancers has been markedly increased in fair-skinned populations since the 1970s,
which is strongly associated with personal habits in relation to UV radiation exposure, and the societal
view that a tan is desirable and healthy [8]. The global solar UV-Index (UVI) was developed by the
World Health Organization (WHO) in collaboration with World Meteorological Organization (WMO),
United Nations Environment Programme (UNEP) and International Commission on Non-lonizing
Radjiation Protection (ICNIRP), and is a measure for the maximal erythemally effective UV radiation,
induced by the sun at a specific day on a horizontal surface [8-10]. UVI is primary aimed to inform
people about the need to adopt protective measures when exposed to UV radiation. The UVl is unitless
and ranges from zero to 11+ and provides five exposure categories with related protective measures.
The UVl is highly variable in time and space, mainly influenced by sun elevation, ozone, cloud cover,
aerosols, ground reflection and altitude. Changes of sun elevation are reflected in the seasonal course
of UVI and basically in changes of UVI with latitude. Additionally, the most significant absorber of
solar radiation at UV-B wavelengths, the stratospheric ozone, usually exists in higher concentration
over northern latitudes compared to southern latitudes. Hence, towards the equator, the UVIs are
higher and generally decrease with increasing latitude. The depletion of the ozone layer and the
consequent increase in UV radiation at the surface of Earth has been an issue for over forty years.
Today, the ozone layer is showing indications of recovery and increases in UV radiation are being
reversed [11]. The effect of stratospheric ozone depletion, expected ozone recovery, climate change,
as well as other geophysical variables on UV radiation reaching the Earth’s surface was examined by
Bais et al. [12]. The Montreal Protocol played a crucial role in reducing ozone-depleting substances
and hence protecting the ozone layer. Over northern mid-latitudes, observed increases in UV radiation
were rather small since the mid-1990s. Also, the observed increases were mainly affected by changes
in aerosols and cloud cover, while changes in ozone had a smaller impact.

Clouds may have a strong effect on UV radiation ranging from almost complete extinction under
heavy thunderstorms to enhancements of a factor of around 1.4 [13]. The mean reduction due to
scattering of radiation in clouds is known to reach about 10% in Southern Europe and about 30-50%
in Middle and Northern Europe [14]. High values of the aerosol optical depth in heavily polluted
regions can significantly change the UVI at the ground level up to 20-30% [15]. Snow or ice on the
Earth’s surface is the main cause for variable UV albedo, resulting in an increase of UVI that varies
significantly from site to site. With increasing altitude, the air column for scattering of UV radiation is
reduced, the amount of attenuating tropospheric ozone and aerosols is usually smaller and in case of
snow covered terrain the albedo is higher. As these influencing factors are variable, the range of the
increase of UVI with increasing altitude can differ on a regional level and usually accounts for about
5-25% per km [16-18]. Fountoulakis et al. analysed the short- and long-term variability of spectral
UV irradiance at Thessaloniki, Greece, derived from a long-term and quality-controlled data set from
two Brewer spectrophotometers [19]. For both, clear-sky and clouded conditions, they found positive
changes between 2% to 6% per decade in annual mean anomalies of UV irradiance, which are generally
greater for shorter wavelengths and for larger solar zenith angles. Increases of UV radiation during
summer of 7% to 9% per decade and for 64° solar zenith angle, due to decreases in aerosol load and
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weakening of the attenuation, are detected. A recent analysis of long-term trends of UV irradiance at
four European stations during the period 1996-2017 has come to the conclusion that the main drivers
of changes in the UV are changes in aerosols, cloudiness and surface albedo [20]. Both, the magnitude
and the direction of the trends and the main influencing factors vary significantly and changes in total
ozone have been found to play a less significant role [20].

The study aims at the provision of long term UVI data in high spatial resolution. Various health
related applications, assessments and planning rely on such data. Though local measurements are the
best way to get accurate information, there exists only a limited number of ground-based measurements
and consistency all over Europe is only partially guaranteed. Though there are about 160 stations in
25 European countries monitoring UVI, those sites are not equally distributed and a proportion of
the European population is still uninformed about UV radiation and the involved health risks [21].
Especially in the south and south-east countries, ground-based measurements of UV radiation is
deficient. Although 25 European countries provide online UVI values, it is complicated for example,
for tourists getting information about their holiday destination, to find UVI for a specific region
or country. In some countries there are several institutions on different web-pages publishing UVI
and also the language can be a barrier. For a further promotion of UVI, satellite and ground-based
measurements could be combined, in order to provide easily accessible information of UVI for overall
Europe not only as a forecast, but also as a climatology. The estimation of UVI derived from on-board
satellite measurements has the great advantage of spatial comprehensive coverage, although it must
be considered that the lack of detailed knowledge of influencing parameters at specific locations
limits accuracy [1,22-24]. There are studies that combine ground-based measurements or modelling
and satellite data [25-27], but updating an existent climatology [6] is prevented by the fact that the
procedures validated by ground based UV measurements and necessary input data are not completely
free available. By contrast, satellite products from reliable atmospheric monitoring services in Europe
not only allow for creating but also sustainable updating the UVI climatology in the future.

2. Materials and Methods

The notation UVI subsequently refers to the UVI at the local noon, unless something else
is specified.

2.1. UVI Climatology Based on Satellite Data

In this study freely available clear-sky UVIs are used as initial input data and further processed
by an adaptation to a high-resolution elevation model and subsequently by a high-resolution cloud
modification. All necessary data are spatially available from 25° West to 35° East and from 30° North
to 65° North for the time period from 1983 until 2015.

The initial clear-sky UVIs are extracted from the Tropospheric Emission Monitoring Internet
Service (TEMIS; temis.nl), which is hosted by the Royal Netherlands Meteorological Institute
(KNMI) [28-30]. At the time of data retrieval for this analysis, clear-sky UVI were available from 1970
until 2015 by a 0.25° grid and global coverage [31]. The TEMIS clear-sky UVIs are essentially computed
by an empirically parametrization [32], as a function of the total ozone column and the solar zenith
angle at local solar noon, taking into account the erythema action spectrum [9]. The selected data are
based on Multisensor-Reanalysis (MSR-2) ozone records. The observation minus forecast statistics
shows that the mean bias of the MSR-2 analysis is less than 1% [33]. A first guess of clear-sky UVl is
corrected for surface albedo, varying sun-earth distance, surface elevation and aerosols [32]. Changes
in surface albedo are prescribed using a monthly climatology of surface reflectivity [34]. The effects of
aerosols are included implicitly in the parameterization [35]. The calculation of clear-sky UVI does not
consider changes of aerosols in time.

The elevation correction used by TEMIS assumes an UVI increase of 5% per kilometre above
sea level [32]. For further data processing this elevation correction was calculated back to sea level.
In order to improve spatial resolution the UVI at sea level were interpolated to a 0.05° x 0.05° grid
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given by the elevation model of the Deutscher Wetterdienst (DWD) (Figure 1). According to several
publications, the altitude effect of erythemally weighted UV radiation accounts for 5% to 25% per
km [17,18,35]. In Germany, altitude effects between 7% and 16% per kilometer have been obtained [36].
Based on measurements in the Alps the altitude effect amounts to 18% per km for erythemal effective
irradiance in summer, whereas in winter, the altitude effect is further 2-5% per km higher [35]. A field
campaign in Spain evaluated an altitude effect for erythemally weighted irradiance ranging from 11%
to 14% per km [6]. An altitude effect of 5% per km can be interpreted to stand for an atmosphere
with very low aerosol load to be found apart from urban areas or above the boundary layer. Also, in
mountainous regions with a detailed orography, or with an altitude-dependent snow cover, a much
stronger altitude dependence of the UVI has been observed [37]. Therefore the clear-sky UVI in the
0.05° x 0.05° grid were corrected by an UVI increase of 10% per km above sea level to better represent
human living zone and orographically structured terrain.
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Figure 1. Digital elevation model of Deutscher Wetterdienst for the analysed area of Europe
and locations of the selected sites for analysis of satellite-based data (Trondheim, Berlin, Munich,
Schauinsland, Rome, Zugspitze, Heraklion, Madrid) and validation with ground-based data
(Trondheim, Uccle, Saint-Christophe, Rome, Thessaloniki).

The altitude-corrected clear-sky UVI is further processed by cloud correction in a 0.05° resolution.
Cloud impacts on the transfer of UV radiation through the atmosphere can be assessed by using a
cloud modification factor, which is based on total global solar irradiance [38]. Global solar irradiance
is a common product of satellite-based atmospheric monitoring services in Europe. It includes all
relevant effects of radiation transmission, such as cloud optical depth, different cloud layers, multiple
reflection. The EUMETSAT (European Organisation for the Exploitation of Meteorological Satellites)
Satellite Application Facility on Climate Monitoring (CM SAF, cmsaf.eu) provides a continuous climate
data record (currently 1983-2015) that contains the surface incoming solar radiation (SIS), the surface
incoming direct irradiation (SDI), spectrally resolved irradiation (SRI) and the effective cloud albedo
(CAL). Data from the visible channels of the Meteosat Visible and Infrared Imager MVIRI/Spinning
Enhanced Visible and Infrared Imager SEVIRI instruments on-board EUMETSAT’s geostationary
Meteosat satellites of the First and the Second Generation (Meteosat 2-10) are used [39]. The SIS, SDI
and SRI climate data record are processed using a climate version of the Heliosat algorithm to obtain
information about the CAL [40,41]. The CAL describes the amount of reflected radiation of the whole
(cloudy and cloud-free) atmosphere, relative to the amount of the reflected radiation of a cloud-free
atmosphere [40,42]. In the UV spectral range clouds decrease the irradiance to a lesser extent than in
the visible spectral range (Equation (1)) [38], where the cloud reduction parameter p depends on the
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solar zenith angle (SZA; Table 1). According to the CM SAF validation report [43], the accuracy of CAL
is derived from the SIS accuracy. A “worst case” target value of 0.1 is reached, except in winter for
latitudes above 55 degrees, where higher uncertainties might occur.

1— (14 p(SZA)-(1—-CAL))™ %%

UVI(SZA) = UV Ieqr—sky (SZA) - T (11 2 (SZA)) 07

M

Table 1. Cloud reduction parameter p as a function of solar zenith angle [38].

Solar Zenith Angle Parameter p

25.8-41.4 0.383
41.4-53.1 1.07
53.1-63.3 1.94
63.3-72.5 3.03
72.5-81.4 4.40

>81.4 6.13

Subsequent to altitude- and cloud-correction the UVIs are analysed with regard to monthly mean
conditions, variability, frequency of exposure categories and temporal change. Maps of the monthly
mean UVI give an overview of the spatial and temporal differences in Europe. Additionally, further
details are calculated for 40 sites, eight of which are chosen here to illustrate the effects of latitude
and altitude on UVI in Europe. The North-South variation of UVI is presented by four locations in
different latitudes but similar altitudes: Trondheim (63.42° N, 70 m), Berlin (52.57°N, 36 m), Rome
(41.90° N, 60m), Heraklion (35.33° N, 5m). In order to analyse the effect of altitude on UVI, two groups
of locations are chosen. The first group of Munich (48.22° N, 495m), Schauinsland (47.91° N, 1206 m)
and Zugspitze (47.42° N, 2962 m) represent the impact of altitude on UVI in Central Europe. Rome
(41.90°N, 60 m) and Madrid (40.45° N, 609 m) are the second group, representing the impact of altitude
on UVI in Southern Europe. Rome is used both as part of the analysis of the latitudinal variation
as well as the altitudinal variation. On a monthly basis, the variability of UVI is shown in boxplots.
The box contains 50% of the values observed, where the top and the bottom of the box are the 75
and 25 percentiles, respectively. The line within the box shows the median of the data. The whiskers
represent the minimum and the maximum values which are still within 1.5 times the interquartile
range. The whiskers are set above the 75 percentile and below the 25 percentile. Any values that are
beyond the upper and lower whisker range, are plotted as outliers. The relative frequency of the WHO
exposure categories (low, moderate, high, very high, extreme) is calculated for 10-day means of UVI
(Figure 2) [11]. Additionally the mean absolute number of days per month reaching the UVI classes
“moderate” (UVI > 3), “high” (UVI > 6), and “very high” (UVI > 8) are analysed. In order to evaluate
temporal changes of UVI, the deviation of UVI and UV e, sk for the ten year period 2006-2015
compared to the previous period 1983-1992 is computed.

MODERATE HIGH VERY HIGH EXTREME
INDEX INDEX |HDEI IHDEK INDEX INDE! IIII)E INDEX INDEX INDEX INDEX
m \m mlﬂl
You can Seek shade during midday hours! Avoid being outside during
safely stay Slip on a shirt, slop on sunscreen midday hours!
outside! P and slap OF:, a hat! Make sure you seek shade!
Shirt, sunscreen and hat
are a must!

Figure 2. UV radiation exposure categories and recommended sun protection scheme (modified after [8]).
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In the following, the notation UVl sk, is used for the UVI that occurs under (really or
hypothetically) cloud-free conditions. The notation UVI represents all-sky conditions, for example,
in contrast to UVI e sk it additionally considers the reducing effect of cloud cover. In case of zero
cloud cover under real conditions UVI and UVl e, sty are identical.

2.2. Comparison of UVI Climatology with Ground-Based Measurements

In Section 3.5 of the present study the UVI climatology was compared with UVI calculated
from ground-based spectral and multiband measurements. Measured data have been made available
from Trondheim, Norway (63.4°N, 10.4°E, 70m a.s.l.), Uccle, Belgium (50.8°N, 4.4°E, 100m a.s.l.),
Saint-Christophe (Aosta), Italy (45.7°N, 7.4°E, 570 m a.s.1.) [44], Rome, Italy (41.9°N, 12.5°E, 60m a.s.1.)
and Thessaloniki, Greece (40.6° N, 23.0°E, 60 m a.s.1.). The sites of Rome, Saint-Christophe, Thessaloniki
and Uccle were chosen because they provide good quality continuous spectral UV measurements and
are located at different latitudes. In order to include Northern Europe the site of Trondheim providing
multiband UV measurements has been added. The UVI was calculated from the measurements using
the erythemal effective spectrum [45]. The selected UV measurement sites (Figure 1) are located north
of the Alps (Trondheim, Uccle), within the Alps (Saint-Christophe) and south of the Alps (Rome,
Thessaloniki). The measurements are available for different time ranges, but even the longest available
time series starts in the 1990s and hence, it is not possible to validate the complete time range of the
climatology beginning in 1983.

In order to have a common data set for all measurement sites the eleven-year period 2005 to 2015
has been chosen for validation. There is only one exception: measurements in Saint-Christophe cover
the period 2006 to 2015.

In Table 2 are listed the name, location and surface description of the sites providing ground-based
spectral or multiband UV measurements used in this study, the type of the measurements, the data
availability for each station and the data sources. The UV datasets from the stations are proved by
quality control/quality assurance, and are traceable to international reference standards [46—48].

Table 2. List of the stations providing ground-based UV measurements, used in this study
for the validation of the satellite-based UV-Index (UVI) (Instrument model: Spectroradiometer
Type Brewer MKII, MKIV; Spectroradiometer: Bentham DTMc300, Multichannel instrument:
Biospherical instruments GUV-541; Data source: ! Sapienza University of Rome—Physics
Department, 2 Regional Environment Protection Agency—Aosta Valley,3 Aristotele University
of Thessaloniki—Laboratory of Atmospheric Physics, * Finnish Meteorological Institute (host)—
COST-713-Database—Royal Meteorological Institute of Belgium, ® Finnish Meteorological Institute
(host)—COST-713-Database—Norwegian Radiation and Nuclear Safety Authority).

Name of the  Latitude, Surface Type of Instrument (Start of Data
Station Longitude, Description Measure- Model Measurement)/ Source
Altitude Ment #Serial Availability
Number Since
Rome 41.9 °N, urban spectral Brewer (1992) /1996 SUR-PD !
12.5°E, MKIV #67
60m
Saint- 45.7 °N, semi-rural, spectral DTMc300 (2006)/ 2006 REPA-AV 2
Christophe 74°E, alpine #5541
570m valley
Thessaloniki 40.6 °N, urban spectral Brewer (1993)/ 1993 AUTH-LAP3
23.0°E, MKIII #86
60m
Uccle 50.8 °N, urban spectral Brewer (1989)/ 2005 FMI-
4.4°E, MKII #16 COST713
100m DB (RMIB) 4
Trondheim 63.4 °N, urban multiband GUV-541 (1996)/ 2005 FMI-
10.4°E, #9274 COST713

70m DB (NRNSA) °
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3. Results

3.1. Mean Monthly UVI of Europe

Maps of the monthly mean UVI over the period 1983-2015 (Figures 3 and 4) give an overview
of the distribution of UVI for Europe as well as the spatial and temporal differences and regional
anomalies. In January, low mean UVI values dominate overall Europe north of 35° N. South of latitude
35° moderate UVI up to maximum values of 3.9 are detected, mainly over the North-African continent.
UVl s slightly higher in February, but still exclusively low UVI values are observed north of 41° N and
southern moderate UVI values up to 5.5 are reached. In the South-East of Europe and high altitude
regions (for example Alps, Carpathians and Pyrenees) marginal higher UVI values are noticeable.
The boundary where only low UVI values occur, moves northwards to 48°N in March. Moderate
mean UVI values occur between 30° and 48° N and high UVI south of 35° N. Additionally, very high
mean UVI up to 7.8 are detected south of 32°N.

January February

65 65

60 60
55 55
50 50

45 45

Latitude (°)
Latitude (°)

40 40

30 T T T T T T

35

30

Longitude (°) Longitude (°)
March 65 April

60

55

50

45

Latitude (°)
Latitude (°)

40

35

30

65
60

55 4

5 3 50
© =)
= 2
k-] = 45
-} -
40
35
30
-20 -10 0 10 20 30 -20 -10 0 10 20 30
Longitude (°) Longitude (°)
UV-Index
0 2 4 6 8 10 12

Figure 3. Monthly mean UVI at the local noon over Europe for January until June over the time period
1983-2015 based on satellite data.
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Latitude (°)
Latitude (°)

Longitude (°) Longitude (°)
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Figure 4. Monthly mean UVI at the local noon over Europe for July until December over the time
period 1983-2015 based on satellite data.

In April there are only low mean UVI values north of 58°N and between 40° to 50°N there
are exclusively moderate UVI values. South of 40° N high monthly mean UVI values and south of
34°N even very high UVI up to 10.0 occur in April. Between 55° and 65° N there are both low and
moderate UVI values from 1.7 to 3.8, where south of 55° N solely UVI values >2.5 are detected in May.
Exclusively moderate UVI values occur between 47° and 55° N. South of 38° N UVI values amount at
least 7.5 or higher and reach high up to extreme UVI exposure with maximum mean monthly values
of 11.5 around 30° N. In June, mean low and moderate UVI occur north of 59° N, where south of this
latitude there are at least moderate or higher UVI values. South of 41° N all of UVIs are >5.5 with
extreme mean UVI up to 12.7 maximum. There are lower mean UVI at the regions which are northerly
bordering on the Alps, Carpathians, Pyrenees and the north coast of Spain due to a high cloud cover
reducing UV radiation in the atmosphere.

In July the lowest mean UVI value is 2.0 occurring in Europe north of 57° N. UVI of the category
“high” or more are detected south of 43° N with values up to 12.1 in southern Spain and Turkey, and
even up to 12.9 in North Africa. As in May and June, regions of which are northerly bordering on the
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Alps, Pyrenees, Carpathians and hills in south-east Iceland as well as coastal sites with high cloud
cover, show lower mean UVI values than the surrounding regions. On the contrary, due to the lack of
cloud reduction this anomaly is not visible in regions of south-east Spain and Turkey bordering on the
high altitude regions there. July is the month with the highest UVI values over Europe. Compared to
July, UVl is slightly decreasing in August. The border where there is no low UVI decreases by only
2° southwards. North of 43° N high UVI values are not reached on average, however south of this
latitude all mean values are >5.5 with UVI up to 11.7 maximum in the very South.

3.2. UVI Overview for Chosen Locations

Figure 5 shows the mean course of the year of UVI and UVl e, sky for the time period 1983 until
2015. The annual variation is more pronounced in southern sites than in higher latitudes, which is
mainly due to sun elevation.
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Trondheim (63.42° 10.37° 70m)

104 -1.0
10 1 r10
8 Los 8 Fo08
5 3
T 6 Los o & 67 ro62
- < 7 s}
I (S>3
5 44 Loa = 44 Fo4
2 Loz 2 Fo.2
01 0.0 0 0.0
T T T T T T T T T T T T T T T T T T T T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month Month

Schauinsland (47.91° 7.91° 1206m)

Berlin (52.57° 13.31° 36m)

UV-Index

N S (=] ©

) | | |

T T T T
o o o o
v s o ®

CAL
UV-Index

N S o @

| | | |

T T T T
o o o o

c N IS o ©
CAL

T T T T T T T T T T T T T T T T T T T T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month Month

Zugspitze (47.42° 10.99° 2962m)

Rome (41.9° 12.5° 60m)

10 r10
10 1 r1o0
8] Los 8 Fos8
x
g 2 6 o6
C 64 ro6g = o<
£ T )
>‘ o >
B Loa ~ 4+ 0.4
21 Loz 2 Fo2
04 koo 04 F 0.0
T T T T T T T T T T T T T T T T T T T T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month Month
Heraklion (35.33° 25.15° 5m) Madrid (40.45° —-3.55° 609m)
10 1.0 10 - 1.0
84 0.8 8+ -0.8
3 3
2 6+ Fo62 2 61 Fo6
: ° 3 ©
S a4 o4 > 44 Fo.a
24 r0.2 24 r02
0+ r 0.0 0 0.0
T T T T T T T T T T T T T T T T T T T T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month Month
uvi — UVI clear-sky CAL

Figure 5. Mean course of the year for noontime UVI, noontime UVI¢,, sk, and cloud albedo (CAL)
over the time period 1983-2015 for each location based on satellite data.
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UVl increases with decreasing latitude. The locations Trondheim, Berlin, Rome and Heraklion
illustrate this North-South variation. The annual mean UVI increase from 1.2 in Trondheim, 2.2 in
Berlin, 4.1 in Rome and up to 5.3 in Heraklion. Mean maximum values increase from 2.9 over 4.8 and
8.3 up to 10.1 and mean minimum values show the same development of 0.0, over 0.3 and 0.9 up to 1.2,
respectively per location from North to South. In Trondheim and Berlin, mean maximum daily UVIs
are 2.0 units lower than the hypothetical UVI sk, and the annual mean UVLis 0.8 and 1.0 lower
than the annual mean UVl e, sky, respectively. In Rome and Heraklion these differences between
UVIand UVl eq,—sky are distinctly smaller, mainly with respect to mean maximum daily values with
0.5 and 0.2 respectively. Besides the increasing solar zenith angle, the effective cloud albedo (CAL)
plays a major role reducing UVI in the atmosphere. An increase of CAL with increasing latitude is
observed in Figure 5. Therefore, in comparison to the theoretically UVI;eq, gk, the UVI values during
summer months are more reduced in the northern situated locations Trondheim and Berlin than the
southern situated locations Rome and Heraklion.

In Figure 6, monthly boxplots for each location over the period 1983-2015 of UVI offer additional
information about the variability of UVI (median, interquartile range, absolute extreme values).
Trondheim shows the weakest course of the year of UVI. From November until February the sun
elevation is very low and UVIs are around zero. Absolute maximum values of 5.5 are reached in June
and July, where the median is constantly between 2.1 and 2.4 from May until August. The absolute
maximum values in Berlin are 7.8 and 7.6 in June and July. The median reaches its maximum in
July with a UVI of 4.4 in Berlin. There are differences in the variability of UVI between the Northern
and Central European sites on the one hand and the Southern European sites on the other hand.
The Northern and Central European sites basically show an increasing variability (interquartile and
whisker range) of the UVI from the first months of the year till maximum variability in June and
July and a decreasing variability later in the year. In contrast, the Southern European sites feature
maximum variability in spring (April and May in Rome and Madrid, March and April in Heraklion),
and a certain secondary minimum of variability in July and August. Hence, compared to Rome and
Heraklion, the interquartile ranges of UVI during summer months are clearly wider in Berlin. In July,
50% of UVI values are between 3.2 and 5.6 in Berlin, where this range spans from 7.9 to 8.8 in Rome
and from 9.5 to 10.3 in Heraklion. While UVI values around 0 are still possible during summer months
in Trondheim and Berlin, UVI rarely drops below 6.7 except for some outliers in Rome and 8.7 in
Heraklion. The highest median with 8.3 in Rome and even 10.0 in Heraklion is observed in July.

The effect of altitude was analysed for sites at a comparable latitude for Central Europe (Munich,
Schauinsland and Zugspitze, with an altitude difference of 711 m between Munich and Schauinsland
and 2467m between Munich and Zugspitze) and Southern Europe (Rome and Madrid with an altitude
difference of 607 m). UVI values of Schauinsland are only slightly higher than in Munich. Mean
daily maximum UVI of 6.2 (UVIjes—sky 8:4) is reached, only 0.1 (UVIeq, iy 0.5) units more than in
Munich. At Zugspitze mean maximum UVI of 6.7 (UVLeq, sy 9-4) is reached, 0.6 (UVLeq, sk 1.5)
units more than in Munich. The altitude effect is comparable for the median of UVI throughout the
year with a difference of 0.1 units between Munich and Schauinsland (2.5 and 2.6, respectively) and
is less pronounced with 0.4 units at Zugspitze (mean UVI 3.0). Double differences of mean values
oceur for UVIyeq, sy (4.0, 4.2 and 4.8, respectively) (Table 3). For all analysed parameters the altitude
effect in Central Europe is less pronounced than would be expected by an isolated consideration of the
altitude dependence of UVI], that is, UVI increases less than the assumed 10% per km above sea level.
This can partly be attributed to the fact that a resolution of 0.05° of the elevation model still contains
deviations from true topography. Also, the mountain sites are usually stronger affected by cloudiness.
In Figure 6 similar courses of the year of UVI in Munich, Schauinsland and Zugspitze are observed,
but especially the variability of UVI at the mountain site Zugspitze is larger in summer than at the two
other locations.
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Figure 6. Monthly box plots of noontime UVI,;_g, over the time period 1983-2015 for each location
based on satellite data.

Additionally, Rome and Madrid were chosen in order to analyse the effect of altitude on UVIin
Southern Europe. The annual mean UVl is 4.7 in Madrid and hence 0.6 units higher than in Rome.
The mean maximum UVl is 8.3 in Rome and 9.1 in Madrid (mean maximum UVIeq, sk, 8.8 and 9.5,
respectively). Absolute maximum values are higher in Madrid with a UVI of 10.8 and 9.9 in Rome
(Figure 6). The interquartile range of the UVI covers absolute values between 7.7-8.7 and 8.6-9.5 in
July, respectively. In contrast to locations in Central and Northern Europe, the variability in summer
is considerably smaller in Southern locations due to less cloudiness. Both Southern locations have
comparable mean annual CAL of 0.2, that is half the mean annual CAL of the Central European sites.
In contrast to Central Europe, the altitude effect in Southern Europe is somewhat more pronounced
than would be expected by an isolated consideration of the altitude dependence of UVI, that is, UVI
increases more than the assumed 10% per km above sea level.
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Table 3. Daily values of mean maximum, mean minimum and mean UVI and UVIieqr—sky at local solar
noon, as well as annual mean number of days with UVI > 3, UVI > 6 and UVI > 8 at local solar noon
for each location based on satellite data.

Daily Values Annual Values
Mean Mean Median Number Number Number
Site Maximum Minimum UVI of Days of days of Days

(Latitude, Altitude) [Clear-Sky| [Clear-Sky)] |[Clear-Sky] UVI>3 UVI>6 UVI>8

Results for different latitudes and similar altitudes

Trondheim 2.9 0.0 1.1 31 0 0
(63.42°,70 m) [4.9] [0.1] [1.5]
Berlin 4.8 0.3 2.0 112 12 0
(52.57°, 36 m) [6.8] [0.4] [2.9]
Rome 8.3 0.9 39 208 110 38
(41.90°, 60 m) (8.8] [1.1] [4.6]
Heraklion 10.1 12 5.0 239 157 102
(35.33°,5m) [10.3] [1.9] [6.1]
Results for similar latitudes and different altitudes in Central Europe
Munich 6.1 0.5 25 138 41 3
(48.22°, 495 m) [7.9] [0.7] [3.7]
Schauinsland 6.2 0.4 2.6 141 45 8
(47.91°, 1206 m) [8.4] [0.7] [4.0]
Zugspitze 6.7 0.6 3.0 154 56 17
(47.42°, 2962 m) [9.4] [1.0] [4.5]
Results for similar latitudes and different altitudes in Southern Europe
Rome 8.3 0.9 3.9 208 110 38
(41.90°, 60 m) (8.8] [1.1] [4.6]
Madrid 9.1 1.1 4.4 226 129 68
(40.45°, 609 m) [9.5] [1.4] [5.3]

There are two reasons, which can likely be responsible for the large differences. First, there is
a difference in surface albedo caused by the fact that Madrid is much drier than Rome. The albedo
product of the Modern-Era Retrospective Analysis for Research and Applications, Version 2 [49]
shows in the visible that the albedo for Madrid in summer is approximately 0.23 while for Rome it
is approximately 0.14. If it can be assumed that the difference is similar for the albedo in the UV, it
would justify a difference of 0.2-0.3 in UVI at a solar zenith angle of 30 degrees. Second, a part of the
unexpected difference in UVI could also be attributed to differences in the aerosol optical properties
included in the retrieval and reflecting differences in aerosol type and load.

3.3. Relative Frequency and Absolute Number of UVI Classes

With special focus on user-oriented presentations the frequency of WHO UVI exposure categories
is given in two different figures. The relative frequency of each UVI exposure class is provided in
Figure 7, based on three ten-day means for each month. The averaged absolute number of days per
month with moderate, high and very high UVI is presented in Figure 8. Between October and March,
exclusively low UVI values are observed in Trondheim. During summer months, moderate UVI values
reach up to 49% per decade, and there is even a minor probability of high UVI values in June with less
than 1%. On average 11 days of moderate UVIs are observed in July and throughout the year there are
31 days of moderate UVI values in Trondheim (Table 3). In Berlin moderate or higher UVI values can
occur between March and October with a maximum relative probability of 82% observed in May and
August. High UVI values occur on 31% of the days in the first decade of July and there is also a very
slight probability of 0.3% and 0.9% of very high UVI in the last two decades of June. In July, Berlin has
up to 24 days of at least moderate UVI, whereof 6 days reach high UVI. Spread over the year, there are
112 days of at least moderate UVI and 12 days of high UVI values. In Rome there are moderate UVI
values detected between February until November.
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Figure 7. Relative frequency of noontime UVI,; g, classes based on 10-day decades over the time
period 19832015 for each location based on satellite data.

During summer months almost each decade has a 100% probability of moderate or even higher
UV radiation exposure in Rome and Heraklion. In July very high UVI values are reached for averaged
79% of the days in Rome and 84% in Heraklion. In Rome there are no cases of extreme UVI values
observed, whereas in Heraklion there is a probability up to 22% of the days in the second decade of
July with extreme UV radiation exposure. In Rome and Heraklion at least moderate UVI values are
reached every single day in July, of which between 29 to 31 days also reach high UVI conditions. Very
high UVI values are detected at averaged 20 days in Rome and even 31 days in Heraklion during July.
At least moderate UVI values are reached at 208 days per year and 239 days per year, of which 110
days and 157 days also reach high values in Rome and Heraklion per year.
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Figure 8. Satellite-based absolute number of days per month reaching the noontime UV —sky classes
“moderate” (UVI > 3), “high” (UVI > 6), and “very high” (UVI > 8).

Even 38 days and 102 days per year are detected with very high UVI, respectively. Moderate
UVI values are detected between February and October at averaged 41%, 39% and 41% over this
period with maximum frequency values per decade of 76%, 69% and 82% in Munich, Schauinsland
and Zugspitze. At all three locations, high UVI values occur from the second decade of April until end
of September with about 25% of the days. In Munich, very high UVI values are detected between the
third decade of May until the second decade of August at averaged 10% of the days and a maximum
probability of 22% during the first decade of July. At Schauinsland, the occurrence of very high UVI
values is extended from the second decade of May until the third decade of August, when 14% of the
days have UVI > 8 during this period. There is a probability of up to 42% of very high UVI in the first
decade of July at Zugspitze and even 19% of the days between the third decade of April and the first
decade of September reach very high UVI values. Throughout the year, there are 41 days of high UVI
in Munich, 45 days at Schauinsland and 56 days at Zugspitze. Also, days with very high UVI increase
with the altitude, as Munich only has 3 days, Schauinsland has 8 days and even 17 days of UVI > 8 are
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found at Zugspitze. During the third decade of June and the second decade of July, there is even a
slight probability of extreme UVI values at Zugspitze with <1%, respectively.

In Rome high UVI values occur from April until September with a mean probability of 38%, where
in Madrid there are also high UVI values possible in March and October at 28% during these decades.
Very high UVIs are detected between April and September, with a maximum frequency of 79% and
91% in Rome and Madrid during the month of July. Additionally, Madrid reaches extreme UVI values
in June and July of up to 2% in the first decade of July. In absolute values, there are averaged 30 days of
high UVI at both locations Rome and Madrid in July. Very high UVI values are detected on averaged
11 days and 19 days in June, 20 days and 26 days in July, as well as 5 days and 15 days in August in
Rome and Madrid, respectively.

3.4. Temporal Changes of UV1

Due to the methods of the satellite-based data retrieval, the temporal changes of the UVI here
mainly reflect the effects of cloudiness and ozone. As the main drivers of changes in the UV are
changes in aerosols, cloudiness and surface albedo and only to a less extend in total ozone [20], the
analysis only covers a section of the temporal change and does only allow conclusions in this respect.

In order to analyse the long-term changes of UVI, 10-day mean values for the time period
1983-1992 and 2006-2015 were calculated (Figure 9). There are small increases in annual mean UVI for
all locations except Trondheim. A statistically significant increase in the annual mean all-sky UVI has
been found for four sites (Berlin 8%, Zugspitze 7%, Rome 4%, Heraklion 3%) on a significance level
of 5% (Figure 9) and for all sites (except Trondheim) on a 10% significance level. The percentage of
increase related to the analysed time intervals are given behind the name of the site. The statistically
significant increase per decade ranges from +1.2% to +3.6% of the annual mean all-sky UVL In all
locations (except Trondheim) UVI and UVIjeq, s, mainly show an increase during spring and early
summer months. In these sites statistically significant differences of at least 0.5 UVI of the 10-day
means occur most frequent in March and April. On a yearly average the absolute values of UVI of all
sites (except Trondheim) increased by +0.1 to +0.2. The maximum differences between mean values
per decade of 2006-2015 compared to 1983-1992 ranges from —1.2 to +1.2 for UVI and from —0.4 to
+0.6 for UV jeqr—sky- The only location with a decreasing trend is Trondheim. There, an 8% decrease in
the annual mean of UV, sy is statistically significant, but no significant trend has been detected for
all-sky UVIL. UVI values decrease up to —0.4 in June, but also there is an increase of up to +0.4 during
July to September for UVI on average.

Trondheim (63.42° 10.37° 70m) Munich (48.22°11.59°495m)
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Figure 9. Cont.
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Figure 9. Satellite-based difference of noontime UVI and noontime UVIj¢;,—sky between the time
periods 2006-2015 and 1983-1992 based on 10-day means and the annual mean for each location.
Statistically significant differences are shown in intense red colour for UVI and intense blue colour for
UVljear—sky (5% significance level).

3.5. Comparison of UVI Climatology with Ground-Based Measurements

In this section, the UVI measured at the local noon in the sites of Trondheim, Uccle,
Saint-Christophe, Rome and Thessaloniki have been compared with the latest eleven-year period of
the UVI climatology (2005-2015) based on satellite data. About 7% of the UVI values of the climatology
in Uccle and Trondheim, about 8% in Thessaloniki and about 9% in Rome and Saint-Christophe
differ from the measured UVI by more than 1 unit. In Figure 10, the mean differences between the
UVI climatology and the measurements are presented as smoothed averages for a +7 days window.
The differences show a different behaviour for the sites in the north of the Alps, the site in the Alps
and the sites in the south of the Alps. In the south, the UVI climatology provides values that are on
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average overestimated. In Rome there are the strongest effects in the period April to July. The UVI of
the climatology are also overestimated in Thessaloniki for the period June to September. In the Alps in
Saint-Christophe, there is a switch between underestimation and overestimation in the middle of the
year in June. The UVI are underestimated in Saint-Christophe in the first half of the year with strongest
effects in May, the UVI are overestimated in the period July to Mid-August. The sites in the north of
the Alps Trondheim and Uccle show an underestimation of the UVI of the climatology compared to
ground-based measurements with strongest underestimation in the period May to August in Uccle
and June to July in Trondheim.
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Figure 10. Mean difference between the noontime satellite-based UVI from the climatology and the
noontime ground-based UVI measurements in Saint-Christophe, Rome, Thessaloniki, Trondheim and
Uccle during the time period 2005-2015, shown as smoothed averages for a +7 days window.

In order to find an indication whether or not these differences are mainly caused by the cloud
information used to modify the UV, sty, the cloud modification factor CMF of the sites are plotted
as smoothed averages for a +7 days window in Figure 11. The annual course of the smoothed CMFs
shows a similar shape as the differences between the climatological UVI and the measured UVI, if it is
related to a CMF of about 0.75. Less cloud modification, that is, greater values of the CMF, correspond
to UVI overestimation. A cloud modification stronger than 0.75, that is, lower values of the CMF, are
in accordance with an UVI underestimation. Additionally, the mean difference between the noon
UVI from the climatology and the UVI measurements are shown for all days with (nearly) clear sky
in Figure 12. CMF > 0.99 has been chosen to represent almost clear sky conditions. Depending on
the local weather conditions at the measurement sites, this condition causes a strong reduction in the
number of the available data points. Hence, the selection has been extended to include situations with
CMF > 0.95.
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Figure 11. Mean cloud modification factors from the noontime satellite-based UVI climatology in
Saint-Christophe, Rome, Thessaloniki, Trondheim and Uccle during the time period 2005-2015, shown
as smoothed averages for a +7 days window.

On nearly clear sky conditions there is again a non-uniform picture of the mean difference between
the noon UVI from the climatology and the UVI measurements in the selected locations. To separate
effects of the solar elevation the results have been divided by the mean UVI of each day of the year
(not shown in the figure). In Trondheim the smoothed averages of the mean difference on almost
clear sky days are located around zero and hence, the cloud modification can be assumed to cause
the differences between climatology and measurements of the all-sky UVI. In Uccle the smoothed
averages of the mean difference on almost clear sky days are located around a value of about +4.6%
related to the UV jeq,— k- This suggests a combination of different factors that influence the difference.
There is the overestimation of the clear sky values and this seems to be counterbalanced and turned
into an underestimation by the CMF. In Rome (mainly March to September), Thessaloniki (mainly
April to September) and Saint-Christophe (mainly in July and the beginning of August) there is an
overestimation of the clear sky values, the shape of which remains less changed even after division
by the mean UVI of each day of the year. This can be seen as a hint, that there are further influencing
factors rather than a constant bias of the UV jesr—sky- In combination with the fact, that there is a large
number of days with CMF > 0.95 in Rome and Thessaloniki, the differences of the climatological values
compared to the measurements mainly reflect the deficits of the UV, s, based on satellite data,
such as inadequate consideration of aerosols, which have been found in other analyses as well [20]. In
Saint-Christophe a stronger cloud modification especially in May and the beginning of June seems to
increase already existing negative differences of the UVI e, gk, during this time period. In Rome the
comparison of the differences for days with CMF > 0.99 and days with CMF > 0.95 reveals an increase
of the positive differences in case of CMF > 0.95 mainly in the period April to June, a pattern that is
only detected in Rome and the reason for it would need further investigation. The relative deviation
in relation to the mean values of UVI exceeds 10% and is larger than all other differences during the
course of the summer half of the year.
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Figure 12. Mean difference between the noontime satellite-based UVI from the climatology and the
noontime ground-based UVI measurements in Saint-Christophe, Rome, Thessaloniki, Trondheim
and Uccle on nearly clear sky days with cloud modification factor CMF > 0.99 (a,c) and days with
CMF > 0.95 (b,d) during the time period 2005-2015, shown as smoothed averages for a +7 days
window.

4. Discussion

In this study, the UVI and UVI,, s, were analysed for eight selected locations as well as for
the European region from 30° North to 65° North and from 25° West to 35° East in a spatial resolution
of 0.05° for the time period 1983 to 2015. Several analyses provide insight into the effects of mainly
sun elevation, cloud cover and altitude on UVI in Europe. The locations Trondheim, Berlin, Rome
and Heraklion illustrate the well-known North-South variation of UVL There are increasing UVI with
decreasing latitude, shown by higher mean and maximum values, a greater number of days within the
exposure categories “high” or “very high”, and a more pronounced annual variation of daily mean UVI
and UVIjeqr—sky with maximum values during summertime and minimum values during wintertime.
Also the UVI maps for whole Europe on a mean monthly basis illustrate this temporal and spatial
distribution of UVI. While the annual course is mainly due to sun elevation, the North-South variation
is additionally influenced by the decrease of the total column ozone with decreasing latitude. Also, the
aerosol effect is smaller in lower latitudes as a consequence of its dependency on the sun elevation.
The higher the sun elevation the shorter is the path, which the UV radiation has to pass through the
atmosphere, where it is influenced by absorption and scattering. These results are in accordance with
UV climatologies from other regions such as the United States and Canada [26] or Australia [50]. As
can be concluded from the validation with ground-based measurements, a smaller aerosol effect in
lower latitudes is very likely not valid for big southern cities such as Rome and Thessaloniki. Because
of the higher urban aerosol loads in these areas the satellite-based UVI tend to be overestimated there.

In accordance with a lower effective cloud albedo, there is less reduction of UVI compared to
UVIieqr—sky in southern parts of Europe than in higher latitudes, where UVI can be markedly reduced
by clouds especially during the summer months. In all cases, the absolute reducing effect of cloudiness
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depends on sun elevation and on UVI value. It is greater for high values of UVI than for low values.
This is in accordance with the fact that cloud reduction can be appropriately described by multiplication
of UV g, —sky with a cloud modification factor [38]. As a known problem of satellite data, the retrievals
are less accurate over mountainous sites [51] and the reducing effect of clouds might be overestimated
over undetected snow-covered regions, which is relevant in winter or on high mountains [52]. Within
the Alps, misdetection of snow cover can also be a problem in spring, or even summer, because only
the visible channels of SEVIRI (Spinning enhanced visible and infrared imager) are used and the
contrast can be very low. Parallax can also affect the snow-covered geographical distribution from the
geostationary satellite. In valley sites, shadows can also cause misdetection, as well as low clouds (only
affecting low-altitude sites) or fair-weather clouds (only affecting high-altitude sites). In this respect,
even the 0.05° x 0.05° resolution could still be too coarse for Alpine valleys. The effect of aerosols on
UV radiation is parameterised in the calculation of UVI, which is a basic limitation of the used satellite
data. The known deficits of satellite data also come to light by comparison of the calculated UVI with
the measured UVI. In regions and time periods during the course of the year, that are characterized by
strong cloudiness, the climatological UVI are found to be underestimated. In contrast, in regions and
time periods during the course of the year, that are characterized by little cloudiness, the climatological
UVI are found to be overestimated. The latter is possibly related to the use of climatological aerosol
information, that might be inadequate for the setting of the measurement site. The validation for Rome
and Saint-Christophe for the period 2005-2015 provides very similar results as a comparison with
another satellite UVI product at this locations for the period 2012-2015 [20].

Monthly boxplots for each location provide information about regional differences in the
variability of UVI, showing maximum variability in Northern and Central Europe in summer, where
in Southern Europe this basically occurs in spring. These regional differences in the variability of UVIs
are mainly a result of the regional differences in cloudiness. This has also been found for ground based
UVI observations in Barcelona 1999-2012 [53].

UVl is known to increase with increasing altitude. However, the representation of the altitude
effect depends on the elevation model which is used for the calculation. The original dataset
UVLear—sky (spatial resolution of 0.25° x 0.25°) was recalculated on the basis of the elevation model of
DWD with a spatial resolution of 0.05° x 0.05° to better represent topography, such as high peaks in
the Alps, Pyrenees or Carpathians. The UVI maps for whole Europe on a mean monthly basis illustrate
that the regions of higher altitude show higher UVI values than lower lying surrounding areas. During
winter months, this is a combined effect of higher UVI with increasing altitude and a reinforcing effect
of snow and ice on UV radiation. During summer months, there are lower mean UVI at the regions
which are northerly bordering on the Alps, Carpathians, Pyrenees and the north coast of Spain due
to a high cloud cover reducing UV radiation in the atmosphere. Additionally, the effect of altitude
was shown for three Central European locations and two Southern European locations. In both cases,
a distinct increase of UVI with increasing altitude was detected. The median UVI of Zugspitze is
15.4% higher than at Schauinsland, and 20.0% higher than in Munich with height differences of 1756 m
and 2467 m, respectively. Madrid even shows an increase of 12.8% of UVI and 16.7% of UVIjeq—sky
compared to the median of Rome, which is 607 m lower (Table 3). Deviations from theoretical values of
the altitude effect can partly be attributed to reasons related to the atmospheric conditions such as an
usually stronger cloudiness in mountainous regions, an usually higher aerosol load in urban regions or
differences in surface albedo (for instance caused by long-lasting dry weather conditions) and partly to
non-meteorological reasons such as deviations from true topography caused by the elevation model.

With a special focus on user-oriented presentations both the relative frequency of the WHO
exposure categories moderate, high and very high UVl is provided based on ten-day means for each
month as well as the total number of days per month exceeding the threshold values UVI=3, 6 and 8.
As expected, the latter decrease with increasing latitude. The relative frequency diagrams of the higher
elevation sites, such as Schauinsland and Zugspitze, show a higher frequency of the UVI categories
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high and very high compared to a site at a lower elevation, such as Munich. The results for Rome are
similar to the categories published for the comparable situated site of Barcelona (41.2°N, 12m) [53].

The difference between the decades mean UVI of 2006-2015 compared to 1983-1992 was analysed
with respect to changes. All locations, except the Northern European site, show an increase of UVI
in the annual mean, which is mainly driven by an increase during spring and early summer months.
Also an increase of UV jeq,sky is detected, except the Northern European site and the most Southern
European location. With respect to northern high latitude locations (59°-71° N) in Finland and Northern
America decreases in surface UV-B radiation based on measurements have also been reported for
the time between 1980 and 2011 [54]. They concluded that the observed negative long term trend
in the UV-B wavelength could be attributed to the positive trend in total ozone, as the UV radiation
at 325 nm, AOD and cloudiness did not have significant long term trends. Also, an analysis of the
erythemal UV doses in Southern UK (Chilton) for the time period 2004-2015 showed a statistically
significant decrease due to increasing total ozone, while the trend was less associated with changes in
cloud cover and aerosol optical depth [55]. As the impact of aerosols is only implicitly and temporally
independent included in the retrieval of the UVl ¢y, gk, the European “brightening” effect cannot
directly be represented. Therefore the increase of UVl ey, sk, is connected to the changes in ozone
content in the atmosphere during these months. This can be caused by both the ozone depletion and
a higher frequency of weather situations with southerly flow bringing air masses with lower ozone
content to these locations [36,56]. The additional increase of UVI compared to UVIe,, sk indicates a
further impact of reduced cloud cover during the spring and early summer months, which would also
corroborate the latter hypothesis to some extent. The magnitude of the increase of UVI in the annual
mean is 0.1-0.4% per year. In contrast, broad-band measurements over Belsk, Poland indicate that the
erythemal irradiance remained relatively stable after the mid-2000s [57]. Stratospheric ozone levels
are projected to be further altered due to climate change by alterations of stratospheric temperatures
and circulation patterns which in turn would affect solar UV radiation [58]. In principle the findings
are in line with an earlier study of the period 1980 to 2006 which states on the basis of UV radiation
reconstruction models and ground-based measurements that on average, two thirds of the total change
can be attributed to clouds, and one third to ozone change [59], though that study found an increase of
erythemally weighted UV irradiance of 0.3% to 0.6% per year.

5. Conclusions

A satellite-derived UVI climatology in high spatial resolution of 0.05° has been developed for
Europe for the time period 1983 to 2015. The results confirm fundamental features of UVI depending
on sun elevation, cloud cover and altitude over the entire investigation area and for single locations in
different user-oriented applications. The long term UVI data can be used for various health related
applications, assessments and planning. The UVI climatology is intended to provide practitioners
and planners with information about usually expectable UVI. Resulting applications in every day
life benefit from a completion by ground-based measurements and by daily updated forecasts of the
UVI taking into account the actual atmospheric conditions. The application of the UVI climatology
ranges from employer information about the frequency of days when UV protection is required or is
a must, to health resort information about the actinic conditions and epidemiological investigations.
The UVI offers an advantageous tool, as it evaluates health risks of UV radiation exposure, it combines
simple numbers with behavioral strategies and sun protection advice, and it is globally consistently
used. Further applications of the UVI climatology can comprise the provision of information for
recreation and tourism in Europe in terms of valuable information about UV radiation induced health
risks at holiday destinations. Especially tourists from higher latitudes visiting southern countries
often underestimate the UV radiation at their destination, and often risk severe sun burn due to
incautious behavior and insufficient sun protection. Hence, the UVI climatology can be used to
support health related travel behavior. As UVI is aimed at the prevention of skin cancer and other



Atmosphere 2020, 11, 727 22 of 26

negative implications of UV radiation exposure, the UVI climatology can even be more generally
applied for educational information about health threatening risks of UV radiation.

The data set provides a basis for further detailed analyses concerning the variability of UVI, trend
and its influencing factors such as ozone or clouds. The calculation of this UVI climatology based on
satellite products has the great advantage of spatial comprehensive coverage. Users need to be aware
that the lack of detailed knowledge of influencing parameters at specific locations limits accuracy.
In principle known sources of uncertainty are the use of a fixed altitude effect, a climatological albedo
effect, an implicit and time independent consideration of aerosol effects and the problems of satellite
based cloud detection in regions with snow or ice. A comparison of overlapping time periods with an
existing more sophisticated climatology or additional measurements could allow further insight into
the uncertainties, but the possibilities are limited by the availability of these data.

As atmospheric monitoring services in Europe are aimed at long term maintenance the method
presented here allows for sustainable and seamless updating the UVI climatology in the future.
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