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Abstract
Significant trends of ultraviolet radiation (UVR) have been reported at limited European sites due to changing atmospheric 
conditions, such as cloudiness. Whether these findings are applicable to larger areas or even the entire continent remains 
unclear. In a unique comparison, we analyzed measurements of erythemally weighted daily ambient radiant exposure 
from 40 European locations, covering the period from 2013 to 2022. At 26 locations annual means increases statistically 
significantly with a median of + 1.2%/yr. At 38 sites at least monthly means increases with medians between + 2%/yr and 
+ 4%/yr. Increases were seen in satellite products of UVR, global solar radiation, and sunshine duration, too. Analysis at 
six stations, with data extending back to the mid-1990s, indicates that the period of statistically significant increases gener-
ally began between 2010 and 2013. Comparison of UVR data from 40 stations with a high-resolution global solar radiation 
trend map reveals complementary patterns, highlighting widespread but not uniform UVR changes across Europe. This 
combination enables figuring out the regional extent of trends. Thus, ground-based UVR measurements remain essential 
for quantifying changes, highlighting the need for continued monitoring with sufficiently dense measurement networks. 
This is also essential for understanding and mitigating the impacts of changing UVR on human health, particularly by 
assessing its potential for increased UVR-related skin cancer incidence and development of preventive measures. More-
over, detailed regional UVR data is essential for achieving the UN’s Sustainable Development Goals, specifically in 
human health, sustainable cities, climate action, and environmental conservation.

Keywords  Solar ultraviolet radiation · Erythemally effective ultraviolet radiation · Trend analysis · Sunshine duration · 
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Received: 28 May 2026 / Accepted: 26 July 2026
© The Author(s) 2026

Recent increases in solar UV radiation across Europe: a 40-location 
study to identify trend boundaries

Alois W. Schmalwieser1  · Sebastian Lorenz2 · Dariia Klyshkina1 · Barbara Klotz3 · Michael Schwarzmann3 · 
Stana Simic4 · Alexander Mangold5 · Natacha Pezzetti5 · Kamil Láska6 · Marie Novotná6 · Martin Stráník7 · 
Brian Køster8 · Margit Aun9 · Kaisa Lakkala10,11 · Frederique Auriol12 · Eric Bourrianne12 · Romain De Filippi12 · 
Nicolas Henriot12 · Fanny Minvielle12 · Jörg Trentmann13 · Daniela Weiskopf2 · Alkiviadis Bais14 · Katerina Garane14 · 
Dénes Fekete15 · Annachiara Bellini16 · Alcide Giorgio di Sarra17 · Henri Diémoz16 · Luca Fibbi18,19 · Francesca Frasca20 · 
Daniele Grifoni18,19 · Daniela Meloni17 · Anna Maria Siani20 · Peter den Outer21 · Jos van Geffen22 · Edith van Putten21 · 
Bjørn Johnsen23 · Tove Svendby24 · Agnieszka Czerwińska25 · Janusz Krzyścin25 · Natalia Chubarova26 · 
Slavica Malinović-Milićević27,28 · Zoltan Nađ29 · Zorica Podrascanin29 · Anna Pribullova30 · Juana Arolo Pacheco31 · 
Ana Díaz Rodriguez31 · Carmen González32 · José Manuel Vilaplana32 · Julian Gröbner33 · Gregor Hülsen33 · 
Michael Higlett34 · Andrey Lyachev34 · Rebecca Rendell34 · Andrew R. D. Smedley35 · Ann Webb35

the Earth’s axis is inclined to its plane of rotation around 
the sun. The latter, together with geographical position on 
the Earth determines the solar elevation and the duration of 
daylight at any point and time. Solar elevation and altitude 
above sea level define the length of the pathway of solar 
radiation through the atmosphere, and with that the amount 

1  Introduction

The amount of solar ultraviolet radiation (UVR) reaching 
the Earth’s surface depends on several astronomical and 
atmospheric factors. The distance between the Earth and 
the Sun follows a cyclical change throughout the year and 
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of absorption and scattering in the atmosphere. The ozone 
layer in the stratosphere absorbs the UV-C radiation com-
pletely, partially absorbs UV-B radiation and leaves UV-A 
radiation almost unaffected. Atmospheric aerosols attenu-
ate UVR to some extent with reduction (absorption and 
enhanced scattering) dependent on the type of aerosols and 
the wavelength (greater reduction at shorter wavelengths) 
[1]. Especially in urban regions with poor air quality, reduc-
tion by aerosols can be noticeable [2]. The greatest tran-
sient effect on UVR comes from cloudiness. While heavy 
rain clouds can reduce UVR to almost zero, broken clouds 
can temporarily increase UVR compared to clear sky condi-
tions by modifying the scattering of the solar beam [3]. At 
the ground, the surface albedo (reflection from the ground) 
can enhance UVR noticeably in regions with ice and snow, 
but only minimally in the presence of most other natural 
surfaces [4]. The effect of albedo can be enhanced under 
cloudy skies due to backscattering of reflected radiation 
[5]. Understanding the underlying mechanisms controlling 
UVR at the surface is crucial for assessing its impact on the 
biosphere.

Solar UVR is vital for most life forms as it regulates 
growth of plants, initiates photosynthesis of Vitamin D in 
many kinds of vertebrates or is used for vision, orientation 
and foraging for food [6]. Life has adapted to local levels of 
UVR over evolutionary time scales and developed a range 
of adaptive mechanisms to counteract seasonal variations in 
UVR or longer-term migration patterns (e.g. changes in skin 
thickness and pigmentation) [7, 8]. Nonetheless, overexpo-
sure may still occur but can be mitigated to some extent by 
intrinsic mechanisms like UVR initiated photo-repair [9]. In 
the case of humans, it was recognized early that enhanced 
UVR exposure (relative to evolutionarily developed skin 
type) is detrimental. In addition to reversible short-term 
injuries from overexposure, like sunburn or inflammations 
of the eye, there is damage from long-term exposure and 
repeated overexposure [10].

UVR is the primary environmental risk factor for both 
melanoma and keratinocyte skin cancers [11]. Individual 
risk varies due to genetics and skin type, but cumulative 
lifetime UVR exposure and history of sunburns remain the 
primary drivers. Populations with lighter skin pigmentation, 
particularly those of European ancestry (including popula-
tions in the United States and Australia), exhibit the highest 
incidence rates of skin cancer, where permanent (migration) 
or intermittent (holiday) UVR exposure exceeds that of their 
natural ancestral environment. In Europe, approximately 
150,000 new cases of melanoma are diagnosed annually 
[12], accounting for nearly half of all cases worldwide and 
more than 25,000 deaths in Europe are attributed to mela-
noma each year. Significantly more common than mela-
noma are keratinocyte skin cancers, including squamous 

cell carcinoma and basal cell carcinoma; however, they 
are not consistently registered across countries, leading to 
underestimation of their true incidence [13–15].

Several studies have reported increasing UV irradiance 
in Europe in recent years [16–22], while other studies report 
no such trends [23, 24]. Due to different periods of study, 
distinct geographical location and calculation methods, it 
is challenging to attribute widespread trends to a specific 
period or a specific region. Therefore, this study aims to 
investigate where changes in UVR have occurred and how 
widespread these are across Europe through the largest 
comparative analysis of ground-based UVR data to date. 
To incorporate high quality data from as many stations as 
possible, it is essential to select a time period that is not too 
long, because the number of UVR monitoring stations has 
grown over time [25], while quality assurance and quality 
control procedures have also gradually developed through 
time [26]. On the other hand, the period must not be too 
short, because the impact of interannual variability should 
be minimized to enable statistical significance. Therefore, 
we selected the 10-year period from 2013 to 2022, which 
was previously successfully used to demonstrate the influ-
ence of decreasing cloud cover and related increasing global 
solar radiation on global temperature [27].

In addition to UVR data, we considered UVR related 
parameters including total ozone column, sunshine duration 
(primarily influenced by cloudiness) and global solar radia-
tion (primarily influenced by cloudiness and aerosol optical 
depth). For global solar radiation it was recently shown [21] 
that annual differences in UVR generally align with annual 
differences in global solar radiation. Furthermore, good 
agreement has been found between satellite-based high res-
olution spatial data of global solar radiation and correspond-
ing ground-based global solar radiation measurements [28]. 
By introducing such additional data, this study aims to pro-
vide new insights into the spatial patterns of UVR changes 
across Europe by linking highly resolved spatial trends in 
global solar radiation from satellites with trends in ground-
based UVR.

2  Materials and methods

2.1  Ground-based data

2.1.1  Ground-based UV radiation measurements

Forty observatories from across Europe (35°N to 67°N, 
9°W to 38°E) provided data of erythemally weighted daily 
radiant exposure HGB (where the subscript “GB” refers to 
ground-based data) measured with broadband UV radiome-
ters, filter radiometers or spectroradiometers. Measurements 
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came from devices with a horizontally oriented receiving 
surface and a field of view of 180°. Further requirements 
were that measurements should be taken throughout day-
light hours and every day, covering at least the period from 
1.1.2013 to 31.12.2022. Additionally, the measuring devices 
were maintained according to well defined QA/QC proce-
dures over the whole period (for details see references in 
Table  1). Participating observatories are listed in Table  1 
and depicted in Fig. 1.

For erythemal weighting, the action spectrum for human 
erythema according to ISO/CIE [46] was used. This action 
spectrum gives lower weight to longer wavelengths by up 
to a factor of 1/10,000 and therefore erythemally weighted 
radiant exposure is lower than unweighted radiant exposure 
over the same wavelength range (280–400  nm). In other 
words, the erythemal weighed radiant exposure quantifies 
intensity of the solar radiation causing erythema on the 
skin. HGB is expressed herein in units of Jery/m², where the 
subscript “ery” is used to indicate that erythemal weighting 

Table 1  List of stations, geographical coordinates, used device and a reference for more details
No. Country Station Latitude[°] Longi-tude [°] Altitude [m asl] Device References
1 AUT Dornbirn 47.43 N 9.73 E 407 SL 501 [29]
2 Sonnblick 47.05 N 12.96 E 3106 Bentham DM150 [5]
3 Vienna 48.26 N 16.43 E 160 SL 501 [30]
4 BEL Uccle 50.80 N 4.35 E 100 Brewer MK III, MK II [15]
5 CZE Brno-Kotlářská 49.20 N 16.60 E 257 SL 501 --
6 Hradec Králové 50.18 N 15.84 E 278 SL 501 [18]
7 Košetice 49.57 N 15.08 E 534 SL 501 [31]
8 EST Tartu-Tõravere 58.26 N 26.46 E 70 UVS-E-T [25]
9 FIN Sodankylä 67.37 N 26.63 E 179 Brewer MK II [32]
10 FRA Lille, Villeneuve d’Ascq, AtOLL 50.61 N 3.14 E 70 Bentham DTMc300 [33]
11 Obs. de Haute-Provence, OHP 43.94 N 5.71 E 650 Bentham DTMc300 [34]
12 GER Dortmund 51.5 N 7.50 E 130 Bentham DTMc300 [21]
13 GRE Thessaloniki 40.64 N 22.97 E 80 YES UVB-1 [35]
14 HUN Budapest 47.43 N 19.18 E 139 SL 501 [25]
15 ITA Aosta 45.74 N 7.36 E 570 Bentham DTMc300 [20]
16 Lampedusa 35.52 N 12.63 E 45 Brewer MK III [36]
17 Rome 41.90 N 12.50 E 75 Brewer MK IV [20]
18 Sesto Fiorentino/Florence 43.82 N 11.20 E 50 SL 501 [25]
19 NDL Bilthoven 52.12 N 5.19 E 12 DILOR XY, Brewer MK III [37]
20 NOR Bergen 60.38 N 5.33 E 40 GUV 541 [38]
21 Landvik 58.33 N 8.52 E 10 GUV 541 [38]
22 Trondheim 63.42 N 10.40 E 65 GUV 541 [38]
23 POL Belsk 51.84 N 20.79 E 180 SL 501, UV-AE-T [39]
24 RUS Moscow 55.71 N 37.52 E 192 UVB-1, UVS-E-T [40]
25 SER Novi Sad 45.33 N 19.85 E 84 YES UVB- 1 [41]
26 SVK Poprad-Ganovce 49.03 N 20.32 E 706 SL 501 [25]
27 ESP A Coruna 43.37 N 8.42 W 57 UVS-E-T [25]
28 Badajoz 38.89 N 7.01 W 175 YES UVB-1 [25]
29 Barcelona 41.39 N 2.20 E 26 YES UVB-1 [25]
30 Huelva/El Arenosillo 37.10 N 6.73 W 41 YES UVB-1 [42]
31 Madrid 40.45 N 3.72 W 664 YES UVB-1 [25]
32 Malaga 36.72 N 4.48 W 60 YES UVB-1 [25]
33 Valencia 39.49 N 0.47 W 56 YES UVB-1 [25]
34 CHE Davos 46.80 N 9.83 E 1610 SL 501, UVS-E-T, UVB-1 [25]
35 GBR Camborne 50.22 N 5.33 W 81 SL 501 [43]
36 Chilton 51.58 N 1.32 W 123 SL 501 [44]
37 Glasgow 55.86 N 4.34 W 9 SL 501 [43]
38 Lerwick 60.14 N 1.19 W 80 SL 501 [43]
39 Manchester 53.47 N 2.23 W 76 Brewer Mk III [45]
40 Reading 51.44 N 0.94 W 66 Bentham DM150 [45]
Broadband meters: SolarLight SL501, Yankee Environmental Systems YES UVB-1, Kipp&Zonen UVS-E-T and UV-AE-T. Multichannel 
instrument: Biospherical instruments GUV-541. Spectroradiometers: SCI-TEC/Kipp&Zonen Brewer Mk II, MK III and MK IV, Bentham 
Instruments DTM150, DTMc300, Dilor DILOR-XY
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has been applied. HGB can also be expressed in units of the 
Standard Erythema Dose (SED), where 1 SED = 100 Jery/m² 
[46].

2.1.2  Mean values and data gaps of ground-based 
measurements

The duty cycle of ground-based measurements is gener-
ally lower than 100% for reasons such as device mainte-
nance, calibration or accidental shutdowns from power 
loss or instrument malfunctions. Therefore, temporal gaps 
occur in every data set. Depending on date and duration, 
data gaps may influence monthly and annual mean values 
to different extents. A priori, only complete daily integrals 
were accepted for the calculation of monthly mean values 
and no more than five missing days were permitted for a 
valid monthly mean in any particular year. Annual means 
were calculated from monthly means. Ten observatories 
achieved these criteria for all monthly means, while for 25 
of the stations, some monthly means were substituted by the 
median of the corresponding valid monthly means available 
in the period of 2013 to 2022. For observatories where more 
advanced and validated data gap handling methods have 
already been applied in the past, we used the corresponding 
dataset in this study. These extended methods incorporate 
e.g. additional local ground-based measurements, such as 
pyranometer data, to account for weather conditions [38, 
48]. 

2.1.3  Ground-based measurements of sunshine duration

Out of the 40 observatories, 27 could also provide data for 
sunshine duration SSDGB for the same or a nearby location. 
Measurements of SSDGB result generally from sunshine 
duration recorders. The WMO (World Meteorological Orga-
nization) defines the sunshine duration as the time during 
which the direct solar irradiance exceeds 120 W/m² [49]. 
This corresponds to the irradiance which is needed to burn a 
trace on the card of the classical Campbell-Stokes recorder. 
With that it is also possible to calculate sunshine duration 
from the difference between measurements of total and 
diffuse global solar radiation, which gives the direct solar 
irradiance, corrected for solar elevation. Consequently, sun-
shine duration is a valuable parameter for assessing changes 
in cloudiness, as it is primarily driven by cloud variability.

2.2  Satellite based data

2.2.1  Daily radiant exposure and total ozone column from 
the ozone monitoring instrument

Erythemally weighted cloud modified daily radiant expo-
sure HOMI is also available from NASA’s Ozone Monitoring 
Instrument (OMI) onboard the AURA satellite. The instru-
ment provides measurements at overpass around 13:45 local 
solar time for a 17 × 24 km region. Radiance is measured at 
several wavelengths in the UV range, once directly from 
the sun and once backscattered from the atmosphere. From 

Fig. 1  Stations contributing data 
in this study on the Blue Marble 
Map, July 2004 from NASA 
Earth Observatory [47]
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these measurements, erythemally weighted daily radiant 
exposure is calculated [50, 51] globally for a 1°x1° grid 
(and made available within the so-called OMUVBd data 
set) [50]. Data are available since October 2004 with a duty 
cycle of around 300 days per year. However, AURA’s orbit 
does not allow full coverage of the whole globe each day 
so that crescent-like data gaps appear which are broadest at 
the equator. Due to these gaps, data yield may be reduced 
depending on location. For the location of Vienna (48°N), 
for example, around 218 values per year are available. As 
the gaps appear with fixed periodicity during the year, their 
influence on monthly and annual means is the same for 
all years. Therefore, there is no need to fill data gaps by 
a substitution method. For each participating station, bilin-
ear spatial interpolation from four surrounding grid points 
was applied to derive the corresponding OMI data. OMI’s 
erythemally weighted daily radiant exposure data has previ-
ously been validated for several locations [52–59] and full 
agreement between HOMI and HGB should not be expected 
because OMI measurements are taken at noon and extrapo-
lated for the whole day, and are representative for a 1°x1° 
grid rather than for a single ground-based location.

Total ozone column (TOC) was also received from 
NASA’s OMI. Duty cycle and data yield is the same as for 
HOMI. TOC was obtained for each location using spatial 
interpolation from the 1°x1° grid as for HGB.

2.2.2  Satellite based daily radiant exposure from TEMIS

The Thematic Emission Monitoring Integrated Service 
(TEMIS) UV radiation data services – supported by the 
European Space Agency (ESA) and hosted by the Royal 
Netherlands Meteorological Institute (KNMI)—provides 
the cloud-modified erythemally effective daily radiant 
exposure (HTEMIS) over large parts of Europe and Africa. 
HTEMIS results from a parameterisation developed by Allaart 
et al. [60] using measurements from Brewer spectroradiom-
eters at De Bilt (The Netherlands) and Paramaribo (Suri-
name). Besides solar zenith angle, the parameterisation uses 
the ozone column at local solar noon from the operational 
TEMIS global assimilated ozone field [61], which is obtained 
from daily satellite observations of total ozone (from ESA’s 
GOME-2  C (Global Ozone Monitoring Experiment) sat-
ellite and its predecessors) and the European Centre for 
Medium-Range Weather Forecasts (ECMWF) analysis and 
forecast data. In 2017 TEMIS version 2.0 [62] was released 
with full reprocessing of all data. This version features, 
among others, new fit-parameters (based on additional mea-
surements from De Bilt and Paramaribo), improvements in 
modifying UVR in the presence of clouds and spatial reso-
lution increased to 0.25°x0.25°. Cloud modification is based 
on the Surface Downwelling Shortwave Flux (0.3–4.0 μm), 

derived from measurements made by EUMETSAT’s (Euro-
pean Organisation for the Exploitation of Meteorological 
Satellites) geostationary Meteosat (Meteorological satel-
lite) Second Generation (MSG) satellites, and corrected for 
application in the UV wavelength range. MSG takes mea-
surements every 15  min over Europe and Africa and is 
available from the MSG Cloud Physical Properties (CPP) 
project. On average, cloud data is available on 362 days per 
year for locations with latitudes below about 54°, and less 
for stations at higher latitudes. All MSG measurements fall-
ing within a given UVR grid cell of 0.25°x0.25° are used to 
determine the cloud modification factor for that grid cell. 
The daily radiant exposure overpass data for a given ground 
station is the value of the UVR grid cell within which that 
ground station is located; no interpolation is performed. Pre-
vious TEMIS versions up to 1.4 have been validated in the 
past for several locations [63] as well as the recent version 
2.0 [59]. As in the case of OMI, deviations from HGB should 
be expected, especially in the presence of clouds and snow. 
Data are available as a grid (0.25°x0.25°) and as overpass 
for multiple sites back to January 22, 2004, up to the previ-
ous day [62].

2.2.3  Global solar radiation and sunshine duration from 
SARAH records

The Satellite Application facility on climate monitor-
ing (CM SAF) within EUMETSAT provides the so-called 
SARAH-3 (SurfAce Radiation dAta set-Heliosat, Edition 3) 
climate data record [64]. This record provides seven homog-
enous surface solar radiation parameters including global 
solar radiation (surface irradiance) and sunshine duration 
from 1983 onwards with a spatial resolution of 0.05° for 
the coverage of EUMETSAT’s series of Meteosat satellites, 
i.e. Africa, Europe and parts of South America [65]. Global 
solar radiation data results from the Heliosat-Method, 
which uses effective cloud albedo taken respectively from 
cloud top surface reflectivity from the visible channel of the 
MVIRI (Meteosat Visible and InfraRed Imager) operated on 
the Meteosat First Generation (MFG) satellites from 1977 
to 2006, and from the SEVIRI (Spinning Enhanced Visible 
and InfraRed Imager), its successor, that has operated on the 
Meteosat Second Generation (MSG) satellites since 2002 
to the present [66]. Monthly sums of sunshine duration are 
also derived from measurements of MVIRI and SEVIRI. 
Calculation of the surface global solar radiation uses a clear-
sky surface radiative transfer scheme-called SPECMAGIC 
[67]—inputting the Heliosat-Method output. SARAH-3 
data (further called SARAH) cover the period from 1983 to 
2020 as the climate data record (CDR) and this is operation-
ally extended as interim climate data record (ICDR, a near-
real-time extension of the established Climate Data Record) 
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to the present with a latency of 5 days. In principle, the tran-
sition from CDR to ICDR may introduce discontinuities; 
however, these are expected to be limited, as the same set of 
algorithms is applied.

2.2.4  Global solar radiation from CLARA records

The CLARA-A3 (CM SAF cLoud, Albedo and surface 
RAdiation dataset from AVHRR data - Edition 3) climate 
data record [68] is based on measurements from the polar-
orbiting NOAA—(National Oceanic and Atmospheric 
Administration) and MetOp (Meteorological Operational 
Satellite operated by EUMETSAT) satellites by the AVHRR-
instruments (Advanced Very High Resolution Receiver) and 
contains data on cloud coverage and cloud physical proper-
ties, the top-of-atmosphere and the surface radiation, as well 
as the surface albedo. The estimation of the surface radia-
tion is based on a look-up-table approach that relates the 
solar radiation (reflected to space) to the cloud transmission, 
which is used to estimate surface irradiance [69]. The global 
CLARA-A3 surface radiation data (further called CLARA) 
are available as daily and monthly averages from 1979 to 
2020 as CDR and ICDR onwards with a spatial resolution 
of 0.25° [70].

2.3  Statistical analysis and trend analysis

Trend analysis was done by applying linear regression 
analysis (least square) on the data. For testing the statistical 
significance, we performed a two-sided t-test (increase or 
decrease) assuming a p-value ≤ 0.1 for significance. Trend 
analysis was done for annual means as well as separately 
for each calendar month for the period from 2013 to 2022 
(hereafter short-term trend). The 10-year period was chosen 
to balance data quality and quantity while minimizing the 
impact of interannual variability. Additionally, this period 
is expected to show a significant increase in UVR in parts 
of Europe due to decreasing cloud cover, as indicated by 
existing data [27, 71]. By selecting this period, we can bet-
ter detect significant changes in UVR, even with a relatively 
short time frame. For observatories with longer and com-
plete time series, trend analysis was performed for 10-year 
periods with a 1-year step width, going back in time until 
statistically significance vanishes. This allows estimation 
of when significant changes may have started. Correlation 
analysis and linear regression analysis for other parameters 
was performed using one-sided t-test with p = 0.05.

3  Results

3.1  Trend analysis of ground-based UV radiation 
measurements

Linear regression analysis for the period from 2013 to 
2022 delivers a statistically significant short-term-trend in 
the annual mean values of HGB for 26 out of 40 locations. 
For these stations, all trends are positive, ranging from 
+ 0.46%/yr to + 2.6%/yr (see Table 2). The median signifi-
cant trend is + 1.16%/yr which corresponds to an increase 
of the mean daily radiant exposure HGB of + 17.3 Jery/m² per 
year. This denotes further that the mean HGB, which is cur-
rently around 14 SED (all stations over the whole period), 
increases every 5 to 6 years by 100 Jery/m² or by 1 SED. 
Table 2 provides the increase for each location in Jery/m²/
yr. Figure 2 depicts the spatial distribution of trends. Loca-
tions with statistically significant trends are indicated by red 
columns and insignificant trends by grey columns. It can be 
seen that significant increases in HGB are spread over a large 
part of Europe, extending from Scandinavia in the North to 
Thessaloniki, Greece in the Southeast and from the British 
Isles in the West to eastern Central Europe, including Belsk, 
Poland, and Poprad-Ganovce, Slovakia. Although Moscow 
shows a significant increase (see Table 2), the lack of inter-
mediate stations prevents us from confirming the extension 
of the significant positive trends to this region. The under-
lying distribution of annual trends in global solar radiation 
from SARAH (GSRSARAH) in Fig.  2, described in more 
detail below, exhibits a very similar pattern and suggests 
that the Central European UVR increase may not extend 
as far as Moscow. Notably, the Alpine ridge exhibits high 
spatial variability in trends, forming an alternating pattern 
that stretches from the Provence region over Switzerland to 
Austria. The agreement between UVR variability and global 
solar radiation variability in this region is remarkably high. 
For Italy and Greece, it can be observed that the positive 
HGB trends decrease as one move further south or southeast, 
consistent with changes in GSRSARAH. Similarly, there is a 
good agreement between the lack of trend in GSRSARAH and 
HGB in most parts of Spain and on the island of Lampe-
dusa in southern Europe. In the north, the trend is found to 
weaken in Norway, as described also earlier [38].

A statistically significant trend in the annual mean does 
not necessarily denote that there is a significant trend in each 
calendar month. Vice versa there may be significant changes 
for a few calendar months (e.g. winter) which, when com-
bined with all other months, do not affect the annual mean 
significantly. Analysis of monthly mean HGB shows that sta-
tistically significant increases are found for 38 locations (see 
Table 2) and most frequently (Fig. 3a, red columns) for Jan-
uary (15/39), February (18/40), June (18/40) and October 
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(11/40). For all other months the fraction is within 6 to 10 
of 40. This denotes also that in some months the significant 
increases are spread over a wider geographical region than 
in others. Table 2 lists the number of months with significant 
short-term-trends for each location: all significant trends are 
positive. The number of months with a significant trend var-
ies between 0 and 10 (Fig. 3b) depending on location. Out 
of the 40 locations, there are only 2 locations (Bajadoz and 
Malaga, Spain) which have no significant short-term-trend 
in any month. At more than half of the locations (58%) the 
monthly mean HGB increases significantly in 1 to 3 months, 
at almost a quarter (23%) in 4 to 6 months and at 1/7 of loca-
tions (14%) HGB increases in more than 6 months.

Figure 4 depicts the annual variability of the signifi-
cant short-term-trends in monthly mean HGB. The median 
(black line) ranges between + 1.8%/yr and + 3.6%/yr. Low-
est trends vary between + 0.6%/yr and + 2.4%/yr and high-
est trends range from + 2.5%/yr to + 7.6%/yr. The blue 
dots indicate all locations having a significant trend in this 
month. As their number is smaller than 26 (number of sta-
tions with significant trend in annual mean), the increase of 
the annual means is rather caused by significant increases in 
certain months and not a significant increase over the whole 
year. Therefore, these monthly trends are higher than that of 
the annual mean.

Six stations provided even longer series without the need 
for substituting any of the monthly mean values. For these 
stations additional trend analysis of annual means was per-
formed for 10-year periods by going back in time year by 
year, e.g. analyzing 2021-2012, 2020-2011, and so on until 
statistically significance vanishes. The earliest statistically 
significant trend (see Table  3) could be detected for the 
period 2006–2015 in Uccle. However, most stations show a 
trend onset between 2010 and 2013 (see Table 3).

3.2  Trend analysis of daily UV radiant exposure 
from OMI

Linear regression analysis of HOMI over the period from 
2013 to 2022 delivers a statistically significant trend in the 
annual mean values for 12 out of 40 locations (Table  2). 
For these stations, the short-term-trends are all positive, 
being + 0.94%/yr in median (+ 0.68%/yr to + 1.35%/yr) 
corresponding to + 16.6 Jery/m²/yr (converted as above). 
On a monthly basis (Fig.  3a, yellow columns), a statisti-
cally significant increase is found most frequently in Janu-
ary (26/39), February (26/40) and June (22/40) while for 
all other months the frequency is < 10/40. Analysis provides 
fewer significant annual trends for HOMI but more signifi-
cant monthly trends than for HGB and generally supports the 
findings from the analysis of HGB.
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3.3   Trend analysis of daily UV radiant exposure 
from TEMIS

Linear regression analysis of HTEMIS for the period from 
2013 to 2022 delivers a statistically significant short-term-
trend in the annual mean values for 32 out of 39 locations 
(Table  2), all positive too. Median increase is + 1.02%/yr 
(+ 0.46%/yr to + 4.67%/yr), corresponding to + 19.1 Jery/m²/
yr (converted as above). Statistically significant increase 
(Fig. 3a, green columns) is found most frequently for the 
period of June (29/39), July (14/39) and August (18/39) as 
well as for the period of January (15/38), February (23/39), 
and March (17/39). Also, this data set shows general agree-
ment with findings from HGB.

3.4   Trend analysis of total ozone column

To investigate if ongoing changes in total ozone column 
(TOC) may have influenced HGB, linear regression analysis 
was performed on monthly and annual mean TOC (2013–
2022) over all stations. In total, there was no statistically 
significant short-term trend in the annual mean TOC (see 
Table  2) for any location. The derived TOC trends range 
between − 0.04%/yr to + 0.02%/yr, with negative values in 
38 cases out of 40. For 10 locations, significant trends - all 
positive - were found for some calendar months (Jan: 2/38, 
Feb.: 1/40, May: 2/40, Oct.:1/40, Nov.: 2/40, Dec.: 5/37) 
which could cause a decrease in HGB, and weaken the over-
all increasing trend in HGB.

Fig. 3  a Fraction of locations with significant trends in monthly mean HGB, HTEMIS and HOMI for each calendar month and b fraction of locations 
with a certain number of months with significant trend in HGB (both over the period from 2013 to 2022)

 

Fig. 2  Relative trends in annual 
mean HGB per year (red columns: 
significant; grey columns: insig-
nificant) underlaid by the relative 
trend in GSRSARAH
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3.5  Trend analysis of sunshine duration measured 
from ground and from SARAH-3

For 21 of 27 stations, which provided sunshine duration 
SSDGB (see Table 2), there was an agreement in statistical 
significance of trends of annual means for SSDGB and HGB 
(either statistically significant for both or not significant 
for both). For 4 stations, the trend in HGB was significant 
but not in SSDGB, and for 2 stations the opposite. Figure 5 
depicts the relative change (%/yr) in SDDGB in compari-
son to the change in HGB. Linear regression analysis pro-
vides a statistically significant relation (p = 0.006) between 
both, depicted by the dashed line in Fig.  5. The slope of 
this line is + 0.76 (standard error ± 0.28, R²=0.19), denoting 
that changes in SSDGB and HGB are related close to 1:1, and 
that changes in HGB can be explained largely by changes in 
cloud cover. Changes in annual mean SSDSARAH also cor-
relate significantly (p = 0.038) with changes in HGB.

Figure 6 illustrates changes in annual mean SSDGB (vio-
let columns) and satellite-based from SARAH (SSDSARAH, 
blue columns) along with trends in satellite-based GSR 
from SARAH (GSRSARAH) for all locations (red column) 
and over Europe (colored map, green to red). Values for all 
locations are listed in Table 2. Changes in GSRSARAH are 
lower than for SSDSARAH and are highest for SSDGB at most 
locations. In the alpine region, SSDGB and SSD SARAH are as 
variable as GSRSARAH is.

Table 3  Earliest periods with significant 10-year-trends for observato-
ries with gap-free long-term series
Observatory Time series Earliest period of sign. trend
Belsk 1976–2024 2013–2022
Dortmund 1997–2023 2010–2019
Landvik 1995–2024 2011–2020
Moscow 2001–2023 2013–2022
Trondheim 1995–2024 2011–2020
Uccle 1991–2023 2006–2015

Fig. 5  Changes in annual mean of ground-based sunshine duration 
SSDGB versus changes in annual mean of HGB

 

Fig. 4  Trends of monthly means 
for each calendar month (statisti-
cally significant trends only) 
(blue dots). The boxes indicate 
the 25%−75% range of trends, 
the black line the Median, the “x” 
the mean and the error bars the 
1.5 interquartile range (1.5 IQR)
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3.6  Correlation with trends in global solar radiation 
from CLARA and SARAH

For annual means of GSRCLARA and GSRSARAH linear trend 
analysis was performed for each location for the period 
2013–2022 too. Changes in annual mean GSRCLARA and 
GSRSARAH are depicted in Fig. 7 with respect to changes in 
HGB, all changes expressed in % per year. Statistical analysis 
suggests a significant relation between changes in HGB and 
GSRCLARA (p = 0.0256) and GSRSARAH (p = 0.0214) indi-
cated by the dashed line in both panels. It can be recognized 
that changes in GSR are only around one third to one half 
of those in HGB. However, a small number of data points 
deviate noticeably from the linear relationship (dashed line). 

Locations with a strong trend in HGB may have little or no 
change in GSRCLARA and GSRSARAH and vice versa.

4  Discussion

During recent decades, there has been evidence that solar 
UVR reaching the earth’s surface has risen at some loca-
tions [16–21]. However, attributing these changes to spe-
cific regions or time periods has been challenging. We 
analysed measurements from 40 stations, all made over the 
same period, and found that increasing surface UVR is a 
Europe-wide phenomenon except for the mid- and south-
ern part of the Iberian Peninsula), evident from countries 

Fig. 7  Relative changes of annual means in ground-based UVR measurements (HGB) compared to relative changes of annual means in global solar 
radiation gained (a) from CLARA (GSRCLARA) and (b) from SARAH (GSRSARAH)

 

Fig. 6  Relative changes in 
sunshine duration measured at 
the ground (SSD ground, violet 
columns, if available), from space 
(SSDSARAH, blue columns) and 
changes in global solar radiation 
(GSRSARAH, red columns) for all 
locations underlaid by the relative 
change in global solar radiation 
from SARAH
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in the south, such as Greece, up to the mid-part of Scan-
dinavia and from the western British Islands eastwards to 
countries in eastern Central Europe, such as Poland and 
Slovakia. Evidence is provided by both ground-based UVR 
measurements and by satellite UVR products from OMI and 
TEMIS. At no location were statistically significant annual 
or monthly decreases found (ground-based and satellite). 
Further, trends from ground-based UVR measurements cor-
relate with trends of satellite derived GSR. Decreases in total 
ozone column can be excluded as a cause, as only increases 
were found in TOC, some of which were statistically signifi-
cant for a few calendar months at a few locations. In con-
trast, analysis of SSD points clearly to a reduction of cloud 
coverage as a cause for the entire area of the study.

This is consistent with the findings of a multi-cause anal-
ysis [72] on the role of clouds and aerosols in the global 
radiation trends in Europe over recent decades, based on 
various datasets (including SARAH-3, CLARA-A3, among 
others): The direct effect of aerosols is estimated to con-
tribute approximately 20% to these trends, while cloud-
related changes are estimated to account for around 80%. 
A decrease in near-surface relative humidity, which is 
expected to decrease in a warming climate [73], can further 
explain the decrease trends in cloud cover over the conti-
nents, as analysed by Liu et al. [74].

One possible factor that may contribute to the high spa-
tial variability of the trends in the Alpine region is the com-
bination of high topographic variability and the influence of 
snow cover and albedo. The Alpine region is characterized 
by a complex topography, with steep slopes and varying ele-
vations, which can lead to a high degree of spatial variabil-
ity in UVR [75]. Additionally, the presence of snow cover 
in this region, even during the summer months (Fig. 1), may 
further increase the UVR due to the high albedo of snow. A 
local decrease of snow cover may partially weaken a UVR 
trend. Also, the general decreasing cloud trend in central 
Europe may be influenced by complex topography and alti-
tude in this region. However, the high agreement between 
the patterns of ground-based UVR measurements and the 
spatial high-resolution map of satellite-derived GSR trends 
in this region suggests that this alpine pattern is significant 
and constitutes one of the key-findings of this study.

The high agreement between the patterns of ground-
based UVR measurements and the high-resolution spatial 
trend map of satellite-derived GSR provides valuable insight 
into the possibility of transferring local ground-based UVR 
trends to the surrounding area, and recognizing how far this 
transfer is plausible. While qualitative agreements exist, 
our quantitative analyses confirm that high-quality ground-
based measurement stations remain irreplaceable by satellite 
data for precise assessments of ground-level UVR changes. 
However, the combination of both provides a plausible and 

complete picture of UVR trends across countries and the 
entire continent, offering a comprehensive understanding of 
the spatial and temporal patterns of UVR changes. Signifi-
cant changes in annual means were estimated to range from 
+ 4.6% to + 26% over the decade from 2013 to 2022 (median 
is + 11.2%/dec). On average, mean daily HGB is around 14 
SED (1400 J/m²) and increased over the 10-year period by 
0.17 SED per year respectively 1.7 SED over the consid-
ered decade. Although numeric values are estimated from 
a 10-year period, the high number of locations provides a 
valid and robust estimate. And even though we deliberately 
selected a period with a strong expected increase and a 
strong gradient in Europe to identify patterns and boundar-
ies very well, this increase is relevant for quantitative dis-
cussion. The increase rates are of the order of magnitude as 
previously reported for a few locations in Europe [16–21].

Analysis of longer time series from six observatories 
in this study showed that trends have become significant 
between 2010 and 2013 but not all at the same time and with 
the exception of Uccle, which exhibits notably low year-
to-year fluctuations [21]. To determine the start date of the 
increase, more efforts are necessary to reprocess measure-
ments, which often started in the late 1990 s [25], and apply 
gap filling methods - like those by Johnsen et al. [38] or 
Heinzl et al. [48] - to achieve high quality data that go back 
to the start date of UVR monitoring.

The trends in annual means do not indicate a uniform 
trend across the year but are driven by changes in particular 
calendar months that are then noticeably higher than those 
of annual means. The greatest change of monthly means 
(Fig.  4) from 2013 to 2022 were found for November, 
December and January with a magnitude of around 4%/yr in 
northern European countries, perhaps indicative of a snow-
cover-influence. The smallest percentage increases were 
found in summer months with around 2%/yr. A trend was 
found for at least one station for all calendar months, but 
trends were most frequently observed in January and Febru-
ary as well as in June. The summer months are particularly 
relevant for radiation protection, as they have the highest 
UVR in Europe and therefore the greatest impact on health. 
The contribution of the monthly UVR to the annual mean 
differs significantly among months. For example, at Vienna 
(48°N), December and January contribute only 1% each to 
the annual total, due to low solar elevation, fewer day light 
hours and high cloudiness, while July contributes 19%. At 
more northern locations the contribution of winter months 
to the annual total may be even less.

The implications of the observed increases in UVR 
exposure on humans are hard to estimate, because there is 
a lack in dose-response relationships for most UVR-related 
effects. Best known is the relation between UVR and Non-
Melanoma skin cancer (NMSC). Available models estimate 
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the incidence of NMSC by including genetic disposition, 
exposed body surface area, age and annual radiant expo-
sure [76, 77]. The annual radiant exposure contributes 
by the power of 1.7 to 3.0 [78–81] depending on type of 
NMSC and gender. Assuming a power of 2, the estimated 
range of increase in annual radiant exposure of 6% to 26% 
(median 11%) simply squares and could lead to an increase 
(with corresponding latency period) in the incidence rate 
of NMSC of between 9% and 59% (median 24%), assum-
ing populations (e.g. age distribution) and their behaviour 
do not change (travel patterns, time spent outdoors, sun 
exposure habits,.). Consequently, projections of skin cancer 
incidence remain subject to considerable uncertainty. Nev-
ertheless, the additional UVR burden necessitates behav-
ioural adaptations–such as modified outdoor activities or 
increased usage of protective measures-and requires active 
public health communication.

Beyond human health, the observed UVR increase influ-
ences terrestrial and aquatic ecosystems, affecting photosyn-
thetic balance and agricultural productivity. The complex 
interplay between such ecological impacts necessitates to 
interpret UVR trends within a comprehensive multifaceted 
framework rather than separated.

The findings of our study have direct implications for the 
achievement of several United Nations Sustainable Devel-
opment Goals (SDGs). Firstly, our research contributes to 
SDG 3 (Good Health and Well-being) by providing criti-
cal data that can inform public health strategies aimed at 
minimizing health risks associated with increased UVR 
exposure. By identifying regions with significant UVR 
increases, targeted interventions, public health advisories, 
and educational campaigns can be developed to mitigate 
health impacts. Secondly, the enhanced understanding of 
UVR patterns supports SDG 11 (Sustainable Cities and 
Communities) by guiding urban planning and policymaking 
to ensure cities develop in ways that protect residents from 
UV-related health risks, thereby promoting safer and health-
ier communities. Furthermore, our study informs SDG 13 
(Climate Action) by providing insights into how changes in 
climate patterns, such as cloud cover reduction, influence 
surface UVR levels. This knowledge is crucial for develop-
ing strategies to adapt to and mitigate the effects of climate 
change including agriculture (SDG 2). Lastly, by highlight-
ing the broader ecological consequences of increased UVR, 
such as potential impacts on biodiversity, our research sup-
ports SDG 15 (Life on Land). Protecting ecosystems and 
understanding anthropogenic and natural changes to these 
systems are crucial for sustainable management and conser-
vation efforts.

5  Conclusion

In conclusion, our study provides strong evidence for a 
Europe-wide increase in surface UVR under all-sky con-
ditions over the past decade(s), with significant trends 
of annual mean UVR observed at 26 out of 40 locations 
between 2013 and 2022. These statistically significant 
trends range between + 0.46% and + 2.62% per year and are 
higher in central Europe and lower in the south and north of 
Europe. The good agreement between ground-based UVR 
measurements and satellite-derived GSR trends suggests 
that local trends can be extrapolated to the surrounding area, 
providing a comprehensive understanding of the spatial and 
temporal patterns of UVR changes. Our results indicate that 
the increase in UVR is primarily driven by a reduction in 
cloudiness. As can be inferred from the analysis of sunshine 
duration data, the effects of aerosols are generally small 
and masked by the effects of clouds and there are only very 
minor effects from the observed changes in TOC.

The implications of this increase on living organisms, 
including human health, are significant, with an expected 
rise in non-melanoma skin cancer incidence. Given the 
potential photomedical and photobiological implications of 
these changes, it is essential to continue monitoring UVR 
and to expand our understanding of the underlying mecha-
nisms driving these changes. To achieve this, the following 
steps are necessary:

	● Longer time series from more measuring sites need to 
be processed to determine the start date of the increase, 
to better understand the underlying mechanisms driving 
these changes, and to enhance spatial information.

	● Continued monitoring with well-defined QA/QC proce-
dures is necessary to monitor further developments of 
UVR and to provide early warnings of potential health 
risks.

	● Processed time series data should be made available for 
impact research, to facilitate the development of effec-
tive strategies to mitigate the adverse effects of UVR on 
human health and the environment.

By taking these steps, we can improve our understanding 
of UVR trends and their implications for human health and 
the environment and develop effective strategies to miti-
gate the adverse effects of UVR. Our research contributes 
to the achievement of several United Nations Sustainable 
Development Goals (SDGs), including Good Health and 
Well-being, Sustainable Cities and Communities, Climate 
Action, and Life on Land, by providing critical insights into 
the trends and implications of UVR for human health and 
the environment.
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