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Abstract: In this study we focus on measurements and modeled UV index at the region of Athens,
Greece, during a period of a low ozone event. During the period of 12 to 19 of May 2020, total column
ozone (TOC) showed extremely low values 35-55 DU (up to 15%) decrease from the climatic mean
(being lower than the -2σ). This condition favors the increase of UV erythemal irradiance, since
stratospheric ozone is the most important attenuator at the UVB spectral region. A parallel intrusion
of Saharan Dust aerosols in the region has masked a large part of the low ozone effect on UV
irradiance. In order to investigate the event, we have used spectral solar irradiance measurements
from the Precision Solar Radiometer (PSR), total column ozone from the BREWER
spectrophotometer and Radiative Transfer Model (RTM) calculations. Model calculations of UV
Index (UVI) showed an increase of ~30% compared to the long term normal UVI due to the low TOC
while at the same time and for particular days, aerosols masked this effect by ~20%. The study points
out the importance of accurate measurements or forecasts of both ozone and aerosols when deriving
UVI under unusual low ozone-high aerosol conditions.
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1. Introduction
Ultraviolet (UV) radiation is a small part (~3% [1] ) of the incoming solar radiation at Earth’s surface
but has a number of biological effects when absorbed by human skin, which can be either harmful or
beneficial [2,3]. Harmful effects, linked to UV overexposure, include the skin erythema, the increased
risk of skin cancer and multiple eye diseases (snow blindness, cataract). On the other hand, UV-B
radiation, is extremely important for the human body, as it is crucial for synthesizing Vitamin D [5,6].
The effect of UV radiation on living cells is estimated by biological effective irradiances and doses
[6]. Effective irradiances are retrieved by weighting actual spectral irradiances using the relative
action spectrum. Doses are derived afterwards, when weight functions are integrated by time. UVI
has been introduced by the World Meteorological Organization (WMO) in 1994, aiming to better
inform the general public about the dangers of UV radiation [7]. UVI is a scaled version of
erythemally-weighted UV, which is interpreted in an easily understandable scale of 0-20 and
characterizes the safe exposure according to skin type ([8,9]. There is a growing concern in the
scientific community on the variation of UV radiation in response to climate change [10-12]. Bais et
al. [11] showed that higher values of UV are expected by the end of 21st century in tropical areas and
a decrease in mid latitudes, but these estimations still hold high uncertainties. Eleftheratos et al., [13]
showed that solar UVB irradiance that produces DNA damage would increase after the year 2050
due to the evolution of greenhouse gases in the future, thus suggesting that the process of climate
change will overwhelm the effect of ozone recovery on UV-B irradiance in the mid latitudes.
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UV irradiance reaching Earth’s ground level is related to a number of factors and it is crucial to
investigate them in order to monitor and predict it. In the UVB region O3 and SO2 are the main
absorbers, while NO2 is the dominant absorber at UVA [14]. Significant UV increase had been
reported in the past decades due to ozone depletion [15]. Signs of recovering ozone, since Montreal
Protocol was applied, has been recorded [16,17]. Nevertheless, extremely low values, which result in
high UV, are measured occasionally.
Aerosols in the atmosphere, play also a crucial role to UV irradiance reaching Earth’s surface. Aerosol
optical depth (AOD) is a parameter that quantifies the attenuation of irradiance when passing from
an aerosol layer and is wavelength dependent [18]. Different aerosol types have various effects in the
UV, causing a spectral dependence of the extinction. Dust of desert origin has been reported as having
the most significant extinction at the UV spectral region, which could have a major influence at the
received UV irradiance, even eliminating the influence of low ozone, during severe events [19].
Additionally, Roman [20] has reported that desert dust could add an attenuation up to 50% in the
direct UV irradiance, while the diffuse irradiance could increase up to 40%. Other aerosol types that
have a significant role in the UV spectral region are black [21] and brown carbon [22]. Dust intrusions
in the Eastern Mediterranean including Athens area have been presented in several studies [23-25].
The attenuators described above, are less important, when clouds are present, since clouds strongly
attenuate all radiation, including UV. The increase of sun elevation proportionally increases the UV
intensity. Main diurnal and seasonal cycles of UV are determined by the position of the sun, which
is defined by astronomical calculation of the sun elevation, which is usually parameterized using
Solar Zenith Angle (SZA), indicating of the air mass the light pass through [26]. UV irradiance also
increases with altitude [27].
A number of studies have focused on the UV trends over the last decades, which are affected by
trends in gases, aerosols and cloud coverage. Increase of UV has been reported in south and central
Europe and decrease at higher latitudes [28]. Zerefos et al. [17] showed that the increase of total O3
over the 1995-2006 period at mid-latitudes was not sufficient to reverse UVB increase, which was
masked by decreasing aerosols. While Eleftheratos et al., [29] showed that at high latitudes, ozone
increase and UVB decrease were in agreement in the absence of large aerosol variations.
UVI is currently monitored by about 160 stations from 25 countries around Europe [30]. Instruments
operating at these stations are separated at three types, according to the technique of measurement,
as broadband, narrow band filter and narrowband spectral radiometers. The estimated relative
uncertainty for these UV irradiance radiometric measurements is 4.6 % [31], which propagates an
uncertainty of 0.61 (at 1σ) for retrieved UVI [32]. Additionally, UV is monitored through satellite
retrievals, which are covering the whole globe [33]. Satellite measurements are usually used for
climatological studies [34] and for monitoring UV irradiance in areas with no ground based
measurements. UVI is also routinely forecasted by a number of services and the output is provided
to the general public for protection from the harmful UV doses. For example, the Tropospheric
Emission Monitoring Internet Service (TEMIS), by the Royal Netherlands Meteorological Institute,
provide a daily clear sky UVI forecast for Europe, for 8 days ahead, using the algorithm of Allart et
al. [35], which takes into account TOC and SZA and uses an empirical aerosol correction, which leads
to overestimations, when high aerosol loads are present [36].
In this study we focus on measurements and modeled UV index at the region of Athens, Greece,
during a period of an extremely low ozone event. At this period TOC was much lower than the long
term mean (in the range of 35-55 DU), reaching values as low as the -2σ values of the climatological
average. A parallel invasion of Saharan Dust in the region has eliminated a large part of the low ozone
effect on the UV irradiance. In order to investigate the event, we have used measurements from
Precision Solar Radiometer (PSR) and BREWER spectrophotometer alongside with Radiative
Transfer Model (RTM) simulations of the atmospheric conditions.
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Besides the description of the observed extremely low ozone – high UVI – high aerosol Saharan dust
event which we target in this study, it is important to highlight the motivation of this study and its
difference from other works. The observed low ozone concentrations that occurred during May 2020
in Athens is a rare phenomenon, as May is largely characterized by high amounts of ozone
transported from the tropics by the Brewer-Dobson circulation. These low ozone amounts
contributed to high amounts of UVB irradiance in May, the magnitude of which is typically measured
during July under cloudless conditions. It might be that such low ozone events become more frequent
in the future during spring. In this respect it is important to know how much change in UVB radiation
can be caused so that we can use this information to evaluate future calculations of UVB variability.
At the same time, a Saharan dust intrusion occurred, altering the UVB radiation field. While UVB
models predicted high levels of ultraviolet radiation in Athens during the low ozone week, the
measured UVI levels were lower than expected. The reason for this was the increased dust aerosols
that attenuated the incoming solar radiation reaching the ground. Model calculations for forecasting
UVI currently used to inform the authorities and the general public, does not take into account the
nature of Aerosols and the expected loads (e.g. TEMIS).
The occurrence of increased aerosols in May 12-19, 2020 in Athens, Greece, was expected to have a
beneficial effect on the increased UVB radiation due to the extremely low ozone concentrations. It is
shown that the increased aerosols balanced the effect of low ozone amounts on UVB irradiance, thus
mitigating the enhanced UVB levels. The coincidence of increased aerosols and extremely low ozone
during the week of May 12-19, 2020 in Athens, Greece, motivated us to study this peculiar event and
to better quantify the roles of dust aerosols and ozone on UVB irradiance. The paper is organized as
follows. The data sources (ground-based instruments, satellite data, modelling) and methodology are
described in Section 2. The abnormal ozone, UVI and AOD measurements during the exceptional
week of May 2020 in Athens and the respective climatological values are presented in Section 3.
Finally, Section 4 summarizes the main results.
2. Data
Data used in this study were recorded at two different locations in Athens, Greece by PSR and
Brewer instruments. The two locations are 5 km apart. The Brewer is installed at the roof of
Biomedical Research Foundation of the Academy of Athens, which is located in a green area at a
distance of about 4 km from the city center and is partly influenced by urban emissions. The PSR is
installed at the Actinometric Station of National Observatory of Athens, in a green area in the city
center. Aerosols in Athens can consist of sea-salt aerosols, dust from Sahara desert, smoke particles
from forest fires, and small particles typical of urban and industrialized environments [37-39].

2.1 PSR
The Precision Solar Spectroradiometer has been designed and manufactured by PMOD/WRC,
Davos, Switzerland, aiming high precision and accuracy for solar spectral measurements. It measures
irradiance at 1024 channels in the spectral range of 300-1020nm with an average step of ~0.7nm,
spectral resolution in the range of 1.5 to 6nm (according to measured wavelength) [40]. PSR 007 is
installed in Athens (37.9N 23.7E, 130 m above sea level) and it was last calibrated on June 2019 at the
world radiation center using a calibrated standard 1000W tungsten-halogen FEL lamp. Uncertainty
of measurements has been estimated in the range of 1.7-2.0%, with higher uncertainties recorded at
the UV spectral region, due to lower signal and stray light [41]. PSR 007 has a global sensor mounted
on the auxiliary port and by using the built in shutter of the instrument, Global Horizontal Irradiance
(GHI) and direct irradiance can be measured, by the same spectrometer. Thus, the same calibration
and uncertainty budget is applied. The spectral measurement frequency is 1 minute.
UV Index is the parameter retrieved from PSR measurements, used in this study. The formula
for the calculation is

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 October 2020

4 of 14
𝜆

𝑈𝑉𝐼 = 𝑘𝑒𝑟 ∫𝜆 2 𝛦𝜆 𝑠𝑒𝑟 (𝜆)𝑑𝜆 (1)
1

Where ker is a constant equal to 40 W/m2, Eλ is the recorded solar spectral irradiance at wavelength λ,
Ser(λ) is the erythema action spectrum [42] and λ1 and λ2 are the limits of the UV spectral region. For
our case the integrated spectral region is 300 to 400nm. This approach has an advantage, compared
to broadband based measured UVIs, since the whole spectrum of the region 300-400nm is recorded
and no additional corrections are needed [32].
2.2 The Brewer spectrophotometer
In this study we analyze TOC, UV irradiance and AOD retrievals from a Brewer MKIV
spectrophotometer (number #001) operating at the roof of the Biomedical Research Foundation of the
Academy of Athens in Greece (38.0 N, 23.8 E, 180 m a.s.l) since 2004. The Brewer is an automated,
diffraction-grating spectrometer that provides observations of the sun’s intensity in the near UV
range. The instrument measures the intensity of radiation in the UV absorption spectrum of ozone at
five wavelengths (306.3, 310.1, 313.5, 316.8 and 320.1 nm) with a resolution of 0.5 nm. These data are
used to derive columnar ozone and sulfur dioxide amounts and the aerosol optical depth [43].
Measurements with the Brewer #001 have been exploited in several studies analyzing columnar
ozone, sulfur dioxide and aerosol optical depth [44-47]. TOC analyzed in this study is calculated from
a combination of direct sun (DS) measurements at UV wavelengths that experience different
absorption by ozone passing through the atmosphere (310.1, 313.5, 316.8 and 320.1 nm), weighted
with a predefined set of constants chosen to minimize the influence of SO 2 and linearly varying
absorption features from, e.g., clouds or aerosols [48]. TOC is retrieved using the differential
absorption method [49].
The Brewer #001 was regularly recalibrated against the traveling standard Brewer instrument
#017 in 2002 in Thessaloniki and in 2004, 2007, 2010, 2013 and 2019 on site in Athens. Internal standard
lamp tests are performed on a daily basis to detect possible instrumental drifts. Ozone data are
recalculated after standard lamp test corrections and are analyzed using the O3Brewer data
management software [50].
Finally, the AOD analysed in this study is retrieved from DS measurements at 5 standard
wavelengths (306.3, 310.1, 313.5, 316.8, 320.1 nm) using the O3baod software package developed by
Martin Stanek (http://www.o3soft.eu/o3baod.html). The setup of the software for the Athens Brewer
was done with the assistance of M. Stanek (private communication). AOD at 320.1 nm is reported
here.
2.3 Satellite data
Satellite data have been used in order to provide further evidence on the range of TOC. UV satellite
record started in 1978 with Total Ozone Mapping Spectrometer (TOMS) and continued until today
with Ozone Monitoring Instrument (OMI), which is nadir-viewing UV/visible backscatter
spectrometer on-board NASA’s satellite Aura. The OMI ozone product algorithm and the TOC
retrieving process is described in Bhartia and Wellemeyer [51].The main procedures include a fitting
of ozone absorption cross-section to the measured spectrum, an estimation of air mass factor and
corrections for clouds effects. Data processing and quality assurance of the TOC product is
analytically outlined at Veefkind et al. [52]. OMI TOC retrieval has one overpass above Athens per
day in a distance less than 50km since 2002, which could be used to create an almost two decades
long timeseries. Copernicus Atmospheric Service (CAMS) provide a reanalysis database of TOC,
which we also used to detect the general ozone circulation at the area at the time of the event. This
database is assimilating data from different satellites (SBUV/2, OMI, SCIAMACHY, GOME, MIPAS,
MLS, GOME-2) alongside with chemical transport modelling to provide TOC at 0.4ºX0.4º spatial grid
[53].
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2.4 Radiative transfer model
Radiative Transfer calculations using the Libradtran package [54-55] has been performed,
aiming to simulate the atmospheric conditions and evaluate forecasts using different input variables.
In particular, different set-ups of the code have been run, using climatological AOD and TOC values,
and daily measured AOD and TOC values. Single Scattering Albedo (SSA) was set to climatological
value of 0.9, but during dust event SSA was set to more representative value of 0.86 for these type of
aerosol in the UV spectral region [56,57]. Output of the run was GHI at 300-400 nm at spectral
resolution of 0.1 nm. Corresponding UVI was calculated by applying the erythema action spectrum
to the output spectra using equation (1).

3. Results and discussion
Figure 1 shows the long term variability of TOC in Athens, as retrieved from Brewer in the
period 2004-2019. Ranges of 1 and 2 σ around the mean daily value are highlighted. Retrievals of 2020
are also shown and the period of the extreme low ozone event is found between 12 and 19 May. The
mean TOC for the region, for May is 346±16 DU, while for this week it dropped down to 280-295 DU.
The seasonal variation, follows the mid latitude behavior of Stratospheric Ozone, having maximum
values during late winter-early spring and lower values at the end of summer and in autumn. As a
threshold to characterize an extreme event, we have used the 2σ of the climatology. In a theoretical
normal distribution, 95.5% of the values would have been in this range. This corresponds to ~1 day
per month outside these limits. Thus, a period of 9 consecutive days below the limit has very low
possibility of occurring. Although, the actual distribution of the values has some deviation from a
theoretical normal distribution, it is safe to characterize this period as very rare low ozone event for
the region.
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Figure 1. Average TOC at Athens, retrieved by Brewer, for the period 2004-2019, per day, along with 1 and
2 σ variations, and values retrieved in 2020.

In order to understand the negative anomaly of TOC, maps of the greater area around Athens,
Greece for 12 and 16 May, are presented in figure 2, as an example of the concentrations in the area.
The anomaly could be triggered either by a local tropospheric airmass ascend in the stratosphere or
the intrusion of tropical stratospheric air mass. The picture of TOC in the area, during the event,
shows that the zonal spatial distribution scheme [58] is broken by an intrusion from lower latitudes,
which makes the transport of tropical air the most probable cause. These intrusions are mainly
generated by gravitational waves [59]. Butchart et al. [60] have analyzed different models and
measurements for the meridional variation of Ozone and concluded that under expected climatic
changes, this kind of events will be more frequent. Hence, large TOC negative anomalies could be a
major issue at mid-latitudes in the near future.

Figure 2. Spatial variability of TOC around Northern Africa, Middle East and Europe for 12 and 16
May 2020, as retrieved by CAMS.
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Figure 3 shows the variation of UVI, TOC and AOD during May 12-19, 2020, as retrieved by the
corresponding instruments. UVI is retrieved from PSR measurements. Higher UVI was recorded on
19 May, when maximum value was 9.2. All the day after 13 May has maximum UVI higher than 7.9.
On May 12, there were frequent overcast cloud conditions, which appear in the form of broken curves
in the UVI retrieval. TOC from both BREWER and OMI was constantly below the 2σ of the
climatological mean during the whole period. Lowest values are reported on 16 and 17 May. AOD
is well below the climatological mean on May 13, and in the evening, an intrusion of Saharan dust
reaches Athens and very high values are recorded from 14 to 17 of May. On the last days AOD
reduces and approaches the mean climatological values. For May 16-19, the UVI time series are
sporadically affected by the presence of cirrus clouds. To avoid the effects of clouds, we selected to
study further, days that were strictly cloud free based on PSR observations. Such cloudless conditions
appear on May 13, 14 and 15. Based on all the above conditions the days 13 and 15 of May were
selected to be more intensively studied, as representative of cloudless days of low ozone and low
aerosols (13/5) and low ozone high aerosol (15/5). Data from 14/5 are later used to simulate the effects
of low ozone and high AOD on UV spectra.

Figure 3. Variation of UVI as retrieved from PSR measurements (upper plot). Variation of TOC as
retrieved from Brewer compared to average and average±2σ for the period, derived from Brewer
2004-2019 data (middle plot). AOD at 320nm as retrieved from Brewer along with climatological
average AOD at 340 nm as retrieved from AERONET for the period 2009-2018 [39].

Figure 4 shows UVI retrieved from PSR on May 13, alongside with RTM simulations of UVI
estimated with climatological TOC and AOD and BREWER’s AOD and TOC values. PSR retrieved
UVI is up to 11.2% (0.92 UVI) higher than the theoretical simulated with climatological TOC and
AOD inputs. Using measured AOD and TOC the agreement with the PSR has an R2=0.98 and a mean
bias error MBE=0.11. Hence, the observed deviation from the theoretical climatological UVI can be
explained by the variation of TOC and AOD. Mean AOD for the day is 0.22 (33.2%) lower than the
climatological value and mean TOC is 32 DU lower (9.4%) respectively. Both these factors are
contributing to higher UVI. Higher differences are observed around local noon, when UVI has
maximum values. For a large part of the day, absolute UVI differences are small and start to
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differentiate when UVI is higher than 5. The following days, later in the week, had even lower ozone
values, but not all of them were cloud free and none of them had low AOD values. Maximum values
of UVI are the ones usually reported to the general public and are the ones with the highest
differences.

Figure 4. Diurnal variation of UVI on May 13, 2020 as retrieved from PSR measurements (blue
curve), in comparison with theoretical UVI predicted using RTM with climatological TOC and AOD
inputs (orange dots) and modeled UVI using brewer AOD and TOC as input (yellow dots).

On 15 May 15, mean ozone was 43 DU lower than the climatological value. Purple curve on
figure 5 shows the theoretical UVI calculated with this TOC value but with 0 aerosols. Ozone at so
low range could lead to an increase of up to 28.5% of UVI (2.1 UVI), compared to the climatological
estimations. On the other hand, mean AOD on this day was 0.31 (46.7%) higher than the
climatological mean, which leads to a decrease of UVI. As shown on figure 5, simulation of UVI with
climatological and measured TOC and AOD values are almost identical (R2=0.99 and MBE=0.04). PSR
retrieved UVI also agrees with these simulations (R2=0.99 and MBE=0.06). Hence, the two events have
opposite effect on UVI, eliminating each other, leading to conditions similar to the climatological
simulation. We should conclude here, that neglecting either effect of ozone or aerosols, could lead to
significant misestimation to UVI and erroneous recommendations to the general public.
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Figure 5 Diurnal variation of UVI on May 15, 2020 as retrieved from PSR measurements, in
comparison with theoretical UVI predicted using RTM with climatological TOC and AOD inputs ,
modeled UVI using Brewer AOD and TOC as input and modeled UVI using Brewer TOC but zero
aerosols.

At figure 6, theoretical spectra at SZA of 30º and 60º are divided, from two separate RTM runs,
using a constant climatological AOD (0.3) and different TOC; climatological (335 DU) and measured
(292 DU as average for the 14th of May). At wavelengths higher than 330 nm, the ratio is constantly 1,
where ozone has almost zero influence. At lower spectral regions, the ratio becomes ~1.5 at 305 nm
and towards the lower wavelength regions the ratios became higher exponentially. It is clear from
this figure, that UVA region is practically insensitive to TOC changes, UVB is highly sensitive and as
it compromises the most important part for erythema, it is the region that affects more the UVI. The
average effect in the UVB region is a 32% increase in irradiance. This could lead to 29% increase in
the estimated UVI. The ratios depend on the SZA, as higher SZA’s correspond to higher ozone
attenuation thus higher ratios.
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Figure 6 Ratio of theoretical spectra in the UV region, as derived from RTM, with mean TOC
measured by Brewer on May 14, 2020, and climatological TOC, at two Solar Zenith Angles.

At figure 7, theoretical spectral ratios of GHI simulated with AOD=0.5 (14 May) and AOD=0 at
SZA=30 ºand 60º are presented. In all the above runs, TOC was set to the same climatological values
(335 DU). These ratios are less spectral depended and their absolute value depends on the AOD while
their spectral change by the spectral characteristics of the aerosols (Ängström exponent). Variation of
the ratio, when SZA is 30º, is from 0.73 at 300 nm to 0.82 at 400nm. When SZA is higher, the
attenuation due to aerosols is higher. Thus, the difference due to aerosols, is very similar in UVA and
UVB regions. AOD at 0.5, causes about 25% drop to the solar UV irradiance, which leads to decrease
of 28% at UVI. We should also highlight the importance of SSA in the calculations, since the type of
the aerosols affects significantly the scattering characteristics of radiative transfer; hence, the GHI
ratios will vary accordingly. We remind that SSA was set to 0.86 for the dust aerosols according to
section 2.4.

Figure 7 Ratio of theoretical spectra in the UV region, as derived from RTM, with mean AOD
measured by Brewer on May 14, 2020 and no aerosols, at two Solar Zenith Angles.

4. Summary
During May 12-19, 2020 an extreme low TOC event was observed over Athens area. TOC was
lower than the climatological average (- 2σ) for the whole week period. In addition, during some days
AOD values were lower than the climatological average, while on other days a dust aerosol intrusion
was linked with AOD values almost double than the May average for Athens. Our analysis is
confined to days that were strictly cloud free in order to avoid the effect of cloudiness and study the
effects of ozone and aerosols on the UV spectra.
On the 15th of May that was with a day with very low TOC and the highest AOD, theoretical
calculations showed that TOC variation alone could cause an increase of ~30% in the UVI compared
with the climatological average. However, aerosol presence masked ~20% of this increase as the dust
intrusion lead to much higher than normal AOD values.
Through RTM calculations, we have estimated that at 305 nm, when SZA is 30º, GHI compared
to the one with average AOD and TOC, will be 26% lower due to aerosols and 34% higher due to
TOC decrease, while at 60o SZA aerosols will attenuate GHI by 31% and ozone will increase it by
59%. Accordingly, at 325 nm, aerosols will cause 24% and 31% drop of GHI, at 30º and 60º SZA, while
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ozone will increase it by 2% at both SZA. We highlight that these estimates were derived using
measurements at May14th, 2020 a cloud free day with AOD of 0.5 and mean daily ozone of 292 DU.
This study is investigating the parallel effects of factors affecting a health-related parameter such
as the UVI. When studying the UVI dependence of TOC and AOD it is important to focus on the
different spectral regions, as Ozone acts mainly in the UVB region, which also determines the largest
part of UVI. Aerosols act more uniformly in the whole UV region and their spectral response is
determined by the Ångström exponent. It should also be highlighted, that ignoring day to day
changes on either O3 or aerosols, when estimating UVI, could lead to very high errors. Simultaneously
occurring events that could mutually eliminate their effects are happening occasionally and having
better knowledge on all these parameters will lead to better forecasting of UVI.
The case presented here is a demonstration of the combined effects of TOC and aerosols. Changes in
UVI under very low TOC events can be masked by high aerosol loads. Even if TOC is the major
parameter affecting UVI, in this event, we saw that a moderate to high dust intrusion eliminated
completely the very low TOC effect to the incoming UVI. Our findings demonstrate that aerosols in
the UV region are very important and their optical properties (especially in the UVB) have to be
accurately known in order to simulate the UVI and inform the public objectively in the absence of
accurate UV measurements.
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