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Abstract

The UV-index (UVI) is a measure of the erythemally effective solar radiation reaching the
Earth surface and it was introduced to alert people about the need for Sun protection. This study
applies a model that estimates the UVI over the high Bulgarian mountains for clear sky conditions
considering the Total Ozone Content (TOC), which was taken from satellite measurements. The
results show that during the periods from May to August at altitudes above 2 000 m a.s.l. high UVI’s
(greater than 8) were observed for more than 18 days per month. The UVI values were high for every
day of July at altitudes higher than 1 500 m. Extremely high UVI result from episodes with TOC
lower than 290 DU during June and July at the highest mountain parts with elevations greater than
2 500 m. High radiation risks were observed during April, especially when the preceding polar vortex
was strong and the mountains were snow covered.

Introduction

The solar ultraviolet (UV) radiation affects the Earth’s atmosphere by
heating, exciting, dissociating and ionising its main constituents. UV-rays are
important for its impact on Earth’s surface, atmosphere, ionosphere and exosphere
[1]. The ionosphere is created by the most penetrating radiations, which are very
sensitive to solar activity. An analysis of the conditions of absorption of solar
radiation shows that the UV lines Lyman-Alpha (Ly-o), Lyman-Beta (Ly-f) and
UV continuum, along with X-rays and cosmic rays, are factors for the formation of
ionosphere of the Earth, planets and their satellites in the solar system [1-4].

Ultraviolet irradiance reaching the Earth surface impacts the human’s
health (induces erythema, cataract, provokes skin cancer, DNA damages and
others). The UV-index (UVI) was developed from Canadian scientists in 1992 as a
simple measure of the risk from unprotected sun exposure. It represents a
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dimensionless measure of the erythemally effective solar radiation reaching the
Earth surface, defined as an integral over the radiation reaching the Earth surface at
a certain time, expressed in W/(m**nm), weighted by the erythemal action
spectrum and multiplied with 40 m*W (see e.g. WHO [5]).

The UVI can be determined by highly precise spectrometric measurements,

by multichannel filter instruments or by UV photometers of solar irradiance both,
both ground-based and satellite born [6, 7].
In many countries, local UVI monitoring networks were established. In Europe,
currently 160 stations in 25 countries deliver online values to the public via the
Internet [8]. UVI daily forecast maps for Bulgaria and forecasts for some stations
based on multi-yearly averages were constructed and empirical models were
developed in National Institute of Geophysics, Geodesy and Geography-BAS [9]
(http://data.niggg.bas.bg/uv_index/uv_index_ bg.php).

To study the day-to-day variations of the harmful solar irradiance, the UVI
is usually determined for clear sky conditions at solar noon, when the risk of
harmful sunburn is the highest. Under clear weather the UVI depends strongly on
TOC and varies with the surface albedo and with the sun elevation change. The
main goal of the presented here paper is to estimate the UVI for a multi-year period
in the Bulgarian high mountains.

Data used and description

For estimations of the ozone over the Bulgarian high mountain region,
long-time TM3DAM-OMI overpass data for Sofia and Thessaloniki were used
(http://temis.nl/protocols/o3field/overpass_omi.html). The data are provided in
ASCII format. We have used the ozone data for Sofia and Thessaloniki at noon.
The time series are almost gapless, and the data are available for the time interval
from 10.01.2004 up to now.

Stratospheric ozone

Stratospheric ozone is produced by solar ultraviolet irradiance reaching the
Earth atmosphere mainly in the tropics during summer. However, a significant
amount of ozone is generated at mid-latitudes as well [10]. Ozone is transported
poleward by the Brewer-Dobson circulation forced by temperature difference over
the tropics and the polar atmosphere. The meridional temperature gradients and
hence the dynamical processes are the strongest in winter. At mid-latitudes the
stratospheric ozone has maximal values during spring. In each winter, the polar
vortex is built up with very low temperatures inside it. By heterogenic reaction
ozone can be destroyed catalytically in spring. In the Northern Hemisphere, strong
planetary waves induced by the orography frequently disturb the polar vortex. In
addition, other atmospheric circulations, short-term and mid-term variations up to a
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few months (e.g., advection and upwelling of the air masses) contribute to the
ozone variability.

After strong Vulcan eruptions TOC increases are observed worldwide.
However, the causes of the increase are complex [11] and the net effect on UVI
must be carefully investigated.

Ultraviolet radiation

The energy emitted by the Sun that arrives at the Earth is about 1361 W/m®
and is almost constant (the solar constant) slightly varying by about 0.1% during
the solar cycles [12, 13]. In the near UV (300400 nm), the variations are
somewhat greater (probably they are of the order of 0.5%—1%). Today, short-term
UV variations are the object of intensive research. As the Total Solar Irradiance
(TSI), the near UV radiation decreases with the increase in the Sun-Earth distance.
Passing through the Earth atmosphere the UV radiation is strongly absorbed by
ozone and scattered by air molecules and aerosols. The received UV radiation at a
horizontal Earth surface varies with the local zenith angle and hence with the day
time, season, and geographic location. For the public, the UVI forecast is usually
given as its maximum over the day (at solar noon) for cloudless weather taking in
such a way into account only the absorption of UV irradiance by ozone. However,
the UVI depends on the albedo of the underlying surface, in particular in the case
of ice and snow. At mid-latitudes, the UVI mainly varies between 1 and 10 and the
radiation risk of UVI values exceeding 8 is considered as very high, while for
values greater than 11 it is extremely high.

Method for investigation

The UVI variations caused by the ozone deviations from the seasonal mean
for the Bulgarian high mountains will be the subject of the paper. A part of the
Bulgarian mountains higher than 2500 m is located between Sofia (42.817°N,
23.383°E) and Thessaloniki (40.520°N, 22.970°E) stations at latitudes from about
41.6°N to 42.2° N. For describing the ozone series variations over the Bulgarian
high mountains the average values from the Sofia and Thessaloniki time series
were calculated with a weight of 0.6 for the first station and 0.4 for the second one.
These weights correspond to the distances of the mountains from Sofia and
Thessaloniki, respectively. The seasonal multi-year means of the resulting series
were determined by a Fourier series of second order with the basic period of one
year, consisting of 365.25 days [14]. The time series is shown in Fig. 1 together
with the sum of its trend and seasonal components in a wide range. The daily ozone
values vary in a wide range from about =70 DU up to 100 DU around the seasonal
mean with the correspondingly weaker or stronger solar UV absorption. On the
assumption, that about 10% of TOC is contained in the troposphere and ozone in
this layer is nearly uniformly distributed, the ozone values w ere recalculated to the
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sea level. Taking the TOC values for clear sky, UVI at noon were determined by
applying the fast empirical algorithm developed by Allaart et al. [15], where
besides the TOC Two more parameters are necessary: the solar zenith angle (SZA4)
and the Sun-Earth distance (D).
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Fig. 1. TOC time series for the Bulgarian High Mountain region recalculated to sea level
by using weighted OMI overpass ozone data for Sofia and Thessaloniki. The red line shows
the sum of the trend and seasonal components.
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SZA and D were calculated from the implementation of an astronomical
algorithm [16].

Using the TOC at sea level in the empirical model the UVI for the
elevation h=0 m is obtained. By help of the Tropospheric Ultraviolet and Visible
(TUV) radiative model [17] we found an UVI increase of 6% per km with
elevation increasing, which is in very good agreement with the value of 6%—8%
per km given in [18,19].

The UVI behaviour was studied for the March-April and May-September
(hereinafter referred to as spring and summer, respectively). During the spring the
polar vortex is already developed. At the same time, the SZA4 becomes low and the
High Mountains are usually snow covered. The UVI for snow covered surfaces
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were corrected by a factor of 1.25 corresponding to a mean snow albedo of 0.8.
[20, 21]. During the summer the Sun culmination is high that corresponds to
elevated irradiation risk. The obtained UVI time series allows estimation of the
number of days with very high UVI (greater than 8) in the time intervals under
study.

Results Satellite data processing

The UVI values corresponding to the TOC time series determined above
were calculated for all days of the time interval under study and the monthly means
were determined for four altitudes — sea level, 1500 m, 2 000 m and 2 500 m. The
results are presented as column chart and as table in Fig. 2. (For the days of spring
the UVI’s were snow corrected.) During the period from April to August in the
high mountains (above 2 000 m altitude) more than 18 days per month with very
high UVI’-s were observed. At altitude higher than 1 500 m in practice all the days
of July are characterized by very high values. However, the monthly variations in
the number of days with UVI greater than 8 from year to year are of the order of
30% (not shown here), especially in spring. The lowest number of days with
UVI> 8 was observed in the winters 2006/2007 and 2008/2009, when the polar
vortex was weak and the TOC exceeded the average values in March — April with
some exceptions (Fig. 3).

Day numbers with an UV-index greater than 8
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Fig. 2. Mean monthly number of days with an UVI greater than 8 for some altitudes during
the period 2005-2020 in the Bulgarian high mountain region
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Fig. 3. At the top row TOC series are shown. At the bottom row UVI series are presented
calculated from the TOC. The solid lines are for the sea level, and the dashed ones are for
the altitude of 2 500 m. The UVI at 2 500 m is snow corrected for the time periods of March
— April. The horizontal black dashed lines represent the UVI = 8 and UVI = 11 limits.

The observed lower TOC values in March had not a significant impact on
UVI because of the low Sun culmination. However, at the end of March/April 2009
low TOC caused two UVI peaks higher than eight, but only for some days. For
2011 and 2020, when the vortexes were strong, air masses with low TOC values
were located over the snow covered Bulgarian high mountains in April, that lead to
continuously very high UVI values during the whole period with peak values of
more than 10. For the summer period the TOC values did not show annual
differences, depending on the vortex strength in winter/spring. An exception was
the vortex 2019/2020, which persisted up to the beginning of May — the latest
persistence up to now. Low ozone events caused by strong planetary wave
activities were observed up to the mid of May. During the same time a part of the
tropospheric jet stream transported Sahara dust, which reduced the surface UV
radiation importantly.

On the other hand, the highest parts of the mountains with an elevation
greater than 2 500 m were snow covered during the mid of May 2020. In period
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from May to August the UVI was very high. For some days in June and July when
the Sun culmination is highest the TOC was relatively low (lower than 290 DU)
that lead to extremely high UVI (greater than 11) in the mountains at altitudes
higher than 2 500 m. At the same time, the UVI at sea level was very high from
June to July, as well.

Summary and conclusions

Using the clear sky UVI as a measure of the harmful UV radiation, in days
with high UVI values one could choose appropriate clothes and means with higher
protection. Clouds absorb UV radiation and the real UVI is usually lower than that
of clear sky. However, in some cases, the UV can be higher due to reflections from
clouds. To take into consideration the fast changing cloudiness for the prognosis of
UVI, especially in mountains, requires complex weather forecast models. Thus, the
easiest way that provides a realistic assessment is the use of a clear sky UVIL.

Based on the multiyear ozone values, the clear sky UVI’s were estimated
and corrected for altitude and snow albedo. The paper reports results about the UVI
in the high mountain regions in Bulgaria. It was shown, that in the mountains, due
to the altitude and reflections by snow, the UVI increases to very high levels at the
end of spring, particularly in years when the polar vortex was very strong. A very
high radiation risk in the Bulgarian high mountains was found in summer as well.

The highest UVI were observed during June and July, as it was expected.
At 2 500 m elevation in the mountains, the UVI is higher than the UVI at sea level
by a factor of about 1.15. In limited cases when the TOC is below 290 DU in
summer, extremely high radiation risk (UVI > 11) can be achieved. But very high
UVI levels in the high mountains can also be occurred in spring, when the TOC
values are below the mean in April and the terrains are snow covered.

We would like to remind, that the World Meteorological Organisation
recommends staying indoor during midday hours, when the radiation risk is very
high (UVI > 8). Since above 2 500 m, the alpine grasslands dominate, the
probability to find shade at these altitudes for minimising the radiation risk is very
limited, both at the end of spring and in summer. When there are very high
radiation risk levels during the summer and winter seasons in the high mountain
regions, people has to be alarmed in their accommodations or online about the
risk.

The results obtained in this work will help to improve the environmental
and solar-terrestrial models and provide the input for planetary modelling of helio-
biological and space weather processes in quiet and disturbed conditions [22].
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HHMBA HA YJITPABHUOJIETOBA PAJUALIMA HAJI BUCOKUTE
IIJIAHUHU B BbJII'APUSA

P. Bepuep, B. I'uneea, A. Amanacos, /l. Bvnes, /. /lanos,
b. Ilemkoe, A. Kupunos

Pe3iome

VYarpasuoneroBusit unaeke (UV-ungexc, UVI) e mspka 3a epuremanno
eeKTHBHATa CI'bHYEBA, JOCTHTAIA 3¢€MHATa IOBBPXHOCT, U TOH Oellie BEBEICH 32
Jla TIpeIynpekaaBa xopara 3a HeoOXO0IUMOCTTa 3a MpeJna3BaHe OT CIbHIETO. B
HAaCTOSIIIOTO M3CJENBAHE C€ Mpuiara Monei, Koto ouensiBa UV-uHaekca Haj
BHCOKWTE TUTAHWHU B Bhirapus mpu yCIIOBHS Ha YHUCTO HeOe, KaTo Ce OTYMTa
00mioTo chabpkanue Ha 030H (TOC), MONy4eHO OT CITbTHUKOBHM H3MEPBaHUSL.
PesynTaTuTte mokas3par, e npe3 MNEepUOJUTE OT Maidl O aBryCT MPU BUCOUYMHH HAJl
2 000 m ca HaOmogaBaHu MHOTO BUCOKH UV -uHAeKcH (II0-BHCOKH OT 8) 3a IoBeUe
ot 18 nuu Ha Mecen. Ha mpakTtuka croitHoctute Ha UV-MHAEKCA ca MHOTO BUCOKH
3a BCEKM JieH Ha foju 3a BucoumHH Haja 1500 m. Excrpemuo Bucokute UV-
HHAEKCH ca pe3yaTat oT cirydan Ha TOC no-aucko ot 290 DU npe3 roHU U rond, U
Ce€ OTHACSHT 3a HAl-BHCOKMTE YacTH Ha IutaHuHHUTe, HaA 2 500 m. Bucok puck ot
CITbHYEBA paJivallus € HaOMI01aBaH Mpe3 arpuil, 0COOEHO KOTaTO MPeaIIecTBALIUAT
MIOJIIPEH BUXBP € CUJIEH U IUNITAHUHUTE Ca MIOKPUTH ChC CHAT.
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