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Abstract. The amount of ultraviolet solar radiation reachthg Earth’s surface is significantly affected bynaspheric
ozone along with aerosols. The present paper isséat on a comparison of the total ozone and atreoispaierosol optical
depth in the area of Poprad-Ganovce, which is t&tbat the altitude of 706 metres above sea levéhe vicinity of the
highest mountain in the Carpathian mountains. Tinectisolar ultraviolet radiation has been measure: continuously
since August 1993 using a Brewer MKIV ozone spgidiotometer. These measurements have been usettutatathe
total amount of atmospheric ozone and, subsequetglpptical depth as well. They have also beadus determine the
atmospheric aerosol optical depth (AOD) using thedley plot method. Results obtained by this methete verified by
means of comparison with a method that is a path@Brewer Operating Software, as well as with sneements made by
a Cimel sunphotometer. Diffuse radiation, straydigffect and polarization corrections were apptedaalculate the AOD
using the Langley plot method. In this paper, taotdrs that substantially attenuate the flow oédlirultraviolet solar
radiation to the Earth’s surface are compared.ddper presents results for 23 years of measureprentgely from 1994 to
2016. Values of optical depth were determined fier wavelengths of 306.3 nm, 310 nm, 313.5 nm, 3dat&nd 320 nm.
A statistically significant decrease in the totptical depth of the atmosphere was observed witexalmined wavelengths.

Its root cause is the statistically significantglin the total optical depth of aerosols.

1 Introduction

It is known that anthropogenic changes in the amoftitotal ozone and atmospheric aerosols havenaiderable impact on
the solar UV radiation reaching the Earth's surf@oe Bock et al., 2014; Czerigka et al., 2016). An increased
transmittance of UV radiation through Earth's atph@se has a manifest influence on human healtiandgal ecosystems.
Higher doses of UV radiation have adverse effeciliy on terrestrial plants that are exposed tonita long-term basis
(Jansen et al., 1998). Exposure of human orgarasexdessive UV radiation doses may cause premageaiag of the skin,
weakening of immune system, and damage to cellsDamdl, which may consequently lead even to skin earand other
health conditions (Greinert et al., 2015). Positefeects of UV radiation are known as well, whiaftlude vitamin D
production in the skin in particular. This vitamgimuch needed for proper functioning of a humaganism (Kimlin and

Schallhorn, 2004). In the past, anthropogenic imfEtto the increased transmittance of solar Udation through Earth's
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atmosphere as a result of a decrease in the totalist of ozone. Global ozone layer depletion begaishow more
significantly in the 1980s, reaching its peak wiitle value of ca 5 % (with respect to the averagdhe period of 1964—
1980) in early 1990s. The depletion has already Ibeduced in recent years, amounting to ca 3 %verage for the whole
Earth (WMO, 2014). In the middle latitudes of thertthern Hemisphere (35° N—60° N), the depletionorbne layer
reached 3.5 % around 2010 (2008-2012). The deplefiaup to 6 % was peculiar to the middle latitudéthe Southern
Hemisphere (35° S-60° S) in the same period (WMIQ42

On the other hand, anthropogenic emission of atsastm the atmosphere causes reduction of solaradNation reaching
the Earth's surface, especially in industrializegha. In the early 1990s, it was determined thkr 4dV-B radiation had
decreased by ca 5-18 % in non-urbanized areago$tirialized countries since the Industrial Reviolutas a result of air
pollution (Liu et al., 1991). Anthropogenic aerasabay reduce the UV radiation reaching the Eaghiface by more than
50 % even in highly polluted urban areas (Krotkbale 1998; Sellitto et al., 2006). Anthropogerimissions of aerosols
have been gradually reduced in the developed desnaand a drop in the aerosol optical depth (A@&3 been observed in
several locations (Kazadzis et al., 2007; Mishcleeakd Geogdzhayev, 2007; Alpert et al., 2012; dé Bteal., 2012;
Zerefos et al., 2012). Aerosols have a substasefi@ct on other physical and chemical processemdaglace in the
atmosphere as well (Seinfeld and Pandis, 2006; ®&egldra Kumar et al., 2010). They affect predontigahe chemical
composition of the troposphere and, in certain $asé the stratosphere as well, primarily with megéo major solar
eruptions or flights of aircraft (Finlayson and t®it2000; Seinfeld and Pandis, 2006). They cancaedhe visibility
(Lyamani et al., 2010) and also have a significaffect on human health in many cases (WHO, 2006¢ presence of
aerosols in the atmosphere has an impact on thgyehalance of the Earth as well, namely direcsigmi-directly and
indirectly (De Bock et al., 2010). For the saids@a the anthropogenically emitted aerosol pagictmnsiderably contribute
to the ongoing global climate change, while thaftuence on radiation balance is still uncertairatgreat extent (IPCC,
2014, and references therein).

This paper is focused primarily on the aerosol aghtidepth obtained by measurements made using téeeB ozone
spectrophotometer and presents one of the possibtbodical approaches to its calculation. The mtesk method is
verified by means of an alternative method of ACiIcalation and is also verified by Cimel sunphottaneneasurements.
In the paper, obtained values of AOD are comparét the impact of total atmospheric ozone opticaptth on the
reduction of solar UV radiation. The Brewer speghotometer allows determining the optical deptthemnUV region of the
spectrum for the wavelengths of 306.3 nm, 310 nb3.8nm, 316.8 nm and 320 nm. It was determinedherperiod of
1994-2016. The examined series is 23 years longzhwénabled to quantify a linear trend of examimgdical depth
characteristics.

The employment of Brewer spectrophotometer measem&srto determine the AOD as well has already Ipedatished in
multiple studies. Some of them presented only skeries of measurements. Therefore, they do néwdacmultiannual
trends of AOD (Carvalho and Henriques, 2000; Kiaffiet al., 2001; Marenco et al., 2002). It is nhaimore recent papers

that present also multiannual measurements, byt doe not always present trend information as willis stated in
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Jaroslawski et al. (2003) that the development O@DAfor the Polish Belsk station in the period 08292002 appears to
have no trend. A quantification of the trend foe Belgian Uccle station can be found in Cheymol BedBacker (2003). It
indicates a significant negative trend at the lewél2c for all wavelengths for Brewer MKIl spectrophotaere

measurements in the period of 1989-2002. For exgntipé trend value for 320.1 nm is —2.13 +0.39 %ily# also states
that equally significantly negative trend was nbserved for the period of 1984-2002. The trend evdlr the above
wavelength was only —0.78 +0.42 %/year in thatqukriThe trend is also mentioned in Kazadzis €28i07), namely for the
Greek Thessaloniki station in the period of 1990B%2M®ata analysis for the Brewer MKIII spectrophutder adjusted for
the seasonal cycle using a linear regression shoeettend of —2.9 +0.92 %l/year for the wavelermft!320.1 nm. It was

also determined by a Student’s t-test that théssitzl significance of this change was more th&@

2 Methodology
2.1 Location of experiment

The Brewer ozone spectrophotometer (MKIV) and tmmel sunphotometer are located on the roof of admg of the
Aerological and Radiation Centre, Slovak Hydromsettagical Institute (SHMI), in Ganovce near theyaitf Poprad. Their
coordinates are 49.03°N lat. and 20.32°E long. thithaltitude of 706 m above sea level. The aeromatent in the air, both
total amount and composition by types, is deterthibg local sources on one hand, and by atmospbgdalation on the
other hand, which can move a certain air mass hegetith aerosols even for several thousand kiloesetln isolated
instances, it may also concern a transport of $athast from Africa. The Sahara dust was present neeSlovak Republic
at least for 20 days in 2016 (Hedlk, 2016). Major local sources include productsalfd fuel combustion in adjacent
municipalities and the agriculture. A bare dry swileven plant products are often blown away bydwas the location is
rather windy. The proximity of the city of Poprada(1.5 km) with the population of ca 53,000 andiows industrial
activities plays a certain role as well. On theeothand, it is a submontane location, since thédsgmountain of the
Carpathian mountains (2,655 metres above sea lsveifuated only 20 km away from the station. pites of the proximity

of the mentioned city, the area can be deemed irug@neral with respect to the anthropogenic ihpac

2.2 Instrumentation

The Brewer ozone spectrophotometer (No. 97, aeinginochromator — model MKIV) is a scientific instrent operating
in the ultraviolet and visible region of the sodgectrum. The Brewer spectrophotometer was origidaisigned to measure
the vertical column of ozone in the atmosphere \{igre 1973). The model MKIV allow moreover measurthg vertical
column of S@Q, NO; (for this purpose, measurements of solar radiai@made in the visible region of the spectrung) an
global UV radiation as well (from 290 to 325 nm.tlwian increment of 0.5 nm). The instrument break&rdthe solar
radiation reaching the Earth’s surface using itscapsystem and selects predetermined wavelemngthshigher and lower

absorption of @ and SQ from the ultraviolet part of its spectrum. On thasis of different radiation absorption for the
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selected wavelengths, it is possible to derivetdte amount of given gases in the vertical colwhthe atmosphere. More
information about the instrument and the measurém@tess can be found in Kerr (2010).

It performs standard measurements of direct saldiation (DS) in the UV region of the Brewer speptrotometer at five
selected wavelengths, namely 306.3 nm, 310 nm,53418, 316.8 nm and 320 nm. They are not completkdgtical for
individual instruments, which is given by minor fdifences in the position of a measurement slit atigbr minute
mechanical and optical differences (Savastiouk ldcélroy, 2005). The aforementioned five wavelengtbgresent their
long-term average, as very small changes in tligér gccur over the years. The instrument No. 09 uralergone regular
2-year calibrations and daily tests using intelaabips (mercury and standard lamp) from the stathefmeasurements
(18 August 1993). The calibrations are providedrigrnational Ozone Services (I0S). The instrumeictlibrated against
the World Brewer Reference Triad (World Meteorot@jiOrganization standards), maintained by EnvireminCanada, by
means of a portable reference instrument No. 017.

Direct solar radiation measurements can be usdétermine the aerosol optical depth as well. Thigcal property can be
determined in the ultraviolet region of the solgecrum for the five aforementioned wavelengths, Vidiich the
DS measurement is performed by default. It is kndvat the utilization of Brewer spectrophotometecalculate the AOD
encompasses particular sources of potential sysieeraors. If these errors are neglected, it neadlto negative values of
the Angstrém exponent for the examined wavelenffihsla and Koskela, 2004). The first source of esris the impact of
undesired diffuse radiation transmittance on the M&surements. The second source is the daily ofclezone in
urbanized areas. The third source is the negledt®fabsorption impact. In addition, the spectral stight effect is the
fourth source for the single monochromator. Ittsted in Arola and Koskela (2004) that the negtdctliffuse radiation
impact is potentially the biggest source of err@s. the contrary, the neglect of stray-light effaes the lowest impact.
Unlike the AOD for the shortest and the longest &angth, its impact in the cited paper is approxatya7-fold lower than
the diffuse radiation impact. In the light of thstéd errors, it is not recommended to determirteag¢restrial constants
(ETCs) using the Langley plot method (LPM) for ladtitude stations in urbanized areas, unless ctiorecfor the impact
of diffuse radiation and the daily cycle of ozome &nown. Poprad-Ganovce is not a typical statiorailow-altitude
urbanized area and is not even a typical high nznstation. It is between these two cases.

The impact of daily ozone cycle and bi€an be neglected considering the rural locatiahldgher altitude of the Poprad-
Ganovce station. The diffuse radiation impact anaydlight effect were not neglected. A recommeitdato ensure the air
mass factor does not exceed the value of 3 indlmulation of ETCs was taken into account as watbla and Koskela,
2004; De Bock et al., 2010). It is important to i@m that the internal polarization effect is armtlpotential source of
systematic errors as well (Cede et al., 2006)ctucs due to the combined effect of two polarizatensitive elements of
the Brewer spectrophotometer. The entrance windowhe first of mentioned elements and the gratsxghe second.
Polarization effect depends on the zenith anglh@fSun and is almost wavelength independent. Blagipation effect for
the instrument No. 97 was not determined diredtlys assumed that the dependence of polarizatifatteon the zenith

angle is similar for all types of Brewer spectrofmmeters (Cede et al., 2006). As a result, cowasti(the field
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measurements method) published in Cede et al. j2@06d be applied to the instrument No. 97. Thpdot of temperature
changes was not also neglected. The correction#ingsfrom the changes in temperature of the imsgnt are allowed for
in the adjustment of raw data.

The CE 318 NE dP automatic Cimel sunphotometer used to verify the AOD values obtained by the Brewe
spectrophotometer. It is an instrument that enatoleseasure the direct, diffused and polarizedrsaldiation. It performs
measurements of direct solar radiation for thecsete wavelengths in the ultraviolet, visible andrared region of the
spectrum (Cimel — advanced monitoring, 2015). AQilugs obtained for the wavelengths of 340 nm ardri38 were used
for comparison with the measurements of Brewer tspplotometer. The Cimel sunphotometer began téoperfirst
measurements at the Poprad-Ganovce station on t@niber 2014. If the conditions allow, it is in augtic operation
every day except for the calibration period. Faattheason, no continuous measurements are avail@bée calibration
period is approximately 2 months long, and therimaent is away from the station during that timéeTcalibration is
provided within the AERONET (AErosol RObotic NETw9rglobal network and is carried out by Service iblal
d’'Observation PHOTONS/AERONET, Laboratoire d'Optigtmosphérique, CNRS-Université de Lille. Only teeel 2.0
data were used in this paper. It is the highessiptaslevel defined within the AERONET.

2.3 Calculation of total ozone optical depth

Measured values for the total column ozone amob@)) obtained by the direct sun (DS) procedure weed to calculate
the total ozone optical depth. A DS measuremeatégpted only with the airmass factor of the odayer of less than 4 (as
recommended by 10S) and it takes approximately r@isutes. During that time, the density of solariagidn flow is
measured five times for each of the five wavelesgithus five values of total ozone in Dobson ufidy)) are obtained
from a single DS measurement, which are consequestd to calculate an average and a standardtidevi®nly the
measurements that meet the standard deviatiomientéSTDEV< 2.5 DU) are selected for further data analysise hal
ozone was calculated using the Brewer SpectroptetemB Data Files Analysis Program software v. (®@Brewer) by
Martin Stanek (http://www.03soft.eu/o3brewer.htnilhe optical depth was calculated for each accepatitk of the total

ozone. The calculation is represented by the foligvequation:
TA,03 = 90361’(/1, T) - 9030—(/’{, T)n y (1)

where 1, ¢, is the total ozone optical deptl,, is the total ozone in Dobson unitgA, T) is the absorption coefficient for
ozoneo(4,T) is the effective absorption cross-section of theng molecule (it is usually quantified for 1 grandn is the
molecule count in the volume determined by 1 DU &ndn?; for Oz it is a constant with the value of
n = 2.687 x 10'® cm™3 (Schwartz and Warneck, 1995). It is recommende@anlund et al. (2017) to utilize the same
effective absorption cross-sections of the ozonéeoute to calculate both the TCO and its opticgitdewhich is required

to determine the AOD. The Brewer Operating Softwarethe Brewer spectrophotometer utilizes the atffe absorption

cross-sections of the ozone molecule, which areerdehed on the basis of Bass and Paur measurements
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(Bass and Paur, 1985). This scale is employed tlwuleée the total amount of ozone within the networ
of Brewer spectrophotometers according to the recentations of the International Ozone Commission
(http//www.esrl.noaa.gov/igmd/ozwv/dobson/paperdfsdeml). Today, more recent and accurate values
of effective absorption cross-sections are alreadyailable based on measurements of tivolecular
Spectroscopy Lab, Institute of Environmental Physic (IUP), University of Bremen,
(http://www.iup.physik.uni-bremen.de/gruppen/molsplatabases/index.html; Gorshelev et al., 2014y&ehenko et al.,
2014).

More recent values according to the IUP were usethiculate the ozone optical depth and the AODortter to preserve
the consistency between the calculation of optilsgdth and the calculation of the TCO, it was neags® calculate the
TCO values according to a more recent set of IU#s €alculation was carried out as per the recondagéons in Redondas
et al. (2014). The dependence of effective crosHese on the temperature is very important. A slheda effective
temperature for the given gas is usually used.dsecof ozone measurements using the Brewer spbotmpeter, an
average standard effective temperature of —45 2B.(5 K) is defined (Redondas et al., 2014). Anotliference in the
calculation of the TCO compared to the Brewer OfmgaSoftware pertained to the used absorption fioerfts for
Rayleigh scattering. Instead of coefficients usgdiéfault, the value of TCO was determined withffioients according to
Bodhaine et al. (1999), which is in line with caoeifnts used to calculate the optical depth. Bre@perating Software and
O3Brewer software use the same formula to calcalatairmass factor for ozone. The same appliesajdeigh scattering.
The given formulas are defined in the Brewer MKIpeStrophotometer Operator's Manual (Sci-Tec, 19D#jerent, yet

on the other hand more accurate formulas, were tasealculate the AOD by LPM — for ozone accordiodgomhyr (1980)
and for Rayleigh scattering according to Kasten4odng (1989).

2.4 Calculation of aerosol optical depth

The LPM was employed to calculate the AOD. It itraditional method employed to calculate the AODtbhg Brewer
spectrophotometer (Carvalho and Henriques, 200@hKoff et al., 2001; Silva and Kirchhoff 2004; @heol et al., 2006;
Sellitto et al., 2006). This method requires stadil@ospheric conditions in order to determine tR€EIt needs mainly a
low variability of the total ozone and atmospheaierosols during the day. It is also necessary tidaan impact of
cloudiness on direct solar radiation (DS) measurgsnand to ensure a sufficient scope of zenitheengf individual DS
measurements during the day, which is needed éogitren method.

For the said reasons, this method is most appttepioa lower latitudes (especially in mountainoagions near the tropics),
and it has certain limitations in the middle andtipalarly higher latitudes (Nieke et al. 1999; Maco 2007). This method
of AOD calculation has already been applied toekamined location of Poprad-Ganovce in the pasb(Pova, 2002). An
alternative method of AOD calculation, implemenbgdVladimir Savastiouk, has been available sind@52(Bavastiouk and

McElroy, 2005; Savastiouk, 2006; Kumharn et al120 In this case, an algorithm of AOD calculatismpart of the Brewer
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Operating Software. Hence, the given method wilrdferred to as the Brewer software method (BSMhis paper. The
fundamental difference against the previous meikatiat ETCs for individual wavelengths are notedetined using the
LPM. They are obtained during calibration of thestioment, hence once in 2 years. Their value isrdgéhed during

calibration based on a comparison with the portedfierence Brewer instrument No. 017. ETCs forréference instrument
are determined by LPM at the Mauna Loa or Izafi@agory. Neglected changes in the sensitivityhefinstrument over
shorter time periods represent a disadvantage tbf inethods, as the ETCs are fixed for a longeropleri 2 years in both
cases. The LPM applied in this paper employs fik&dCs for a 2-year intercalibration period, whichidentical with the

standard intercalibration period for the measurdrnéonzone. It is assumed that any significant isermodifications to the
Brewer spectrophotometer during calibration mag@fboth the calculation of ozone and the calcutatif AOD. For that

reason, the period not exceeding 2 years was used.

To calculate the AOD, it was necessary to applyBber—Bouguer—Lambert law:

—Uo, a(AT) Qp, — ‘B(A)P—p. T
SA=SO,1€_”WT/1=SOI1e_”0371.03_”77/1.r—l4afl.a=SO/1€ 03 ) 03 ~Hrp aTia (2)

whereS; is the flux density of solar radiation flow foretlselected wavelength expressed by photon couniniteof time on
Earth’s surfaceg, , is the flux density of solar radiation flow foretlselected wavelength expressed by photon couniryier
of time above Earth’s atmosphere (extraterrestaaistant — ETC)g, is the total optical depth of atmospherg,, is the
optical depth for ozone; , is the optical depth for Rayleigh scattering, is the optical depth for aerosols, angis the

air mass factor for atmosphere as a whole. Itsevalias calculated as a weighted arithmetic averdgmdividual
aforementioned components, while the optical deptngiven component was the weighting factor.

Furthermorey,, is the airmass factor of the ozone layer deterchaecording to Komhyr (1980),. is the air mass factor
for Rayleigh scattering determined according tot&asand Young (1989). is the air mass factor of aerosols < 4 for
AOD), while due to the similar vertical profile akrosols and water vapor it holds that= uy, o, Whereuy,, is the air
mass factor of water vapor determined accordingdsten (1966). Next elemenfA,T) is the absorption coefficient for
ozonef,, is the total amount of ozone in Dobson uni§}) is the normalized optical depth for Rayleigh smarig (for the
standard atmospheric air pressure and the vedatamn),P is the atmospheric air pressure in the locatiooligfervation
(the daily average was used), dng; is the standard atmospheric air pressure (101885 The contribution of sulfur
dioxide was neglected, namely due to its low imgacbla and Koskela, 2004) and due to its inacaidstermination at the
Poprad-Ganovce station as well.

The normalized optical depth for Rayleigh scatgrf(1) was calculated according to Bodhaine et al. (1999).
The use of coefficients according to Bodhaine et @1999) is in compliance with the recommendations
of the NOAA (National Oceanic and  Atmospheric  Adisiration). @ An  NOAA  document
(https://www.esrl.noaa.gov/gmd/grad/neubrew/docglietghinBrewer.pdf) states that standard coeffitdeior the Brewer
Operating Software must not be used to calcula&eMBD. It is stated in Carlund et al. (2017) the total amount of ozone

calculated using the standard coefficients is higloenpared to the use of coefficients accordinBddhaine et al. (1999).
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The value of; was obtained by adjustment of raw data (raw cQuittss essential to keep the sequence of thevitig
steps in their adjustment. In the first step, rawrdgs saved in a B-file were converted to courgsiatn the second step,
deadtime compensation was applied. After the deedtiompensation, a correction was applied to ttay-dight effect in
the same order as in Garane et al. (2006). In dbettf step, a correction for the temperature depecel was applied,
including a spectral transmittance correction foe utilized neutral density (ND) filter. These dils are automatically
selected by the Brewer spectrophotometer with tsfoethe current density of the solar radiatioowfl There are 5 ND
filters and 5 wavelengths as well, so 25 attenunatialues are needed in total. The attenuation satdiegiven filters are
determined during calibration of the instrumenteTimpact of polarization was compensated in thh fifep. The last sixth
step involved the correction due to the impactiffifige radiation on DS measurements. When the abotaxia are applied,
five initial values ofS; will be obtained from a single DS measurement, auttbequently, the AOD will be calculated from

each of them. The final AOD for the given DS measugnt is calculated as an arithmetic average effalues.

2.4.1 Correction for the diffuse radiation and strgy-light effect

The correction of diffuse radiation impact on DSaswrements was made following the recommendationsrola and
Koskela (2004). The fact that the full field of wigeached the value of 2.6 for the Brewer specwapheter was taken into
consideration. A ratio of the circumsolar radiatimnthe direct solar radiation was calculated udimg SMARTS 2.9.5
programme (available at https://www.nrel.gov/rreduarts/). The calculations in SMARTS were impleradnfor rural
aerosol conditions, which are characterized bythgstrom exponent equal to 0.96. The ratio of fheuensolar radiation to
the direct solar radiation was determined foriat fvavelengths. This ratio is hereinafter refen@ds the correction factor.
The values of zenith angle, aerosol optical depth @mospheric air pressure were taken into acdouthie calculation of
the correction factor. It follows that this factwas determined for specific conditions at a givieret

Another undesired phenomenon is the influence @fenphotons (received outside the range of theyaedlwavelength) on
the photon detection. The noise photons are cabgaddiation that does not follow the required optipath inside the
monochromator due to the scattering on the gratimigior, or housing. This problem is called theagtlight effect and is
negligible for the double monochromators. The Bresgectrophotometer at the Poprad-Ganovce statictassified as a
single monochromator. For that reason, a corredionthe stray-light effect was necessary (Arola dtoskela, 2004;
Garane et al., 2006). The correction was determimednalysing the spectral global UV radiation nuead on cloudless
days. It was feasible because the optical light mathe same for both the UV and DS measuremethteirnonochromator,
The potential impact of a different measurement enads neglected for the sake of simplificationgémeral, it is assumed
that at the lowest wavelengths, i.e., below 292 timare is no transmittance of radiation to the lEarsurface due to the
absorption in the atmosphere, and any signal medsmust, therefore, be stray light. In view of dlifigation, it is also
assumed that the value of stray light is constanali wavelengths. The said simplifications magdd¢o some uncertainties

when estimating the stray light effect. These utadeties were not investigated further.
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2.4.2 Calculation of extraterrestrial constants

The ETCS, ; was determined using the Langley plot method. Ddmegley plot method employs multiple measurements o
the direct solar radiation at various zenith angiethe Sun in the sky. Its fundamental princieas follows: The above
Eq. (2) is linearized by applying a natural loganit

In(S;) = In(Sp2) — HwTa - 3)

There is one equation available for every singleasneement of the direct solar radiation, whijeandln(S,) are the
knowns, andn(S, ;) andr,are the unknowns. A number of equations equal@émtimber of measurements will be acquired
by applying multiple measurements at various zeaitigles of the Sun. Theoretically, it is feasibde determine the
unknowns already from two measurements, but folEfR€ determination, it is advisable to acquire amynmeasurements
as possible. That will guarantee a higher accuddicie result. It is essential to linearly interg@ the obtained dependence
of natural logarithm of the solar radiation flowngéyIn(S;) on the total air mass factor of the atmosphegreising the
method of least squares. The slap@®f the obtained line (from the equation of a sgfnailine y= ax + b) equalsr,.
The natural logarithm of the ETIA(S, ») is obtained whem (in the equation of a straight line) equalsx@€presentg,,).
The ETC for the given wavelength is valid for theire intercalibration period, hence for 2 yeats.determination follows
the following procedure: The ETCs for individual wedengths can be determined solely from DS measmerthat meet

the three following conditions:

1. The air mass factor for the atmosphere as aankdéss than 3.
2. The AOD calculated as an average of five valuiglsin a single DS measurement for the wavelendtB2® nm is less
than 0.5.

3. The difference between the maximum and minimainesof AOD within a single DS measurement is teas 0.03.
Additionally, the ETCs are determined only for déyat meet the conditions 4 to 9:

4. The number of direct solar radiation measuremisrat least 50 (i.e., 10 DS measurements).

5. The difference between the maximum and minimurmass factor for the atmosphere as a whole iatgrehan 1.
6. The standard deviation from the measured valtid®e total ozone on the given day is less than 2.

7. The standard deviation from the measured AODesbn the given day is less than 0.07.

$oy [In(s); ~In(sp))

n

8. [In(S,); —1In(Sy);| < 1.75 =

, Whereln(S;); is the value ofn(S,) obtained from the equation of

linear interpolation after the substitution of @&sffic p,,, In(S,); is the actually measured valueln{s,) at the given value

of u,,, andn is the total number of direct solar radiation meaments on the given day. The fundamental priadiplto
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exclude measurements that have too high valuessafues of the linear interpolation (greater thaagqual to 1.75 times the
average of the residues on the given day). Theltlotd value of 1.75 in the above equation was teddzased on the results
of an optimization test. The goal of the test wastquire the maximum possible number of days wétty good linear
interpolation (the selected days had to meet th#nmmiondition).

9. The determination coefficient for the linearimtolation is greater than 0.98.

The conditions defined above were applied respelgtivi he following criterion was applied to all detined ETCs within

the given intercalibration period:

|ETC —AVERAGE (ETCs)|
STDEV (ETCs)

where AVERAGE (ETCs) is an average of the deterthiB@ Cs and STDEV (ETCs) is a standard deviationaderage is

calculated from the ETCs that meet the said caterThis average is valid for the entire interaation period. The final

<15, (4)

values of ETCs used to calculate the AOD were aklibglonly after two iterations. At the beginningjtial values of AOD
were not available yet. For this reason, it waspussible to apply the second and third criteriod i was also not possible
to take into account the effect of aerosols indéleulation ofu,, and to determine the correction for the diffusdiaton. It
was possible to do so on the first and secondtiberaThe ETC varies around its mean value withardgo the distance of
Earth from the Sun. Its correction was carried aatording to the recommendation of the Guide toeldetiogical
Instruments and Methods of Observation (WMO, 2008 calculation of apparent elevation and appazenith angle of
the Sun in the sky was also made as per the recadatiens of the WMO (WMO, 2008). The apparent dievaof the Sun

constitutes the fundamental principle in the caltiah of air mass factor.

2.4.3 Quality control process

All final values of AOD have undergone a qualityntol process, which also includes cloud screenligg quality control
process is illustrated schematically in Fig. 1. Ting step of the quality control was to delete DS measurements with a
standard deviation for 3> 2.5 DU (described in more detail in Sect. 2NBxt, all negative values of AOD were deleted. In
the third step, all AOD values 1.5 were deleted. Comparison of AOD values abo¥e abtained from the Brewer
spectrophotometer for the Belgian Uccle statioredeined that they could not be paired with Cimehghotometer
measurements at all (De Bock et al., 2010). It psathat the limit of 1.5 is substantiated for Pdp@&novce station. The
fourth step was to delete the DS measurementsandifference between the maximum and minimum AODegreater or
equal to 0.03. The international Cimel sunphotometetwork AERONET uses a limit for measurementlétigthree
measurements per minute) with the value of 0.0fbgtfaeronet.gsfc.nasa.gov/new_web/Documents/Ckrrchdf). We
decided to apply a less stringent criterion becausecase involved five measurements performedi2.6 minutes. The
attached diagram shows that the limit of 0.03 msed a considerable reduction in the total nurab&S measurements.

Application of the second and third criterion hasulted in a reduction of the total number of mezrments by up to 43 %.
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The DS measurements that satisfied all four previoiteria were included in a so-called daily dateh A daily standard
deviation of AOD (SDAOD) and a daily average of AGQBAOD) were determined from these measurementsefWh
SDAOD < 0.015, all AOD values in the daily databasere transferred to a final database (Good AODhelV
SDAOD > 0.015 in the fifth step, all DS measurements @ndiven day underwent the last sixth step. The¥atg applied
to the sixth step: When the difference between&B® for a given DS measurement and the daily averd§OD was>
0.5, the DS measurement was not included in thed latabase. A total of 37,451 DS measurements iweheded in the

final database. That represents 57 % of the tataler of measurements that entered the third $tée quality control.

-
Direct sun measurement (DS)
1 DS = 5 individual measurements
)

Good total
column
of Q3

" 5x total column of Oz column of Oz
STDEV(02)=2.5DU

P \ AOD =0
Number of DS

65606 y95
100%
\ AOD <15
'Number of DS | yes
63191
L 9%8% ) ‘ AODmax —AOD min
/m\ <003 no Identified as poor
umoer of uality or cloud
37473 —— ves| ey
57% (daily database of AGD | @
SDAOD = daily standard deviation
AAOD = daily average
| no

| SDAOD <0015 J

yes l ACD - AAOD<05‘
) (Goosnon ) e

Figure 1: Schematic illustration of the DS measureent quality control process that includes cloud s@ening as well. The number
of DS measurements for the period 18.8.1993-13.5120that satisfy the respective criterion is indicatd on the left side.

/Number of good DS\
37451
57%

2.4.4 Additional notes

Comparison of AOD values obtained by the Cimel sumtpmeter with AOD values from the Brewer spectaipmeter was
not executed directly. First, the value of Angstr@xponent was determined using pairs of wavelengihg their
corresponding AOD values:

_ log(ml/mz)
T log(a/A) ©)

wherel; = 340 nm and, = 380 nm. On the basis of Angstrém exponent ardktiown value of AOD (for the shorter

wavelength), an AOD value for the wavelength of 320 was determined in the next step. This calcutaivas carried out
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for all individual measurements. The main goal luk tcalculation was to acquire a comparison of A@D the same
wavelength, which is more relevant than a direcagarison of AOD for two different wavelengths.

The following procedure was employed to calcula@iiidual characteristics of the total ozone andDAGptical depth:
Daily averages were calculated as an arithmeticagecof all values for the given day (minimum oforalue). Monthly
averages were calculated as an arithmetic averagact days, for which an average daily value waaslable. Annual
averages were calculated as an arithmetic averageigidual monthly values. The longest period waitit data is 12 days
for the ozone optical depth and 26 days for AODerEhwas no month without data. In both cases, Repr2013 was the
month with the absolute lowest number of days Withdetermined optical depth. In the first casejas 10 days, and it was
3 days in the second case. With regard to the teng-average, December is the month with the lowestber of days with
the determined AOD with 13 days. The opposite ex¢rdalls on August with 24 days. A linear trend veadculated by
means of a linear regression using the least sguaethod. An autocorrelation was not confirmed. réfoge, it was
possible to determine the linear trend. The ungdytaf the linear trend is defined by the standdeviation (1) of the
slope of the obtained linear dependence. The \@lliaear trend and the standard deviation wasrdeted for a period of

10 years. The seasonal cycle was eliminated byamaverages.

3 Results and discussion
3.1 Correction for the diffuse radiation, stray-light effect and polarization

The results of calculation and application of indial correction factors are presented in the dhimion to this part of the
paper. A factor that eliminates the influence dfudie radiation is the first of these factors. Ig.R, there is a demonstration
of correction factor values for five wavelengthsldhe selected sequence of zenith angles of the s demonstration
characterizes the conditions that are close toties that may normally occur at the examined statiaccan be seen that the
value of the factor is primarily dependent on tleith angle. It is also true that the value of fhetor is inversely
proportional to the size of a wavelength. The fafbo the longest wavelength of 320 nm is by ca To%er than the factor

for the shortest wavelength of 306.3 nm.
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Figure 2: Value of correction factor for the elimination of diffuse radiation impact for the selectedzenith angles of the Sun, for five
wavelengths for the conditions of AOD value of 0.@or 320 nm) and air pressure of 930 hPa.

Another correction factor was determined to elinténshe stray-light effect. A ratio of average couates for four

wavelengths in the region from 290 to 291.5 nmh® tount rates for the monitored wavelength (oneoddive) was

determined for 3,386 spectral analyses in totalwel as for various zenith angles of the Sun witthem. The value of
determined correction factor is a function of teaith angle. This dependence was described famth@tored wavelengths
by a polynomial of the fourth degree. A demonsbratis presented in Fig. 3. As a general rule, lowavelengths are
characterized by higher values of the correctiariofa The observed difference between the waveteof806.3 nm and
320 nm was approximately 10-fold. Furthermore,asvdetermined that the dependence on the zenitd @ag not directly

proportional for all monitored wavelengths. Theedirproportion was seen only with the three shortaselengths.

0.08 0.0025
_ (@) o _ (b)
g 0.06 g 0.002 )
2 2 0.0015 5
5004 5 ° 3
§ § 0.001 oo o%
5 0.02 5
8 & 0.0005

0 0
25 45 65 85
Apparent zenith angle Apparent zenith angle

Figure 3: Size of the correction factor for the elinination of stray-light effect depending on the apprent zenith angle (a) for the

wavelength of 306.3 nm; (b) for the wavelength of2® nm.

The impact of individual correction factors wastéelson a shorter period, namely 2014. When theyight effect was

allowed for, a drop in the difference in the AODr fine wavelengths of 306.3 nm and 320 nm was sBefore the
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correction, the difference reached the value 0029, and after the correction, it was decreasedab§.007. This value is
similar to the results in Arola and Koskela (2004)correction eliminating the polarization of ratite followed after the
correction for the stray-light effect. A drop inetldifference with the value of 0.008 was observgdira It was then
followed by a correction for the impact of diffussdiation. A drop in the difference was observedimgbut it was lower,
and its value was only 0.0004. This result is digantly lower compared to the result presentediinla and Koskela
(2004). In conclusion, it can be stated that apgilim of all three corrections resulted in the diophe difference in AOD
for the shortest and the longest wavelength by®t0lhe final value of —0.014. The negative vadfidngstréom exponent

for the given pair of wavelengths was reduced jtsttll persists.

3.2 Extraterrestrial constants

Strict conditions for the selection of appropriatays for the determination of ETCs and other meetib criteria

significantly eliminate obtaining of non-represdiv@a values. To calculate the ETC characterizirg éhtire 2-year period,
15 values of individual ETCs were employed withpexst to the long-term average. If the conditionsenless strict, there
would have been more days, for which it was possibldetermine the ETC. On the other hand, theaspoé determined
ETCs would be wider, which would have a negatifeafon the required accuracy. Therefore, the aihasiéeria represent
an optimum compromise. The inaccuracy of ETC ddtation has a direct impact on the final valuesA@D. On one

hand, the root cause of such inaccuracy is weattileiences, which considerably eliminate the numbkdays that are

suitable for the determination of ETC. On the offe@nd, additional factors may include instrumestability.

18.7
[ ]
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183 * — e . ° e ° 'I%.b': e °
—~ e ° - L ® ®
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= ® ® o
£ - s &
17.9 ’G._,_.
17.7 —
17.5
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Year

e Individual ETC Calibration period ETC
Figure 4: Trend of ETCs values for the wavelength of 20 nm during 12 intercalibration periods, 18.8.199313.5.2017.

The trend of ETCs (their natural logarithm) for thhavelength of 320 nm is illustrated in Fig. 4sktows ETC values that

characterize the entire 2-year intercalibrationqukras well as the ETCs determined on individwgisdin the given period.
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The ETC for the monitored wavelength did not remedmstant during the monitored period from 18 Audi®93 to
13 May 2017. Particular changes occurred in caseallofive examined wavelengths. A total of 12 ET@lues were
determined for every single wavelength, 1 for emtércalibration period. The highest instability svabserved in case of
the longest wavelength. The value of its variatioefficient is 15.1 %. By contrast, the lowest afslity was observed for
the wavelength of 310 nm. The value of its varatioefficient is 11.6 %. In Fig. 4, you can nottbat a more significant
change in the value of ETC for the longest waveleragcurred three times in total. Changes occubettveen the fifth,
sixth, seventh and eighth intercalibration peridthey were caused by issues with the instrument. tRar reason, a
secondary power supply board had to be replacédrinary 2005. In February 2007, a micrometer walsced, and during
calibration in May 2007, an optical filter No. 3 sveeplaced and a BM-E80 high-frequency source epaired as well.
Figure 5 presents a comparison of ETC values fdividual wavelengths for the LPM and BSM in thetlaso
intercalibration periods. It can be seen that EBlies show some differences. The first period &atterized by the fact
that ETCs for all five wavelengths for the LPM eadethe values for the BSM. It is exactly the regarsthe second period.

In case of both methods, there was a decrease @s B&tween the given two periods. The decreasinéoBSM was more

marked.
(a) 25.5.201%- 19.5.201! (b) 20.5.201%- 13.5.2017
18.8 18.8
_.186 186
© 184 O 184
Wis2 Yis2
c o
- 18 — 18
17.8 17.8
306.3 310 3135 316.8 320 306.3 310 3135 316.8 320
Wavelength [nm] Wavelength [nm]
ELPM ®mBSM ELPM mBSM

Figure 5: Comparison of ETC values for individual wawlengths for the LPM and BSM.

3.3 Comparison of AOD values obtained by LPM, BSM1ad the Cimel sunphotometer

The plausibility of results for the presented melhlogy of AOD calculation by means of the Langldgtpnethod (LPM)

was validated in two ways. In the first place, asaconfronted with the results acquired by meanteBrewer software
method (BSM). The given comparison is illustratadFig. 6. As has already been mentioned aboveB® has been
available since 2005. Its output has been plau$dri¢he Poprad-Ganovce station only since calibnain 2013. Figure 6
consists of two graphs. The graph (a) represeatsy@arison of AOD for the wavelength of 320 nmtfwe intercalibration
period from 25 May 2013 to 19 May 2015. The graphdovers the comparison of results for the sameelgagth in the

next intercalibration period from 20 May 2015 te tnd of 2016. This division is necessary to poiritthe impact of used
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ETCs on the obtained results. In both intercalibraperiods, only the measurements that had undertee quality control
process were selected. The mutual difference of ADEhe absolute value did not exceed the valueOdf in the first
period. In the second period, it happened 133 tiffibe total number of DS measurements in both ¢atdaration periods
was 5,788. A total of 3,246 DS measurements wengpaoed in the first period and 2,542 in the secpadod. A good
agreement of both methods was seen in the firsbghe©On one hand, it is proven by very high valoégletermination
coefficient and correlation coefficient. On theatlhand, good agreement is proven by a mediantandard deviation )

of the differences in AOD values for the LPM and\NB®ith the values 0£0.004 and 0.01. The following intercalibration
period is also characterized by very high valuesdefermination coefficient and correlation coe#iui, yet they are
somewhat lower than in the first period. A morengfigant disagreement is proven by the median with value 0£0.06
and the standard deviation with the value of 0T0% said differences between the LPM and BSM ateconstant within
the intercalibration period, as certain variabilitgs been observed for them. The biggest diffesendgthin a year are
observed in summer months.

Results for the remaining four wavelengths were gamad in a similar fashion as well. For the wavgtha of 310 nm,
313.5 nm, 316.8 nm and 320 nm, the value of cdicglaoefficient reached at least 0.99. This vakzes not reached only
in case of the lowest wavelength of 306.3 nm in fitet intercalibration period, where it was at tlewel of 0.97. The
median of mutual differences in AOD between the LBMI BSM reached the absolute value of maximum hO@ie
already mentioned case for the wavelength of 320Fon the lower wavelengths, the media in the fiestiod was always
positive (0.036 on average). On the contrary, i aivays negative in the second period (—0.03 ena@e). The average of
standard deviations for the given four wavelengths 0.024 in the first period and 0.017 in the adgoeriod. Comparison
of the AOD value and wavelength shows no unambigut®pendence for neither of the two methods. Iieppo the LPM
that the highest AOD was reached for the wavelepn§il6.8 nm and the lowest AOD was reached fontheelength of
320 nm with regard to the long-term average in rifaitored period. It applies to the BSM that thgh@ist AOD was
reached for the lowest wavelength of 306.3 nm &eddwest AOD was reached for the wavelength of @bOwith regard
to the long-term average. Pribullova (2002) doessmention the unambiguous dependence of AOD omidneelength as
well. It indicates the lowest AOD in case of thevést wavelength and presents the highest value&Qid for the
wavelength of 310 nm.

It follows that the LPM and BSM correlate nicelyn@he other hand, observed differences constitutertin problem.
They result in AOD values for the LPM that are lowe higher compared to the AOD values for the BSKere are several
causes of differences. The first cause is thaBtBb! does not take into account a change in thanlist of Earth from the
Sun. The presented LPM takes the given changeatount. Another distinction between the two meshiscthe fact that
the BSM takes into consideration the total measaradunt of S@in the calculation of AOD. The presented LPM netge
the impact of S@ It may seem at a glance that the BSM is thus stdged. However, the reverse is true. The Brewer
spectrophotometer at the Poprad-Ganovce statitmtéameasure the total amount of Sf@curately. Even negative values

are seen often. The disadvantage of BSM is alsaltisence of the SL (standard lamp) test that lemdisaccurate TCO
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values, which consequently affects the size of A@Dother drawback of the BSM is the fact that iedaot take into
consideration corrections for the diffuse radiatipolarization and stray-light effect. The valudsttte determined ETCs
affect the observed differences the most. Howevés,true only if their difference between LPM aB&M is sufficiently

large. These constants are fixed for both methadsgl the entire 2-year intercalibration period. Advantage of the
presented LPM is that it partially takes into aatothe potential change in the sensitivity of thetiument during the
intercalibration period, because ETCs are detemiibzsed on real measurements in a given periodBBiw utilizes ETCs
determined during calibration. Therefore, the ptigérchange in the sensitivity of the instrumentidg the intercalibration

period is not taken into account at all.

(a) 25.5.201% 19.5.201! (b) 20.5.201%- 31.12.201
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Figure 6: Comparison of AOD values for the wavelertfp of 320 nm obtained by means of the LPM and BSM.

Both presented methods were further compared withelCsunphotometer (CSP) measurements. These cmopsarare
illustrated in Fig. 7 (for the LPM) and Fig. 8 (ftre BSM). The figures consist of two graphs jist in the previous case.
In both intercalibration periods, only the DS measuents that had undergone the quality controlgs®evere selected. The
comparison was made as follows: A CSP measuremastselected for an individual DS measurement froenBrewer
spectrophotometer with the maximum allowed diffeeenf 5 minutes between the two measurementsetéttvere several
suitable measurements, the nearest one was seléttealse of comparison between the LPM and the, @&fe was no
difference in AOD with the absolute value greatent0.1. On the contrary, in case of comparisowdsen the BSM and the
CSP, there were as much as 221 instances of suchdaSurements in total. A total of 199 measuremaate compared in
the first intercalibration period and 1,115 in #ezond period.

It is apparent from the results of the comparid@t both methods correlate very well with the CS#asarements. Yet the
LPM shows higher values of the correlation coeffitiin both intercalibration periods than the BSMwvas determined in
the calculation of mutual differences that both hoels matched the CSP measurements well in theirfitestcalibration
period. The median of differences between LPM a8 @as —0.016, and the median of differences betB&\ and CSP
was —0.009. The standard deviation was 0.011 ah8.00 the following period, a good match was otedronly for LPM.
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The median of differences between the LPM and tBE @ached the value of 0.013, and the mediarffefeiices between
BSM and CSP reached the value of 0.075. In thig,ctse standard deviation was 0.013 and 0.025. riéetioned

differences are the primary reason for observesetsfin attached graphs. As a result of the ofteetjntersection of the
linear fit is not the same as the intersectiorhef main axes of the graph. It is illustrated thst by the graph (b) in Fig. 8,
because in this case, the median of differenceshiealsighest absolute value of all presented coisqas. In the light of the

results, it can be stated that the LPM is the meliable of the two methods.
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Figure 7: Comparison of AOD values for the wavelerity of 320 nm obtained by means of the LPM and the @Giel sunphotometer
(CSP).
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Figure 8: Comparison of AOD values for the wavelerty of 320 nm obtained by means of the BSM and thei@el sunphotometer

(CSP).

3.4 Total ozone optical depth and AOD

Measurements of total ozone from the Brewer spphtstometer for the Poprad-Ganovce station areaaifrom 1994. If

only DS measurements are taken into consideratienaverage value of total ozone was 326 DU inldise five years
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(2012-2016), which is only 1 DU more than in thstfiive years of the monitored period (1994—1998)e linear trend for
the period of 1994-2016 has the value of 0.8 +2.Pfdr 10 years. For that reason, the rising trehtbtal ozone optical
depth for the monitored wavelengths in the peribd394-2016 was equally statistically insignificaRbr the wavelength
of 306.3 nm, the value of the trend is 0.005 +0.0910 years, and the value of the trend for tlawelength of 320 nm is
0.001 +0.002 for 10 years.

Figure 9 shows annual averages of AOD for the vemgth of 320 nm together with the uncertainty @firthletermination.

The annual averages of AOD were calculated inrsdstal manner, i.e., by means of the LPM methodgusmaverage ETC
value for every 2-year period shown in Fig.4. Tosdr limit of uncertainty was calculated by meahamaverage value of
ETC, from which its standard deviation for the giviatercalibration period was deducted. The uppmeit lof uncertainty

was determined in the same way but adding the \@fiube standard deviation. The range of uncenaimierval depends
primarily on suitable weather conditions in theagivintercalibration period, as well as on the $itgtand homogeneity of
measurements on days when it was possible to dieetimee ETC. The number of days, when it was ptss$dodetermine

the ETC, plays its role too. With regard to thegdgarm average, the number of these days was Jk5loest number was
7 and the highest number was 24.
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Figure 9: Annual averages of AOD and their uncertaity for the wavelength of 320 nm, 1994-2016.

Figure 10 shows a comparison of annual averagethdoiotal ozone and aerosol optical depth forslected wavelengths.
It is obvious already at a glance that the AOD,kenthe total ozone optical depth, exhibits an appadecline for the
monitored period. For the wavelength of 306.3 rime, talue of the trend is —0.06 +0.01 for 10 yeans| the value of the
trend for the wavelength of 320 nm is —0.05 +0.04 X0 years. In view of the above, a conclusion loarmade that the
transmittance of the atmosphere in the region afrered wavelengths has increased in the area gaBdpanovce over the
last 23 or 21 years. The total optical depth ofdtreosphere for the wavelength of 306.3 nm hasradtwith the value of
—0.06 +0.01 for 10 years, and its trend for the el@ngth of 320 nm has the value of —0.05 £0.01lfbyears. The negative
trend has been caused particularly by the dropamNOD.
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Figure 10: Comparison of values of average annuaptical depth for the selected wavelengths for ozorend aerosols, 1994-2016.

Figure 11 presents a comparison of multiannualanes for the ozone optical depth, optical deptRayleigh scattering
and AOD for all five examined wavelengths. It candeen that ozone is dominant only in case oflibeest wavelength. It
is exactly the reverse for the pair of the longestelengths, and ozone has the lowest impact antmngxamined factors.
Rayleigh scattering has a dominant position innatéion of direct solar radiation for all wavelemgexcept for the shortest
one. In the case of the AOD, no unambiguous deperdef its size on the wavelength was observedh Véispect to the
long-term average, the AOD reached the highestevidu the wavelengths of 310 nm and 316.8 nm, na@&2. On the
contrary, the AOD reached the lowest value fontlagelength of 306.3 nm, namely 0.28. The wavelengt813.5 nm and
320 nm are characterized by the value of 0.29. Witfard to the long-term average for 23 yearsgifierence in AOD for
the shortest and the longest wavelengths is onl§0€0 For the test year of 2014, this difference w@.014. In conclusion,
it can be stated that values of ETC have probaidygreatest impact on the observed difference,evthi¢ value of the
observed difference in AOD is consequently derifredn them. It is also substantiated by Fig. 10cdh be seen that the
AOD is greater for the wavelength of 306.3 nm tharthe wavelength of 320 nm in certain years, wiiilis the reverse in
other years.
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Figure 11: Comparison of long-term averages for théotal ozone optical depth, the optical depth of Rdeigh scattering and AOD,
1994-2016.

5 Figure 12 illustrates an annual cycle of total azoptical depth and its variability for individualonths for the wavelength
of 320 nm. The optical depth reaches its maximurApnil with the value of 0.263 and the minimum irctOber with the
value of 0.203. The highest variability is attribdtto the month of February and the lowest onéhéomonth of July. It
applies to all the months of the year that thealslity is considerably lower compared to the agetaThe month of
February has the maximum variation coefficient antimg to 5.9 %. All the aforementioned charactessiof the total

10 ozone optical depth depend only on the TCO valué peculiar to the central European locationtaf station that the
annual maximum of the TCO occurs in April and thewl minimum occurs in October. It is also conédnby the
measurements from the nearby station in HradewkéaVanéek et al., 2012). Therefore, it can be statedtti@bbserved

annual course of the total ozone optical deptipical for the central European location of thdista
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15 Figure 12: Average monthly characteristics of thedtal ozone optical depth for the wavelength of 326m, 1994-2016.

Fig. 13 is the same as Fig. 12, but they refeh#oAOD in this case. The annual cycle of monthlgrages is characterized

by two peaks. The primary peak, that is the anmakimum, occurs in the month of August with theueabf 0.4. The
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secondary peak occurs in the month of April witlightly lower value. The minimum is in the monthmecember with the
value of 0.16. The variability is also charactediz®y a two-peak annual cycle. The primary and sgagnpeaks are in the
same months as in case of the average. The anmoighum occurs in the month of November. The vamiatcoefficient
reached significantly higher values compared tonezdrhe minimum is attributed to the month of Mayoanting to
5 17.1 %. The maximum is attributed to the month eE&mber amounting to 42.4 %. The location of théiast at a higher
altitude in the submontane area has the primanaainpn the said characteristics, which explainselovalues of AOD in
winter months. Higher values of AOD in the montfig\pril to September are presumably related toadral activities in

the vicinity of the station. The location is windgd a bare dry soil or even plant products arenditewn away.
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10 Figure 13: Average monthly characteristics of the ®D for the wavelength of 320 nm, 1994-2016.

Figure 14 shows the relative distribution of daOD averages for individual months for the monitbrperiod of
1994-2016. It is important to point out that orte tdays for which it was possible to determine ARED were taken into
consideration. In the month of December, therbashighest percentage of days with AOD within titerival from 0 to 0.1,
15 specifically up to 41 %. On the contrary, the lotmesrcentage was seen in the month of June witlvdhee of only 1 %.
Days with a daily average of AOD above 0.3 dominatihe months of April to August. Days with a gadlverage of AOD
within an interval below 0.3 dominate in the renagnmonths of the year. The AOD above 0.6 occuesntiost often in the
month of August, that is in 18 % of days. The lowgsrcentage of such days is in the month of Nowwmalnd December,
namely only 1 %. In conclusion, it can be stateat the presented percentages of individual dayslede very well with

20 the annual cycle of AOD in Fig. 13.

22



10

15

20

100% —
o T ™ W W W W™ O
80% — L

70% —
60% — —
50% —
40% —|
30% —

20%
10% . I
0% L
1 2 3 4 5 6 7 8 9 10 11 12

Month
®0.0-0.1 ©0.1-03 00.3-0.6 E0.6—-1 m1-15

Occurrence

Figure 14: Relative distribution of daily average alues of AOD for the wavelength of 320 nm, 1994-261

4 Conclusions

The total ozone and aerosol optical depth wererahted by the Brewer ozone spectrophotometer ino@ésnear Poprad.
The AOD was calculated by means of ETCs obtainétgube Langley plot method. The analysed datéhefdirect solar
radiation were available from 1994 to 2016, whishai23-year series of measurements. In the 1990£TCs were not
determined during calibrations. Therefore, the LBMhe only practicable method for the determinatid AOD for the
whole series of measurements. The ETCs used irp#per were determined for the 2-year intercalibraperiod. Use of
such a long time period has both its advantagedésativantage. The advantage lies in the fact HeaEfTC determined as
an average of a higher number of days preventac¢hilental impact of fluctuations that have no ipalar explanation.
The disadvantage lies in the suppression of weatfleences (especially the change of temperatd)maadifications of the
instrument in time intervals of less than 2 ye#msaddition to the methodology of ETC determinatitdre employed cloud
screening affects the values of AOD as well. If ¢theud screening was not employed, the values dbA®uld have been
distinctly higher. The cloud screening method emgtbin this paper is relatively simple. Hence,ahde argued that the
actual AOD is even somewhat lower. It pertainsipaldrly to the presented monthly and annual awesatn the future, the
cloud screening methodology is planned to be imptlovAs a result, it will be possible to obtain meegpresentative values
of AOD.

On the basis of a comparison of the Brewer spebtitmmeter measurements using the Langley plot rdedhd the Brewer
software method, which is a part of the Brewer @preg Software, with Cimel sunphotometer measurésyeih was
determined that the LPM achieved better resultsvals also determined that the application of coiwes to the diffuse
radiation, stray-light effect and polarization d=ased the difference between the value of AODHershortest and longest
of the examined wavelengths. Although the diffeeehas been reduced, it still reaches negative saleich results in the

negative values of the Angstrém exponent as weilh\¢gard to the long-term average for 23 yeds difference in AOD
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is only —0.006. The application of the correction the polarization had the most significant influae on the reduction of
the given difference. On the contrary, the lowesttdbution was achieved by the correction withanrelyto the diffuse

radiation. The key factor influencing the value tbé examined difference is probably the size amturacy of ETC

determination.

5 The obtained results clearly show the decreasearage annual values of the total optical deptthefatmosphere for the
monitored wavelengths from 1994 to 2016. A statily insignificant slightly upward trend of thetéb ozone has been
observed, which is exhibited by a statisticallyigm#ficant increase in the total ozone optical depEhis insignificant
increase has only a minimal effect on the trentheftotal optical depth of the atmosphere. The caote of the decrease in
the total optical depth of the atmosphere is thésdically significant drop in the AOD. It followthat the transmittance of

10 the atmosphere in the UV region of the spectrunmfi206.3 nm to 320.1 nm has increased in the lotatfoPoprad-

Ganovce.
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