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Abstract. Atmospheric ozone along with aerosols significartffect the amount of ultraviolet solar radiatidvat reaches
on the Earth's surface. Presented study is focaeetthe comparison of the optical depth of totalrezand atmospheric
aerosols in the area of Poprad-Ganovce situatttbaltitude of 706 meters above sea level, closkd highest peak of the
Carpathian Mountains. Measurements of direct strauiblet radiation are carried out here continlpsince 1994 using
the Brewer Ozone Spectrophotometer type MK |V. Eheseasurements are used to calculate the total renafu
atmospheric ozone and consequently its opticalhdé@easurements can also be used to determineptiealodepth of
atmospheric aerosols using the Langley plot methodhis study, those two factors causing a sigaifi reduction in the
direct sun ultraviolet radiation to the Earth'sface are compared to each other. The study is sigowésults of
measurements over 23 years, since 1994 to 201@eVadf optical depth are determined for wavelen@®6.3 nm,
310.1 nm, 313.5 nm, 316.8 nm and 320.1 nm. A $i@lly significant decrease in the total opticapth of the atmosphere
was observed for all investigated wavelengthsmi&sn cause is the decrease of optical depth ofsa&oThe study also
presents comparison of the terrestrial and saelhita of total ozone and AOD. A very good matchatéllite and terrestrial
direct sun measurements of total ozone was fouhd.uEe of zenith sky measurements in combinatioh the direct sun
measurements leads to the systematically higheresabf total ozone. Comparison of the satellite terdestrial AOD
measurements in the UV range of the solar specisumainly limited by the very low number of days fehich AOD can
be determined for satellite measurements. It has feund that AOD satellite data is higher tharetgrial in the long-term

average.

1 Introduction

As it is known, anthropogenic changes in the amadiibtal ozone and atmospheric aerosols signifigaaffect the sun's
UV radiation hitting the Earth's surface (De Bodkak, 2014; Czerwiska et al., 2016). Increased transmittance of UV
radiation through the Earth's atmosphere obvioadfgcts human health and natural ecosystems. Aewveffects have
higher doses of UV radiation mainly on terrestpnts exposed to it for a long time (Jansen et18198). Effects of
excessive doses of UV radiation on the human baalycause premature skin ageing, weakening of theume system,

damage of cells and DNA, which can then lead to skincer and other health problems (Greinert eR8ll5). Positive
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effects of UV radiation are also known such as patidn of vitamin D in the skin. This vitamin isyenecessary for the
proper functioning of the human body (Kimlin anch8lthorn, 2004). The anthropogenic effect in thetgeas led to the
increase of transmission of sun UV radiation thfotige Earth's atmosphere as the consequence afadecin the total
amount of ozone. Depletion of the global ozone ldysgan to emerge gradually in the 1980s and relaahmaximum of
about 5 % (relative to the 1964980 average) in the early 1990s. In the last feary, the weakening has been even lower,
reaching about 3 % on average for the whole EawtiMQ, 2014). At mid-latitudes of the northern henfispe
(35° N-60° N), the ozone layer decreased by 3.5 % arotned year 2010 (2002012). At the same time, for
the mid-latitudes of the southern hemisphere (3%0SS) there was a decrease of up to 6 % (WMO, 014

On the other hand, the anthropogenic emissioneddsals into the atmosphere causes the reducticurofUv
radiation hitting on the Earth's surface, espegialithe industrialized areas. At the beginningha 1990s, it was found that
in the non-industrialized areas of industrializedirtries, solar UV-B radiation decreased sinceindestrial revolution by
about 518 % as a result of air pollution (Liu et al., 199%ven in highly polluted urban areas, anthropagerrosols can
reduce UV radiation hitting on the Earth's surfége more than 50 % (Krotkov et al., 1998; Sellittbad, 2006). In
developed countries, the anthropogenic emissicaeodsols is gradually reduced and in several pleeesee the decrease
of optical depth of aerosols (AOD), (Kazadzis et 2007; Mishchenko and Geogdzhayev, 2007; Alpeat.e2012; de Meij
et al., 2012). Aerosols also have a significantaotpn other physical and chemical processes ogdoitthe atmosphere
(Seinfeld and Pandis, 2006; Raghavendra Kumar.et2@l0). In particular, it affects the chemicahgaosition of the
troposphere, but in certain cases also the stila¢ogpones, especially in the case of large volcanuptions or aircraft
flights in the stratosphere (Finlayson and Pité)® Seinfeld and Pandis, 2006). They are abledaae visibility (Lyamani
et al., 2010) and in many cases have the significapact on human health (WHO, 2006). The preserficerosols in the
atmosphere has also an impact on the Earth's ebatggce in direct, semi-direct and indirect wag @bck et al., 2010).

In direct way is meant scattering and absorptioshortwave and longwave radiation. Absorptionatfiation then
leads to the warming up of those parts of the apmere where the aerosols are found (especiallpdiadary layer of the
atmosphere) and the higher temperature subsequeatling to the evaporation of the clouding lay&sgthe last sentence
was briefly described semi-direct way resultingtia greater density of solar radiation hitting be Earth's surface (Cazorla
et al., 2009). Higher temperatures can also leaddisange of the temperature layers of the atmesptdich subsequently
affects the vertical and horizontal movements ofrathe atmosphere. The indirect effect relatethéoability of aerosols to
act as condensation nuclei or ice cores, whictceffthe microphysical and optical properties oftide This is a change of
their radiation properties, a change of the progexf atmospheric precipitation and also chanigedife of clouds. It is true
that an increase in the number of cloudy condemsaticlei leads to an increase in the number aficcldrops and to
a reduction in their size under given conditionstted water content in the atmosphere, which catlsegrowth of the
albedo and the lifetime of the cloud (Lohmann aeétiter, 2005; Unger et al., 2009). For these messanthropogenically
emitted aerosol particles have a significant ra@eplay in the ongoing global climate change andrthapact on the

radiation balance still has high uncertainties @014, and references therein).
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This study is focused mainly on the aerosols optiepth (AOD) obtained by Brewer's ozone spectromneter
measurements and presents one of the possible dodtlgecal approaches to its calculation. AOD olgdinmesults are
compared with the influence of optical depth of th&al atmospheric ozone on the reduction of sun rdifiation and
satellite measurements, all for the area Poprad>@&n Brewer allows to determine the optical depttihe UV range of the
5 wavelengths 306.3 nm, 310.1 nm, 313.5 nm, 316.&ndh320.1 nm. A Langley plot method (LPM) was usedalculate
the AOD. This is the traditional method used tacakdte AOD using Brewer (Carvalho and Henrique9®&irchhoff et
al., 2001; Silva and Kirchhoff 2004; Cheymol et &006; Sellitto et al. 2006). This method requistsble atmospheric
conditions to determine the extraterrestrial camnts(gTC). In particular, there is required the lgariability of total ozone
and atmospheric aerosols over the day for which ET@etermined. It is also necessary to prevenictimpact on direct
10 solar radiation (DS) measurements and to ensutgfigisnt range of zenith angles of individual D&asurements during
the day that is required for the given method.
From the above reason this method is the best mskxver latitudes (especially in mountainous areaar the
Tropic of Cancer and the Tropic of Capricorn) aadg hertain limitations in middle and especiallyhaglatitudes (Nieke et
al. 1999; Marenco 2007). This method of calculating AOD has already been used in the past foneestigated area
15 Poprad-Ganovce (Pribullova, 2002). Alternative roétf calculating AOD has also been available sR@@5 (Savastiouk
and McElroy, 2005; Savastiouk, 2006; Kumharn et2612). In this case, the AOD calculation algoritis part of the main
control program for Brewer. The main differencenfrprevious method is that the ETCs for individualvelengths are not
determined by LPM method but they are obtainednducalibrating the instrument, i.e. every 2 yeditse disadvantage of
both the first and the second method are neglattadges in the sensitivity of instrument in thersgratime intervals seeing
20 that ETCs are fixed for longer period, e.g. 2 years

2 Methods
2.1 Instrumentation

Brewer's Ozone Spectrophotometer (model MKIV) ssi@ntific instrument that works in the ultravioketd visible range of
the solar spectrum. Measurements of direct UV gsaldiation are performed at selected wavelengths.possible to derive
25 the total amount of ozone and sulfur dioxide basethe different absorption of radiation after p#ssugh the atmosphere.
This principle of measurement using passive atmaspldifferential spectroscopy is known as so chAlBOAS method
(Differential optical absorption spectroscopy). Thgtrument uses its optical system to decompolse sadiation hitting on
the Earth's surface and selects predetermined ®m@gtbls with strong and weaker absorption efa@d SQ from the
ultraviolet part of its spectrum. The total amoohOsand SQ in the vertical column of the atmosphere betwegsmpper
30 boundary and the Earth's surface is possible terehéte by following a comparative analysis in thathematical model
describing transmission of radiation in the atma&sph Measurements of direct solar radiation are ated to calculate
AOD. In the ultraviolet area of the solar spectritiris feasible for wavelengths 306.3 nm, 310.1 843.5 nm, 316.8 nm

3
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and 320.1 nm. The instrument's accuracy for deténgithe wavelength is 0.006 0.002 nm per one step (Sci-Tec, 1999).
Since the beginning of measurements (18 August1@&3dce no. 097 undergoing regular 2-year calibratand daily tests
using internal lamps (mercury and standard lamm@lib@tion is provided by International Ozone Sees (IOS). The
instrument is calibrated according to the globdkenence group Brewer Triad (World Meteorologicalg@mization

5 standards) maintained at Environment Canada thrtragkl reference instrument no. 017.

2.2 The place of experiment

The Brewer Ozone Spectrophotometer is placed onotbfeof the building of Upper Air and Radiationi@@ee of the Slovak
Hydrometeorological Institute (SHMI) in Ganovce néae town of Poprad. Its coordinates are 49.03#nd 20.32° E and
the altitude is 706 meters above sea level. Theaeoorof aerosols in the air, whether the total dityaror species
10 composition, determines on the one hand local ssuand, on the other hand, atmospheric flow whah ttansfer the
certain air mass along with aerosols for sever@lshnd kilometerdn rare cases, it can also be e.g. the transp@abéran
dust from Africa. In 2016, Saharan dust was presert the Slovak Republic for at least twenty déysabiak, 2016).
Major local resources include solid fuel combustwoducts in the surrounding villages and agrigeltdhere is frequent
wearing of bare dry soil or plant products by whetause the site is relatively windy. The proxinafythe town of Poprad

15 (approx. 1.5 km) with about 53 000 inhabitants madous industrial activities also plays its role.

2.3 Calculation of the optical depth of total ozone

Measured total ozone values obtained by direct(B.8) measurement through Brewer we used for theutzlon of the
optical depth of total ozone. The DS measuremepeiformed only at a relative optical mass less thand takes about 2.5
minutes. During this time, the density of the sakadiation for each of the five wavelengths is noeed five times. Thus,

20 asingle DS measurement gives five total ozoneegain Dobson units (DU) from which average andddath deviation are
then calculated. Only DS measurements that meettéimelard deviation criterion (STDEV2.5 DU) are selected for further
data analysis. Total ozone was calculated usingdhgare Brewer Spectrophotometer B Data Files ysiglProgram v. 5.0
by Martin Stanek (http://www.03soft.eu/o3brewer.htn®ptical depth was calculated for each accepi¢al ozone value.
Calculation is evident from the following Eq. (1):

25 130, =Qp,a(A,T) = Qp,06(1, T, (2)
where T, o, is optical depth of the total ozory, is thickness of total ozone in Dobson unitg}, T) is the absorption
coefficient for ozoneg(4, T) is effective absorption cross-section of the ozmoecule (it is used to quantify it with respect
to 1 cnf), andn is the number of molecules in a volume determibgdl DU and 1 ci for Gs it is a constant
with value n=26910' (Schwartz and Warneck, 1995). Effective absorptiacross-section of the

30 ozone molecule was obtained on the basis of measms of the University of Bremen (http://www.iupysik.uni-

bremen.de/gruppen/molspec/databases/index.htmsh8av et al., 2014; Serdyuchenko et al., 2014)e#y important fact
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is the dependence of the effective absorption esesion on the temperature. It is used to usingated an effective
temperature characteristic for given gas. For ozopasurements using Brewer, the average standactied temperature
- 45 °C (228.15 K) is defined (Redondas et al., 201

2.4 Calculation of the aerosols optical depth

5 For calculation of AOD, the Beer-Bouguer-Lambergsmhad to be applied:

—Uo5 @(AT) Qo, — 1 M—# 2,
Si=Sox e~ MrTa = Sox e~ H03 72,03 ~HrTar ~HaTia — Soa€ 3 ! 3 " Psta a ,a’ (2)

wheres; is density of solar radiation flux for selectedweength and is expressed by the number of phgiensnit of time

on the Earth's surfacs, ; is density of solar radiation flux for the seletiwavelength and is expressed by the number of

photons per unit of time above the Earth's atmagpliextraterrestrial constant - ET@),is total optical depth of the
10 atmospherer, o, is optical depth for ozone; , is optical depth for Rayleight scattering,, is optical depth for aerosols,

m, is air mass factor for the atmosphere as a wimgleis airmass factor for the ozone laygy,is air mass factor for

Rayleigh scatteringya is air mass factor of aerosolg),T) is absorption coefficient for 0zon@y, is total amount of ozone

in Dobson unitsp (4) is normalized optical depth for Rayleigh scattgrffor standard atmospheric air pressure andoadrti

column),P is atmospheric air pressure at the site of observdmultiannual average) amy,, is standard atmospheric air
15 pressure (101 325 Pa). Sulfur dioxide contributiesss neglected due to its low impact and also duésténaccurate

determination.

The valueS; was obtained by adjusting the raw data (Raw cQuittss important to keep up the sequence of
following steps. Raw counts stored in the B-filereveonverted to count rates in the first step, temdcompensation was
applied in the second step, then there was cooredtr the temperature dependence, and finallythé fourth step, a

20 correction was applied with respect to neutral dgr(®ID) filter used. These filters are automatigadelected by Brewer
based on the current density of solar radiaton fNR of filters and wavelengths is five so 25 attation values in total are
needed. Attenuation values of given filters areedained during calibration of the instrument. Findial valuesS, are
obtained from one DS measurement and the aritbragérage is then calculated. The given averagsed as input in Eqg.
(2). ETCS,; was determined using the Langley plot method (LPMhgley plot method uses multiple measurements of

25 direct solar radiation at various sun zeniths i@ sky. Its basic principle is as follows: the ab@&a (2) is adjusted by
applying the natural logarithm:

In(S3) = In(So ) —m, 75 - 3
For each DS measurement there is one equatiorablailwhile known arer,. andIn(S;), and unknown ark(S, ;) andr;.
Using multiple measurements of the various zenitbets of the Sun, the same number of equationheasimber of

30 measurements is obtained. Theoretically, it is iptsgo determine unknown from two measurements, fbu practical
purposes it is appropriate to obtain the highesssiple number of measurements, it guarantees @hagtcuracy of the
result. It is essential to linearly interpolate tigtained dependence of natural logarithm of thesitie of solar radiation flux

5
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In(S;) on total air mass factor of the atmospheareusing the method of the smallest squares. Theesibphe obtained line

a (from line equatiory = ax + b) is equal tar;. The natural logarithm ETG1(S, ;) is obtained whemr (in the line equation)

is equal to zerox(representsn,). ETC for a given wavelength is valid for entirelibration period, i.e. 2 years. Its
determination is carried out in two steps. In tinst fstep, in particular calibration period areestéd days for which ETCs
will be calculated. These selected days must cott@yollowing criteria:

1. Only those DS measurements are accepted forhwdpplies the condition: variation coefficient edited from five
initial values is less than 10 % for all investeghtvavelengths.

2. Number of DS measurements is at least 7.

3. Standard deviation of all measured total ozalaes is less than 2.5 on the given day.

4. Standard deviation of all measured AOD valudsss than 0.07 on the given day.

5. Difference between maximum and minimum totahtiee atmospheric mass of the atmosphere for DSunements is

greater than 1.

6. Determination coefficient for linear interpotatiis greater than 0.98.

In the second step, following criterion is appltedall ETCs set in the given calibration period:

|ETC —AVERAGE (ETCs)|
STDEV (ETCs)

where AVERAGE (ETCs) is the average of the spetitf Cs and STDEV (ETCs) is their standard deviatfnom the
ETCs that met this criterion, the average is calamd. This average is valid for entire calibratp®riod. It is important to

<15, (4)

note that criteria 4 and 5 have been applied dnilgere were already available so called initidiuea AOD. To calculate
initial values AOD, only criteria 1., 2., 3. and ®ere applied in the first step. Criterion 1. wagspleed to all DS
measurements, in addition to ETCs calculation, bictv the standard deviation for initial values A@QD4. criterion was
determined. ETC changes over the year around i@nmalue with respect to the distance of Earth fiben Sun. Its
correction was performed according to the Guidereteorological instruments and methods of obsenwvgtwvMO, 2008).

Air mass factor (AMF) was calculated as:

AMF = sec[arcsin (Riﬁ sin®d ) , (5)
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whereRy is Earth's radius in the place of measurement(q83md), h is characteristic altitude (2 km for aerosols,r for
atmosphere as a whole and Rayleigh scattering,n22ok ozone) and is zenith angle of the Sun. The vaggl) was
calculated according to Bodhaine et al. (1999)iamgiven as:

1,0455996 — 341,29061 1~2 — 0,9023085 A2
1+ 0,0027059889 1~2 — 85,968563 12

B(1) =0,002152 (6)

5 All final values AOD have passed the cloud scnegmirocess, which is schematically illustrated ig. B. Prior to
the cloud screening process, all negative AOD saluere removed. The number of DS measurementsitiated the cloud
screening process is 65 205. After applying athefabove criteria, we received 50 862 measurenmeptssenting 78 % of

number of measurements at input.

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

! .

e aro | Y% (Cozcie
STDEV(O:) < 2.5 DU ol
Number of DS | e \ feres
65205 ——— yes|
100% | o ——
= = [ AoD<15 | no
—— —— O
Number of DS | s yesJ
63017 o L. A
97 % ) STDEV (S;) ‘ (
— \AVERAGE(S) ] M° |ygentified as cloud
Numstﬁqc;f DS ‘ - yesl or poor quality
78 %

| daily database of AOD
SDAOD = daily standard deviation
AAQD = daily average

{ no

——— |  sbaop<0.015 no
Number of good DS | — '\

57[:3806,2 yes | ‘m‘
= " (Good A0Ds | S

10 Figure 1: Schematic illustration of the cloud screesing. On the left is listed the number of DS measements that meet the relevant

criterion.

When calculating individual characteristics of opti depth of total ozone and AOD was progressedoliew: Daily

averages are calculated as arithmetic averagd wvhlales of a given day (from at least one vallddnthly averages are
15 calculated as arithmetic average of those daywliich the average daily value is available. Anraadrages are calculated

as arithmetic average of individual monthly valugse linear trend was calculated by linear regoestiirough the smallest

square method. Autocorrelation was not confirmbdrefore a linear trend could be established. Uaicgy of linear trend

is defined by standard deviation§}t Size of linear trend and standard deviation vgetefor a ten year period. The seasonal

cycle was removed using annual averages. When latifgy total ozone using direct sun (DS) and zermiky (ZS)
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measurements is true that if there is at least Irie&surement available on the given day, it alwakss precedence over

ZS measurements.

3 Results and discussion
3.1 ETC

5 In the previous section, ETCs calculation methoggplwas also described in more detail for individwalvelengths. Strict
conditions for choosing the right days to detern@nd other criteria mentioned eliminate non-repregeve values. Despite
the strict conditions, obtained ETCs show someabdity within calibration period. This variabilitys observed for all
investigated wavelengths. In the long-term averagée highest for the shortest wavelength. Varratoefficient for it is
up to 16.8 %. On the contrary, the lowest varigib typical for the longest wavelength. In thase, variation coefficient is

10 13.6 %. The above mentioned variability can be sedfig. 2, where ETCs (their natural logarithm)ues are shown for
each day, for the longest wavelength 320.1 nm. d&plgralso shows ETCs values which characterize eentin-year
calibration period. For their determination, 25 ETWere used on average. In other words, strictiiond met on average
only 25 days in a two-year calibration period reerging 3.4 %. If conditions were less strict, flior which ETC could be
set would be more. On the other hand, the scattestablished ETCs would be larger and this wowddatively affect the

15 required accuracy. Therefore, chosen criteria ptenal compromise. The uncertainty of ETC deterrigradirectly affects
to the resulting values AOD. The main cause of thaccuracy are probably the weather effects wisigmificantly
eliminate number of days that are appropriate ftenining the ETC. Other factors may include instent instability.
Fact that the device is not calibrated to straktleffects also plays the certain role.
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20 Figure 2: Evolution of ETC values for wavelength 320.hm during the 12 calibration periods, 19942016.
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As can be seen in Fig. 2, during reference perio#3oyears, ETC value for the observed wavelengtbsdnot remain
constant. Some changes occurred in all five exasnwevelengths. 12 ETCs values were determined&oh evavelength,
one for each calibration period. The greatest bikta was observed for the shortest wavelength, \tariation coefficient is
21.9 %. On the contrary, the smallest instabiligswbserved in wavelength 313.5 nm, the variatimificient is 18.9 %. In
5 Fig. 2 it can be noticed that the more significalnange in the ETC value in the case of the longestlength occurred
altogether 4 times. The first change occurred betwthe 1st and 2nd calibration period. This chahage no specific
explanation. It is likely to be related to the atsitity of ETCs during the 1st calibration peridkhis instability may have
been caused by that calibration period was shémsulting in fewer days to determine ETC) and k&t the instrument
was new. Three more changes occurred between the68t, 7th and 8th calibration period. They weesed by
10 instrumental problems. For this reason, the Seagrplawer supply board had to be replaced in Jan2@6p. In February
2007, micrometer was replaced and during calibnaiio May 2007 optical filter no. 3 was replaced aigo BM-E80
high-frequency source was repaired.

3.2 Optical depth of total ozone and AOD

Total ozone measurements are available from BrefeerPoprad-Ganovce station only since 1994. Usimguigd
15 measurements from the nearby station in Hradecoléahnd satellite data, it was possible to derixene status already
since 1962. Based on the available data it wasdfdlat the amount of total ozone above the areaddepanovce reached
a minimum with respect to the 5-year moving average994 with a value of 320 DU, what is 6.5 % lésan the long-term
average of 1964-1980. In the last five years (2Q026), average value was 330 DU, what is 3.6 %ttess the long-term
average of 1964-1980. Annual averages of total amofiozone from Brewer measurements using dirent(®S) and
20 zenith sky (ZS) measurements show since 1994 t6 2Qdsing trend of 2.6 + 2.3 DU for 10 years. iftioal depth of total
ozone is determined only from DS measurements, tiiezud is 0.8 + 2.2 DU for 10 years. For this regstsing trend of the
optical depth of total ozone for monitored waveltisgs also statistically insignificant. For wavaigh 306.3 nm, trend is
0.003 + 0.009 for 10 years and for wavelength 32@nltrend is 0.001 + 0.002 for 10 years.
In Fig. 3, it is possible to see comparison ofuairaverages of the optical depth of total ozore aerosols for
25 selected wavelengths. Already at first sight islext that AOD in contrast to the optical depthatét ozone, shows obvious
decline over reference period. For wavelength 3@63trend is - 0.09 + 0.01 for 10 years and ferwavelength 320.1 nm,
the trend is - 0.08 + 0.01 for 10 years. Considerrentioned facts, it can be concluded that trattanue of the atmosphere
in studied wavelengths has increased in the Popeatbvce area over the past 23 years. Total optiepth of the
atmosphere for wavelength 306.3 nm has trend a9 @ 0.02 for 10 years and for wavelength 320.1 tnemd is - 0.08 +
30 0.01 for 10 years. This trend is caused mainly égrélase of AOD. The following Fig. 4 shows annwarages of AOD for
wavelength 320.1 nm together with the uncertairftgheir determination. Annual averages of AOD wesdculated as
standard, i.e. through the average value ETC. &tver limit of uncertainty was calculated using ags value ETC from

which its standard deviation has been deductedhén diven calibration period. The upper limit of arainty was

9
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determined analogously. The broadest uncertaimgeaccurs in 1994, which is associated with langeertainty of ETC
determination in the first calibration period. WHdof the uncertainty interval depends mainly on aipgropriate weather
conditions in the given calibration period and ajsostability and homogeneity of the measuremeuatind the days when it
was possible to determine ETC.
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Figure 3: Comparison of average annual optical dejptfor selected wavelengths, ozone and aerosols, 492016.
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Figure 4: Annual averages of AOD and their uncertaity for wavelength 320.1 nm, 19942016.

10
Fig. 5 presents a comparison of the multi-year ayes of the optical depth of ozone, optical deptRayleigh scattering
and AOD for all 5 examined wavelengths. It can éensthat ozone is dominant only for the shortestelemgth. It's exactly
the opposite for the pair of the longest wavelesgihd ozone has the smallest influence among tamieerd factors.
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Rayleigh scattering has a dominant position at weailg of direct solar radiation for all wavelengthaept the shortest. In
the case of AOD, it is not observed unique depetcelef its size from wavelength. The highest valas AOD for a
wavelength 316.8 nm, this is 0.4. On the contrérg, smallest value has AOD for wavelength 306.3 itnis, 0.3. In the
same way, the study Pribullova (2002) does not givmique dependence of AOD size from wavelengtte [6west AOD

5 indicates in the case of shortest wavelength, se isethe match with our result. A match can noséen in the case of the
highest AOD value which it presents for a wavelargft0.1 nm.
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Figure 5: Comparison of long-term averages of optal depth of total ozone, optical depth of Rayleigtscattering and AOD,
1994-2016.

10
Fig. 6 illustrates the annual optical ozone depttl #s variability for individual months, all for wavelength 320.1 nm.
Optical depth reaches maximum in March and Aprthvd value of 0.279 and minimum in October withadue of 0.215.
The highest variability is in February and the deslvariability is in July. In each month of theay, the variability is
significantly smaller than the average. The maxinua®fficient of variation has February with a vabfé.9 %.
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Figure 6: Average monthly characteristics of optichdepth of total ozone for wavelength 320.1 nm, 1492016.

Fig. 7 presents the same characteristics as Figt B this case for AOD. Annual flow of monthlyerages is characterized
by two peaks. The primary peak, that is annual magra, it occurs in April with a value of 0.49. Sedarny peak occurs in
20 August with a value of 0.46. The minimum is in Dexter with a value of 0.2. The variability is alslacacteristic by
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two-peak annual flow. The primary and secondankgeae equal in the same months as for averagaugdhmninimum is in
November. Variation coefficient is significantlyghier than the ozone. The minimum is May with a gadfi 19.4 %. The
maximum is December with a value of up to 27.1 %.
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5 Figure 7: Average monthly AOD characteristics for vavelength 320.1 nm, 1994-2016.
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Figure 8: Relative distribution of daily average AM values for wavelength 320.1 nm, 1994-2016.

10 In Fig. 8, it is possible to see relative distribntof daily AOD averages for individual monthstoe year over reference
period 1994-2016. It is important to note that wevesidered only the days for which the AOD coudddetermined. In
December, there is the highest percentage of détysA®OD in the range of 0 to 0.3, particular itup to 85 %. In the
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months from April to August dominate days with gtaflverage of AOD in the range from 0.3 to 0.6. He temaining
months of the year dominate days with a daily ayeraf AOD in the range from 0 to 0.3. AOD above &.6he most
common in April, i.e. 29 % days. The smallest reprgation has such days in December, it is only 3 %

3.3 Comparison of the terrestrial and satellite mesurements

The basic difference between terrestrial measurtsnieam Brewer and satellite measurements via Ozdoaitoring
Instrument (OMI) located on the AURA satellite cists of their temporal and spatial resolution.hié wweather conditions
allow it, then DS measurements by Brewer are chwigt every half hour, on the other hand sateftisasurement of total
ozone (DOAS method) and AOD is performed abovegilien location only once a day. Data from Brewearalterize
scored specific place, on the other hand, the uéisal of satellite data (Veefkind, 2012); (Stein-@avs and Veefkinf, 2012)
is 0.25° (this corresponds to the square with dsims of 28 x 28 km). Despite these differences,ciimparison of daily
average of total ozone and AOD were compared fro652o0 2016. From daily averages of total ozoneevastermined
monthly averages and consequently also annual gegra

In Fig. 9 is illustrated comparison of the annaskrages of total ozone. Specifically it was thenparison of
values obtained from satellite with values obtaifredn Brewer, with two calculation methods have rbééstinguished in
the case of Brewer. The first uses DS and ZS memsnts, the second uses only DS measurement. \bexy match is
observed between satellite measurements and DSeBre@asurements. Average difference have reacBe2iBU during
monitored period of 12 years. The maximum diffeeem@s 2.1 in 2008 and the minimum difference wa§ -in 2014. Data
obtained from Brewer using a combination of DS Z8dmeasurements show higher values for annual geer@ompared to
DS measurements as well as compared to satellite hathe first case, the average annual diffexéa3.7 DU and in the
other case is 3.9 DU. Such a significant differeisceaused by inconsistent methodology for theutaton of total ozone
through ZS measurements. It can be said thatshsobably the systematic error.

Fig. 10 illustrates comparison of the daily aveiagAOD from satellite and terrestrial measuremdatsa
wavelength 320.1 nm. The instrument OMI determiA€D in sun UV spectrum for wavelengths 342.5 nm 888 nm.
AOD for a wavelength 320.1 nm was also calculatsihgian Angstrém exponent describing the chang@&®@b for
measured pair of wavelengths. For monitored 12 pesind it was possible to compare each other iy 823 days. This
is due a very few days with a specified AOD throwsgitellite measurements. In this case, AOD wasr@ted for only
5.7 % of days, furthermore only AOD values were lfgnahan 1.5 were taken into the further analy3ise correlation
coefficient has reached the value of 0.51 in comparwith each other what represents a strongipesibrrelation. Total
average AOD from all observed days is for terraktmeasurements of 0.26 and for satellite measurenad 0.38. It is
evident that satellite data is higher than teri@sin long-term average. The cause is likely imited cloud screening
capabilities so far as the instrument OMI determiA©D for an area of up to 784 RnTherefore, sometimes cloudiness is

also included among aerosols.
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5 Figure 10: Comparison of daily averages AOD for waslength 320.1 nm obtained from Brewer and satelliteneasurements,
2005-2016.

4 Conclusions

Optical depth of the total ozone and aerosols vederthined using measurements of Brewer's ozondrspbotometer in
Ganovce near Poprad. AOD was calculated throughsEdiained using the Langley plot method. Analydath of direct
10 sunlight was available since 1994 to 2016 so & fgeriod of 23 years of measurements. In the 198@sETCs were not
determined during the calibrations and for thisseeathe LPM method is the only possible methodeteminine AOD for a
whole range of measurements. ETCs used in thiy stade been determined for a 2-year calibratiofogeiUsing such a
long time period has its advantage and, on therdthad, its disadvantage. The advantage lies infdbe that ETC
determined as the average from a larger numbeays drevents random impact of fluctuations whicmdbhave a specific
15 explanation. Disadvantage is suppression of thethgeaeffects (especially the change of temperatarg) instrumental
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changes at time intervals of less than two yearsddition to the methodology of ETCs determinatitie cloud screening

also affects the AOD values. AOD would be signifitba higher without using cloud screening. Cloudesming used in this

study is relatively simple and therefore it canavgued that real AOD is relatively lower. This etcase especially of

presented monthly and annual averages. In theefusuplanned to improve the cloud screening mettogyoand thanks to
5 that it will be possible to obtain more represemtaAOD values.

Obtained results clearly indicate a decrease muanaverage values of the total optical depthtofoaphere for
observed wavelengths since 1994 to 2016. It isrebdea slightly increasing trend of total ozone athis expressed in only
statistically insignificant increase of optical demf total ozone. This insignificant increase ufhces trend of the total
optical depth of atmosphere only minimal. The medason of decrease in the total optical depth ofoaphere is

10 statistically significant decrease of AOD. It folle that transmittance of the atmosphere in UV afeilie spectrum from
306.3 nm to 320.1 nm has increased in Poprad-Ganovc

From comparison of the terrestrial measurementsotal ozone from Brewer through DS measurements an
satellite measurements through the OMI results inesy good match. Combined methodology using DS Z&d
measurements clearly shows higher values tharisateid terrestrial DS measurements. The reasothi®is probably the

15 systematic error of the ozone determination usiBgnzZeasurements. Limit factor in comparing the &ri@ and satellite
AOD measurements is the very low number of daysmoich was determined AOD through satellite. Corguar of daily
averages AOD suggests that satellite data are tibha terrestrial in the long-term average, fa teason of limited cloud
screening options for satellite data, and therefioeecioud effect can not be sufficiently elimircite

20 Data availability. Data used in the research and presented in tipisrgan be obtained in agreement with author of the
article. It is recommended to ask him by e-mail.
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