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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, subsequetdlpptical depthas-well They have also been used to determine the
atmospheric aerosol optical depth (AOD) using thedley plot method. Results obtained by this methete verified by
means of comparison with a method thed sart of the Brewer Operating Software, as wellvith measurements 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 significaietclinedropn thetetal 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 atpiese has a manifest influence on human health and natural
ecosystems. Higher doses of UV radiation have adveffects mainly on terrestrial plants that angosed to it on a long-
term basis (Jansen et al., 1998). Exposure of hworgamism to excessive UV radiation doses may cpteEmature ageing
of the skin, weakening of immune system, and danagells and DNA, which may consequently lead eteeskin cancer
and other healtdeceasesconditior{Greinert et al., 2015). Positive effects of UMiedion are known as well, which include
vitamin D production in the skin in particular. Sh¥itamin is much needed for proper functioningadiuman organism
(Kimlin and Schallhorn, 2004). In the past, anttwgenic impact led to the increased transmittancsotdr UV radiation
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through Earth's atmosphere as a result of a dexiieathe total amount of ozone. Global ozone lajgpletion began to
show more significantly in the 1980s, reaching#sk with the value of ca 5 % (with respect toaherage for the period of
1964-1980) in early 1990s. The depletion has ajré@en reduced in recent years, amounting to cao® #verage for the
whole Earth (WMO, 2014). In the middle latitudestloé Northern Hemisphere (35° N-60° N), the depietif ozone layer
reached 3.5 % around 2010 (2008-20XXe-dlepletion of up to 6 % wa®und inpeculiartadhe middle latitudes of the
Southern Hemisphere (35° S—60° S) in the same ghéitMO, 2014).

On the other hand, anthropogenic emission of atsastm the atmosphere causes reduction of solaradiation 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$tiialized 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 desnand 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 substaefi@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., 2010EinallyFer-the-said-reasenthe anthropogenically emitted aerosol particlessaerably
contribute to the ongoing global climate changeilevheir influence on radiation balance is stiticertain to a great 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 sunphotteneneasurements.
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 deptthemUV 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 AGBs-wellhas already been published in
manymultiple studies. Some of them presented only short sexfemeasurements. Therefore, they do not include
multiannual trends of AOD (Carvalho and Henriqug®00; Kirchhoff et al., 2001; Marenco et al., 2Q02)s mainly more

recent papers that present also multiannual measumts, but they do not always present trend inftiomaas well. It is
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stated in Jaroslawski et al. (2003) that the deoraknt of AOD for the Polish Belsk station in theipé of 1992—2002

appears to have no trend. A quantification of thad for the Belgian Uccle station can be foun@ireymol and De Backer
(2003). It indicates a significant negative trendhe level of 3 for all wavelengths for Brewer MKIIl spectrophotoere

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 trendevéitlu thesameabeove
wavelength was only —0.78 +0.42 %/year in thatqukriThe trend is also mentioned in Kazadzis €28l07), 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 ddmg of the
Aerological and Radiation Centre, Slovak Hydrometéagical Institute (SHMI), in Ganovce near the ycibf
PopradltsTheir coordinates are 49.032Net—and20.32°Eleng. with the-altitude of 706 m above sea level. The aerosol
content in the air, both total amount and compasitby types, is determined by local sources on lased, and by
atmospheric circulation on the other hand, which oczove a certain air mass together with aerosofs) dar several
thousand kilometres. In isolated instances, it mapconcern-dransport of Sahara dust from Africa. The Sahast dias
present over the Slovak Republic at least for 2@ dia 2016 (Hratak, 2016). Major local sources include productsalid
fuel combustion in adjacent municipalities and dlgeiculture. A bare dry soil or even plant produats often blown away
by wind, as the location is rather windy. The pnoity of the city of Poprad (ca 1.5 km) with the pdgtion of ca 53,000
and various industrial activities plays a certaiteras well. On the other hand, it is a submontaoation, since the highest
mountain of the Carpathian mountains (2,655 methewe sea level) is situated only 20 km away frbenstation. In spite

of the proximity of the mentioned city, the area t@ deemed rural in general with respect to thierapogenic impact.

2.2 Instrumentation

The Brewer ozone spectrophotometer (No. 97, aesinginochromator — model MKIV) is a scientific instrent operating
in the ultraviolet and visible region of the sodgectrum. The Brewer spectrophotometer was origidgisigned 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 radiationas—well(from 290 to 325 nm, with an increment of 0.5 nife instrumentnalysesbreaks-devthe
solar radiation reaching the Earth’s surface ugimgptical system and selects predetermined wagéhs with higher 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 measuréprecedureprecessan be found in Kerr (2010).

The Brewer spectrophotometegerforms standard measurements of direct soldatiad (DS) in the UV regiormf-the
Brewer-spectrophotometat five selected wavelengths, namely 306.3 nm,810313.5 nm, 316.8 nm and 320 nm. They

are not completely identical for individual instrams, which is given by minor differences in theigion of a measurement

slit and other minute mechanical and optical déferes (Savastiouk and McElroy, 2005). The aforeimesd five
wavelengths represent their long-term averagegassmall changes in their size occur over thesieBine instrument No.
097 has undergone regular 2-year calibrationsdailg tests using internal lamps (mercury and saathdamp) from the
start of the measurements (18 Aug@sB] The calibrations are provided by Internatiddaone Services (10S).
The instrument is calibrated against the World BreReference Triad (World Meteorological Organizatstandards),
maintained by Environment Canada, by means of &plerreference 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 wavelengthg, 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 radiatiooontribution tetransmittance-ahe DS measurements. The second source is the ayaille of
ozone in urbanized areas. The third sourgeeifectingthe-negledf NO, absorption impact. In addition, the spectral stray
light effect is the fourth source for the single maohromator. It is stated in Arola and Koskela @0thatneglectingthe
neglectof diffuse radiation impact is potentially the ba&st source of errors. On the contrahg-neglect-ostray-light effect
has the lowest impact. Unlike the AOD for the sbsttand the longest wavelengtlits impact in the cited paper is
approximately 7-fold lower than the diffuse radiatiimpact. In the light of the listed errors, itrist recommended to
determine extraterrestrial constants (ETCs) ushg ltangley plot method (LPM) for low altitude stats in urbanized
areas, unless corrections for the impact of diffiegkation and the daily cycle of ozone are knoRmprad-Ganovce is not a
typical station in a low-altitude urbanized ared &not even a typical high mountain stations Ibétween 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 andydight effect were not neglectedherefore, aArecommendation to
ensure the air mass factor does not exceed the @l8 in the calculation of ETCs was taken intocamtas—well(Arola

and Koskela, 2004; De Bock et al., 2010). It isam@ant to mention that the internal polarizatiofeef is another potential
source of systematic errors as well (Cede et QDGR It occurs due to the combined effect of tvadapzation sensitive
elements of the Brewer spectrophotometer. The mecravindow is the firsbf-mentioned-elemeniand the grating is the
second. Polarization effect depends on the zemitfieaof the Sun and is almost wavelength indepemndére polarization
effect for the instrument No. 97 was not determidedctly. It is assumed that the dependence ddrjmation effect on the

zenith angle is similar for all types of Brewer sjppephotometers (Cede et al., 2006). As a resaoltections (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 wasonsiderednet-alse-neglectethe corrections resulting from the changes inpemrature of the instrument 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, diffus@nd polarized solar radiation. 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. Faxttheason, 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 NETwW9rglobal network and is carried out by Service iblal
d’'Observation PHOTONS/AERONET, Laboratoire d'Optgtmosphérique, 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@0)) obtained by the direct sun (DS) procedure weed to calculate
the total ozone optical depth. A DS measuremeatégpted onlyorwith-the airmass factor of the ozone layer of less than 4
(as recommended by I0OS) and it takes approxim&é&yminutes. During that time, the density of sokdiation flow is
measured five times for each of the five wavelesgithus five values of total ozone in Dobson ufid)) 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 fhal
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/gmd/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 recondaigéons in Redondas
et al. (2014). The dependence of effective crosese on the-temperature is very important. A so-called effestiv
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, 19D9#jerent, yet

on the other hand more accurate formulas, were tasealculate the AOD by LPM — for ozone accordiodgcomhyr (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 stedil@ospheric conditions in order to determine tR€EIt needs mainha

low variability of the total ozone and atmosphe&rosols during theeriod of measurementsdaly is also necessary to

avoidanyanimpact of cloudiness on direct solar radiation Y[Df¢asurements and to ensure a suffigientiescopef zenith
angles of individual DS measurements during the ddnch is needed for the given method.

For the said reasons, this method is most apptepioa 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 toeka@mined location of Poprad-Ganovce in the pasbPova, 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 duririge calibration of the instrument, hence once in 2 ge@heir valug areisdetermined during
the calibration based on a comparison with the portabference Brewer instrument No. 017. ETCs for rberence
instrument are determined by LPM at the Mauna Lbdzafa observatory. Neglected changes in the thatsiof the
instrument over shorter time periods represensaddiantage of both methods, as the ETCs are foted longer period — 2
years in both cases. The LPM applied in this papaploys fixed ETCs for a 2-year intercalibratiorripe, which is
identical with the standard intercalibration perfod the measurement of ozone. It is assumed thatsagnificant service
modifications to the Brewer spectrophotometer dyroalibration may affect both the calculation ofope and the
calculation of AOD. For that reason, the period exateeding 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 neglectedpnainlyramely due to its low impact (Arola and Koskela, 2004)d adue to its inaccurate
determination 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  Adminisiva). Aa  NOAA  document
(https://www.esrl.noaa.gov/gmd/grad/neubrew/docglitghinBrewer.pdf) states that standard coeffitseior 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 samenannererdens in Garane et al. (2006). In the fourth stegraection for the temperature dependence wasehpli
including a spectral transmittance correction foe utilized neutral density (ND) filter. These dils are automatically
selected by the Brewer spectrophotometer with sjoethe 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 duringhe calibration of the instrument. The impact of patation was compensated in the fifth step. The last
sixth step involved the correction due to the intpEcdiffuse radiation on DS measurements. Whenath@ve criteria are
applied, five initial values of, will be obtained from a single DS measurement, aadsequently, the AOD will be
calculated from each of them. The final AOD for tiigen DS measurement is calculated as an aritbraggrage of five

values.

2.4.1 Correction for the diffuse radiation and strgy-light effect

The correction of diffuse radiation impact on DSaswements was made following the recommendationsrola and
Koskela (2004). The fact that the full field of wieeached the value of 2.6 for the Brewer spectwbapheter 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 characterizecibypeAngstrom exponent equal to 0.96. The ratio ofdineumsolar radiation
to the direct solar radiation was determined forfiaé wavelengths. This ratio is hereinafter re¢el to as the correction
factor. The values of zenith angle, aerosol optibgpth and atmospheric air pressure were takendotmunt in the
calculation of the correction factor. It followsattthis factor was determined for specific conditi@t a given time.

Another undesired phenomenon is the influence @fenphotons (received outside the range of theyaedlwavelength) on
the photordetectordetectianThe noise photons are caused by radiation thet dot follow the required optical path inside
the monochromator due to the scattering on thengxamirror, or housing. This problem is called #teay-light effect and
is negligible for the double monochromators. Thevi8er spectrophotometer at the Poprad-Ganovce statidassified-aa
single monochromator. For that reason, a corrediionthe stray-light effect was necessary (Arolal &oskela, 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 Earsurface 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. Mdmegley 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 folEf(R€ determination, it is advisable to acquire amynmeasurements
as possible. That will guarantee a higher accuddichie 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 wavelengthassumedalid for the entire intercalibration period, herfoe 2 years. Its determination
follows the following procedure: The ETCs for inidiual wavelengths can be determined solely frormi@asurements that

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(Sy); —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 procedureprocess

All final values of AOD have undergone a qualityntol procedurepreeessvhich also includes cloud screenirmgd—Fhe
quality-control-processs illustrated schematically in Fig. 1. The fisgep of the quality control was &xcludedeletahe
DS measurements with a standard deviation for @.5 DU (described in more detail in Sect. 2Ngxt, all negative values
of AOD wereexcludeddeletedin the third step, all AOD values 1.5 wereexcludeddeletedComparison of AOD values
above 1.5 obtained from the Brewer spectrophotanfetethe Belgian Uccle station determined thatytlveuld not be

paired with Cimel sunphotometer measurements gDallBock et al., 2010). It proves that the limitlo5 is substantiated

for Poprad-Ganovce station. The fourth step wagxdudedeletehe DS measurements with a difference between the

maximum and minimum AOD value greater or equal .@30The international Cimel sunphotometer netwhBRONET

uses a limit for each measurement triplet (three measurements per minwé&h the value of 0.02
(https://aeronet.gsfc.nasa.gov/new_web/DocumergstCiscr.pdf). We decided to apply a less stringeit¢rion because
our case involved five measurements performed i@.6aminutes. The attached diagram shows thatithieé ¢f 0.03 has

caused a considerable reduction in the total nurab&S measurements. Application of the secondthind criterion has

10



resulted in a reduction of the total number of measents by up to 43 %. The DS measurements tkiafiesd all four
previous criteria were included in a so-called yaihtabase. A daily standard deviation of AOD (SIMAGand a daily
average of AOD (AAOD) were determined from theseasueements. When SDAOD (18, all AOD
values in the daily database were transferredfittahdatabase (Good AOD). When ASID > 0.015 in the fifth

5 step, all DS measurements on the given day undeitwenast sixth step. The following applied to #ieth step: When the
difference between the AOD for a given DS measurgrard the daily average AAOD wad).5, the DS measurement was
not included in the final database. A total of $2,4DS measurements were included in the final da@bThat represents

57 % of the total number of measurements that edtire third step of the quality control.

-

p
Direct sun measurement (DS)

1 DS =5 individual measurements
N S

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

-

Good total
" 5x total column of Oz column of Oz column " Bx total column of Os column of Os es Gﬁold total
STDEV( O: =25DU of O3 STDEV(Oa )=2.5DU czfugln

J— \ AOD =0 PR | AOD20
Number of DS Number of DS

65606 — y95 65606 — yes
100% 100 %
\ AOD <15 N \ AOD <15
(Number of DS | yes "Number of DS es
63191 — 63191 — Y
L 96% ) ‘ AOD max — AOD min \ 96 % J ‘ AOD max — AOD min
— b A
N b—f DS 003 M0 | |dentified as poor [N4b oy <0.03 MO | |dentified as poor
umber o uality or cloud umber o uality or cloud
37473 —— ves| e 37473 —— ves| ey
L 9T% ( daily databaseofAOD | @ ————————— | 7% " daily database ofAGD | ————————
SDAOD = daily standard deviation SDAQCD = daily standard deviation
AAOD = daily average ) AAOD = daily average
| no 1 no
|  SDAOD<0015 J o~ [ spaoD<0015 | o
Number of good DS Number of good DS

37451

yes | AOD - AAOD<05‘ 745 yes | AOD - AAOD<05|
‘0
/T [(ooed oD | e R CETC D e

10 Figure 1: Schematic illustration of the DS measureent quality control procedureprecessthat includes cloud screeningas—well
The number of DS measurements for the period 18.8.99-13.5.2017 that satisfy the respective criteriois indicated on the left
side.

37451
57%

2.4.4 Additional notes

15 Comparison of AOD values obtained by the Cimel subpmeter with AOD values from the Brewer spectaipmeter was
not performedexecutedirectly. First, the value of Angstrom exponentsvaetermined using pairs of wavelengths and their
corresponding AOD values:

_ log(‘rh/mz)
log(11/22) ©)

11
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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 Cimel sunphotometeiThis

calculation was carried out for all individual mesmments. The main goal of this calculation waadguire a comparison of
AOD for the same wavelength, which is more relevhah a direct comparison of AOD for two differevdvelengths.

The following procedure was employed to calcula@iiidual characteristics of the total ozone andDAGptical depth:
Daily averages were calculated as an arithmeticageeof all values for the given day (minimum okoralue). Monthly
averages were calculated as an arithmetic averagact days, for which an average daily value waalable. 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 unoeytaf the linear trend is defined by the standdediation (x) 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 dumion to this part of the

paper. A factor that eliminates the influence dfugie radiation is the first of these factoas discussed in section 2.414

Fig. 2, there is a demonstration of correctiondagalues for five wavelengths and the selectediesece of zenith angles of
the Sun. This demonstration characterizes the tiondithat are close tthosethe-enethat may normally occur at the
examined station. It can be seen tidthevalue-ofthéactor is primarily dependent on the zenith anfjlés also true that
the value of the factor is inversely proportiorathe-size-of avavelength. The factor for the longest waveleraftB20 nm
is by ca 7 % lower than the factor for the shortestelength of 306.3 nm.

12
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m306.3 @310 =313.5 316.8 m320

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 elinteénthe stray-light effectalso discussed in section 2.4A ratio of

average count rates for four wavelengths in therefjom 290 to 291.5 nm to the count rates forrttanitored wavelength
(one out of five) was determined for 3,386 specatrahsurementsanalysiestotal, as well as for various zenith angleshaf

Sunwithinthem The value of determined correction factor is acfion of the zenith angle. This dependence wasrithesl

for the monitored wavelengths by a polynomialtied fourth degree. A demonstration is presented in BigAs a general
rule, lower wavelengths are characterized by higlaues of the correction factor. The observeded#fiice between the
wavelength of 306.3 nm and 320 nm was approximdt@Hold. Furthermore, it was determined that tepehdence on the
zenith angle was not directly proportional for rmlbnitored wavelengths. The direct proportion wansenly with the three

shortest wavelengths.

0.08 0.0025
_ (a) ° _
£ 0.06 g 0002
< < 0.0015
S 0.04 I
§ § 0.001
5002 3 0.0005
0 0
25 45 65 85
Apparent zenith angle Apparent zenith angle

Figure 3: Size-ef-the-c@rrection factor for the elimination of stray-light effect depending on the apparent zenith angle (#r the
wavelength of 306.3 nm; (b) for the wavelength of2® nm.
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The impact of individual correction factors wastéelson a shorter period, namely 2014. When theyight effect was
accountedatewetbr, a drop in the difference in the AOD for thawelengths of 306.3 nm and 320 nm was seen. Bifere
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 ratiom followed after the
correction for the stray-light effect. A drop inethdifference 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 dimophe difference in AOD
for the shortest and the longest wavelength by®t0lhe final value of —0.014. The negative vadidngstrom exponent

for the given pair of wavelengths was reduced jtsittll persists.

3.2 Extraterrestrial constants

Strict conditions for the selection of appropriatays for the determination of ETCs and other meetib criteria
significantly eliminatesbtaining-efnon-representative values. To calculate the ET&asterizing the entire 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 whichwibuld bewaspossible to determine the ETC. On the other hémel,spread of
determined ETCs would be wider, which would haveegative effect on the required accuracy. Thereftive chosen
criteria represent an optimum compromise. The inggry of ETC determination has a direct impacttmnfinal values of
AOD. On one hand, the root cause of such inaccuisgyeather influences, which considerably eliméndte number of

days that are suitable for the determination of EDE the other hand, additional factors may inclindérument instability.

18.7
[ ) [ ]

18.5 P % Q o .

183 ® — e, . - .%d:': - .
—~ : e &> - Ld ® ([
D - ° AT .5 URL X o
w 181 —.—'ﬂ".. ° Y hd ® L) PY [ )
= ° s &

- 179 o ¢ &9
° [ ]
17.7 3
17.5
1993 1995 1997 1999 2001 2003 2005 2007 2009 2011 2013 2015
Year

e [ndividual ETC Calibration period ETC

Figure 4: Time seriesFrendof ETCs values for the wavelength of 320 nm during2lintercalibration periods, 18.8.1993-13.5.2017.
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Thetime seriestrena@f ETCs (their natural logarithm) for the wavelémgf 320 nm is illustrated in Fig. 4. It shows ETC
values that characterize the entire 2-year intdmeelors period, as well as the ETCs determined on ind&fdiays in
eachthe-giverperiod. The ETC for the monitored wavelength dad remain constant during theeniteredperiod from
18 August 1993 to 13 May 2017. Particular changesioed incase-ofall five examined wavelengths. A total of 12 ETC
values were determined for every single wavelenbtioy each intercalibration period. The highestatility was observed
in-case-ofthe longest wavelength. The value of its variatioefficient is 15.1 %. By contrast, the lowesttadmlity was
observed for the wavelength of 310 nm. The valuitsofariation coefficient is 11.6 %. In Fig. dneyeucan notice that a
more significant change in the value of ETC for thegest wavelength occurred three times in ta@dlanges occurred
between the fifth, sixth, seventh and eighth irda&bcation period. They were caused by issues thighinstrument. For that
reason, a secondary power supply board had todbecesl in January 2005. In February 2007, a mictemeas replaced,
and during calibration in May 2007, an opticaldiliNo. 3 was replaced and a BM-E80 high-frequemeyce was repaired
as well.

Figure 5 presents a comparison of ETC values fadividual wavelengths for the LPM and BSM in thetldaao
intercalibration periods. It can be seen that EB{lie#s show some differences. The first period &atterized by the fact
that ETCs for all five wavelengths for the LPM ea&dethe 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 decreastnéoBSM was more

marked.
(a) 25.5.201%- 19.5.201! (b) 20.5.2015- 13.5.2017
18.8 18.8
186 186
O 184 O 184
Wig2 Yis2
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 mEBSM mLPM mBSM

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

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

Theplausibility-of results for the presented methodology of AOD datian by means of the Langley plot method (LPM)
was validated in two ways. In the first place, @saconfronted with the results acquired by meanth@Brewer software
method (BSM). The given comparison is illustratadFig. 6. As has already been mentioned aboveB® has been
available since 2005. lepplicatioreutpuhas been plausible for the Poprad-Ganovce stafignsince calibration in 2013.
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Figure 6 consists of two graphs. The graph (a)esgmts a comparison of AOD for the wavelength d¥ 8t for the
intercalibration period from 25 May 2013 to 19 M2915. The graph (b) covers the comparison of reduolt the same
wavelength in the next intercalibration period fr@th May 2015 to the end of 2016. This division éessary to point out
the impact of used ETCs on the obtained resultboth intercalibration periods, only the measureimémat had undergone
the quality controprocedureprecessere selected. Thabsolutemutuadifferenceinef AOD between the two methodsin-the
abselute—valualid not exceed the value-dd.1 in the first period. In the second periodhappened 133 times. The total

number of DS measurements in both intercalibrapieriods was 5,788. A total of 3,246 DS measuremeste compared

in the first period and 2,542 in the second periddjood agreement of both methods was seen inittsteperiod. On one
hand, it is proven by very high values of deterriiora coefficient and correlation coefficient. Oretlother hand, good
agreement is proven by a median and standard aevidbs) of the differences in AOD values for the LPM aB8M with
the values 0of-0.004 and 0.01. The following intercalibration pefriis also characterized by very high values of
determination coefficient and correlation coeffitieyet they are somewhat lower than in the fissiqd. A more significant
disagreement is proven by the median with the vafu€).06 and the standard deviation with the value.620The said
differences between the LPM and BSM are not cohstéthin the intercalibration period, as certairrighility has been
observed for them. The biggest differences withyear 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 cdroglaoefficient reached at least 0.99. This vakas 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 ofmutual differences in AOD between the LPM and BSM reacttes absolute value of maximum 0.06 in the
already mentioned case for the wavelength of 320Fonthe lower wavelengths, the median in the¢ peyiod was always
positive (0.036 on average). On the contrary, i akvays negative in the second period (-0.03 enage). The average of
standard deviations for the given four wavelengths 0.024 in the first period and 0.017 in the sdqgoeriod. Comparison
of the AOD value and wavelength shows no unambigu@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 rtienitored period. It applies to the BSM that thgheist 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) doesmention the unambiguous dependence of AOD omidneelength as
well. It indicates the lowest AOD in case of thevést wavelength and presents the highest valueAQi 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

causedor theseofdifferences. The first cause is that the BSM duststake into accourthe annualahange in the distance

of Earth from the Sun. The presented LPM takeggitien change into account. Anothdfferencedistinetiorbetween the

two methods is the fact that the BSM takes intosaeration the total measured amount ok 8Cthe calculation of AOD.

16



10

15

20

25

The presented LPM neglects the impact ob.90Omay seem at a glance that the BSM is thus rstdged. However, the
reverse is true. The Brewer spectrophotometer etPthprad-Ganovce station fails to measure the @tadunt of S@

accurately. Even negative values are seen offéhe disadvantage of BSM ite does not account feralse-the-absence of

the SL (standard lamp) test that leads to inaceuf@O values, which consequently affects the siz&®@D. Another
drawback of the BSM is the fact that it does n&etanto consideration corrections for the diffuadiation, polarization and
stray-light effect. The values of the determinedCsTaffect the observed differences the most. Howeéesit is true only
whenif ther difference between LPM and BSM is sufficientlygar These constants are fixed for both methodsiguhe
entire 2-year intercalibration period. An advantaf¢he presented LPM is that it partially take®iaccount the potential
change in the sensitivity of the instrument durthg intercalibration period, because ETCs are deterd based on real
measurements in a given period. The BSM utilize€&determined during calibration. Therefore, theeptial change in

the sensitivity of the instrument during the intdiforation period is not taken into account at all.

(a) 25.5.201% 19.5.201! (b) 20.5.2015- 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 (fdre BSM). The figures consist of two graphs jilgt in the previous case.
In both intercalibration periods, only the DS measuents that had undergone the quality corgrotedureprocessere
selected. The comparison was made as follows: A @8&surement was selected for an individual DS areasent from
the Brewer spectrophotometer with the maximum adidwlifference of 5 minutes between the two measemnésn If there
were several suitable measurements, the nearesvasmeselected. In case of comparison between thé &fd the CSP,
there was no difference in AOD with the absolutiueareater than 0.1. On the contrary, in caseofgarison between the
BSM and the CSP, there were as much as 221 instarfceuch DS measurements in total. A total of f@&asurements
were compared in the first intercalibration pergul 1,115 in the second period.

It is apparent from the results of the comparidat both methods correlate very well with the CS#asarements. Yet the

LPM shows higher values of the correlation coeéfitiin both intercalibration periods than the BSMwvas determined in

17



10

15

the calculation efnutual differences that both methods matched the CSP urerasnts well in the first intercalibration
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 otsdronly for LPM.

The median of differences between the LPM and t8E @ached the value of 0.013, and the mediarffefeinces between
BSM and CSP reached the value of 0.075. In thi®,cd®e standard deviation was 0.013 and 0.025. m&stioned

differences are the primary reason for observesetsfin attached graphs. As a result of the oftketjntersection 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 coismas. 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 wavelertty 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 wavelerity of 320 nm obtained by means of the BSM and theifel sunphotometer

(CSP).
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3.4 Total ozone optical depth and AOD

Measurements of total ozone from the Brewer spphtitometer for the Poprad-Ganovce station areablaiffrom 1994, If
only DS measurements are taken into consideratienaverage value of total ozone was 326 DU inldise five years
(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.Pfér 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 vength of 320 nm together with the uncertainty @fitlietermination.

The annual averages of AOD were calculated inrdstal manner, i.e., by means of the LPM methodguainaverage 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 uppmit lof uncertainty

was determined in the same way but adding the va@fiube standard deviation. The range of uncenaimerval depends
primarily onsuitableweather conditions in the given intercalibratiaripd, as well as on the stability and homogeneity
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 thedgdarm average, the number of these days was 1&.1Gvrest number

within a calibration periodvas 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 averagethdototal ozone and aerosol optical depth forséected 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 +0.64 ¥O years. In view of the above, a conclusion lsarmade that the

transmittance of the atmosphere in the region afréred wavelengths has increased in the area ahB-dpanovce over the
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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 causexclusivelyparticularhby thedeclinedrogn the AOD.
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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 multiannualames 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 ant@ngxamined factors.
Rayleigh scattering has a dominant position innaig¢ion of direct solar radiation for all wavelemgiexcept for the shortest
one. In the case of the AOD, no unambiguous deperds-its-sizeon the wavelength was observed. With respectdo th
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 wavelengti813.5 nm and
320 nm are characterized by the value of 0.29. \W&gard to the long-term average for 23 yearsdifference in AOD
betweenferthe shortest and the longest wavelengths is db§06. For the test year of 2014, this differen@es w0.014. In
conclusion, it can be stated that values of ETGel@wobably the greatest impact on the observedrdifte, whilghe-value
of the observed difference in AOD is consequeatigingderivedrom them.Thisk is also substantiated by Fig. 10. It can
be seen that the AOD is greater for the wavelen§®06.3 nm than for the wavelength of 320 nm inaie years, while it

is 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.

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 ageraThe month of
February has the maximum variation coefficient antimg to 5.9 %. All the aforementioned charactéessiof the total
ozone optical depth depend only on the TCO valuis.duepeculiato the central European location of the staticat the
annual maximum of the TCO occurs in April and timawal minimum occurs in Octoberhish is also confirmed by the
measurements from the nearby station in HradewkéaVanéek et al., 2012). Therefore, it can be statedtti@bbserved

annual course of the total ozone optical deptigpical for the central European location of thdista
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Figure 12: Average monthly characteristics of thedtal ozone optical depth for the wavelength of 320m, 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 Nowmalnd 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.
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Figure 14: Relativecontributiondistribution- of daily average values of AODo _the monthly averagegor the wavelength of 320 nm,
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4 Conclusions

The total ozone and aerosol optical depth wererhited by the Brewer ozone spectrophotometer ino@@anear Poprad.
The AOD was calculated by means of ETCs obtainétgube Langley plot method. The analysed datehefdirect solar
radiation were available from 1994 to 2016, whishai23-year series of measurements. In the 1990£TCs were not
determined during calibrations. Therefore, the LBNhe onlypracticalpracticablenethod for the determination of AOD for
the whole series of measurements. The ETCs usédismaper were determined femch ofthe 2-year intercalibration
periocs. Use of such a long time period has batlits advantage and disadvantage. The advantage lies in the fact Heat t
ETC determined as an average of a higher numbelagé prevents the accidental impact of fluctuatitret have no
particular explanation. The disadvantage lies & shppression of weather influences (especiallycti@ge of temperate)
and modifications of the instrument in time intdsvaf less than 2 years. In addition to the metlhagip of ETC
determination, the employed cloud screening affdwsvalues of AOD as well. If the cloud screenimas not employed,
the values of AOD would have been distinctly highEne cloud screening method employed in this papeelatively
simple. Hence, it can be argued that the actual A®Bven somewhat lower. It pertains particuladyttie presented
monthly and annual averages. In the future, thacckcreening methodology is planned to be improsesda result, it will
be possible to obtain more representative valuésidd.

On the basis of a comparison of the Brewer spebtitmmeter measurements using the Langley plot ndedihd the Brewer
software method, which is a part of the Brewer @peg Software, with Cimel sunphotometer measuresyah was
determined that the LPM achieved better resultsvads also determined that the application of cdioes to the diffuse
radiation, stray-light effect and polarization de=ased the difference between the value of AODHershortest and longest

of the examined wavelengths. Although the diffeeehas been reduced, it still reaches negative saiich results in the
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negative values of the Angstrém exponent as weilh\¢gard to the long-term average for 23 yedus difference in AOD
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 withamrelyto the diffuse
radiation. The key factor influencing the value tbé examined difference is probably the size amtlracy of ETC
determination.

The obtained results clearly show the decreasedrage 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 statisticallyigmificant 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 thaisdically significantdeclinedropin the AOD. It follows that the
transmittance of the atmosphere in the UV regiothefspectrum from 306.3 nm to 320.1 nm has ineck@s the location

of Poprad-Ganovce.
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