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Author's response to the comments of Anonymous Refe #1 and #2 and the track changes version.
Author's response to the comments of AnonymousrBefél. - bellow
Author's response to the comments of AnonymousrBef#2. - from page 11

The track changes version. - from page 14

Author's response to the comments of Anonymous Refe #1.

Authors comments are written in bold.

MAIN ISSUES

The paper cannot be published as is, and majosiogna are required. | do not mean that the maincrogs of the work
(trends of ozone and aerosol optical depths) aomgyrbut several issues should be settled, oraat iscussed, before the

paper can be accepted.

1/ The determination of the ETC appears as the praiblem, along with the estimate of its uncertaint

la/ the uncertainty of the mean, better taking mtoount the number of ETC estimates, should bd usstead of the
standard deviation of the ETC estimates. Otherveisesaid in the paper, the uncertainty can be Iéovea time interval with
few ETC estimates than for one with several esgsiat

The problem with a few, namely 2 ETC estimates wasnly in the first intercalibration period. This pro blem was
solved by using additional data from the year 1993Thanks to it the number of ETC estimates is suffiont now. The
minimum number of ETC estimates for all intercalibration periods and all wavelnegths is 7 now. Therefe | think

that the standard deviation of the ETC estimates ia good tool for the estimate of the uncertainty oAOD.

1b/ in his reply to my review, the author statest thhe values of the uncertainties of the annwatages do not enter the
calculation of the uncertainty of the linear trenblistead, | think that the uncertainties shoulteethe calculation of both
the value and the uncertainty of the linear trend;

Excuse me, but | do not know how to take correctlynto account the uncertainties of the annual averags in the trend

calculations.

1c/ minimum data coverage thresholds (e.g., mininmeasurement days per month, minimum measurementhser

year) should be fixed before averaging the datd {pl. 9-15), especially in case of large gaps (dumaintenance of the
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instrument or clouds) and presence of a seasonld.dylaybe this is not an issue, but it should fect#fied how long is the
longest period without data, if any;

This sentences was added to the manuscript: ,Thengest period without data is 12 days for the ozoneptical depth
and 26 days for AOD. There was no month without dat. In both cases, February 2013 was the month witthe
absolute lowest number of days with the determinedptical depth. In the first case, it was 10 days,ral it was 3 days
in the second case. With regard to the long-term &vage, December is the month with the lowest numbef days with

the determined AOD with 13 days. The opposite extrae falls on August with 24 days.”

1d/ | could have missed this information, but Irdi understand why "an advantage of the LPM isititakes into account
the change of ETCs during the intercalibration qa#ti(p. 16 |. 19-20). From Fig. 4, | can understahdt the ETCs
estimated by the LPM are averaged and fixed fdngmcomparison period, aren't they?

Maybe the problem was my bad formulation and therefire | have changed related text in the manuscript éttle bit;
»,An advantage of the presented LPM is that it partally takes into account the potential change in theensitivity of
the instrument during the intercalibration period, because ETCs are determined based on real measuremnt®in a
given period. The BSM utilizes ETCs determined durg calibration. Therefore, the potential change irthe sensitivity

of the instrument during the intercalibration period is not taken into account at all*

le/ is the Langley plot performed by correctinga®nlbda (Eqg. 3) for O3 absorption or by including i®3au_lambda? In
the first case, why the ozone cycle is mentione@d asurce of error (p. 5)? In the second case, isawu_w calculated
(including ozone)?

O3 is including int;. This explanation is included in the manuscript: u,, is the air mass factor for atmosphere as a
whole. Its value was calculated as a weighted arithetic average of individual aforementioned componén, while the
optical depth of a given component was the weightinfactor. Moreover, the text located after equatim (4) was
enriched about an information related to calculatio of u,,: The final values of ETCs used to calculate the AD were
available only after two iterations. At the beginnng, initial values of AOD were not available yet. Br this reason, it
was not possible to apply the second and third cetion and it was also not possible to take into aoant the effect of
aerosols in the calculation oft,, and to determine the correction for the diffuse raiation. It was possible to do so on

the first and second iteration.

1f/ since the BSM method is basically a calibratteensfer from a reference instrument, the authmukl explain how
Brewer #017 was calibrated:;
This explanation was added to the manuscript: " ETG for the reference instrument are determined by LM at the

Mauna Loa or Izafia observatory."
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2/ the AOD differences between the LPM and the BRkthods can be easily attributed to the ETC diffeee(AOD
difference = 1/mu * log(ETC1/ETC2)). Therefore, tHeviations between the two methods are mainly "nadom"
(contrary to what is written at p. 15 |. 14 angafl6 |. 12); the observed variability between swenand winter (p. 15 |. 21-
23) is an obvious consequence of air mass variahimimg the year; the AOD differences, always pesiin the first period
and always negative in the second period, aretdittay the difference in ETC shown in Fig. 5. | Wwbthus recommend to
plot the AOD differences as a function of air mssheck that the ETC difference is the main caisteviation;

Note in the bracket at p. 15 I. 14: ,so-called larg random error" was removed. Word "random" was removed in
related sentence (p. 16 I. 12) and the sentence waword. | have investigated the AOD differences aa function of air
mass for the longest wavelength. Possible cause® atiscussed in the manuscript, included ETCs diffence. It has
been found that: " The values of the determined ETG affect the observed differences the most. Howevet is true

only if their difference between LPM and BSM is suficiently large." It was added to the manuscript.

3/ as | mentioned in my previous review, an adddicsource of errors can be the missing SL coordti the BSM, which
is not mentioned among the sources listed at pHd8ever, according to the maintainer of the Brewjeerating software:
"Using the real-time AOD (or even ozone) data fribm operating software for anything other than ugtoidea about the
AOD doesn't make any sense since no correctionapgoiéed in real time for the SL ratio changes. likely worse than real
time data for ozone due to potential changes imlabs sensitivity in Brewers (that do not affecboe)" (V. Savastiouk,
personal communication, 2017). This issue shouldissussed and its potential impact estimated;

Using the real-time AOD (or even ozone) data frtv® dperating software for anything other than ayhoigea about the
AOD doesn't make any sense since no correctiona@pted in real time for the SL ratio changkl: comment to this
sentence: | know that BSM has a lot of disadvantage but it was used also for calculation of AOD inhe study
Kumharn et al., 2012.

It's likely worse than real time data for ozone dugotential changes in absolute sensitivity iewers (that do not affect
ozone).My comment to this sentence: | know (I asked I0OS)Hat SL correction can by used for ozone calculatiobut
no for for AOD calculation (for counts rates corredions) because standard lamp has been losing itstémsity over
time. For example, we observe an decrease in courattes, but we don't know if the reason is a changm absolute
sensitivity in Brewer or a change in the intensityof standard lamp.

Deep analysis of the influence of missing SL corrgon in case of BSM is outside the scope of this par. But it was
mentioned as a potential source of error. This seatce was added to the manuscript: " The disadvantagof BSM is
also the absence of the SL (standard lamp) test théeads to inaccurate TCO values, which consequegthffects the
size of AOD."
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4/ even though it is probably a minor issue (esplycat low air masses), the spectral stray ligfeat is inaccurately taken

into account, in my opinion, for two reasons:

4a/ both the slits employed for UV scans and tlaingg positions are different from those of DS meements, therefore
the ratio between the irradiance at longer andteh@aravelengths in the "scanning mode" may notdpeasentative of stray
light in "slitmask" mode (DS measurements). Thedgtudy of Arola & Koskela (2004), using this nathonly aimed at a
rough estimate of the effect;

This sentence was added to the manuscript: " The pential impact of a different measurement mode waseglected

for the sake of simplification.”

4b/ the assumption of spectrally constant strayt lig simplistic, as pointed out in Garane et20086), and will lead to some
uncertainty.

The end of part "2.4.1 Correction for the diffuse radiation and stray-light effect" was changed: " In view of
simplification, it is also assumed that the valuefcstray light is constant for all wavelengths. Thesaid simplifications
may lead to some uncertainties when estimating thstray light effect. These uncertainties were not westigated
further."

Therefore, if the author wants to keep the analysisavelengths shorter than 320 nm, they shouldtput that they could
be affected by the stray light, rather than tryiagorrect them and jump to the conclusion thatAhgstrom coefficient is
negative;

| have decided to let the stray light correction inthe manuscript. Now, | know that is not perfect, lot | think that it is
better like no correction. In the Conclusions is sited that the Angstrém exponent is probably negatie mainly due to
the size and accuracy of ETC determination: "It wasalso determined that the application of correctios to the diffuse
radiation, stray-light effect and polarization decreased the difference between the value of AOD foné shortest and
longest of the examined wavelengths. Although thédfterence has been reduced, it still reaches nege#i values, which
results in the negative values of the Angstrom expent as well. With regard to the long-term averagdor 23 years,
the difference in AOD is only —0.006. The applicabin of the correction for the polarization had the nost significant
influence on the reduction of the given differenceOn the contrary, the lowest contribution was achieed by the
correction with regard to the diffuse radiation. The key factor influencing the value of the examinedlifference is

probably the size and accuracy of ETC determinatior

5/ most of all, language needs major revisionsyelsas the structure of the paper:
5a/ check the whole text for the correct use dtleg "a" and "the";

Several sections of the text have been repaired.
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5b/ remove all technical details that are not funeatal for the paper (e.g., discussion about wagghes, p. 4) and cite
some reference where the information can be folselbere (e.g., instead of the data reduction éngadbat p. 8);

Some parts (not only technical) of the manuscript &s been removed, namely:

Page 2: ,The direct impact means scattering and alsption of shortwave and longwave radiation. Absorpion of
radiation subsequently leads to warming of those atospheric parts, where aerosols are present (primdy in the
boundary layer of the atmosphere) and higher tempexture consequently leads to evaporation of cloud y&rs. The
last sentence concisely described the semidirectparct, resulting in a higher density of solar radiaion flow reaching
the Earth’s surface (Cazorla et al., 2009). The higer temperature may lead to a change of thermal s#tification of
the atmosphere, which consequently affects verticalnd horizontal movements of air in the atmosphereThe indirect
impact pertains to the ability of aerosols to act & condensation nuclei or ice nuclei, which affectsicrophysical and
optical properties of clouds. Yet, it concerns a @nge of their radiation characteristics, change oftmospheric
precipitation characteristics, and alteration in cbud lifetime as well. An increase in the number otondensation
nuclei leads to the rise of cloud droplet count andio the reduction of their size under the given caditions of water
content in the atmosphere, causing an increase ofbado and extension of cloud lifetime (Lohmann and-eichter,
2005; Unger et al., 2009)."

Page 4: ,The spectral separation of solar radiatioris carried out by means of a modified Ebert f/6 spctrometer,
which uses a holographic diffraction grating with aresolution of 1,200 lines per one mm (Sci-Tec, 199 The
instrument stability of Brewer spectrophotometer masurements is +0.01 nm, namely throughout the tempsture
range (Sci-Tec, 1999). The value of the smallest waength increment (microstep) is 0.006 +0.002 nn&¢i-Tec,
1999)."

This sentence has been added instead of the removekt : ,More informations about the instrument and the
measurement process can be found in Kerr (2010)."

Page 4: ,During the monitored 23 years, the sized wavelengths were refined five times in total. Thie accurate sizes
were used at the beginning of the examined periodn 1994, the sizes were 306.276 nm, 310.04 nm, 39&. nm,
316.799 nm and 319.999 nm. The end of the periodhat is 2015, was characterized by values of 306.2i6, 310.035
nm, 313.476 nm, 316.755 nm and 319.989 nm. Obsenaaliations are only minimal. Therefore, the aforerantioned

long-term average is generally applicable to the wdie period.”

5c¢/ split the theory ("Methods") from the resulEsg., p. 11 |. 19-26 are theory, as well as p.. R214;

It was accepted. This new part of subchapter 2.4 Isabeen created: "2.4.1 Correction for the diffuse adiation and
stray-light effect". Moreover, the main structure of subchapter 2.4 has been changed. It means thalsa other parts
of subchapter 2.4 has been created, namely:

2.4.2 Calculation of extraterrestrial constants
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2.4.3 Quality control process
2.4.4 Additional notes

5d/ use letters, e.g. (a), (b), etc., not "riglfit/|do identify the subfigures in the panels, attng to the
ACP guidelines
(https://www.atmospheric-chemistry-and-physicgfoetauthors/manuscript_preparation.html).

It was accepted.
TECHNICAL CORRECTIONS

- replace "Operational Brewer Program" with "Brev@@erating Software";

It was accepted

- better use "AERONET" instead of "Cimel", since thata are provided by AERONET;

| did not accept it because "Cimel sunphotometer"$ common in another scientific publications, for exmple:

De Bock, V., De Backer, H., Mangold, A., and Delcty A.: Aerosol Optical Depth measurements at 340 nwith a
Brewer spectrophotometer and comparison with Cimesunphotometer observations at Uccle, Belgium, Atmo$leas.
Tech., 3, 1577-1588, https://doi.org/10.5194/amti%77-2010, 2010.

Lépez-Solano, J., Redondas, A., Carlund, T., Rodrigez-Franco, J. J., Diémoz, H., Ledn-Luis, S. F., leandez-Cruz,
B., Guirado-Fuentes, C., Kouremeti, N., Grébner, J. Kazadzis, S., Carrefio, V., Berjon, A., Santana-Rg, D.,
Rodriguez-Valido, M., De Bock, V., Moreta, J. R., Rnmer, J., Boulkelia, L., Jepsen, N., Eriksen, P.Bais, A. F.,
Shirotov, V., Vilaplana, J. M., Wilson, K. M., and Karppinen, T.: Aerosol optical depth in the European Brewer
Network, Atmos. Chem. Phys. Discuss., https://doirg/10.5194/acp-2017-1003, in review, 2017.

- p. 1: use the long form "spectral stray lightstead of just "stray light" at the first occurrentedifferentiate it from other
sources of stray light;

It was accepted.

- p. 3: latitude °N and longitude °E (NW/EW?);

It was accepted.

- p. 3: order the pollution sources by relevance;
The local pollution sources are mentioned by relevace. It means solid fuel combustion and the agrictire as first

and second. Industrial activities in near city ashird.
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- p. 4: unless very old instruments are considet#d, SO2 and O3 estimates are performed by alrunsents. NO2
instruments are performed only by MKIV Brewers, gihare no longer manufactured,;

The problem sentence has been corrected: The moddKIV allow moreover measuring the vertical column d SOz,
NO: (for this purpose, measurements of solar radiatiomre made in the visible region of the spectrum) ahglobal UV
radiation as well (from 290 to 325 nm, with an incement of 0.5 nm).

- p. 5: it is said that LPM is not recommended léw latitude stations, however Poprad-Ganovce (T08.s.l.) cannot be
considered a high altitude station. Please, clahify point;

| agree, that the Poprad-Ganovce station (706 m al9 can not by considered as a high altitude stain but also is not
a typical low altitude stations in urbanized area.

Related text in the manuscript was enriched. This escription in the manuscript clarify your remark: ,, In the light of
the listed errors, it is not recommended to deternme extraterrestrial constants (ETCs) using the Lankgy plot method
(LPM) for low altitude stations in urbanized areas,unless corrections for the impact of diffuse radiion and the daily
cycle of ozone are known. Poprad-Ganovce is not ggical station in a low-altitude urbanized area andis not even a
typical high mountain station. It is between theséwo cases. The impact of daily ozone cycle and N@an be neglected
considering the rural location and higher altitude of the Poprad-Ganovce station. The diffuse radiatio impact and

stray-light effect were not neglected.”

- p- 5: how were the air mass thresholds of 3 (lingand 4 (line 32) established?

The scientific reference was added to the manusctip,A recommendation to ensure the air mass factordoes not
exceed the value of 3 in the calculation of ETCs waaken into account as well (Arola and Koskela, 22; De Bock et
al., 2010).”

Also the change related to threshold 4 has occurred the manuscript: ,A DS measurement is acceptedrdy with the

relative optical mass of less than 4 (as recommerttlby IOS) and it takes approximately 2.5 minutes.*

- p- 5: explain better the "polarization effect'tlamse the form "internal polarization effect";

The related part of the manuscript was enriched abat this explanation: ,It occurs due to the combinedeffect of two
polarization sensitive elements of the Brewer spacphotometer. The entrance window is the first of rentioned
elements and the grating is the second. Polarizatioeffect depends on the zenith angle of the Sun arns almost
wavelength independent.”

The form "internal polarization effect" has used at the first occurrence instead of the form "polarizaion effect".

- p. 5: "corrections published in Cede at al. (9068 which one of the methods described in thegpaygas used?
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The name of the used method was added in to the lmeets. ,As a result, corrections (the field measuments method)
published in Cede et al. (2006) could be applied the instrument No. 97.“

- p. 6: include the physical units for the Loschimidnstant;

It was accepted: jn is the molecule count in the volume determined by DU and 1 cnf; for O3, it is a constant with

the value ofn = 2.687 * 101® cm™3“

- p. 7: remove repetitions in lines 1-3;
Some changes has occurred in the manuscript. Butni' not sure if |1 understand your request properly (br more

information  about the changes in the text, please es page 6, lines  22-27 ).

- p. 7: explain why the method works best at lolaétudes;

The reasons are mentioned in the previous text: ,Its also necessary to avoid an impact of cloudinesa direct solar
radiation (DS) measurements and to ensure a suffemt scope of zenith angles of individual DS measurents during
the day, which is needed for the given method.

For the said reasons, this method is most appropria for lower latitudes (especially in mountainous @gions near the
tropics), and it has certain limitations in the middle and particularly higher latitudes (Nieke et al.1999; Marenco
2007)."

- p- 7: "implemented”, not "developed" by VladirSiavastiouk;

It was accepted.

- p. 7: are the alternative Komhyr (1980) and Kasted Young (1989) formulations used for O3 as?vell

This explanation was added to the manuscript: ,Brewer Operating Software and O3Brewer software use theame
formula to calculate an airmass factor for ozone. fie same applies to Rayleigh scattering. The givenrmulas are
defined in the Brewer MKIV Spectrophotometer Operabr's Manual (Sci-Tec, 1999). Different, yet on thether hand
more accurate formulas, were used to calculate theaOD by LPM — for ozone according to Komhyr (1980) ad for

Rayleigh scattering according to Kasten and Youngl1©89).“
- p. 8: why was the stray light correction appleedhat stage?
This explanation was added to the manuscript: ,Afte the deadtime compensation, a correction was apgd to the

stray-light effect, in the same order as Garane «tl. (2006)."

- p. 8: explain if ND filter spectral transmittana@s taken into account for AOD calculations;



10

15

20

25

30

A change has occurred in the manuscript. Related x¢ including explanation is: ,In the fourth step, a correction for
the temperature dependence was applied, including apectral transmittance correction for the utilized neutral
density (ND) filter. These filters are automaticaly selected by the Brewer spectrophotometer with rggct to the
current density of the solar radiation flow. Thereare 5 ND filters and 5 wavelengths as well, so 2%tenuation values

are needed in total. The attenuation values of giwdfilters are determined during calibration of the instrument.”

- p. 8: what are the "practical purposes"?
The sentence has been changed: ,Theoretically, i ifeasible to determine the unknowns already fromwo

measurements, but for the ETC determination, it i;advisable to acquire as many measurements as podsib

- p. 9: the conditions 1-3 are related to the gingeasurement, while conditions 4-9 concern thelewiay. They should be
splitted;

It was accepted. The conditions has been splitted.

- p. 11: "more relevant" compared to what?
The sentence was enriched about the explanation: fiE main goal of this calculation was to acquire aocenparison of
AOD for the same wavelength, which is more relevanthan a direct comparison of AOD for two different

wavelengths.”

- p. 11: include a formula for the correction fagto
| think that a formula is unnecessary, because theorrection factor is good explained in the tex{one sentences was
added): ,A ratio of the circumsolar radiation to the direct solar radiation was calculated using the BARTS 2.9.5

programme (available at_https://www.nrel.gov/rredcémarts/). The calculations in SMARTS were implemerd for

rural aerosol conditions, which are characterized B the Angstrom exponent equal to 0.96. The ratio ofhe
circumsolar radiation to the direct solar radiation was determined for all five wavelengths. This rat is hereinafter
referred to as the correction factor. The values ofenith angle, aerosol optical depth and atmospheriair pressure
were taken into account in the calculation of the @rrection factor. It follows that this factor was determined for

specific conditions at a given time."

- p. 14: what criterium was followed to define "dam" the two In(ETC)'s, sometimes deviating by (.119)?
Related sentence was reworded: " It can be seen thBTC values show some differences."

Similarly, how can you quantitatively tell that tagreement is "excellent" (p. 15)

Related sentence was reworded: ,A good agreement lbdth methods was seen in the first period.”

and "high level"?
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Related sentence was reworded: ,,On the other handjood agreement is proven by a median and standardediation
(10) of the differences in AOD values for the LPM andBSM with the values of —0.004 and 0.01."

Compare your results to the ones obtained in antquaper about Brewer AOD in the UV range (of Lé{Se#tano et al.,
2017, https://www.atmos-chem-phys-discuss.net/@&ip2.003/);

As you recommended, | have inspired by the articleépez-Solano et al., 2017. Instead of average offérences now |

use the median of differences together with standdrdeviation (1s) of differences.

- p. 16: "it is not known that the BSM would taked account a change in the distance of Earth fie@Sun". Does it mean
that the Brewer Operating Software does not take account the Earth-Sun distance or that you ddnow whether it

takes this factor into account? In the latter cagamine the source code or ask to the maintaiht#reoBrewer operating
software!

Now | have confirmation from IOS (International Ozone Services) and therefore | have changed the sente: ,The

first cause is that the BSM does not take into acaot a change in the distance of Earth from the Suh.

- p. 18: since only direct sun measurements arsidered in the paper, only report the ozone trendf;

It was accepted. The ozone trend and also 5-yeargeaages was corrected only for DS measurements. Rtdd text in
the manuscript has been changed: ,If only DS measements are taken into consideration, the average kee of total
ozone was 326 DU in the last five years (2012-201@hich is only 1 DU more than in the first five yars of the
monitored period (1994-1998). The linear trend forthe period of 1994-2016 has the value of 0.8 +2.2J0or 10

years.*

- p. 21: explain what agricultural activities cagtefmine the increase of AOD (wildfires?).
Related text in the manuscript has been changed anenriched by an explanation: ,Higher values of AODin the
months of April to September are presumably relatedto agricultural activities in the vicinity of the station. The

location is windy and a bare dry soil or even planproducts are often blown away."

10
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Author's response to the comments of Anonymous Refe #2.

Authors comments are written in bold.

This new version of the paper shows many improvésném its organization and readability. | have soraenaining
guestions and suggestions, but they are fairly mi@oce they have been taken into consideratiotheyauthor, | believe

the paper will be suitable for publication.

1) General questions:

a) Could you insert in the manuscript a brief erptaon for the approximation of the aerosol airmassented on page 7,
line 30 (that is, \mu_a \sim \mu_{H_20})?

A brief explanation was added to the manuscript: ga is the air mass factor of aerosolsua< 4 for AOD), while due to
the similar vertical profile of aerosols and watervapor it holds that pu, = py,o, Whereuy,, is the air mass factor of

water vapor determined according to Kasten (1966)."

b) Could you provide some justification (a refereneould suffice) for the sentence on page 8, linst&ing that the SO_2
has a low impact on the AOD determination and éi&rmination is not accurate?

A reference was added and also a little change wasade in the sentence: ,The contribution of sulfur doxide was
neglected, namely due to its low impact (Arola andoskela, 2004) and due to its inaccurate determinatn at the

Poprad-Ganovce station as well.”

¢) Why do you call the algorithm presented in pa8ea “cloud screening”? It clearly removes a lobafl measurements,
but are these measurements only produced by clouds?

The algorithm presented in the Figure 1 was renamedo quality control process. Related text was thefere
corrected.

d) On page 16, line 14, it is stated that “it i$ kiwown if the BSM would take into account a chaimgthe distance of Earth
from the Sun”. Have you asked 10S?
Now | have confirmation from 10S and therefore | have changed the sentence: ,The first cause is thdt¢ BSM does

not take into account a change in the distance ofdeth from the Sun.”

11
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2) Figures:

a) On Fig.4, the line used for the average ETC shemme sloped segments. However, the average ET€astant values
in every two-year period. The sloped segments shbelremoved, leaving a blank space if necessdnig. Would also help
to identify the calibration periods.

It was accepted.

b) Figs. 6, 7, and 8: | suggest adding the datgeaove on top of the figure for easier reference.

It was accepted.

c) Figs. 7 and 8: the label on the vertical axesikhbe “AOD — CSP” and not “AOD — fotometer”

It was accepted.

3) English: please check the following

a) Page 1, line 7: instead of “presented”, it stidog “present”

It was accepted

b) P.1, 1.10: remove the blank space between “MiKd V", as in the rest of the paper
It was accepted

¢) P.7, 1.6: | think “mountainous” is more usuahth‘montane”

It was accepted

d) P.7, 1.10: remove “a” from “is a part”

It was accepted

e) P.7, 1.13: change “size” to “value”

It was accepted

f) P.7, 1.14: change “reference instrument” to érefnce Brewer instrument”

It was accepted

g) P.8, 1.5: change “An NOAA” to “A NOAA”

It was accepted

h) P.8, 1.23: change “Eq. (2) is adjusted” to “E2).is linearized”

It was accepted

i) P.8, 1.31: change “The inclination of obtainétela” to “The slope a of the obtained line”
It was accepted

j) P.8, 1.32: change “The natural logarithm of EIRCS0,\lambda)” to “The natural logarithm of the €TIn(S0,\lambda)”
It was accepted

k) P.11, 1.19: change “was made pursuant to themetendations” to “was made following the recomméioda”

12



It was accepted

[) P.14, I.5: change “as well ETCs” to “as wellthe ETCs”

It was accepted

m) P.18, 1.15: change “by means of an average @& C” to “by means of the LPM method using aermge ETC value
for every 2-year period shown in Fig.4”

It was accepted

n) P.18, 1.17: change “by analogy” to “in the saway but adding the value of the standard deviation”
It was accepted

0) P.20, I.5: change “In case of AOD” to “In theseaof the AOD”

It was accepted

p) P.21, 1.4: change “Figure 13 presents the sdragacteristics as in Fig. 12” to “Fig. 13 is thensaas Fig. 12"
It was accepted

q) P.21, 1.17: remove the commas enclosing “forclvlif was possible to determine the AOD”

It was accepted

r) P.22, 1.21: change “Cloud screening employed Tiee cloud screening method employed”

It was accepted

s) P.23, 1.5: remove “of the two compared methods”

It was accepted

t) P.23, 1.7: change “longest of examined wavelbsitto “longest of the examined wavelengths”

It was accepted

u) P.23, 1.9: change “application of correction™#pplication of the correction”

It was accepted

v) P.23, 1.14: change “The slightly” to “A slightly

It was accepted
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Comparison of the optical depth of total ozone andatmospheric
aerosols in Poprad-Ganovce, Slovakia

Peter Hrabak!
Slovak Hydrometeorological Institute, Poprad-Gamgws8 01, Slovakia
Correspondence to: Peter Hrabdk (peter.hrabcak@shmu.sk)

Abstract. The amount of ultraviolet solar radiation reachthg Earth’s surface is significantly affected bynaspheric
ozone along with aerosols. The presempaper is focused on a comparison of the total ®@zmml atmospheric aerosol
optical depth in the area of Poprad-Ganovce, whidituated at the altitude of 706 metres abovdesgs in the vicinity of
the highest mountain in the Carpathian mountaihg. direct solar ultraviolet radiation has been mest here continuously

sinceAugust-1994 1998sing a Brewer MKV ozone spectrophotometer. These measurementshiegreused to calculate

the total amount of atmospheric ozone and, subsgigués optical depth as well. They have alsorbased to determine
the atmospheric aerosol optical depth (AOD) ushwegltangley plot method. Results obtained by thishog: were verified

by means of comparison with a method that is aqfdtie OperationalBrewerProgram Brewer Operating Safyas well
as with measurements made by a Cimel sunphotoniiférse radiation, stray-light effect and polatipa corrections were

applied to calculate the AOD using the Langley phatthod. In this paper, two factors that substipté#tenuate the flow of
direct ultraviolet solar radiation to the Earth’srface are compared. The paper presents result23orears of
measurements, namely from 1994 to 2016. Valueptital depth were determined for the wavelength8G#.3 nm, 310
nm, 313.5 nm, 316.8 nm and 320 nm. A statisticsigynificant decrease in the total optical depththaf atmosphere was
observed with all examined wavelengths. Its roaiseais the statistically significant drop in theatooptical depth of

aerosols.

1 Introduction

It is known that anthropogenic changes in the arhotitotal ozone and atmospheric aerosols havensidgerable impact on
the solar UV radiation reaching the Earth's surf@oe Bock et al.,, 2014; Czerigka et al., 2016). An increased
transmittance of UV radiation through Earth's atph@se has a manifest influence on human healtiandgal ecosystems.
Higher doses of UV radiation have adverse effeciliy on terrestrial plants that are exposed tonita long-term basis
(Jansen et al., 1998). Exposure of human orgarisexdessive UV radiation doses may cause premageiag of the skin,
weakening of immune system, and damage to cellsDamél, which may consequently lead even to skin earand other
health conditions (Greinert et al., 2015). Positefeects of UV radiation are known as well, whiafclude vitamin D
production in the skin in particular. This vitamgimuch needed for proper functioning of a humaganism (Kimlin and
Schallhorn, 2004). In the past, anthropogenic irhfetto the increased transmittance of solar UdMation through Earth's
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atmosphere as a result of a decrease in the totalist of ozone. Global ozone layer depletion begashow more
significantly in the 1980s, reaching its peak wiitle value of ca 5 % (with respect to the averagdhe period of 1964—
1980) in early 1990s. The depletion has already Ibeduced in recent years, amounting to ca 3 %verage for the whole
Earth (WMO, 2014). In the middle latitudes of thertthern Hemisphere (35° N—60° N), the depletionorbne layer
reached 3.5 % around 2010 (2008-2012). The deplefiaup to 6 % was peculiar to the middle latitudéthe Southern
Hemisphere (35° S-60° S) in the same period (WMIQ42

On the other hand, anthropogenic emission of atsastm the atmosphere causes reduction of solaradNation reaching
the Earth's surface, especially in industrializegha. In the early 1990s, it was determined thksr 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 desnaand a drop in the aerosol optical depth (A@&3 been observed in
several locations (Kazadzis et al., 2007; Mishcleeakd Geogdzhayev, 2007; Alpert et al., 2012; dé Bteal., 2012;
Zerefos et al., 2012). Aerosols have a 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 meggo 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, 200B6% presence of
aerosols in the atmosphere has an impact on thgyehalance of the Earth as well, namely direcsigmi-directly and
indirectly (De Bock et al., 2010).

considerably contribute to the ongoing global clienehange, while their influence on radiation baéais still uncertain to a

great extent (IPCC, 2014, and references therein).
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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 AOD as well has already Ipedatished in

multiple studies. Some of them presented only skeries of measurements. Therefore, they do néwdacmultiannual

trends of AOD (Carvalho and Henriques, 2000; Kiaffiet al., 2001; Marenco et al., 2002). It is nhaimore recent papers
that present also multiannual measurements, byt doenot always present trend information as willis stated in

Jaroslawski et al. (2003) that the development ©DAfor the Polish Belsk station in the period 08292002 appears to
have no trend. A quantification of the trend foe Belgian Uccle station can be found in Cheymol BedBacker (2003). It
indicates a significant negative trend at the lewél 26 for all wavelengths for Brewer MKII spectrophotaee

measurements in the period of 1989-2002. For exantipé trend value for 320.1 nm is —2.13 +0.39 %fly# also states
that equally significantly negative trend was nbserved for the period of 1984-2002. The trend evdbr the above
wavelength was only —0.78 +0.42 %/year in thatqukriThe trend is also mentioned in Kazadzis €28i07), namely for the
Greek Thessaloniki station in the period of 199082Mata analysis for the Brewer MKIII spectrophmotter adjusted for
the seasonal cycle using a linear regression shokeettend of —2.9 £0.92 %l/year for the wavelengjti320.1 nm. It was

also determined by a Student’s t-test that théssital significance of this change was more than@

2 Methodology
2.1 Location of experiment

The Brewer ozone spectrophotometer (MKIV) and tmmel sunphotometer are located on the roof of admg of the
Aerological and Radiation Centre, Slovak Hydrometéagical Institute (SHMI), in Ganovce near theyaif Poprad. Their
coordinates are 49.03% lat. and 20.32EW long. with the altitude of 706 m above sea leWéle aerosol content in the
air, both total amount and composition by typesietermined by local sources on one hand, andrbgsgtheric circulation
on the other hand, which can move a certain aisrt@gether with aerosols even for several thoug#dachetres. In isolated
instances, it may also concern a transport of Sathast from Africa. The Sahara dust was present tireeSlovak Republic
at least for 20 days in 2016 (Hegdk, 2016). Major local sources include productsalfd fuel combustion in adjacent
municipalities and the agriculture. A bare dry swileven plant products are often blown away bydwas the location is

rather windy. The proximity of the city of Poprada(1.5 km) with the population of ca 53,000 andiotes industrial
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activities plays a certain role as well. On theeothand, it is a submontane location, since thédsgmountain of the
Carpathian mountains (2,655 metres above sea lisveifuated only 20 km away from the station. pitesof the proximity

of the mentioned city, the area can be deemed iugdneral with respect to the anthropogenic irhpac

2.2 Instrumentation

The Brewer ozone spectrophotometer (No. 97, aeinginochromator — model MKIV) is a scientific instrent operating
in the ultraviolet and visible region of the sodgectrum. The Brewer spectrophotometer was origidaisigned to measure
the vertical column of ozone in the atmosphere \{Bre 1973) Meore-recentinstruments-{including-the Tmedel MKIV}
allow moreovermeasuring the vertical column of ONO; (for this purpose, measurements of solar radiadi@nmade in
the visible region of the spectrum) and global ddiation as well (from 290 to 325 nm, with an imaent of 0.5 nm). The
instrument breaks down the solar radiation reackiegEarth’s surface using its optical system agldcts predetermined
wavelengths with higher and lower absorption ofadd SQ from the ultraviolet part of its spectrum. On thasis of
different radiation absorption for the selected alamgths, it is possible to derive the total amaegiven gases in the

vertical column of the atmosphere

..... hpdegiure range i-Te 999 he value of thallest wavelength

j . More information about the instrument an€ theasurement

process can be found in Kerr (2010).

It performs standard measurements of direct saldiation (DS) in the UV region of the Brewer speptrotometer at five
selected wavelengths, namely 306.3 nm, 310 nm,53418, 316.8 nm and 320 nm. They are not completidgtical for
individual instruments, which is given by minor fdifences in the position of a measurement slit atiger minute

mechanical and optical differences (Savastiouk ldeélroy, 2005). The aforementioned five wavelengtbgresent their

long-term average, as very small changes in theé gsccur over the year®uring-the-meonitored-23-years—the-sizes of

elenath \Were aVilalaYa! via me allkfa' avviy Q ' \Weare a¥a Ne heoinnina—o al’sVaYa BlaVaVdTaVa n

No. 097 has undergone regular 2-year calibrationsdaily tests using internal lamps (mercury amaadard lamp) from the
start of the measurements (18 August 1993). Thibratibns are provided by International Ozone Smwi(I0S). The
instrument is calibrated against the World BrewesfdRence Triad (World Meteorological Organizatiommnslards),
maintained by Environment Canada, by means of &plerreference instrument No. 017.

Direct solar radiation measurements can be useétermine the aerosol optical depth as well. Thiscal property can be

determined in the ultraviolet region of the solgrectrum for the five aforementioned wavelengthg, vdiich the

17



10

15

20

25

30

DS measurement is performed by default. It is knévat the utilization of Brewer spectrophotometecalculate the AOD
encompasses particular sources of potential systeeraors. If these errors are neglected, it neadlto negative values of
the Angstrém exponent for the examined wavelenffihsla and Koskela, 2004). The first source of esris the impact of
undesired diffuse radiation transmittance on the M&surements. The second source is the daily ofclezone in
urbanized areas. The third source is the neglebt®fabsorption impact. In addition, tle@ectralstray-light effect is the
fourth source for the single monochromator. Itteted in Arola and Koskela (2004) that the negtdctliffuse radiation
impact is potentially the biggest source of err@s. the contrary, the neglect of stray-light effaes the lowest impact.
Unlike the AOD for the shortest and the longest @awngth, its impact in the cited paper is approxatyar-fold lower than
the diffuse radiation impact. In the light of thistéd errors, it is not recommended to determirteatetrestrial constants

(ETCs) using the Langley plot method (LPM) for ladtitude stations in urbanized areas, unless ctiorecfor the impact

of diffuse radiation and the daily cycle of ozome &nown.Poprad-Ganovce is not a typical station in a lotiitale

urbanized area and is not even a typical high n@muostation. It is between these two cases.

The impact of daily ozone cycle and bi€an be neglected considering the rural locatiahlagher altitude of the Poprad-
Ganovce station. The diffuse radiation impact anaydlight effect were not neglected. A recommeitdato ensure the air

mass factor does not exceed the value of 3 indl®ulation of ETCs was taken into account as W&ibla and Koskela,

2004; De Bock et al., 2010t is important to mention that thieternal polarization effect is another potential source of

systematic errors as well (Cede et al., 20G6&)ccurs due to the combined effect of two polation sensitive elements of

the Brewer spectrophotometer. The entrance windowhé first of mentioned elements and the gratsghe second.

Polarization effect depends on the zenith anglh@fSun and is almost wavelength independEme. polarization effect for

the instrument No. 97 was not determined diredtlys assumed that the dependence of polarizafifatteon the zenith
angle is similar for all types of Brewer spectrofmeters (Cede et al., 2006). As a result, cowastithe field

measurements methopiblished in Cede et al. (2006) could be appliethéoinstrument No. 97. The impact of temperature

changes was not also neglected. The correctionfingsfrom the changes in temperature of the imsgnt are allowed for
in the adjustment of raw data.

The CE 318 NE dP automatic Cimel sunphotometer used to verify the AOD values obtained by the Bmrewe
spectrophotometeiSimel—advanced-monitoring;201H) is an instrument that enables to measure itteetd diffused and
polarized solar radiation. It performs measuremehtdirect solar radiation for the selected wavgtés in the ultraviolet,
visible and infrared region of the spectrum (Cimeldvanced monitoring, 2015). AOD values obtaireedlie wavelengths
of 340 nm and 380 nm were used for comparison thithmeasurements of Brewer spectrophotometer.ditresl sun
photometer began to perform first measurementbeatoprad-Ganovce station on 12 December 2014eltonditions
allow, it is in automatic operation every day excfep the calibration period. For that reason, natmuous measurements
are available. The calibration period is approxghaP months long, and the instrument is away ftbenstation during that
time. The calibration is provided within the AERONEAErosol RObotic NETwork) global network and iarded out by
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Service National d’Observation PHOTONS/AERONET, dedtoire d'Optique Atmosphériqgue, CNRS-UniversiglLdlle.
Only the level 2.0 data were used in this papeés.the highest possible level defined within tHERRONET.

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 measuremepeiformed accepteohly with therelative-optical-mass airmass factor of
the ozone layeof less than 4as recommended by I08hd it takes approximately 2.5 minutes. During thrag, the density

of solar radiation flow is measured five times &ach of the five wavelengths. Thus five valuesotdltozone in Dobson
units (DU) are obtained from a single DS measuréymelmich are consequently used to calculate anagecand a standard
deviation. Only the measurements that meet thelatdrdeviation criterion (STDE¥ 2.5 DU) are selected for further data
analysis. The total ozone was calculated usin@tle@er Spectrophotometer B Data Files Analysis Romgsoftware v. 5.0
(O3Brewer)by Martin Stanek (http://www.03soft.eu/o3brewembt The optical depth was calculated for each ptsze

value of the total ozone. The calculation is repnésd by the following equation:
T0s = Qo,a(A,T) = Qp,0(1,T)n , (1)

where 1, ¢, is the total ozone optical deptl,, is the total ozone in Dobson unitgA, T) is the absorption coefficient for
ozone,o(4,T) is the effective absorption cross-section of thene molecule (it is usually quantified for 13randn is the
molecule count in the volume determined by 1 DU anch?; for Os, it is a constant with the value nf= 2.687 *
1016 cm™2 (Schwartz and Warneck, 1995). It is recommendedCamlund et al. (2017) to utilize the same effeztiv
absorption cross-sections of the ozone moleculeatoulate both the TCO and its optical depth, whiglrequired to
determine the AOD. Th@perationalBrewerProgram Brewer Operating Softv@r the Brewer spectrophotometer utilizes

the effective absorption cross-sections of the ezamolecule, which are determined on the basis afsBand Paur

measurements (Bass and Paur, 1985). This scale is employedItulede the total amount of ozone within the

network of Brewer spectrophotometers according to the resentdations of the International Ozone

Commission (http//www.esrl.noaa.gov/gmd/ozwv/doldpapers/coeffs.html).

Today, more recent and accurate values of effective absorption cross-sections are alreadyjlable based
on measurements of the Molecular Spectroscopy Lab, Institute of Environmental PhygI&JP), University of
Bremen, (http://www.iup.physik.uni-bremen.de/gruppen/molsilatabases/index.html; Gorshelev et al.,

2014; Serdyuchenko 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 opfitgdth and the calculation of the TCO, it was neargst calculate the
TCO values according to a more recent set of IU#s €alculation was carried out as per the recondiaigons in Redondas
et al. (2014). The dependence of effective crostiese on the temperature is very important. A sleda effective

temperature for the given gas is usually used.dsecof ozone measurements using the Brewer sphotmpeter, an
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average standard effective temperature of —45 2B.05 K) is defined (Redondas et al., 2014). Anotlifference in the

calculation of the TCO compared to tBgperational-Brewer-Program Brewer Operating Softweertained to the used
absorption coefficients for Rayleigh scatteringstéad of coefficients used by default, the valud @D was determined

with coefficients according to Bodhaine et al. (289which is in line with coefficients used to aalate the optical depth.

Brewer Operating Software and O3Brewer softwarethisesame formula to calculate an airmass factooZone. The same

applies to Rayleigh scattering. The given formwes defined in the Brewer MKIV Spectrophotometerepor's Manual

(Sci-Tec, 1999). Different, yet on the other handrénaccurate formulas, were used to calculate {B® Ay LPM — for

ozone according to Komhyr (1980) and for Rayleighti®ring according to Kasten and Young (1989).

2.4 Calculation of aerosol optical depth

The Langley-plot-methedL(PM) was employed to calculate the AOD. It is a tradisil method employed to calculate the
AOD by the Brewer spectrophotometer (Carvalho aedrigues, 2000; Kirchhoff et al., 2001; Silva anickhoff 2004;
Cheymol et al., 2006; Sellitto et a{2006). This method requires stable atmosphericitiond in order to determine the
extraterrestrial-constanETC). It needs mainly a low variability of the totala®e and atmospheric aerosols during the day
for-which-the- ETC-is-determinedt is also necessary to avoid an impact of cloads on direct solar radiation (DS)
measurements and to ensure a sufficient scopenithzangles of individual DS measurements during dlay, which is
needed for the given method.

For the said reasons, this method is most apptepioa lower latitudes (especially inentane mountainouggions near the
tropics), and it has certain limitations in the di@and particularly higher latitudes (Nieke et1899; Marenco 2007). This
method of AOD calculation has already been appiethe examined location of Poprad-Ganovce in et Pribullova,
2002). An alternative method of AOD calculatieieveloped implementdaly Vladimir Savastiouk, has been available since
2005 (Savastiouk and McElroy, 2005; Savastiouk,620Qumharn et al., 2012). In this case, an algaritof AOD
calculation isa part of theOperational-Brewer-Program Brewer Operating Sa#twhlence, the given method will be

referred to as the Brewer software method (BSMhigs paper. The fundamental difference againsiptiesious method is

that ETCs for individual wavelengths are not detaad using the LPM. They are obtained during catibn of the
instrument, hence once in 2 years. Tlsge valuds determined during calibration based on a corsparwith the portable

referenceBrewerinstrument No. 017ETCs for the reference instrument are determinedRM at the Mauna Loa or |zafia

observatoryNeglected changes in the sensitivity of the inseotover shorter time periods represent a disadgernf both
methods, as the ETCs are fixed for a longer peri@lyears in both cases. The LPM applied in thjzepa&mploys fixed
ETCs for a 2-year intercalibration period, whichdentical with the standard intercalibration pdrfor the measurement of
ozone. It is assumed that any significant serviodifitations to the Brewer spectrophotometer dudalijpration may affect
both the calculation of ozone and the calculatibA@D. For that reason, the period not exceediryg&s was used.

To calculate the AOD, it was necessary to applyBber—-Bouguer—Lambert law:
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wheresS; is the flux density of solar radiation flow foretlselected wavelength expressed by photon couniniteof time on
Earth’s surfaces$, ; is the flux density of solar radiation flow foretiselected wavelength expressed by photon counirjer
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 scatterimg, is the optical depth for aerosols, anglis the
air mass factor for atmosphere as a whole. Itsevalias calculated as a weighted arithmetic averdgmdividual
aforementioned components, while the optical depengiven component was the weighting factor.

Furthermorey,, is the airmass factor of the ozone layer deterchamecording to Komhyr (1980Q),. is the air mass factor
for Rayleigh scattering determined according tot&asand Young (1989). is the air mass factor of aeros¢ls < 4 for
AOD), while due to the similar vertical profile alrosols and water vapor it holds that= u,,, whereu,, ,_is the air

mass factor of water vapaletermined according to Kasten (19683suming-that;=tz—7.; Next elemenia(A,T) is the

absorption coefficient for ozong,, is the total amount of ozone in Dobson unit§}) is the normalized optical depth for
Rayleigh scattering (for the standard atmospheriprassure and the vertical columR)is the atmospheric air pressure in
the location of observation (the daily average wsed), and’,,, is the standard atmospheric air pressure (101P235The

contribution of sulfur dioxide was neglected, nayndlie to its low impactArola and Koskela, 2004and due to its

inaccurate determinaticat the Poprad-Ganovce statias well.

The normalized optical depth for Rayleigh scatgrf(1) was calculated according to Bodhaine et al. (1999).
The use of coefficients according to Bodhaine et @1999) is in compliance with the recommendations
of the NOAA (National Oceanic and  Atmospheric  Adisiration). @An  NOAA  document
(https://www.esrl.noaa.gov/gmd/grad/neubrew/docglietghinBrewer.pdf) states that standard coeffitsenfor the
Operational-Brewer-Program Brewer Operating Softwaust not be used to calculate the AOD. It is statedarlund et al.
(2017) that the total amount of ozone calculatadguthe standard coefficients is higher comparethéouse of coefficients

according to Bodhaine et al. (1999).

The value of; was obtained by adjustment of raw data (raw cQuittss essential to keep the sequence of theviotig
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 deedtompensation, a correction was applied to ttas-4ight effectin

the same order as in Garane et al. (200®)the fourth step, a correction for the tempamatdependence was applied,

including aspectral transmittanceorrection for the utilized neutral density (NDjtdi. These filters are automatically

selected by the Brewer spectrophotometer with tsfoethe current density of the solar radiatioowfl There are 5 ND
filters and 5 wavelengths as well, so 25 attenunatialues are needed in total. The attenuation satdiegiven filters are
determined during calibration of the instrumenteTimpact of polarization was compensated in thh fifep. The last sixth

step involved the correction due to the impactififise radiation on DS measurements. When the abotaxia are applied,
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five initial values ofS, will be obtained from a single DS measurement, sutssequently, the AOD will be calculated from

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

2.4.1 Correction for the diffuse radiation and str-light effect

The correction of diffuse radiation impact on DSasirements was madepursufmiiowing te-the recommendations in
Arola and Koskela (2004). The fact that the fudldi of view reached the value of 2.6 for the Bresmgctrophotometer was
taken into consideration. A ratio of the circumsakdiation to the direct solar radiation was chdted using the SMARTS
2.9.5 programme (available at https://www.nrel.g@dc/smarts/). The calculations in SMARTS were langented for
rural aerosol conditions, which are characterizgdhe Angstréom exponent equal to 0.96. The ratidghef circumsolar
radiation to the direct solar radiation was deteedi for all five wavelengthsThis ratio is hereinafter referred to as the
correction factorThe values of zenith angle, aerosol optical depth amospheric air pressure were taken into acdount
the calculation of the correction factor. It follswhat this factor was determined for specific ¢ows at a given time.

wavelength-Another undesired phenomenon is the influence ifenphotons (received outside the range of theyaedl
wavelength) on the photon detectidine noise photons are caused by radiation that moEe®llow the required optical path
inside the monochromator due to the scatteringhengtrating, mirror, or housing. This problem isledlthe stray-light

effect and is negligible for the double monochramst The Brewer spectrophotometer at the Popradr@@nstation is
classified as a single monochromator. For thatamaa correction for the stray-light effect was emsary (Arola and

Koskela, 2004; Garane et al., 2006). The correcatias determined by analysing the spectral globalrbid{ation measured

on cloudless days. It was feasible because theabpight path is the same for both the UV and D&surement in the

monochromatorThe potential impact of a different measurement enwcs neglected for the sake of simplificatiom.

general, it is assumed that at the lowest wavethsnge., below 292 nm, there is no transmittarfaadiation to the Earth’s
surface due to the absorption in the atmospheré signal measured must, therefore, be strdy.llg view of

simplification, }it is also assumed that the value of stray lightoisstant for all wavelength3he said simplifications may
lead to some uncertainties when estimating the $trht effect. These uncertainties were not iniggged further.

2.4.2 Calculation of extraterrestrial constants

The ETCS, ; was determined using the Langley plot method. Ddmegley plot method employs multiple measurements o
the direct solar radiation at various zenith angiethe Sun in the sky. Its fundamental princieas follows: The above
Eq. (2) isadjusted linearizely applying a natural logarithm:
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In(S3) = In(So 1) — Uwa - (3)

There is one equation available for every singleasneement of the direct solar radiation, whileandin(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 feasibbe determine the
unknowns already from two measurements, but forptiaetical-purpeses ETC determinatidnis advisable to acquire as

many measurements as possible. That will guarantdégher accuracy of the result. It is essentidinarly interpolate the
obtained dependence of natural logarithm of tharsohdiation flow densityn(S,) on the total air mass factor of the
atmosphereg,, using the method of least squares. Heination-of-obtained-line-slopea of the obtained lingfrom the

equation of a straight ling = ax + b) equalsr,. The natural logarithm ofhe ETCIn(S, ;) is obtained wherx (in the
equation of a straight line) equals ® (epresentg:, ). The ETC for the given wavelength is valid foretkentire
intercalibration period, hence for 2 years. Itsedaination follows the following procedure: The ES@r individual

wavelengths can be determined solelydays from DS measuremettiat meet théhreefollowing conditions:

1. The air mass factor for the atmosphere as aanbdéss 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 minimaitaesof AOD within a single DS measurement is thas 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 valtidse 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.

Yt=1 NS ~In(sp);
n

8.[In(S); —1In(Sy);| < 1.75 * , whereln(S,); is the value ofn(S,) obtained from the equation of

linear interpolation after the substitution of &sific u,,, In(S;); is the actually measured valuelnfs;,) at the given value
of u,,, andn is the total number of direct solar radiation mgaments on the given day. The fundamental priadiplto
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#hmmiondition).

9. The determination coefficient for the linearimtolation is greater than 0.98.
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The conditions defined above were applied respelgtivi he following criterion was applied to all detined ETCs within

the given intercalibration period:

|ETC —AVERAGE (ETCs)| <15, 4)
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
values of ETCs used to calculate the AOD were alilgl only after two iterations. At the beginnimigywas-not-peossible-to
apply-the-second-and-third-eriterion. initial vaduef AOD were not available yet. For this reasdényas not possible to
apply the second and third criterion and it wae algt possible to take into account the effecterbaols in the calculation

of u,,_.and to determine the correction for the diffusdiaion. It was possible to do so on the first and secoewiion. The

ETC varies around its mean value with regard todiktance of Earth from the Sun. Its correction wasied out according
to the recommendation of the Guide to Meteoroldgibestruments and Methods of Observation (WMO, 2008he
calculation of apparent elevation and apparenttizeamgle of the Sun in the sky was also made athpetecommendations
of the WMO (WMO, 2008). The apparent elevationted Sun constitutes the fundamental principle incéieulation of air

mass factor.

2.4.3 Quality control process

All final values of AOD have undergonestud-sereening quality contrprocess, whicklso includes cloud screening. The
quality control process illustrated schematically in Fig. Brierto-the-cloud-sereeningprocess,all-negatdlaesof-AOD
were-deletedThe first step ofEloud-sereening-is the quality control wiasdelete the DS measurements with a standard

deviation for Q > 2.5 DU (described in more detail in Sect. 218gxt, all negative values of AOD were deletéu the

thirdseeondstep, all AOD valueg 1.5 were deleted. Comparison of AOD values aba%eobtained from the Brewer
spectrophotometer for the Belgian Uccle statioredeined that they could not be paired with Cimehphotometer
measurements at all (De Bock et al., 2010). It psathat the limit of 1.5 is substantiated for Pdp@&novce station. The

third-fourth step was to delete the DS measurements with argiffe between the maximum and minimum AOD value

greater or equal to 0.03- The international Cimel sunphotometer network AEREINuses a
limit for measurement triplet (three  measurementser p minute) with 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 thatithie ¢f 0.03 has
caused a considerable reduction in the total nurab&S measurements. Application of the secondthind criterion has
resulted in a reduction of the total number of roeasients by up to 43 %. The DS measurements thisiesd all three four
previous criteria were included in a so-called yWaihtabase. A daily standard deviation of AOD (SIMAGand a daily
average of AOD (AAOD) were determined from theseasagements. When SDAOD (18, all AOD
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values in the daily database were transferredfittahdatabase (Good AOD). When ASID > 0.015 in thdeurth

fifth step, all DS measurements on the given day undénherastifth-sixth step. The following applied to tHeth-sixth

step: When the difference between the AOD for &gildS measurement and the daily average AAODwWA%, the DS

measurement was not included in the final datab&detal of 36;49737,45IDS measurements were included in the final
5 database. That represents 57 % of the total nuofbeeasurements that entered skeond thircstep ofcloud-sereening the

quality control

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

\

| Direct sun measurement (DS) ‘

| 1DS = 5 individual measurements Sx total column of Os G°°|d total
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Figure 1: Schematic illustration ofthe DS measurement quality control process that ihedes cloud screeningas well The number
of DS measurementgor the period 18.8.1993-13.5.201that satisfy the respective criterion is indicatedn the left side.

10
2.4.4 Additional notes
Comparison of AOD values obtained by the Cimel sumtpmeter with AOD values from the Brewer spectaipmeter was
not executed directly. First, the value of Angstr@xponent was determined using pairs of wavelengihd their
corresponding AOD values:

15 o = —8Cn/;) (5)

log(11/42)
wherel; = 340 nm and, = 380 nm. On the basis of Angstrém exponent ardktiown value of AOD (for the shorter

wavelength), an AOD value for the wavelength of 320 was determined in the next step. This calcuiaivas carried out
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for all individual measurements. The main goal luk tcalculation was to acquire a comparison of A@D the same

wavelength, which is more relevahin 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 arithmeticagecof all values for the given day (minimum oforalue). Monthly
averages were calculated as an arithmetic averagact days, for which an average daily value waalable. Annual

averages were calculated as an arithmetic averfagelividual monthly valuesThe longest period without data is 12 days

for the ozone optical depth and 26 days for AODerEhwas no month without data. In both cases, Bepr2013 was the

month with the absolute lowest number of days withdetermined optical depth. In the first caseas 10 days, and it was

3 days in the second case. With regard to the teng-average, December is the month with the lowastber of days with

the determined AOD with 13 days. The opposite ex¢rdalls on August with 24 day# linear trend was calculated by

means of a linear regression using the least sguarthod. An autocorrelation was not confirmed. réfoge, it was
possible to determine the linear trend. The ungdytaf the linear trend is defined by the standdeviation (1) of the
slope of the obtained linear dependence. The \@lliaear trend and the standard deviation wasrdeted for a period of

10 years. The seasonal cycle was eliminated byamaverages.

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

The results of calculation and application of indial correction factors are presented in the dhiotion to this part of the
paper. A factor that eliminates the influence dfusie radiation is the first of these factofithe—ecoerestion—-ofdiffuse
o . . ;

ata-giventimeln Fig. 2, there is a demonstration of correctiactdr values for five wavelengths and the selestzfience

of zenith angles of the Sun. This demonstratiorrasttarizes the conditions that are close to thes dhat may normally
occur at the examined station. It can be seenthieatalue of the factor is primarily dependent lo@ zenith angle. It is also
true that the value of the factor is inversely mndional to the size of a wavelength. The factarthe longest wavelength of
320 nm is by ca 7 % lower than the factor for thertest wavelength of 306.3 nm.
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Figure 2: Value of correction factor for the elimination of diffuse radiation impact for the selectedzenith angles of the Sun, for five
wavelengths for the conditions of AOD value of 0.@or 320 nm) and air pressure of 930 hPa.

10

15

Henece—aAratio of average count rates for four wavelengththe region from 290 to 291.5 nm to the counésdor the

monitored wavelength (one out of five) was deterditior 3,386 spectral analyses in total, as welloas/arious zenith
angles of the Sun within them. The value of deteedicorrection factor is a function of the zenitigle. This dependence
was described for the monitored wavelengths bylgnpanial of the fourth degree. A demonstration iegented in Fig. 3.
20 As a general rule, lower wavelengths are charagtdrby higher values of the correction factor. Bheerved difference
between the wavelength of 306.3 nm and 320 nm weasoaimately 10-fold. Furthermore, it was deterndirthat the
dependence on the zenith angle was not directlygstimnal for all monitored wavelengths. The dirpobportion was seen

only with the three shortest wavelengths.
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Figure 3: Size of the correction factor for the elinination of stray-light effect depending on the apprent zenith angle(a) for the

wavelength of 306.3 nnfen-the-left); (b)andfor the wavelength of 320 nn{en-the-right).

The impact of individual correction factors wastéelson a shorter period, namely 2014. When theyight effect was
allowed for, a drop in the difference in the AODr fine wavelengths of 306.3 nm and 320 nm was sBefore the
correction, the difference reached the value 0029, and after the correction, it was decreasedab.006. 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 diffuszdiation. 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 presentedhinla 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 valfidngstréom exponent

for the given pair of wavelengths was reduced tsttll persists.
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3.2 Extraterrestrial constants

Strict conditions for the selection of appropriatays for the determination of ETCs and other meetib criteria
significantly eliminate obtaining of non-represdiv@a values. To calculate the ETC characterizirg éhtire 2-year period,
157 values of individual ETCs were employed with redfde the long-term averagéhis-rumber-is-the-same-in-case-of all
5 wavelengthslf the conditions were less strict, there would éaseen more days, for which it was possible tordetes the
ETC. On the other hand, the spread of determine@sBfould be wider, which would have a negativeaféa the required
accuracy. Therefore, the chosen criteria repreaenbptimum compromise. The inaccuracy of ETC detetion has a
direct impact on the final values of AOD. On onedhathe root cause of such inaccuracy is weathfareinces, which
considerably eliminate the number of days thatsanigable for the determination of ETC. On the othand, additional

10 factors may include instrument instability.
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Figure 4: Trend of ETCs values for the wavelength of 20 nm during 12 intercalibration periods;4994—2016 18.8.1993-13.5.2017
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The trend of ETCs (their natural logarithm) for thavelength of 320 nm is illustrated in Fig. 4skiows ETC values that
characterize the entire 2-year intercalibratioriqugras wellas theETCs determined on individual days in the giveriqzke
The ETC for the monitored wavelength did not remaimnstant during the monitored perieaf—23—years from
18 August 1993 to 13 May 201 Particular changes occurred in case of all fixengined wavelengths. A total of 12 ETC

values were determined for every single wavelenbfioy each intercalibration period. The highestatility was observed
in case of the longest wavelength. The value ofaigation coefficient is 38.12 %. By contrast, the lowest instability was
observed for the wavelength of 5nm. The value of its variation coefficient i&5l62 %. In Fig. 4, you can notice that a

more significant change in the value of ETC for libvegest wavelength occurréaurthreetimes in total Fhe-first-change

Additional-cChanges occurred between the fifth, sixth, seventh @ighth intercalibration period. They were caubgd
issues with the instrument. For that reason, arskny power supply board had to be replaced inatgr2005. In February

2007, a micrometer was replaced, and during caidran May 2007, an optical filter No. 3 was regga and a BM-E80
high-frequency source was repaired as well.
Figure 5 presents a comparison of ETC values fdividual wavelengths for the LPM and BSM in thetla&o

intercalibration periods. It can be seen thia- ETC values-are—similar show some differencethe first period is

characterized by the fact that ETCs for all fivevelengths for the LPM exceed the values for the B8Nk exactly the
reverse in the second period. In case of both ndsththere was a decrease in ETCs between the pieperiods. The

decrease for the BSM was more marked.

(a) 25.5.201%- 19.5.201! (b) 20.5.201%- 13.5.2017
18.8 18.8
186 186
© 184 O 184
Wig2 Yis2
o o
- 18 - 18
17.8 17.8
306.3 310 313.5 316.8 320 306.3 310 3135 316.8 320
Wavelength [nm] Wavelength [nm]
ELPM ®mBSM ELPM mBSM
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Figure 5: Comparison of ETC values for individual waelengths for the LPM and BSMin-the-peried-from-25-May-2013-to-19-May

0 on-thele nd-inthe periodfrom-20-Mav-205-t0 Decembe 016 (on-the-rig t)

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

The plausibility of results for the presented melitiogy of AOD calculation by means of the Langldgtpnethod (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 illustratadrFig. 6. As has already been mentioned aboveB® has been
available since 2005. Its output has been plau$dri¢he Poprad-Ganovce station only since calibnain 2013. Figure 6
consists of two graphs. The graph-the-left-side (ajepresents a comparison of AOD for the wavelen§td26 nm for the
intercalibration period from 25 May 2013 to 19 M2§15. The grapln-therightside (byovers the comparison of results
for the same wavelength in the next intercalibraperiod from 20 May 2015 to the end of 2016. Tdiigsion is necessary
to point out the impact of used ETCs on the obthimsults. In both intercalibration periods, orilg tneasurements that had
undergone theloud-sereening quality contrpfocess were selected. The mutual difference of A©D the absolute value
did not exceed the value of O{do-called-largerandom-erran-any-of-monitored-periods. the first period. e tfecond

period, it happened 133 timekhe total number of DS measurements in both inlidredion periods was 5,89. A total of

3,246 DS measurements were compared in the firsigpand 2,523 in the second period.mAexeellent goodgreement of
both methods was seen in the first period. On e hit is proven by very high values of determoratoefficient and
correlation coefficient. On the other hatide-high-level-of goo@greement is proven lap-average a median and standard
deviation (-) of the differences in AOD values for the LPM and BShhatreached—0-004 with the values-06f004

and 0.01 The following intercalibration period is also cheterized by very high values of determinationficient and

correlation coefficient, yet they are somewhat Iowen in the first period. A more significant disaementaas-seen-in

054 is proven by the medimtive value of

—0.06 and the standard deviation with the value.02.0The said differences between the LPM and BSMnateconstant
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within the intercalibration period, as certain edility has been observed for them. The bigge&mtifices within a year are
observed in summer months.

Results for the remaining four wavelengths were gamad in a similar fashion as well. For the wavgtha of 310 nm,
313.5 nm, 316.8 nm and 320 nm, the value of cdroglaoefficient reached at least 0.99. This vakaes 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
average medianf mutual differences in AOD between the LPM andBfeached the absolute value of maximumes4
in the already mentioned case for the wavelengtB26f nm. For the lower wavelengths, thesrage-of differences median
in the first period was always positive (0823on average). On the contrary, it was always negati the second period (—

0.0328 on average)The average of standard deviations for the givem feavelengths was 0.024 in the first period and

0.017 in the second perioBomparison of the AOD value and wavelength showsmambiguous dependence for neither of
the two methods. It applies to the LPM that thehbij AOD was reached for the wavelength of 316.8anchthe lowest
AOD was reached for the wavelength of 320 nm wétljard to the long-term average in the monitoreibgett applies to
the BSM that the highest AOD was reached for theeki wavelength of 306.3 nm and the lowest AOD weashed for the
wavelength of 310 nm with regard to the long-terserage. Pribullova (2002) does not mention the uiguous
dependence of AOD on the wavelength as well. licetgs the lowest AOD in case of the lowest wavgilerand presents
the highest values of AOD for the wavelength of 8ifd

It follows that the LPM and BSM correlate nicelyn@he other handiandem_observedifferences constitute eertain
problem. They result in AOD values for the LPM tha¢ lower or higher compared to the AOD valueslierBSM. There
are several causes of differenckgs-net-known-that-the-BSM-would The first calisghat the BSM does nadake into
account a change in the distance of Earth fromSilne. The presented LPM takes the given changeacttount. Another

distinction between the two methods is the fact tha BSM takes into consideration the total meadwmount of S@in
the calculation of AOD. The presented LPM neglabts impact of S@ It may seem at a glance that the BSM is thus
advantaged. However, the reverse is true. The Brepectrophotometer at the Poprad-Ganovce staditstb measure the

total amount of S@accurately. Even negative values are seen oftes.disadvantage of BSM is also the absence ofthe

(standard lamp) test that leads to inaccurate T&lQes, which consequently affects the size of A@fdother drawback of

the BSM is the fact that it does not take into adestion corrections for the diffuse radiation]grzation and stray-light
effect. The \alues valuesf the determined ETCs affect the observed differeqaesablythe mostHowever, it is true only

if their difference between LPM and BSM is suffitily large.These constants are fixed for both methods dutiegentire

2-year intercalibration period. An advantage of phesented PM is that itpartially takes into account thetentialchange
ofETCs in the sensitivity of the instrumedhiring the intercalibration peripdhecause ETCs are determined based on real
measurements in a given perickhe BSM utilizes ETCs determined during calitvatithey-are-valid-for2-years-and a

ential-change-during-the-intercalibration-peiibdottaken-into-aceount. Therefore, the poténtiange in the sensitivity

of the instrument during the intercalibration pdris not taken into account at all.

(a) 25.5.201%- 19.5.201! (b) 20.5.:015- 31.12.201
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Figure 6: Comparison of AOD values for the wavelerity of 320 nm obtained by means of the LPM and BSMh-the-peried-from

Both presented methods were further compared witheCsunphotometer (CSP) measurements. These cmopsarare
illustrated in Fig. 7 (for the LPM) and Fig. 8 (fdtre BSM). The figures consist of two graphs jilst in the previous case.
In both intercalibration periods, only the DS maastents that had undergone teud-screening quality contrprocess
were selected. The comparison was made as follAwdSP measurement was selected for an individuahi@&surement
from the Brewer spectrophotometer with the maximallowed difference of 5 minutes between the two sneaments. If
there were several suitable measurements, thesteamre was selected. In case of comparison bettveebPM and the
CSP, there was no difference in AOD with the abisolkalue greater than 0.1. On the contrary, in a@diseomparison
between the BSM and the CSP, there were as muéRlasinstances of such DS measurements in total. A a§td99
measurements were compared in the first intercldom period and 1,BB in the second period.

It is apparent from the results of the comparid@t both methods correlate very well with the CS#asarements. Yet the
LPM shows higher values of the correlation coeffitiin both intercalibration periods than the BSMwvas determined in
the calculation of mutual differences that both mes matched the CSP measuremeatg-well in the first intercalibration
period. Themedian ofdifference betweerthe LPM andthe CSP was —0162 and themedian ofdifferences betweerthe
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BSM andthe-CSP was —0@1. The standard deviation was 0.011 and 0018. IndHewing period, a good match was
observed only for LPM-—n-the-second-menitoredgubriThe average median dfifferences between the LPM and the CSP
reached the value of B2 and theaverage median dfifferences betweenthe-BSM and-the CSP reached the value of
0.0758 In this case, the standard deviation was 0.0130aD25. The mentioned-Fhese-averdiféerences are the primary

reason for observed offsets in attached graphs. #esult of the offset, the intersection of thedinfit is not the same as the

intersection of the main axes of the graph. Ilisirated the best by the grafi) en-therighin Fig. 8, because in this case,
the average median difference has the highest absolute value of all presentagpadisons. In the light of the results, it

can be stated that the LPM is the more reliabkh®fwo methods.
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Figure 7: Comparison of AOD values for the wavelerity of 320 nm obtained by means of the LPM and the @Giel sunphotometer
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Figure 8: Comparison of AOD values for the wavelerty of 320 nm obtained by means of the BSM and thei@el sunphotometer

3.4 Total ozone optical depth and AOD

Measurements of total ozone from the Brewer spphtitometer for the Poprad-Ganovce station are ablailfrom 1994.

monitored-period{1994-1998). If only DS measureisi@ne taken into consideration, the average vaflietal ozone was

326 DU in the last five years (2012—2016), whicltoidy 1 DU more than in the first five years of timenitored period
(1994-1998)The linear trend for the period of 1994-2016 hasuhlue 0f2.6-+2.30.8 +2.2DU for 10 yearsi-only-BDS

me amen Q en-nto on ae aVa' N \rHmne aYaVa RV, e 08 DLU-fo 0 eg ellotal-ozohe-opb al

depth-was-determined-only-from-the-BS-measuremBotsthat reason, the rising trend of total ozop#cal depth for the
monitored wavelengths in the period of 1994-2016 egually statistically insignificant. For the wéamgth of 306.3 nm,
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the value of the trend is 0.005 +0.009 for 10 yearsl the value of the trend for the wavelengtB2 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 in adstal manner, i.e., by meanstbé LPM method usin@n average

value-of ETC ETC value for every 2-year period showFig.4-.The lower limit of uncertainty was calculated bgans of
an average value of ETC, from which its standandadi®on for the given intercalibration period wasddicted. The upper
limit of uncertainty was determindsranalegy in the same way but adding the valub®standard deviatioifhe range of
uncertainty interval depends primarily on suitalvigather conditions in the given intercalibratiomipe, as well as on the
stability and homogeneity of measurements on daysnvit was possible to determine the ETC. The nurabdays, when

it was possible to determine the ETC, plays ite tob.With regard to the long-term average, the numbeéhese days was

15. The lowest number was 7 and the highest numbasr24-For-instancethere-were-enly-two-measuremprthefirst
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Figure 9: Annual averages of AOD and their uncertaity for the wavelength of 320 nm, 1994-2016.

Figure 10 shows a comparison of annual averagethdoiotal ozone and aerosol optical depth forslected wavelengths.
It is obvious already at a glance that the AOD,kenthe total ozone optical depth, exhibits an appadecline for the
monitored period. For the wavelength of 306.3 rim, alue of the trend is —®® +0.01 for 10 years, and the value of the
trend for the wavelength of 320 nm is -85G:0.01 for 10 year it i

alue—efttlend for-the

wavelength-of-320-rm-is—0-04-+0.01for 10-yelrziew of the above, a conclusion can be madettiamtransmittance of

the atmosphere in the region of examined waveleng#s increased in the area of Poprad-Ganovcetlowdast 23 or 21

years. The total optical depth of the atmospheré¢hi® wavelength of 306.3 nm has a trend with #ileesof —0.076 +0.01
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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 antmngxamined factors.
Rayleigh scattering has a dominant position innatéion of direct solar radiation for all wavelemgexcept for the shortest
one. Inthe case ofthe AOD, no unambiguous dependence of its size on #neelength was observed. With respect to the
long-term average, the AOD reached the highestevidu the wavelengths of 310 nm and 316.8 nm, na®&2. On the
contrary, the AOD reached the lowest value for wavelengtls of 306.3 nmand-320-nmnamely 0.89. The middle
wavelengtls of 313.5 nmis-and 320 nm areharacterized by the value oR93 With regard to the long-term average for 23
years, the difference in AOD for the shortest amel lIbngest wavelengths is only —0.004. For the yteatr of 2014, this
difference was —0.014. In conclusion, it can béestdhat values of ETC have probably the greateptict on the observed
difference, while the value of the observed diffex@in AOD is consequently derived from them. laliso substantiated by
Fig. 10. It can be seen that the AOD is greatettierwavelength of 306.3 nm than for the wavelergtB20 nm in certain
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
5 of 320 nm. The optical depth reaches its maximurApnil with the value of 0.263 and the minimum irct@ber with the
value of 0.2@2 The highest variability is attributed to the momif February and the lowest one to the month of. Jt
applies to all the months of the year that thealality is considerably lower compared to the ageraThe month of
February has the maximum variation coefficient antimg to 5.9 %. All the aforementioned charactessiof the total
ozone optical depth depend only on the TCO valués peculiar to the central European locationha station that the
10 annual maximum of the TCO occurs in April and thmw@al minimum occurs in October. It is also confidnby the
measurements from the nearby station in HradewkéaVanéek et al., 2012). Therefore, it can be statedtti@bbserved

annual course of the total ozone optical deptipical for the central European location of thdista
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15 Figure 12: Average monthly characteristics of thedtal ozone optical depth for the wavelength of 320m, 1994-2016.

Fig.ure 13 is presentdhe samecharacteristicasin-Fig. 12, but they refer to the AOD in this caseeTdnnual cycle of
monthly averages is characterized by two peaks. prlmeary peak, that is the annual maximum, occarghe month of

August with the value of 04 The secondary peak occurs in the month of Apitih-the-value-6£0.4 a slightly lower value
39
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The minimum is in the month of December with thtugaof 0.16. The variability is also characterizsda two-peak annual
cycle. The primary and secondary peaks are indhreeanonths as in case of the average. The annoahum occurs in the
month of November. The variation coefficient reattsignificantly higher values compared to ozonee Thinimum is
attributed to the month of May amounting_to 179.1 %. The maximum is attributed to the month of &aber amounting
to 4242 %. The location of the station at a higher alt#ud the submontane area has the primary impadhersaid
characteristics, which explains lower values of AlDRvinter months. Higher values of AOD épring-and-summer-menths
the months of April to Septembare presumably related to agricultural activitieghe vicinity of the stationrhe location

is windy and a bare dry soil or even plant prodacesoften blown away.
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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 orthg tdaysfor which it was possible to determine the AQire taken into
consideration. In the month of December, therbéshighest percentage of days with AOD within tterival from 0 to 0.1,
specifically up to 40 %. On the contrary, the lowest percentage was isethie month ofAugust Junavith the value of only
1 %. Days with a daily average of AOD above 0.3 mhaite in the months of April to August. Days withlaily average of
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AOD within an interval below 0.3 dominate in then&ning months of the year. The AOD above 0.6 actiue most often
in the month of August, that is in 18 % of dayseThwest percentage of such days is in the montNafember and
December, namely only 1 %. In conclusion, it carstaed that the presented percentages of indivithyes correlate very

well with the annual cycle of AOD in Fig. 13.
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Figure 14: Relative distribution of daily average alues of AOD for the wavelength of 320 nm, 1994-261

4 Conclusions

The total ozone and aerosol optical depth wererhited by the Brewer ozone spectrophotometer ino@@anear Poprad.
The AOD was calculated by means of ETCs obtainétgube Langley plot method. The analysed datéhefdirect solar

radiation were available from 1994 to 2016, whishai23-year series of measurements. In the 1980£TCs were not
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determined during calibrations. Therefore, the LBMhe only practicable method for the determimatid AOD for the
whole series of measurements. The ETCs used irp#ier were determined for the 2-year intercalibnaperiod. Use of
such a long time period has both its advantagedésativantage. The advantage lies in the fact HeaEffC determined as
an average of a higher number of days preventach&lental impact of fluctuations that have no ipalar explanation.
The disadvantage lies in the suppression of weatfleences (especially the change of temperatd)raadifications of the
instrument in time intervals of less than 2 yeémsaddition to the methodology of ETC determinatitire employed cloud
screening affects the values of AOD as well. If ¢heud screening was not employed, the values dbA®uld have been
distinctly higher.The-Cleud cloudscreeningnethodemployed in this paper is relatively simple. Heritean be argued that
the actual AOD is even somewhat lower. It pertaiadicularly to the presented monthly and annuatages. In the future,
the cloud screening methodology is planned to herawed. As a result, it will be possible to obtaiore representative
values of AOD.

On the basis of a comparison of the Brewer spebtrimmeter measurements using the Langley plot ndedihd the Brewer
software method, which is a part of tBgerational-Brewer-Program Brewer Operating Saftywaith Cimel sunphotometer
measurements, it was determined that the LPM aetibetter resultsf-the-two-compared-methads was also determined

that the application of corrections to the diffuadiation, stray-light effect and polarization dessed the difference between

the value of AOD for the shortest and longeshefexamined wavelengths. Although the difference reesnbreduced, it still
reaches negative values, which results in the inegaalues of the Angstrom exponent as well. Wehard to the long-term
average for 23 years, the difference in AOD is orlly0®B4. The application ofhe correction for the polarization had the
most significant influence on the reduction of gieen difference. On the contrary, the lowest dbntion was achieved by
the correction with regard to the diffuse radiatidie key factor influencing the value of the exaed difference is
probably the size and accuracy of ETC determination

The obtained results clearly show the decreasedrage annual values of the total optical deptthefatmosphere for the

monitored wavelengths from 1994 to 20T6e A statistically insignificanslightly upward trend of the total ozone has been
observed, which is exhibited by a statisticallyigmificant increase in the total ozone optical deepEhis insignificant
increase has only @irimum minimaleffect on the trend of the total optical depthlod atmosphere. The root cause of the
decrease in the total optical depth of the atmaspiethe statistically significant drop in the AOD 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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