General remarks

The authors compare broad-band solar UV radiation exposure data derived from measurements by
Brewer spectrometers taken in the city of Warsaw and outside the city. The paper is logically
separated into sections. The abstract gives an overview of the paper. It mentions its most
significant results. The Sl is used throughout the paper. The title uses ‘UV exposure’, though ‘UV
dose’ is used in the text. The same name should be used in the title and in the text. The number of
Figures is adequate to illustrate the text. However, as will be addressed in more detail below,
Figure captions need to be clear and provide sufficient details on what is presented. If a Figure
consists of two graphs, the Figure caption should address both parts separately, for example by
numbering them as a) and b). The axis names should be completed to mention the parameters in
the graph.

Answer:

The title and figures were changed.

It is recommended to apply corrections to English grammar and language style of the manuscript,
and also correct for the many writing errors.

Answer:

The corrections were made. The manuscript was significantly improved.

The method of separation between the albedo effect on the one hand, and the aerosol and cloud
effects to UV exposure at the sites on the other hand is not clear. The authors assume that the
albedo is 3% at Belsk and 6% at Warsaw. This difference of surface albedo is shown by model
calculations to compensate for the difference in solar height (or latitude) between the sites, if the
aerosol load would be the same. The remaining differences in the UV measurements are then
interpreted as a result of differences in aerosol loads and cloudiness between the sites. Have you
checked the real albedo at the sites? How about seasonal differences in albedo for example due to
snow cover?

Answer:

We modeled values for different albedos in Warsaw only for the period without snow cover, because
in that period UV radiation is the strongest and can cause sunburns or DNA damage. The values of
albedo used for modeling refers to the article of Castro et al. (2001) — for Belsk albedo is 0.03 (green
grass) and for Warsaw we examined a set of albedo values 0.03, 0.06 and 0.12 (reference have been
added to the references list). Such albedo values are taken into consideration, because in the
measuring site the terrain is a mixture of surfaces — from green grass to asphalt. We did not check
the real albedo at the sites. The effect of seasonal differences in albedo was discussed in the previous
version of the manuscript (last paragraph of section 3.2 and sixth paragraph of section 4). It was
removed from current version of the manuscript, as the main seasonal difference is found to be the
effect of the difference in latitude between the sites.



Detailed comments

Page 1, line 20: ‘increase of UV exposure for peoples’ replace by ‘higher UV exposure for people’
Page 3, Section 2: Coordinates of the sites and the types of the immediate surroundings should be
included here, not only mentioned in the abstract.

Page 3, line 8: ‘Its’

Page 3, line 10: replace ‘diffusive’ by ‘diffuse’

Page 4, line 17: replace ‘moment’ by ‘time period’

Page 6, line 11: replace ‘an increase of BS064/BS207’ by ‘a higher BS064/BS207’

Page 6, line 31: replace ‘decline’ by ‘difference’

Page 7, line 7: ‘radiation’

Answer:
Suggested changes were made.

Page 3, second paragraph: Is the higher contribution of diffuse irradiance to global irradiance the
cause of the higher internal stray light of instruments, or is it just the lower global irradiance?

Answer:

The higher contribution of diffuse irradiance to global irradiance is the cause of the higher internal
stray light of instruments.

Page 3, fourth paragraph: Do you really mean ‘clear sky conditions’ that refer to no aerosol or low
aerosol load, or do you mean ‘cloudless conditions’? If you refer to the latter, the changed wording
needs to be applied to the whole text.

Answer:
We meant ‘cloudless conditions’. Changes in the text were made.

Conditions of cloudless sky (or clear sky) were separated from the relative increase of irradiance
over time around noontime. Using only this criterion, the separated ‘cloudless cases’ may still
contain cases of clouds that do not occlude the sun. Have you checked by cloud observations or
cloud imaging data, how good your selection criterion to find real cloudless cases is?

Answer:

We checked all separate spectras by observing the shape of the UV irradiance curves. The day was
omitted, when the shape was different from the “bell” shape and values of the UV irradiance were
far from expected.

Page 3, line 28: You refer to the erythemal action spectrum by CIE (1987). Probably, you have taken
into account the corrections, as discussed by Webb et al. (2011), Photochem. Photobiol. 97, 483 -
486. If so, the citation should be added.

Answer:



We used the original action spectrum by CIE (1987) without corrections. Uncertainties between
values weighted with different action spectra are not more than 2%. Taken into consideration that
we calculated ratios, uncertainties are even smaller and comparable with the measurement error.

Page 5, last paragraph: You state that the main cause of scatter in the interpolated UV irradiance
values is the first and last spectrum of the time period. Why did you not leave those two spectra?

Answer:

This issue was clarified in the manuscript: “The main reason for this scatter is the interpolated
erythemal (or UV-A1) irradiance value at the beginning (3.5 h before local noon) and at the end (local
noon-0.5h) of the calculated period. BS observations were rarely made exactly at the starting and
ending moments. Thus linear interpolated values were used taken from observations closest to the
beginning or to the end of the period, i.e. the irradiance values just outside the observing period
were taken into account.”

Figure captions are incomplete and partly confusing. The caption of Fig. 3 says ‘The same as Fig. 1/,
but the ratios are calculated for total ozone values measured simultaneously at Belsk and
Warsaw’. Does the upper part of Fig. 3 show ratios of erythemal exposure? Is it measured or
modelled? Or, does it show ratios between measured column ozone at the sites? The vertical axis
only states ‘Belsk/Warsaw’. The lower panel does obviously show total ozone at the sites, but it is
not mentioned in the Figure caption. Caption of Fig. 4 should mention that it refers to ‘modelled
ratios’. Figure 5 should mention that it refers to ‘measured ratios’.

Answer:

The captions and vertical axis names were changed.
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An urban agglomeration effect on surface UV exposuraloses
Comparison of the Brewer measurements in Warsaw andt Belsk,
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Abstract. The specific aerosols and cloud properties owgelarban regions seem to generate an island asitoitthe well-
know city heat island, with lower intensity tfe UV radiation compared to the surrounding cleaneasy thus creating a
shield against excessive human exposure to theddation. The present study focuses on differeircéise erythemal and
UV-A1l (340-400 nm) doses measured by the Brewectspghotometers in Warsaw (52.3°N, 21.0°E) anBelsk (51.8°N,
20.8°E), which is located in a rural region at statice of about 60 km in the south-west directtomfthe city- The ratio
betweertheerythemal and UV-A1 partly daily doses, obtainedryiall-sky andsleacloudlesssky conditions in the period
May 2013-December 2015, are analyzed to infer ipatouds andaerosols forcing othe surface UVdosesover Warsaw.
Radiative model simulations are carried out to sssmpact of the Warsaw-Belsk differences in totane, geographical
location, and albedo on the mean ratio betweermitises. Higher surface albedo over the city compesghe effect of its
more northern location as the mean total ozoneegahppear almost the same over both sites. Itusdfdhat urban
agglomeration induced 8% a®d% attenuation of the erythemal and UV-Al dosespeetively, whichis-mainhcould be
caused by larger UV absorptions by the urban atrdémrver—value—of -single—scatteig—albedo—of-the—urban—aerosols
particles). It appears that a slightly increased optical deytthe urban aerosols and properties of cloudegaed over
Warsaw are less important for the UV attenuatioakifig into account previously found ~10%erease—chigher UV
exposure fopeoplepeoplein the upright position due to higher albedo @ ity surfaces, it could be hypothesized that the
urban pollution in Warsaw does not create a staghkinst incoming UV radiation.
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1 Introduction

Excessive exposure to the ultraviolet radiatioWR) reaching the Earth's surface has a detrimémiagdct on the
human health. Overexposure to UV-B radiation (226¢8n) can cause erythema (redness of theadkim-overexpoesuje
DNA and cellular damage (due to generation of ieagixygen species), and immunosupression. Lobyewavelengths,
UV-A (315-400nm), can beancerogenetic but also responsible for photoagind,various eye diseases, including cataract.
Both overexposure to UV-B antlV-A- could lead to increased risks of cutaneous melanmon-melanoma skin cancers,
and various health problems (e.g. Marionnet ¢t28114; Greinert et al., 2015). While UV-B is stgbndepended on the
latitude and thickness dfie ozone layer, UVA, especially UV-Al, the so-callehd-wave UV-A (340-400nm), is ozone
independent, more intense, and less variable aiitutie (Sabziparvar et al., 1999). The surfatensity of UV depends on
the amount of cloudiness and aerosols. The negaines in these variables, found over many ofnibiehern hemisphere
midlatitudinal sites in the 1989s and 1990s, leadhtreases of both the UV-B and UV-A irradianceg(&rzyscin et al.,
2011; Zerefos et al20132012 De Bock et al., 2014).

An attenuation of the incoming solar radiationrsedo be higher over the large urban agglomeratedative to the
surrounding rural areas due to the excessive §igattering and absorption by the anthropogenicsadsoPapayannis et al.
(1998) foundthe-differences between U¥earcloudlesssky irradiances measured over Athens and its sgbuin Athens
the concentration of atmospheaerosaherosolsvas higher than at the outskirts site. The erytidlemadiance at the centre
of Athens was 30% lower than at the suburbs veitmilar values of total ozone (EDfor -days with increased pollution in
the air. Similar difference was noticed on the ®asi the numerical simulations of UV-B irradiancéthwinput from
measurements of the T@nd aerosols optical thickness (AOT) by the Bresmectrophotometer (BS) at the outskirts of
Athens. Acosta and Evans (2000) measured the englhieradiances in the centre and suburbs of Megiity in the period
1994-1995. During the wintethe erythemal irradiance was 9% greater at therbgbthan in the centre of Mexico, while
during the summetthe recorded values were up to 43% greater (thenmelue was 21%). Even larger attenuation of the
UVR due to atmospheric aerosols of ~ 60% was redart Guangzhou, China, in the dry season fromligetap to January
(Deng et al., 2012)eunoulakisountoulakiset al. (2016) noticed that the surface UVR meabumeThessaloniki may be
sensitive to another characteristic of the atmospla@rosols, the single scattering albedo of adspsvhich may counteract
the effects of AOT changes there.

The atmosphere over Poland is one of the mostghisited in Europe. The PM10 and PM2.5 levels mes$ in
Warsaw, as well as in most larger cities in Polarekceed the tolerable PM limit many times durihg year (Polish
Ministry of Environment, 2012). However, Zawadzkaaé -(2013) analyzed the measurements taken by the Mjosdl
and CIMEL sunphotometer and stated, that the méff@rehce-for AOT at 500 nm between Warsaw and a rural site

(Belsk), which is in ~60 km distance from the ditythe south-west direction, was not larger thé® Zhereas for greater
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values of wind velocity the difference reached 4%e difference calculated from satellite measurdamaith the MODIS
spectroradiometer was ~5%. The authors did notnckaiy significant differences in thieagstrerAngstrém parameters
between the sites for the visible ranges, so ilccine hypothesized, thabe AOT values in UV range also differ only
slightly.

The geophysical variables possibly affecting tHfeences in the ground level of the surface U\dwvieen a city
and remote sites are: clouds, aerosols, and sualheelo. It seems possible that large urban agghtioa could produce

specific cloud properties (due to heat island éffaw creation of a specificloud condensation nuclei consisting of urban

aerosols), higher loading of aerosols, and highmrd®m. The working hypothesis is that the Warsagl@geration produces
a kind of shield against the incoming UV radiatigvie will strive to support (or disprove) the hypetis by comparing the
erythemal and UV-AL1 radiation measurements by BS&arsaw and at Belsk for the period May 2013-Dduwem2015.

2 Methodology

Monitoring of the UV spectra by BSs carried out by the Institute of Geophysics, $tolAcademy of Sciences
(IGF PAS), at the Central Geophysical ObservatoeysB since 1992 by the single monochromator BS &h.and in
Warsaw since 2013 by the double monochromator BS2R@ installed on the roof of IGF PAS main builglifPreviously,
BS 207 was working at Belsk (2010-2018pe-Belskebservatory-is-located-in-a—rural-area{the largesiard-region-in
' smparison of BS No. 64 and BS No. 207 for thatgaewill
allow us to assess the differences between theurexhblV doses due to the instrumental differengetie middle of 2013

BS 207 was moved to Warsaw.

The present study focuses on differences in ththe@mal and UV-Al (340-400 nm) doses measured by iBS
Warsaw (52.3°N, 21.0°E) and at Belsk (51.8°N, H).8fvhich is located in a rural region (the largesthard region in

Poland) at a distance of about 60 km in the sowhtwdirection from the city (far from the urban amdlustrial

developments). The Warsaw measuring_site is locatetie area, which is a mixture of different sada: grass, trees,

concrete constructions (buildings, pedestrian fathtp), and asphalt roads.

BS064 is an older generation instrument - Markyple, which is equipped with the single monochrimatlts
spectral range is 290-325 nm in 0.5 nm steps amdplectral resolution 0.6 nm (FWHM). The spectraueacy decreases
for greater values of AOT and for larger solar #eaingles, i.e. for cases with enlarged participatf thediffusivediffuse
component in the total UV radiation, that increagesstray-light effect on the instrument. Furthere) it does not have a
ventilation system. The quality control of its perhance has been assessed by almost yearly calibragainst the
travelling world standard BS No. 17. The estimatedincertainty of the erythemal irradiance is ab®at.5

BS207 isathe newest type - Mark lll, that is equipped witlea double monochromator reducing significantly the
stray-light effect. It is also equipped with thentilation system, which prevents overheating ofitterument during hotter
days. The spectral range is 290-363nm in 0.5 npssteth almost similar to BS064 spectral resolutiB8207 is calibrated
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with a set of standard lamps yielding ~5% of measent spectrum error. For both instruments th&EC®i/m software
has been used to extend the spectra up to 400 dito @himinate erroneous spectra (Slaper et a@5).9

The erythemal (and UV-Al) irradiance is calcutbées the integral over wavelength of the 290-400B8rspectra
after the SHICRivm standardization, which are weighby the erythemal action spectrum (not weigtitedUV-Al). The
erythemal action spectrum follows CIE (1987). Fartthe partly daily erythemal and UV-Al doses eateulated ashe
time integral of the pertaining irradiances forg@riod for all sky-conditions (noon + 3h) and 3hipeé for cleacloudless
sky conditions (noon-3.5h, noon-0.5h). Solar naodmputed from the astronomical formulas corredpmnto the specific
day of the yearCleaiCloudlesssky conditions are identified using following twateps algorithm. First step is the
approximate searching for such days using theviatig criterion: before (after) solar noon the measdirradiance is higher
(lower) than the previous one. In the next stepsimoothness of the time series for dhgs-selected-tmy, which meethe
first stegriterion, is examined and in case ®fmpiumps in thedataseriessuch day is omitted.

FheratioRatiosbetweenthe-dosesmeasuredy BS064 and BS207, based on collocated obsengatibBelskin
the period October 2010 — April 2013, allow usgtimate the uncertainty range for the ratio egldb differences in BS

instrumental characteristics and in time of obsowa. The BS measurements are not synchronizélaeaspectrum length
is different. The same ratio is measured in théopeof the Warsaw observations (May 2013 to Decerafd5) by BS207
to assess the urban agglomeration impact on thiezmal and UV-A1 radiation.

Fhe-numeriedllumerical simulations for thecleacloudlesssky conditions of the ratio between the partlylydai
doses measured in Warsaw and at Belsk permit usstimate the UV differences between the sites, ethu®y/ the
geographical location, as Belsk is more to thelsol©;, and the surface albedo (lower for surfaces cavbyeplants). The
FastRT model for cloudless sky is used to calculatespectral irradiance (Engelsen and Kylling, 2005) #e-erythemal
doses-Fhe-following Following model input parameters are selected for such legions: daily mean total ozone routinely
measured by BS, fixed aerosols characteristicsesgpting the mean values derived from the BelskIMEL
sunphotometer (AOT at 340 nm=0.32, single scatjeailhedo=0.92), fixed albedo of 0.03 for Belsk andet of albedo
values for Warsaw that is typical for the variousan surfaces.

3 Results
3.1 Instruments comparison at Belsk

In the period from October 2010 to April 2013 b&Bs were working simultaneously at Belsk. Figlhirgop)la
shows the time series of theeasuredatio (BS064/BS207) between the 6h erythemallgllgnses. The mean value of the
ratio is 1.02 + 0.07(@). Figurei(bottomlLb illustrates that the 1-1 relation between the daseappropriate for the whole
range of the measured irradiances. The coeffigédetermination based on this data set is 0.98.mkan ratio for UV-Al

range is 1.01 + 0.076) for all-sky conditions.
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The most of the differences lie within 5% ranget lsometimes outliers greater than 10% appear @s th
measurements were not taken exactly at the sagreentime period The measured spectra were not synchronized. It is
difficult to have synchronized measurements byRfBs as scanning time is different, because ofehgth of the spectrum,
i.e. 290-325 nm for BS064 and 290-363 nm for BS20Ws local cloudiness may be a source of largedsia deviations
of the mean ratios calculated during-all sky cdnd#é. To remove the effect of cloudiness, we aralye ratios derived

from 3heleacloudlesssky measurements befogelar noon. Theeleacloudlesssky doses were calculated for the shorter

period compared to those for the all-skgnditiorconditions as eleacloudlesssky conditions in Poland usually prevail
before noon.

Figure 2-{topRa shows the time series of theeasured3S064/BS207 ratio for theleacloudlesssky conditions
and the corresponding scatter plot (Bigetten2h). The mean value of the ratio is 1.01 + 0.08)(@nd there is almost a 1-1
relation between the erythemal doses by both B&st 15 also supported by high value (0.998) of tbefficient of
determination. For UV-Al doses, the ratio is 1.00.@4 (I). Thus performance of BS064 and BS207 was prdigtitze
same during the Belsk’s intercomparison. The agesginetween output of both BSs was almost per$ecfgesting that the

instrumental differences did not have much inflieemesion the ratio between the doses.

3.2 Numerical simulations

The distance between the Belsk and Warsaw obseywsites is about 60 km. Thus part of the measditéerence
between both BSs, may be a result of the moréhaortlocation of the Warsaw site comparing to tleésB site, different
TOs; over the sites, and surface albedo. In this sobese the model calculategleacloudlesssky doses over 6h period
symmetrical around local noon are analyzed for Warand Belsk. FastRT (Engelsen and Kylling, 20@5used in the
simulations taking into account real T®@alues (i.e. daily mean TOmeasured by BS using the so-called direct sun
observations), fixed aerosol characteristics baseaveraged results of CIMEL observations at Bedskl prescribed values
of surface albedo equal to 0.03 at Belsk ars@#{0.03, 0.06, 0.12} in Warsaw.

Figure 3—{tepBa shows the time series of the daily ratio of ;T@easured at Belsk and in Warsaw. Fig8re
{bettemBb illustrates the scatter plot of the daily dataeThean ratio (BS064/BS207) from all data pointss@ntéed in
Fig33a is 1.00 + 0.01 @). The correspondence betweenzMalues is found for the whole range of sI'Gariability at
Belsk. All data points are in close proximity toetdiagonal line representirige 1-1 relationship between the variables
shown in the scatter plot. Thus, 71 not a factor responsible for the UV differefedween the sites. The erythemal doses
calculated for the 6h near noon period with uséhese ozone values, give the mean ratio 1.02 H{DsPZor simulations
assuming the surface albedo is equal to 0.03 @ybic rural regions) for both sites (see Fig.4 ttoe results with the mark
“alb=0.03"). Thus, the TQspatial variability and the geographical locatminthe site contribute only slightly to the UV
differences between the sites.

Usually (in _snowless periodghe urban albedo is highexthan that ferin rural site and it provides somewhat higher

intensity of the surface UV. Figure 4 presentsusations of the ratio between 6h near noon erytthelnses between the
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sites assuming the surface albedo is equal tod.&®Isk but 0.06 or 0.12 in Warsaw. \Bkdechave selectethese values
for the urban albedo in UV range based on Castral (2001) experimental data over asphalt sites aeg gmrface-cement
sites respectively, taken in Mexico City metroplitarea. The mean ratio derived from all the datatg shown in Fig.4 is
1.00 £ 0.02 (&) and 0.98 + 0.02 ¢, for the Warsaw surface albedo equal to 0.06(ahd, respectively. The surrounding
of the Warsaw measuring site is a mixture of aw#ls grass, asphalt, and grey-cement surface, sauid be assumed that

surface albedo in the surrounding of the statiomfi®.06. It means that a slightly higher albederothe urban site

compensates the latitudinal effect of the UVR défeces between the sitésseems possible that the rural albedo is higher

in the cold period of the vear due to larger anghkr snow cover. However, the winter observatiomsfirms that

BS064/BS207 ratio is only slightly greater comparia the overall ratio. Snow cover was rather @ glrenomenon in those

years in Central Poland.

3.3 Comparison of erythemal and UV-Al doses measured &telsk and in Warsaw

BSs were working simultaneously in Warsaw and elsBin the period from May 2013 to December 2013
erythemal and UV-A1l doses calculated for theses sitehe periods symmetrical around local noorgtoffor all-sky and 3h
before noon forleacloudlesssky conditions, are analyzed to find tBelsk-Warsawratio between theneasureddoses
(BS048S064BS207). If the ratio obtained during theeacloudlesssky conditions differs significantly from that
previously obtained during theearcloudlesssky cenditiorconditionsfor BSs operating in Belsk, it will allow us totesate
the urban aerosols effect ¢me surface UVR. The similar approach with the useatifsky data will provide an estimate of
the urban cloud effect on the surface UVR.

Figure 5 shows the time series of BS064/BS2@asuredatio for the erythemal dose&ep(Fig. 59 and the UV-
Al (bettentig. 5P doses forleacloudlesssky conditions simultaneously appearing both inr¥dev and at Belsk during
3h before local noon. The ratio oscillates arounaithin the range ~0.9-1.1. The main reason fos thiatter is the
interpolated erythemal (or UV-Al) irradiance vakiethe beginning (3.5 h before local noon) anchatend (local noon-
0.5h) of the calculated perio@iheBS observations were rarely made exactly at th#irsieand ending moments. Thlisear
interpolated valuesre-based-en-the-tm@re used taken frorabservations closest to the beginning or to the @nthe

period, i.e. the irradiance values just outside dbserving periockrenere taken into account. The mean value of
BS064/BS20fhe Belsk-Warsawratio is 1.06 £+ 0.04 @ and 1.03 + 0.04 ) for the erythemal and UV-Al dose,

respectively. The same values calculated for atié&dr noon doses (Fig.6) during all-sky conditiares 1.08 + 0.19 @) and

1.05 = 0.17(%), respectivelyFhe-mueiMuch larger uncertainty ranges of the estimates feslall conditions are due to the
cloudinesseffeceffects but the mean values of the ratio are only slighdsger than those found during the Belsk’s
intercomparison ofthe instruments. In spite of possible differentucloproperties over Belsk and Warsaw during 6h
measurements, thdetermination coefficient values are still higle, iequal to 0.96 and 0.95 for the erythemal andA1V

doses. Thé.-1 correspondence between doses is kept for the waote of the data (Fig.7).



10

15

20

25

30

Standard statistical test for the difference i thean values taken from two large samples of umkrdistribution

| (Daniel and Cross, 2013) is used to evaluatenifincrease—af higherBS064/BS207 mean ratio during Belsk-Warsaw

comparison of BSs relative to the mean ratio fodndng Belsk intercomparison is statistically sfgrant. The working

| hypothesis, that the mean valuestlef BS064/BS207 ratio (both farleacloudlesssky and all-sky conditions) are higher

during the Belsk-Warsaw comparison, is supportethbytest at the significance level > 0.01. Weocbadte that the urban
agglomeration only slightly attenuatbe erythemal and UV-A1 radiatiorT he aerosol effects are responsible for about 6%
(or 3%) larger 3h erythemal (or UV-Al) doses atRedndthe-cloudsloud effects only slightly enlargehe Belsk-Warsaw
difference, i.e. ~2%both for the erythemal and UV-A1l doses.

4  Discussion and conclusions

Warsaw agglomeration has over 3.5 million popalatiith high pollution due to the heavy vehicle ssion and
industry (mainly electric powers), causing numereuseedings-ofcases over thEU air qualitystandarthreshold Like
other large cities, it is expected that Warsaw poed these-calledvell known heat island that makes specific boundary
layer allowing anthropogenic aerosols to reachdiiglimospheric layers that may enha#g@T and affect cloud properties
(e.g. level of cloudiness, droplet size, liquid @atontent). Previous study of the Belsk-Warsaviedgihces in the aerosols
properties (Zawadzka et al., 2010) revealed simitdues of theAnrgstrerAngstromexponent and higher Warsaw AOT
values at 500 nmof about 0.02 i.e., ~10% of the overall mean A&t Belsk for this wavelength. Similar values were
reported by Chubarova et al. (2011) analyzing #seilts of aerosols measurements by CIMEL sunphd@mécated in
Moscow (megacity with population over 10 milliomdZvenigorod.

Using the value of the erythemal radiation amgidifion factor due to aerosols of 0.15, which israef for AOT at
550 nm (Krzycin and Puchalski19961998, it could be estimated thauecH 0% AOT difference between Belsk and
Warsaw would induce ~2% attenuation of the erytHedwses in Warsaw.The present study, which is based on the
measured UV spectra by BSs, shows higheslinalifference(~6%) of the erythemal irradiance undgeacloudlesssky
conditions due to the urban pollution effect. leses possible that higher absorption of UV irradéfid.e. smaller single
scattering albedo (SSA) by the anthropogenic aésosis a factor that may be responsible for largegratation of the
surface UVRin Warsaw

Fountoulakis et al. (201@&)isusediscussedactors important for the UV spectra variability Thessaloniki They
pointed out that theleacloudlesssky UV-A irradiances could be sensitive not onty AOT changes but also t8SA
changesn-other-aerosels-characteristiesg—single-scattering-albed8SA). Chubarova et al. (2011) analyzing results by
CIMEL sun photometers located in Moscow and in 4gerod (less polluted site) found that uncertairagge of SSA is
too high, precluding discussion of the SSA urbdaat$. However, they found that SSA in Moscow fug tisible range of
solarradiationsadiationwas 0.02-0.03 smaller than that obtained overctban site. It is worth mentioning that there is a

lack of the direct retrieval to obtain SSA from spal measurements. Indirect method for BS has pegposed (Bais et al.,
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2005) depending on the assumed values of the asisniparameter, surface albedo, aerosol verticafilproand the
extraterrestrial solar spectrum. They found thagj@iently low SSA values < 0.7 were observed in S&lesiki for-aerosels
withwhen AOT at 340 nmwasless than 0:-3that It could induce 10%-20% attenuation of the irradiaatc840 nm relative
to the case of SSA=0.92 being typical for cleapssiBased on their results we could estimate tB&t decline of UV
irradiance, whichis attributed to the more absorbing Warsaw aerpsiscaused by aerosols with SSA ~0.8 at 340 nm.
Such estimate looks probable as the Warsaw obsgesita is among the most polluted parts of the bitgause of the
abnormal vehicle emission in the nearby main @gds.

For all-skyeenditierconditionsthe attenuation of the surface UV radiationVarsawis only slightly higher than that found
during eleaicloudlesssky eonditiorconditions i.e. ~8% for erythemal doses and 5% for UV-Aletpsvhich is ~2% greater
than found for theleacloudlesssky case. Cloud effects should be more pronoudeeidig warm period of the year where
the city heat island may generate stronger conwedtian that existing imhe cold period. Romanov (1999) analyzing
NOAA satellite images retrieved higher cloud coiresummer-over the central Moscow compared to its suburbsuén
and Kimura (2004) found that in Tokyo there wererenow level clouds inthe summer period (July-August) comparing to
rural sites in Kanto region. Moreover, urban hekrids lead to more thunderstorm initiation episode.g. Sheperd, 2005;
Haberlie et al., 2015).

The classical theory (Twomey, 1977) states tha¢rwthere are more aerosols high above the surfaeeta
stronger updraft generated by the city warm isla@tpsols serve as cloud condensation nuclei, cesthe size of cloud
effective radius and increase number of dropletsiog larger cloud optical thickness (COT) andIfinhigher-attenuation
of- radiation reaching the Earth's surface. Thus ewidit cloudiness generated over large cities mdayaacan umbrella
against excessive UV radiation. We calculate B#B8207 ratio during Belsk-Warsaw comparison campaaking into

account measurements in the warm period, 15 Ma§ Sdptember. We expect to fitleka higherratio increasefor that

period according to the classical theory statedvabdiowever-the ratio decreasds only slightly lower, i.e. 1.06 *
0.17(J)), for the erythemal doses, and 1.05 + 0.8Bfbr UV-Al doses. It may suggest that contraryhie expectation,
COT is smaller over the urban area. Jin et al. $2@dscussed aerosol-cloud relationship over NeskYand Huston. They
found that thick urban aerosols correspond to I@Ghere. Thus it seems possible that even higbedmess over urban
areas does not mean higher attenuation of solaati@anl because the urban aerosols modify the clstrdcture
compensating the effect of increased cloud cowexeth

A slightly higher BSO064/BS207 ratio is found dwrithe cold period because of an effect of seasalb&ido

changes, i.e. value 1.09 = 0.26)lwas obtain using the winter data comparing t@ *0.19 () found in the all year

data. During winter, snow cover melts faster ia tentre of Warsaw, due to the city warm islandtH&umore, snow is

systematically removed from the roads and pavenierke city. Snow during the Warsaw-Belsk comparisampaign was

hardly observed thus the ratio was affected ondjhdly by the seasonal albedo differences.

Zerefos et al. (2012) discussdbat present UV level over many sites in the remthmid-latitudes is high due to

the positive trends ithe UVR related to the decreasing total ozone (up td #890s) and negative trends in amount of
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clouds and aerosols (up to mid 2000s). Figure 8vshbe annual erythemal means for the period 1946%2ased othe
updated (for the period 2009-2015) time seriethetbroad-band UV measurements at Belsk (K&zyn et al., 2011). The
UV increase in Poland for the period 1976-2015 dpeeially strong as the cloudiness and amount ofsaés in the
atmosphere in the mid 1970 and early 1980s was ldbgcause of the enormous environment pollutioringuthe
communist era. The UV level stabilizes around 26866 the present levebf the erythemalirradiance at Belsk is ~15%
largerthathanthat in the mid 1970s.

Our study proves that the UV level in Warsaw isyoslightly lower (~5%-8%) than that found in cleas@irroundings of
Warsaw. It seems that higher absorption of UV raaliaby urban aerosols (lower SSA values) is thénnsaurce of the
urban UVR attenuation there. However, Parisi e{2004) found that over some non shaded part of the citlg high
albedo (e.g. concrete surface) there is an amgiifio of-the human exposure of up to 7% for people in théghpposition.

Thus contaminated urban atmosphere over Warsaw cdienweated as a shield against excessive humas@ngo
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Figure 1:a: The {tep)-Ratioratio between erythemal 6h (noon+/-3 hr) doses measurbgl the Brewer Spectrophotometer No.64 and
No 207 whrle worklng srmultaneously at Belsk (allgy conditions). ,
v le-64The solid curve represent the smoothed data by@w%LOWESS

fllter

Figure 1b: The doses measured by the Brewer spectrophototee No.207 versus those measured by the Brewer spephotometer
No.64.
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Figure 2:a: The same as Fig:la but for elearcloudlesssky conditions and 3h doses calculated for the pied before noon (noon-
3.5h, noon-0.5h).

Figure 2b: The same as Figlb but the—ratie-isfor cloudless-sky conditions and 3h dosesalculated for the period before noon
(noon-3.5h, noon-0.5h).
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Figure 3a: The ratio betweentotal ozone values measuredhy the Brewer Spectrophotometer No.64 and No.207 wé working
simultaneously at Belsk and in Warsaw for the perid May 2013-December 2015The solid curve represent the smoothed data by
LOWESS filter.

Figure 3b: Total ozone values measured by the BreweBpectrophotometer No.64 versus total ozone valueseasured by the
Brewer spectrophotometer No.207 while working simuéneously at Belsk and in Warsaw for the period May2013-December
2015.
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nm, surface albedo 0.03 at Belsk and {0.03, 0.0618} in Warsaw. The solid curve represent the smoothed data by LOWESfiiter.
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Figure 5. The Belsk/Warsaw ratio between the partially daily 3hdoses (noon-3.5h, noon-0.5h) measured durimgearcloudlesssky
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