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ABSTRACT

Three years of observations of the erythemally active component of solar radiation
using the Yankee Environmental Systems Pyranometer are analysed to provide a climato-
logical description of the UV exposure levels and their variability in the urban Mediterra-
nean environment. Contributions made by column ozone and cloud cover to the observed
fluctuations in UV are estimated in separate analyses. During the warmer months there ap-
pears to be a substantial reduction of the solar UV by atmospheric components other than
ozone, a conclusion that is supported by comparison of the observations with the predictions
of radiative transfer models and with the UV observations in a rural mid latitude environ-
ment (McKenzie et al., 1991).

1. INTRODUCTION

The stimulus for the present study and numerous other studies of the
solar ultraviolet climate has been the observation of a recent decline in stra-
tospheric ozone and the possibility of biological damage that may follow a con-
tinued decrease in the UV absorption by this atmospheric component. The
solar beam is depteted in passing through the atmosphere by absorption and
backscattering by various gaseous components and by aerosols and cloud
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particles. For the biologically active UVB band (280-320 nm) which contains
only 1.7% of the incoming solar irradiance, depletion by ozone absorption and
molecular backscatter is generally greater than 80% and can approach 1009,
under heavy cloud cover. Both ozone and cloud cover, the atmospheric com-
ponenets which dominate UV depletion, have a variation over wide range of
spatial and temporal scales (Ambach and Blumthaler, 1994; Prasad et al.,
1992). The detection of a significant secular change in the UV level may
therefore require a long period of accurate UV measurements for different
climatic regimes. It is the purpose of this study to first summarize the prin-
cipal features of the UV climate in an urban eastern Mediterranean setting, in
an analysis of UV measurements in central Athens. And secondly, to estimate
the relative contributions of column ozone and cloud cover in the determina-
tion of the UV climate.

2. DATA
a. Ultraviolet observations

Continuous UV measurements are made from the rooftop of the Academy
of Athens Research Centre (Alt. 95 m, Lat. 37.996° N, Long. 23.732° E) using
the Yankee Environmental Systems (YES) pyranometer, model UVB-1, re-
cording averages of irradiance at 10 minute intervals. The UV irradiance and
daily dose are reported as erythemal effective radiation, EER in the notation
adopted by Forster (1995), to indicate that the spectral irradiance is weighted
by the erythemal action spectrum of McKinley and Diffey (1987). Although
the pyranometer has a spectral response approximating the erythemal weigh-
ting function, the spectral absorption cross section of ozone in the UVB region
varies by more than two orders of magnitude and therefore the pyranometer
output is not linearly proportional to EER but varies with solar elevation
(Appendix A Figs. A1, A2). The manufacturer supplies a computer program
for converting the pyranometer signal to erythemal effective irradiance using
a radiative transfer model developed by Green et al. (1974).

Figure 1 shows the time series of daily EER dose for the period 13 April
1993 to 31 December 1995. The dominant feature is the large annual variation
following the change in solar zenith angle. The relative variation of EER
from winter to summer is three times that for total solar radiation at midla-
titudes. While EER fluctuations from day to day and at other intraannual
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Fig. 1. Time series of daily EER dose for Athens, KJ/m2, 13 Apr. 1993 - 31 Dec. 1995.

time scales are large, the annual course of EER dose in 1994 and 1995 are si-
milar and the correlation of monthly mean values is quite high (r= 0.995). A
summary of statistics of the UV Climate is given in Appendix B.

b. Solar radiation and clouds

Eppley pyranometer observations of solar total and diffuse radiation as
well as observations of the standard meteorological parameters are made at
the National Observatory of Athens (NOA, Alt. 107 m, Lat. 37.972° N, Long.
23.718° E) located ~3 km southwest of the site of the UV measurements. The
data for the time series of daily values of total solar radiation for 1994 shown
in Figure 2 were taken from the Climatological Bulletin published by the In-
stitute. The smooth curve represents the solar radiation received at the top
of the atmosphere. The difference between an envelope enclosing the observa-
tions and the curve for radiation received at the top of the atmosphere repre-
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sents the depletion of the solar beam by molecular absorption and backscat-
ter which varies from 24% in summer to 33% in winter. Backscatter and ab-
sorption by clouds produces an additional depletion as large as 609, particu-
larly during winter. The relatively low occurrence of a large depletion of the
solar beam by clouds from June through September is, of course, a defining
characteristic of the climate in the Eastern Mediterranean.
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Fig. 2. Time series of daily total solar radiation (MJ/m? day) for Athens 1994. The smooth
curve represents total solar radiation received at the top of the atmosphere (Athens latitude).

c. Ozone

Daily observations of ozone column using the Dobson instrument are
made at the Laboratory of Meteorology of the University of Athens located
less than 2 km to the south of the UV measurements. A time series of daily
values of total ozone for 1994 is shown in Figure 3; the data were taken from
the WMO publication Ozone Data for the World. The smooth curve represents
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the annual course of ozone as determined by a polynomial of third degree.
While there is a pronounced annual component with a maximum in April and
a minimum in November, the day to day variability is very large, particularly
in late winter and spring. The annual curve which varies by 64 DU or 20%
from maximum to minimum, accounts for only 30% of the daily variance.
Climatological summaries of ozone observations are also presented in Appen-
dix B.
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Fig. 3. Time series of daily Dobson measurements of total ozone (DU) in central Athens
for 1994. The smooth curve gives the annual variation determined by a polynomial fit.

ANALYSIS
a. EER response to the seasonal variaiion of ozone column

To provide a reference for the seasonal change in EER dose to be expected
with a seasonally varying ozone column of plus or minus 109, a series of cal-
culations were made using a radiative transfer model computer program, UV-
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CALC, supplied by Yankee Environmental Systems. The radiative transfer
model is adapted from one developed by Green et al. (1974). Calculations of
EER were made at twice monthly intervals assuming clear skies, average ae-
rosol load and for two sets of total ozone: a constant ozone column of 323 DU,
the annual average value, and for an annually varying ozone column given by
the polynomial fit. Both sets of solutions are shown as smooth curves in Fi-
gure 4 along with a replot of the time series of EER observations for 1994.
The major effect of the annual variation in column ozone is to produce a
phase lag in EER of approximately 20 days with respect to the incoming solar
signal. Both sets of model solutions lie above the observed values suggesting
a substantial EER depletion by atmospheric components other than ozone.
Departure of the observed EER from model calculations are discussed in the
following section.
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Fig. 4. Time series of daily measurements of EER dose (KJ /m2.day) in central Athens for

1994. The smooth curves give model calculations of clear sky irradiance assuming a con-

stant column ozone of 323 DU (broken line) and column ozone varying annually as given
by a polynomial fit (solid line).
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b. EER depletion by clouds

Lacking a quantitative measure of the optical depth of clouds the trans-
mission of total solar radiation is assumed as surrogate. The transmission of
total solar radiation is defined as T,=S;/S, where S, is the daily value of
incoming total solar radiation (smooth curve, Fig. 2) and S; the observed to-
tal solar radiation. The relative transmission of EER dose T, is defined by
the ratio E,/E, where E, is the observed EER dose and E; is the EER dose
calculated for clear skies and annually varying total ozone (smooth curve,
Fig. 4).

Because of the large variation in cloud cover from winter to summer as
well as a seasonal variation in UV depletion by coponents other than ozone
the comparison of T, with Ty is presented in two scatter diagrams: the war-
mer half year (arbitrarily set, 1 April to 30 September) and colder half year.
Scatter diagrams of T, versus T; for 1994 are shown in Figs. 5a, b with the
line of best fit. The correlations of T, with T, are almost identical for both pe-
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Fig. 5. Scatter diagrams: Daily values of relative transmission of EER dose (Tr) versus

fransmission of total solar radiation (Tt) for 1994. Warmer half year (lower panel) colder

half year (upper panel). The transmission of EER dose is calculated as a ratio of observed
EER to model values assuming a smooth annual variation of total ozone (see text).

riods (r) 0.88), as well as, the slope of line of best fit (approx. slope of 1.0).
Note that the transmission of EER during the warmer half year is consistently
lower than for the colder period by approximately 0.1 units.

¢. Day to day variation of EER with ozone

The large variation of EER dose with solar elevation and cloud cover
make a quantitative estimate of the dependence on column ozone difficult.
It is common practice therefore to isolate the ozone dependence by examining
EER irradiance (reduced to the mean earth-sun distance) at constant solar
zenith angle (SZA). Figure 6 shows plots of EER irradiance with ozone column
for SZA of 63° and 45°. The observations of irradiance are averages of AM and
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Fig. 6. Scatter diagram for EER irradiance at constant SZA (W /m?) versus total ozone
(DU) for 1994. SZA = 45° upper panel and SZA = 63° lower panel. Solid circles indicate
EER observations made during an hour when sun was visible and the straight lines through
the data show an exponential best fit to these data. The straight lines above the data re-
present the boundary of clear sky polutions for EER irradiance. The dotted line at SZA =
300 represents the boundary for clear sky observations at a rural midlatitude (see text).

PM readings in part to avoid a diurnal bias in comparison with ozone measu-
rements usually made near midday. Solid circles indicate irradiance observa-
tions made during an hour that Campbell-Stokes instrument recorded the so-
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lar disk visible. Note that irradiance is plotted on a logarithmic scale and
straight lines of best fit for observations with sun visible indicate an exponen-
tial dependence of EER on ozone column. Although an exponential depedence
gives a slightly better fit to the data than a linear assumption, the choice of a
logarithmic scale was not made on physical grounds but because it is a better
display of order of magnitude relations.

To provide a reference for the observations, computations of EER irra-
diance were made using the Madronich radiative transfer model (Madronich,
1989) assuming clear skies and values of column ozone of 250 DU and 450
DU. The dotted (broken) straight lines (Fig. 6) provide an upper bound to mo-
del solutions in this range of total ozone. At SZA = 63° the line of data best
fit has almost the same slope as the model solution indicating agreement on
the dependence of EER on column ozone but observations typically fall be-
low the calculated values by more than 309. The line of best fit for SZA = 45°
lies somewhat closer to the model values but has a shallower slope indicating
a lesser dependence on column ozone. Since SZA 45° observations are restri-
cted to the warmer 8 months, the sample distribution is biased by the inclu-
sion of a large fraction of observations when both tropospheric photochemical
pollution and the summer Mediterranean haze may contribute to UV depletion.

A model solution is also shown for SZA = 30°. The heavy line represents
a best fit to clear sky observations at a rural site in New Zealand (McKenzie
et al., 1991). The good agreement in this case between model calculations and
observations support the hypothesis that there is a significant depletion of
EER over Athens by atmospheric components other than ozone.

d. Daily course of EER irradiance under clear skies; illusirative examples

Five days with high values of transmission of total solar radiation and
with continuous sunshine as measured by the Campbell-Stokes recorder
were selected to illustrate the magnitude of day to day changes in EER both
that due to changes in total ozone and that produced by fluctuations of other
atmospheric components. Figures 7a, b show the daily course of EER irradian-
ce on two successive days in March following the passage of a cyclonic distur-
bance and a subsequent decrease of 8, in ozone column from 421 DU to 389
DU. EER observations are entered at 10 minute intervals. The smooth curve
represents the Madronich radiative transfer model solutions for these values
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Fig. 7. Daily course of EER irradiance for two successive days 19
and 20 March 1994 with little cloudiness and an 8% decrease in
ozone column. The smooth curves show the Madronich model solution
for clear skies, total ozone of 421 DU (Fig. 7a) and 389 DU (Fig. 7b).

of total ozone assuming clear skies, a stratospheric aerosol of optical depth
0.38, and a surface albedo of 0.03. Both observed and model prediction of
EER dose increase by 11% in response to the 8% decrease in total ozone. The
observed dose, however, is 169 below the model predictions on both days.
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These data along with total solar radiation observations are summarized in
Table 1.

TABLE 1

Comparison of model and observed EER dose. Clear sky examples.

EER DOSE
KJ /m?. day
- _F}ac_tion: Tt, Trans-
: Total . 5 Total e
Julian Date UV-CALC Madronich | EER obs/ mission
Day 199 OI;([);‘O Olserwed Model Model Model KSJO/];I;R;;{ Total
Madronich - 48Y golar Rad
78 19 Mar 421 4.79 2.49 2.16 0.83 20.97* 0.708
79 20 Mar 389 2.04 2.47 2.39 0.84 21.39%* 0.716
166 15 Jun 3841 , 4.65 6.00 532 0.87 31.26% 0.748
244 1 Sep 298 ! 3.45 4.74 4.36 0:79 24.50 0.719
257 14 Sep 294 2.41 4.02 3.77 0.56 20.36 0.649

* Total Solar radiation was maximum for year to date of observation.

The next set of examples illustrates the seasonal increase in depletion of
EER by atmospheric components other than clouds or ozone. I'igure 8a shows
the diurnal course of EER irradiance in early summer (15 June) just before
solar maximum. The ozone column is still above the annual average; and ma-
ximum clear sky irradiance occurs a month later. The second graph (Fig. 8b)
is for a case in late summer (1 September) when the ozone column approaches
annual minimum value. The departure of observed EER dose from the model
prediction is now 219 as compared to 13% in early summer. The final graph
(Fig. 8c) is an example of EER irradiance measurements during an Athens
air pollution episode on 14 September 1994. This severe pollution episode oc-
curred during the MEDCAPHOT campaign of intensive study of photochemi-
cal pollution in the eastern Mediterranean. Data from aircraft measurements
of concentrations of various pollutants as well as ground based observations
are available on computer diskettes (Ziomas, 1997).

Clouds are not a factor causing the large departures in EER irrandiance
from model calculations seen in the Figure 8¢ (Ref. to Table 1). The National
Observatory recorded an average cloud cover of zero on 14 September (less
than 0.3 octals) the only such observation during summer 1994. There is even
a short interval near 10 : 00 hrs, the time when solar radiation increases most
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Fig. 8. Daily course of EER irradiance for 15 June 1994 (Fig. 8a)

for 1 September 1994 (Fig. 8b) and for 14 September 1994 (Fig.

8c). The smooth curves show the Madronich model solution for
clear skies and observed total ozone.
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rapidly, that EER irradiance levels remain constant. This is also the time of
most rapid photochemical production of ozone and NO, in the mixture of pol-
lutants emitted in the morning rush of traffic (Mantis et al., 1992). A quanti-
tative identification of the pollutants producing this UV depletion will re-
quire further examination of the MEDCAPHOT data. The suggestion that the
photochemical pollutants NO, and ozone may play a major role is further
supported by the observation that a decrease in the rate of growth of EER
irradiance quite frequently occurs near 10 : 00 AM even on days of low pol-
lution. Careful examination of the curves in Figs 8a and 8b will reveal a change
in slope at this hour.

e. Accuracy of EER observations

A calibration check of the performance of the YES pyranometer after a
year and a half operation showed it to be stable to within the limits of the
calibration instrumentation, + 5%. The absolute accuracy at low levels of
EER irradiance is difficult to estimate both because pyranometer response
does not follow the erythemal weighting function precisely but also because
there remains a difference in the absolute accuracy estimates of EER irradian-
ce at wavelengths below 300 nm for even the most sophisticated instrumen-
tation (Gardiner et al., 1993).

The radiative transfer models that have been used as reference for the
EER observations show a systematic difference with solar zenith angle. The
Madronich solutions have larger values than UV-CALC at large SZA but
lesser values during the summer season of low solar zenith angles. They agree
within a few per cent during spring and fall months but Madronich solutions
for EER dose in midsummer are as much as 10% below UV-CALC (see Fig.
8a and Table 1). Forster (1995) has developed a new radiative transfer model
for a study of the sensitivity of UV irradiance to a number of parameters and
finds for example a change in surface albedo might cause change of 79 in
EER and tropospheric aerosol could produce an additional depletion of EER
by as much as 50% of that for ozone alone. The comparison of the Madronich
and UV-CALC values with Forster’s solutions (Table 2) provide an estimate
of uncertainty in modeled EER dose at high solar zenith angle. Solutions are
for clear sky with or without stratospheric aerosols. Only Forster specifies a
surface albedo of 0.2. Note that for winter for 200 DU at 52° N latitude there
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TABLE 2

EER Dose, Comarison of Radiative Transfer Solutions of Clear Sky Examples

SUMMER 52° Lat

OZONE AEROSOLS FORSTER UV-CALC MADRONICH
DU
350 YES £.72 4.86 4.40
NO 5.02 5.67 —
250 YES — 7.05 6.54
NO — 8.22 —
200 YES 9.49 8.67 -
NO — 10.19 —

WINTER 52° Lat

350 YES = 0.103 —
NO 0.161 0.115 —

200 YES — 0.176 0.312
NO 0.259 0.191 0.341

WINTER 38° Lat

322 YES — 0.615 0.756

is a very large percentual difference in UV-CALG and Madronich solutions
while Forster’s value falls in between.

4. CONCLUSIONS

The response in EER irradiance to variation in column ozone is of the
same order as that derived from radiative transfer models. On average, how-
ever, EER irradiance is at least 209 below that for clear skies. The transmis-
sion of EER dose is well correlated with the transmission of total solar radia-
tion and day to day variations in EER dose are more dependent on variations
in cloud cover than variations in ozone column (Fig. 5 and statistics, Appen-
dix B). Summer values of EER dose, even under clear skies, consistently fall
below model calculations by more than 15% for ozone column depletion. The
very large departures of EER irradiance in pollution episodes suggests that

11
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much of the additional depletion of EER irradiance is due to local sources of
anthropogenic pollutants. Bais et al. (1996) find that summer values of EER
dose at Kos, an island in the eastern Aegean, average 159 greater than at
Athens although the difference in latitude of these stations can account for
less than 19 difference in incoming solar radiation at these sites. Differences
in EER dose of this magnitude could be explained by a systematic differences
in cloud cover as well as variation in concentration of tropospheric pollutants
across the Aegean.

The problems with the detection of associated secular trends in UV and
total ozone are illustrated by a comparison of the daily time series of EER ir-
radiance at constant solar zenith angle of 63° and for column ozone for a three
year period (Fig. 9). Both the day to day variation and the annual variation
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Fig. 9. Time series of daily values of column ozone (upper panel) and of EER irradiance
(reduced to the mean earth-sun distance) at constant SZA = 63° (lower panel) for the pe-
riod 1993-1995.
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of ozone are driven by fluctuations in stratospheric circulation which have a
large interannual and spatial variability at mid and polar latitudes. Theocaris
et al. (1996) presented a review of six years of observations of UV irradiance
at 305 nm and total ozone at Thessaloniki one of the longest records of con-
current observations that is available. Monthly averages of total ozone and
UV irradiance for cases of cloud cover less than 3/8 showed satisfactory cohe-
rence. Because of the large interannual variability, however, ozone trends de-
rived from these sata were highly dependent on the selection of time interval
for the calculation. Global and long term fluctuations in total ozone are dif-
ficult to establish since satellite observations only span a few decades and are
plagued by drifts in instrumental calibration and the spatial coverage of
ground based stations is limited. It is of some significance, therefore, that a
decadal signal of global dimension can be detected (Zerefos et al., 1997). These
oscillations have a peak to peak amplitude of a few per cent and are approxi-
mately in phase with the 11 year cycle of solar activity. A UV fluctuation of

similar magnitude can be anticipated?.
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MEPIAHY H
Khpatoloyio tiig fhexific dnepuddovg dxtivoforiog otiv "Adfva

iy mapolon Epsuva pehethOnuay yid Ty Teptoyd) Tév ABvév of petaforis
e bmepLddovg Hhtaxic dxrivoPoring, oriy meployh Tob gdoparos 280-320 nm
(UVB), mob @ldver ariv Emupdvera ¢ Yiig, yid thy meptodo dmd 13 *Ampiriov 1993
31 AexepBpiov 1995.

‘H UVB éxmwvoBolria # émola dvrimposwmeder ubhig w0 1.7% g dvepyelag
Tije Nhoxis dxtvoPoriag mod oBdver otd dvdtato bpto THg drpboparpac (Hhtoh
otafepd, 1367 Wm~2) dmoppogitar pepinds dmd o 8lov xal pévo dxtivoBorie pd
papen wdpartos peyadrepe Gmd 290 nm mopatypeiton 6td Edagoc. “Extdg dmd iy
&moppodgen &nd 16 &Cov 9 UVB fhoned) dxrvoPohle oneddlertar dmd to végy, To
poprx Stapbpwv deplwv phmwy xal t& depohdpara pé drotéheopa # $ExcBévnoy g
UV-B éxrvoPoliag wod ¢ldver 676 Edapog va dvépyetar yevinde ot 75% %) xal péypt
oxedtv 1009] ot mepimrdoeig TMpovs vegoxahdlews dmd peydha muxve véen. Of
Covravel dpyoviopol elvar Mav edatsOnror oty UVB dxtivoBorie.

‘H maparnpovpévn tdoy petdoens tob oTpatocputpinod 8Lovrog Xtk T& Te~
Aevtaio 0 Gvapévetan vo wpoxaéoel adlnom Tig OmepLddoug Mhaxiic dxtivoBoliag
UVB mob gfdver oy Empdvera tiic Yig, pé BraBepds yia ta #uPra Svta cuvémetec.
‘H aviyvevoy dpows onuavtiris petaBoriic ot ¢ntneda g UV dmovtel paxpoypd-
wieg dxpLPzic petproeig xal of Sukpopa xhpatixd xabeordra. *Entong elvor yvwotd
81 9 HhewtpopoyvnTied) pol) &rd Tov fAto d&v clvon Tedetwg oTabepd GG peTaBdA-
Aeton EAappldg, idxitepa oTd pixpd whxy xdpatog. Lty UVB Gpeg meproyd Tod
paopartog xal Sitepa oty meptoyy 282-303 nm v petafol, dmd TO fhoxd péyt-
670 670 Nhaxd ENdyroTo Thg Evdexactolc petaBoric THe M SpaoeLdtyTac,
bmohoytleton 8t elvar { 1%.

*Eptbnue 1ol Extibepévov otdv Mo avbpmmivov Séppatog mpoxahoby of dxti-

voBohieg wob avixouy 6Ty QuopaTind TepLoy K& i xdpatog 280-400 nm(UV).
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‘H Spasrtindmyra Spoe tic dxtivoBoliag petaBdiieton pé 1o uijxog xduxroc. ‘H cu-
vohuxt) &vépyeta ThHe Mo dntivoBoliag o dvirel 6T PaoUaTIXy) )T TEPLOXT),
Befapupévn pt 16 gdopa SpactidTnTog (action spectrum) tic dmeptdddoug Htaxiic
axtwoPoMag yix THv mpbxAnoy dpubfpatos 610 dvlpdmivo Séppa, xaheitar «dpu-
Onpatddng déon» (erythemal dose). To Sicbvidc dmodextd ohucpar @iope Spacti-
xémyrog elvar 10 «CIE (Commission Internationale d’Eclairage) erythemal
action spectrum» érwc xaboptslnxe dmé todc Mckinlay xai Diffey (1987).

Zra mhalowe ouvepyaoiag pt 10 Epyactipio Quoxiic e *Atposeatpac ol
"Apiororedeion Havemomyulov Osooahovinns of mpbypappo petpfioewy xal pehé-
w6 The Hhaxniic UVB, éyxatacthioaue 619 otéyn thc moluxatoikiag wob oreydlerar
76 Kévrpo *Epehvye Duoixic t7ic *Atpocpalpas xal Khpatodoylug tie *Axadnulag
Ay Eva drTivopeTpo cuveyolc xataypagic Tomov UVB-1 ¢ Yankee Environ-
mental Systems (YES). Ta dxrivéperpa adra £yovv cuvdptnon @ocuatinic &ro-
%plocwe mod 6yedov cupmimrer pd Ty dpubnuatddn popatiny dmbproy.

Ot mopdyovres mod Emnpedlovy Ty Omeptddy fHikaxdy dxtvoBoria UV-B xal de
éx TobTov TV dpulnuarddn déom elvan 7 Levibia yovia Tob fHtou, 1o GAixd wocd Tol
6lovtog Tic Grpocpalipus, To vépy, Te depohdpata xal of &éptor pbmot. ‘H Erfoia
mopel TéY fHpepnoloy Tiudy Tig 2pubnuatddovg décewg (Erythemal effective
radiation, EER 8nwg &yer 6ptalet) pavepdiver T peydn érficte petaford) g wod
mopaxohovlel Ty Ethota petaBoly) tiic Levibing ywviag Tob HMov. “H oyemind) dp.oc
petafor) tic EER dnd tov yeupmdva 670 Bégog elvar toimhasta Tiic avriotouymg pe-
TaPoliic T¥ig GMxTic RAuaniic dxTivoBoling 6To wéoa YeYpRPILY TALTY.

‘H &mola mopela Tob 6hixol &ovrog (tob 8ovrog mobd mepiéyetonr 67% 6THAY
o T Empdveto Tob E3dpoug péypet T6 Epto THe dTpdoatpag) ot uéon YewypapLLd:
TAXTY) TTpovatalel Eva péyloto Ty dvorEn %ol Sva Ehdyioto 16 Téhog Tol @Bvortdd-
pov. Of fueproreg Tipde Tol Ghxod lovrog mapovordlovy peydhy Siuxbuaven dmd
Npépa ot Huboor. Awd Ty mepinTwon @Y TLudy Tob 1994 Sie v AbRva % Belri-
6TNG TPOGRELOYHG ToAWYVELXY) 0v Babpod xaumdhy, % émole dmd 6 péyato (Toy
"Ampitio) péypr T Ehdyroro (tov NoépBoro) Exet epog mepimov 64 DU (20% g pé-
ong Emolag Tipdic), Epuyveder pohig 1o 30% e Snvpdveews Tév Huepnotwy Tunév.

Avd iy Exrtpmon 1@y dvapevopédvev Tndy ic Epubnuatddous Sboewg yenot-
moulnxay Vo mpbruma (povtéha) Stadbosws axtvoPollng (radiative transfer mo-
dels) oty drpdoguipn. Of petaBoris Tiic mapatpovpévyg Epubnuatddovg dxtvo-
Bohiag (EER) Aéyw tdv petaBordy Tob dhxol 8lovrog elvar Tig idlag tdEewe pe-

véboug ug adric mod mpoxdmrouy dmd e povréha Swdbocwg T Hharig dtvoBo
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Aag oty drpudcgatpe, une 7 petgovpévy EER elvan xata péoo 8po pixpbrepy nate
TovAdytato 209 the dmohoyilopévng Sue avépeho odpavé.

H 6hxdy Ahod) detvoBorto wod @bdver otd Edagoc, oty meproyn tév Aby-
v&y, elva eplmov xara 259 (0€p0c) Ewg 35 (yetpucva) Avybrepn amd Ty dvrioTot-
%N mob TpooTinTel 610 Splo TG dTpboQalpac, AoY® poptaxiic &moppogicEws xal
oxeddoews 6Ty atpbogatpn xol Aoy TV vepdy. Ta végy, initepn Tov yerpdva,
propoly va EEaclevicovy Emmhéoy Thy 6l Hdtaxd) dxtivoPolia et meptmov 60%.
To mocostd Ti¢ petpovpévne 61o Edagog 2pubnupatddoug ddoewg g mpog ThHY Ho-
Aoyrlopévn dmd Ta povtéle dud o 3o moad 8lovtoc, cuoyetiletor TOAD %ahd pt TO
060670 THig GAxT|g AAtaxii axtivoPortac od gldvel 6o Edapoc (Tnhixo THg peTpou-
uévng o\t Nhtoiic dxetvoBollag mtpdg Ty drohoyilopévy mposmintovsn 6Td Bpro
g drpocpatpuc). ‘H oyéomn adty Selyver iy peydy énidpacy oty EEacbévnon tig
UV ol &My éxtog Tl 8Lovtoc mapaybvrwy. O dmd Auépa ot Auépn petaforis
Tig Epulnuatddovs dboewg EEapTdvTar, xplee xata v Yuyen weplodo Tob Etoug,
TepLoadTERo AT Tl petaBolic TG vepaxahdPewe amd bt &mwd Tic pweteefors Tob &-
Covrog. To 0époc ol tipée tiic EER dubpa xal dmd dvégeho odpavod elvar xate 159
pixpdTepeg &md 8T ol Abyw perdosws Tob §lovrog Omoroytlbupeves dmd To povTéda
zipde i EER. *EE &2hov of peydheg dmoxiceis thc Epulnuardddovs dxtivoBolieg
%o THY OLdpxete ETELG0SLWY PUTIRVGE®MG PaVEPVOLY BTl IEYAAO T0G0GTO THg &TL-
Moy EEaclevijoewe Tic gpubnpatmdovg dxtivoPoliag dpeidetar 6 TomixEg TNYEG
pVmev avlpwmoyevole mposheboewme.

Ot ypovoceipte TGV Nuepnolwy TLndY Tig Epubnpatddous dxtivofoling, yua pio
dedopévy Cevibia ywvia fAlov, cuyxpwdpeves pé tic dvrictolyeg ol §lovrog qave-
pcdvouy &t ol péyrotes Tupde g dxtivoBohing upaviovrar xate Thy Emoyh Tol Ehe-
yioTov 1ol 6lovroc. “Opwe, ol éml Tolg Exatd Suuxvpdvosts g Epubnuarddovg duti-
voPohtag elvor xatd: woAD peyohbrepes dmd Tig dvrioToryes Tob &ovrog, Abyw peyd-

M 2EacBeviioewe i UV dxtivoBoliag xal dmd dAhovg mapdyovres.



(=Y
(=]
»

-
(=]
N

—
(=}

10 ™

10

APPENDIX A

10 sy

Absorption cross—section (10™° cm?®)

i e el e e i
260 270 280 290 300 310 320 330 340 350 360 370

Wavelength (nm)

Fig. A1. Ozone absorption cross-section per molecule in cm?.
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Fig. A2. Upper panel: the CEI-action spectrum (dashed line), a measured solar UV-spec-

trum (solid line), and the product of the two (erythemal irradiance, heavy line). (From Kuik

and Kelder, 1994). Lower panel: the product of the response function of the YES UVB-1
pyranometer with the measured solar UV-spectrum of the upper panel.
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APPENDIX B
STATISTICS: OZONE, ERYTHEMAL DOSE

169

03 (DU) EER (KJ /m?.day)
mean st dev No mean st dev No
1993 J 296 27.94 24
F 317 30.01 16
M 332 23.43 19
A 332 19.01 21 3.12b 0.416 15
M 341 18.67 18 2.984 1.029 31
J 328 13.64 19 3.919 0.665 30
J 302 9.89 28 4.232 0.494 31
A 299 6.82 27 3.661 0.633 31
S 288 6.48 26 2.686 0.340 30
(6] 275 46.57 28 1.538 0.338 29
N 278 9.99 13 0.604 0.825 30
D 298 21.49 21 0.470 0.411 81
Y 305 27.15 260
1994 J 326 26.91 16 0.528 0.167 31
F 957 27859 16 0.767 0.309 21
M 355 24 .24 27 1.651 0.536 31
A 355 19.70 22 2.437 0.689 30
M 349 21.02 25 3.306 0.942 29
J 330 17.74 29 4.097 0.793 30
J 320 12:72 31 3.874 0.549 31
A 311 41.3 31 8.353 0.425 31
S 299 10.18 29 2.367 0.500 28
(8) 292 9.63 25 1.241 0.368 30
N 292 15.04 23 0.662 0.246 30
D 301 18.64 23 0.403 0.142 31
Y 323 29.53 297 2.083 1.411 353
1995 J 304 22.48 22 0.527 0.250 31
F 315 23.74 21 1.038 0.855 28
M 343 85%87 21 1.663 0..007 31
A 350 24 .26 24 2.41% 0.716 30
M 340 10599 28 3.348 0.675 31
J 321 24.26 30 8.929 0.506 30
J 817 17.45 31 3.787 0.971 30
A 301 9.18 21 3.216 0.599 31
S 291 12.12 26 2.457 0.674 30
O 288 14.67 27 4. 518 0.505 81
N 309 17.69 18 0.606 0.239 23
D 312 18.38 12 0.367 0.128 31
¥ 316 2707 291 2.093 1.345 357
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STATISTICS: ERYTHEMAL IRRADIANCE (W /m2)
MORNING
630 450 300
mean st dev  No mean st dev.  No mean st dev No
1993 J
F
M
A 0.0263 0.0044 15 0.0807 0.0172 15 0.1256 0.0204 15
M 0.0231 0.0065 31 0.0677 0.0245 31 0.0989 0.0335 31
J 0.0270 0.0043 30 0.0811 0.018% 30 0.1122 0.0230 30
d 0.0297 0.0039 31 0.0952 0.0106 31 0.1344 0.0147 31
A 0.0295 0.0060 31 0.0947 0.0119 31 0.1322 0.0198 31
S 0.0315 0.0039 30 0.0953 0.0126 21
0 0.0318 0.0045 29
N 0.0237 0.0093 30
D 0.0247 0.0066 31
N
1994 J 0.0221 0.0080 22
F 0.0216 0.0064 91
M 0.0227 0.0063 31 0.0768 0.0236 11
A 0.0197 0.0060 30 0.0678 0.0189 30 0.0921 0.0282 21
M 0.0231 0.0042 30 0.0737 0.0178 30 0.1072,,0.0318 31
J 0.0258 0.0054 30 0.0850 0.0136 30 0.1210 0.0190 30
4 0.0260 0.0025 31 0.0847 0.0110 31 0.1210 0.0179 31
A 0.0263 0.0030 31 0.0878 0.0083 31 0.1234 0.0173 31
S 0.0263 0.0038 28 0.0862 0.0120 19
(@) 0.0259 0.0071 30
N 0.0259 0.0097 30
D 0.0227 0.0089 31
Y 0.0241 0.0066 345
1995 J 0.0224 0.0101 22
F 0.0265 0.0069 28
M 0.0210 0.0094 31 0.0710 0.0218 11
A 0.0208 0.0052 30 0.0704 0.0203 30 0.0817 0.0425 21
M 0.0223 0.0052 31 0.0724 0.0170 31 0.1083 0.0262 31
J 0.0262 0.0030 30 0.0809 0.0102 30 0.1158 0.0141 30
J 0.0260 0.0055 a1 0.0856 0.0102 31 0.1204 0.0179 31
A 0.0307 0.0038 31 0.0908 0.0139 31 0.1258 0.0227 31
S 0.0309 0.0071 3 0.0980 0.0127 21
(6] 0.0280 0.0066 31
N 0.0232 0.0090 23
D 0.0201 0.0096 31
X 0.0249 0.0078 349
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STATISTICS: ERYTHEMAL IRRADIANCE (W /m?)

EVENING
630 450 300
mean stdev No mean st dev No mean st dev No
1993 J
F
M
A 0.0208 0.0042 45 0.0764 0.0104 15 0.1170 0.0209 15
M 0.0176 0.0071 31 0.0595 0.0277 31 0.0829 0.0400 31
J 0.0216 0.0049 30 0.0757 0.0161 30 0.1095 0.0246 30
J 0.0244 0.0039 31 0.0820 0.0116 31 0.1174 0.0237 31
A 0.0249 0.0036 31 0.0860 0.0140 31 0.1255 0.0200 31
S 0.0266 0.0045 30 0.0909 0.0104 19
(6] 0.0253 0.0049 29
N 0.0183 0.0093 30
D 0.0243 0.0087 31
Y
1994 J 0.0208 0.0085 28
F 0.0180 0.0087 22
M 0.0179 0.0049 31 0.0662 0.0268 11
A 0.0177 0.0061 30 0.0623 0.0220 30 0.0978 0.0267 22
M 0.0180 0.0068 30 0.0635 0.0271 30 0.0978 0.0338 31
J 0.0243 0.0042 30 0.0802 0.0177 30 0.1124 0.0331 30
J 0.0231 0.0066 31 0.0739 0.0232 31 0.1063 0.0349 31
A 0.0232 0.0041 34 0.0814 0.0078 31 0.1184 0.0180 31
S 0.0229 0.0033 29 0.0849 0.0107 18
(6 0.0212 0.0071 30
N 0.0219 0.0081 30
D 0.0200 0.0099 81
Y 0.0208 0.0070 353
1995 J 0.0199 0.0112 28
F 0.0199 0.0074 28
M 0.0204 0.0064 81 0.0755 0.0166 11
A 0.0178 0.0055 30 0.0604 0.0221 30 0.0834 0.0421 22
M 0.0186 0.0058 31 0.0678 0.0201 31 0.0999 0.0273 31
J 0.0206 0.0059 30 0.0751 0.0160 30 0.1110 0.0233 30
2 0.0214 0.0052 31 0.0709 0.0198 31 0.1060 0.025 30
A 0.0216 0.0035 31 0.0695 0.0224 31 0.1037 0.0363 31
S 0.0198 0.0064 30 0.0852 .0.0159 19
(6] 0.0249 0.006%4 31
N 0.0207 0.0073 24
D 0.0178 0.0071 31
N 0.0203 0.0068 356




