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Abstract. A proxy-based reconstruction of the erythemally- 1 Introduction

weighted UV doses for 1955-2004 has been performed

for the Tartu-Dravere Meteorological Station (585’ N, In recent years there has been more attention to the recon-
26°28 E, 70 m a.s.l.) site. The pyrheliometer-measured dailystruction of UV doses for the past years and the UV climate
sum of direct irradiance on partly cloudy and clear days, andn general. The reconstructions of erythemal doses based on
the pyranometer-measured daily sum of global irradiance orproxy data and radiative transfer calculations have recently
overcast days were used as the cloudiness influence relatdieen made by several authors (Kaurola et al., 2000; Ziemke
proxies. The TOMS ozone data have been used for detectet al., 2000; Fioletov et al., 2001; Eerme et al., 2002b; Lind-
ing the daily deviations from the climatic value (averaged fors et al., 2003; Fioletov et al., 2004; Kgin et al., 2004;
annual cycle). In 1998-2004, the biases between the med-indfors and Vuilleumier, 2005; den Outer et al., 2005).

sured and reconstructed daily doses in 55.5% of the cases Climate in Northern Europe manifests an alternation of
were within+10% and in 83.5% of the cases withfP0%,  dominantly fine-weather and cloudy summers, as well as
on average. In the summer half-year these amounts wereold and mild winters. Favorable weather regimes affect
62% and 88%, respectively. In most years the results forthe productivity of natural ecosystems and agricultural crops.
longer intervals did not differ significantly, if no correction Human health also depends on weather conditions, among
was made for the daily deviations of total ozone from its cli- them the amount of available sunshine. Variations of the
matic value. The annual and summer half-yearly erythemalground-level ultraviolet (UV) irradiance and dose are the key
doses (contributing, on average, 89% of the annual valuejJactors in the atmosphere-biosphere relationships. UV radia-
agreed withirt=2%, except for the years after major volcanic tion has certain beneficial effects but may also be harmful and
eruptions and one extremely fine weather year (2002). Usinglestructive. The time series of UV radiation measurements
the daily relative sunshine duration as a proxy without de-cover a relatively short period in recent past. Hence, there
tailed correction for atmospheric turbidity results in biasesis an urgent need for proxy data based reconstruction of the
of 2—4% in the summer half-yearly dose in the years afterUV doses. The clear-sky UV doses depend on the annual and
major volcanic eruptions and a few other years of high atmo-daily cycles of solar elevation and the annual cycles of total
spheric turbidity. The year-to-year variations of the summerozone and aerosol attenuation. A smoothed annual cycle of
half-yearly erythemal dose in 1955-2004 were found to beclear weather doses can be modeled or interpolated from the
within 92-111% relative to their average value. Exclusion of observed values. Against that background, the measured ery-
eight extreme years reduces this range for the remaining tehemally weighted daily doses are most sensitive to the extent
95-105.5%. Due to the quasi-periodic alternation of wet andof the Sun being obscured by clouds and to the optical depth
dry periods, the interval of cloudy summers 1976-1993 reg-of these clouds. The interplay of the UV radiation between
ularly manifests summer half-yearly erythemal dose valueshe clouds and the surface depends on the ground albedo and
lower than the 1955-2004 average. Since 1996/1997 midbecomes complex in the presence of snow. For the correc-
winters have been darker than on average. tions of the deviations of the total ozone and aerosol optical
depth from the current calendar day, long-term average val-
ues, hereinafter referred to as climatic values, are also neces-
sary. Data sets of proxies, available at the measurement sites,
may be of different content and not always of uniform qual-
ity. In the case of UV radiation climate reconstruction over
Correspondence tK. Eerme larger areas, data sets of the same content could not be ex-
(kalju@aai.ee) pected to be available for all sites. Therefore, the comparison
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of the results of reconstruction based on different key proxyovercast days. The daily sum of direct irradiance is a mea-
data from the same site would also be useful. sure of sunshine duration, similar to the daily sunshine dura-
tion itself. The disadvantage of the last quantity is that it con-
tains neither information on atmospheric turbidity, nor on the
2 Method solar elevations of the sunshine episodes. On overcast days
the CMF for the daily sum of global broad-band irradiance
In the present paper the reconstruction of the ground-leveivas found to vary in a wide range from 0.055 to 0.55. The
erythemally weighted daily doses has been performed forcorresponding range for the erythemal dose is from 0.085 to
one site during the whole year. In our previous reconstruc0.87. The uncertainty of CMF depends on the accuracy of
tions only the period from the vernal equinox to the autumnalthe measurement of global irradiance and on the accuracy
equinox was treated (Eerme et al., 2002b, 2003) and also af the calculation of climatic clear dose. The measurement
smaller data set of measured erythemal doses was used faccuracy relative to the international scalebd$% (Russak
deriving the statistical relationships between the daily ery-and Kallis, 2003). The large variation of CMF values comes
themal dose and its proxies. from the high variability of the cloud structure. The thicker
The reconstruction, based on statistical relationships, ighe clouds, the better the relative penetration is of erythemal
performed relative to the climatic clear weather dose. Asirradiance, as compared to the global broad-band irradiance.
noted above, the daily climatic value here corresponds to thd he average ratio of the penetration decreases from 2.3 for
long-term average conditions of the atmospheric characterthe darkest clouds to 1.3 for the most transparent overcast
istics for each calendar day. The smoothed climatic annua¢onditions. On partly cloudy days part of the attenuation of
cycle of clear weather erythemal doses, corresponding to clithe daily dose comes fromi{cioudinesand another part from
matic annual cycles of total ozone and aerosol optical depthXturbidity-
could be either calculated, using radiative transfer codes or The total ozone anomalies occupy second place as contrib-
interpolated from the observed clear-sky values. The trugutors to the variations of the UV dose. The effect of the ozone

all-weather ground-level daily erythemal dose D against thatnfluence on UV radiation can be expressed by the radiation

average annual background can be expressed as amplification factor, RAF, which is a percentage increase of
the UV radiation resulting from a 1% decline in total ozone.
D = Dc¢learK cloudinesK albedoK ozoneKtwrbidity - (1)  The absolute error of TOMS total ozone values has been es-

timated to bet3% (WMO, 1998). The correction in clear-
In Eq. (1) Dcear is the climatic average clear-sky dose for sky conditions has been made to the extent of a 1% lower
the corresponding calendar daioudinessis the daily cloud  (higher) dose to the total ozone 1% amount higher (lower)
modification factor (CMF) K aibedois the factor accounting than the climatic value. On partly cloudy days a correction
for the albedo difference from the seasonal aver&ggene  Was made for the relative contribution of direct irradiance.
is the factor accounting for the deviation of total ozone daily The correction was not performed on overcast days. 70% of
value from that of the climatic value for that particular day, the total ozone deviations throughout the year and 79% in
and Kwurbidity IS the factor accounting for the deviation of at- the summer half-year remain withial 0% from the climatic
mospheric turbidity from that of the climatic. All the neces- value. Only about 6% of the deviations throughout the year
sary data for taking these factors into account are not alwaysnd 2% in summer half-year have exceed&%.
available. Therefore, it is better to consider their influence Often aerosol attenuation influences the ground-level UV
separately and to reserve the possibility of performing somedoses to the same extent as the total ozone day-to-day varia-
minor corrections in the future. tions. It is assumed that under sunshine conditions the sum
of the broad-band direct irradiance takes into account the de-
viation of atmospheric turbidity from its climatic value. The
3 Ranges of variance and uncertainties of the dose mod- proportionality of aerosol optical depth (AOD) values will
ulating factors be discussed below. The coefficient of the linear correlation
between the AOD at wavelengths 340 nm and 500 nm was
The most variable and often the largest factor among thos®.989. The estimated uncertainty in the ratio of the AOD is
used in Eq. (1) iKcloudiness The factor has been expressed approximately+10%. The variations oKwurbidity in 70% of

through its proxiest by a linear regression the cases remain within the range 0.92-1.08 relative to the
climatic value. In a few cases the values have dropped even
Kecloudiness= a X/ Xclear+ b . (2) below 0.75, due to the smoke of forest fires in the dry sum-

mer of 2002. In extremely good atmospheric transparency
While testing different combinations of proxies, the most conditions the value has reached a level of 1.15. These data
promising version was found using the daily relative sum of confirm the finding (Jaroslawski and Ksgin, 2005) that the
broad-band direct irradiance on clear and partly cloudy daydorcing of clear-sky irradiance by the AOD variations is as
and the daily relative sum of broad-band global irradiance onimportant as that by the column ozone variations. If the daily
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relative sunshine duration is used as a proxy instead of theied out with a 6-h resolution, and since 1966 with a 3-h
daily sum of direct irradiance and there are no data to correctesolution. The amounts of medium- and upper-level clouds
for the turbidity, then those biases in dose can occur. were not separately recorded. The detected cloud types were
The albedo effect gains importance in the presence ofecorded without any quantitative measure (Sun and Grois-
snow. The landscape pattern around the station consists @fhan, 2000). At the Tartu-dravere Meteorological Station,
fields and patches of coniferous forest. In the cold seasomspecialized in radiation measurements, cloud detection has
when there is a strong mutual influence between the changseen performed with a 3-hour resolution since the beginning
ing surface albedo and CMF, it was easier to consider snovwof radiation measurements. Since July 1957 the hourly cloud
influence by using separate regressions for CMF in snow andletection has been performed regularly during the day. For
in snow-free conditions. In this cag&oudinessincludes the  the hourly data, the cloud amounts in measurements of tenths
albedo factorKaphego The uncertainty of the albedo effect at each of the three basic levels are detected and the domi-
for the snow-covered conditions reachgs0% in midwinter ~ nating cloud types are also recorded. Such high frequency
due to highly variable snow characteristics. of detection is uniqgue among the stations of the former So-
viet Union. The results of visual cloud detection by different
observers have been regularly compared. If the daily sums
4 Available proxy and ancillary data of broad-band global irradiance and direct irradiance or sun-
shine duration are available, data on clouds present supple-
The proxy data (used and available), except for satellite totamentary information from the point of view of the UV dose
ozone, have been recorded at the Tarfualere Meteoro- reconstruction. Cloud data can help if only global irradiance
logical station (5816 N, 26°28 E, 70m a.s.l.) of the Esto- data are available. In the previous stages of our UV dose
nian Meteorological and Hydrological Institute (EMHI). The reconstruction activities, the daily average cloud amounts on
station is the successor of the Meteorological Observatoryach of the three basic levels were calculated from the hourly
of Tartu University, and has been regularly operating sincedata and the relative contribution of dominating cloud genera
1865. First attempts of solar radiation measurements weren overcast and heavily cloudy days, as well, was found to
made there in the 1930s. In 1949, a set of instruments fotletermine the average CMF. In the time range from the vernal
solar radiation measurements was obtained and a few yearmjuinox to the autumnal equinox, the use of CMF, detected
later the observations of the radiation budget components befrom cloud genera data, gives satisfactory results (Eerme et
came a major research subject. Since January 1950, regulaf., 2002b, 2003). In midwinter, especially if snow and snow-
measurements have been performed outside the town anftee periods are alternating, the variance of CMF for all cloud
since 1965, the station has been operating at the present sitgenera turned out to be too high for such a use.
20 km from the center of Tartu and about 15 km from its pre- The albedo effect gains importance in the presence of
vious location. During one year the measurements were persnow. The hourly broad-band albedo data have been used
formed simultaneously in both sites, located amidst similarfor detecting the daily average albedo and for distinguishing
rural landscapes. Analysis of the data showed no systembetween the snowy and snow-free days. In snow-free con-
atic differences. In 1999 the station was included in theditions the surface was covered either by grass or by dead
Baseline Surface Radiation Network (BSRN). Since 2002grass and had low albedo. The landscape pattern consists of
the AERONET Cimel-18 Sun photometer has been operatfields and patches of coniferous forest. The regional albedo
ing at the station, providing data on aerosol spectral opti-around the year contains a contribution by the forest-covered
cal depth. The main features of the Estonian radiation cli-area. If the local albedo corresponds to snow, then usually at
mate are described in the Handbook of Estonian Solar Radileast about 50% of the surroundings act as a snow-covered
ation Climate (Russak and Kallis, 2003). The pyranometer-surface. The statistical relationships between the daily ery-
measured global irradiance has been recorded since 19%0emal doses and their proxy values in snow-covered condi-
with some prolonged gaps in 1952. The continuous record otions are different from those in snow-free conditions. After
the pyrheliometer-measured direct irradiance has been avaithe spring equinox, snow has been met in few years, though
able since 1955. The direct normal radiati®ims measured in some cases it has lasted for three to four weeks. Snow
perpendicularly to the solar beam. The values transformed tincreases the daily doses both on sunny and overcast days.
the horizontal surface have been used here. The daily relative The Estonian total ozone climatology, based on available
sunshine duration, detected by the Campbell-Stokes heliodata until 2000, has been published recently (Eerme et al.,
graph, is available for the years 1953-1958 and since 19672002a). No local measurements of atmospheric total ozone
The radiation data collected in 1950-1954 had a somewhalad been performed before 1994. TOMS daily values of to-
different content as compared to those collected since 1955al ozone have been available since November 1978, with
For the present paper only the radiation data from 1955-2004aps in 1993-1996. Local direct Sun measurements of to-
have been used. tal ozone, performed in 1994-1999, partly fill the gap in
During 1936—-1965 routine observations of clouds in thethe warm season. In very recent years the direct Sun mea-
meteorological stations of the former Soviet Union were car-surements using the MICROTOPS-II instrument have also
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Table 1. Average aerosol optical depth of total direct irradiance at the TadtavEre Meteorological Station.

Interval Average value Medianvalue StDev Value$9.1% Values- 0.2%

1955-1960 0.099 0.083 0.059 61.5 16
1961-1970 0.114 0.102 0.063 49 14
1971-1981 0.135 0.118 0.074 35 16.5
1986-1991 0.130 0.106 0.089 43.5 16
1996-2003 0.083 0.064 0.070 76 6
1982-1985 0.165 0.145 0.110 28.5 25
1992-1995
05 clear-sky annual cycles. The AOD used for solar integral
0.5 radiation was calculated from the data of the atmospheric
0.4 — Average 1955-2003 integral transparency, with the contribution by water vapor
gg-‘s‘ Average in 1982-85 and subtracteo_l. The water vapor optical (jepth has been relaf[ively
80 \ 1992-95 stable during 1955-2003 and its variance is nearly 10 times
£03 1 Average 1996-2003 less than that of the AOD. The Gueymard method (1995,
§°'2 | 1998) for subtraction of the water vapor contribution and a
02 simple method for water vapor column retrieval proposed by
8'1 Okulov (2003) were used by Russak et al.,(2005) for retriev-
o.o ‘ ‘ ‘ —_ ‘g ing the integral AOD values. A simpler method for water
T 0.1 0.2 0.3 0.4 05 0.6 vapor subtraction, proposed by Zvereva (1968) and resulting
AOD in about 0.01-0.02 higher aerosol optical depth values is also
suitable.

Fig. 1. Probability density distribution of aerosol integral optical .
depth: in 1996-2004, in 1955-2004 and in 1983-1985 + 1992— 1he large (small) average value of AOD during a cer-
1995 for Tartu-Bravere Meteorological Station. tain period does not mean that all values are systematically

higher (lower). Usually both large and small values oc-

. r during any period, and the average value depends on
been performed. The values interpolated between the nearet%tjeir relative frequency. The integral AOD, as well as its

stations in Riga and St. Petersburg are available for 1973— . . ; )
1978. Rough interpolated data on the monthly level (Londonv‘fJllue in the visible region dpes not necegsanly need to pe
et al., 1976) also exist for the period 1957-1967. Most of thed'rectIy related to the A.OD n thg UV region (Jarqslawsk|
data obtained before 1979 can be used on the monthly Ievelfat al.., §|O03, JaerSI"’}[\;]VSdk' and deln, Z]C()tﬂS),A?)sSutr;mg t: ?h
Atmospheric turbidity is characterized by transparency:gva”?.. e, V\]/cave elngl epecn eenf:e?b\ol)e' th U\r/oug i €
and by the contribution of diffuse radiation. Atmospheric in- . ngstioms tormuta. In any cas ) In the UV region
tegral transparency has been monitored at the Tabtavere increases with the Increase Of the AGD in th_e visible range
Meteorological Station, under the conditions when the Sunand often the UV-B transmission can be estimated success-

was shining and the sky around it was cloud-free. The re-fUIIy by the AOD values in the visible region (Wenny etal.,

sults have been transformed to the atmospheric mass m:£998) or at longer wavelengths of the UV region. For exam-
(solar elevation 30 situation. After June 2002, when the ple, the measurement data from Ispra manifest a stable ratio

AERONET Cimel-18 Sun-photometer started to operate a2l the Brewer retrieved AOD at 320 nm and AERONET AOD

the Tartu-Dravere Meteorological Station, the data on AOD at 340nm (thbner and Melet, 2904)' The biases petween
in the range 340 to 1020 nm are available. the AOD, retrieved from Brewer direct Sun observations and

calculated using thdngstiom'’s law, can partly be explained
5 Aerosol optical depth variations by neglecting the error sources in the Brewer AOD retrieval
(Arola and Koskela, 2004). The extrapolation based on the
Using the daily sum of broad-band direct irradiance as aAngst®m exponent is related to the size distribution of the
proxy for the daily erythemal dose, it is assumed that theaerosol particles. The values of spectral AOD depend on the
influence of atmospheric turbidity in the UV region is pro- aerosol size distribution and its optical properties, related to
portional to that in the integral radiation. The atmosphericthe origin of air mass. The prevailing air mass with its aerosol
AOD data in the present work were used for selecting theloading and composition depends on the wind direction and
adequate clear day data, in order to construct the climati@erosol source locations.

Ann. Geophys., 24, 1767+82 2006 www.ann-geophys.net/24/1767/2006/
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Table 2. AERONET spectral AOD grouped average values and ratios with StDev at the Taduefe Meteorological Station.

Range AOD340 Average AOD340 Average AOD500 AOD340/ AOD500 AOD340/ AOD380

<0.1 0.079£0.014 0.044:-0.008 1.76:0.19 1.120.10
0.1-0.2 0.15%0.093 0.092:0.072 1.720.18 1.120.066
0.2-0.3 0.232:0.029 0.142-0.022 1.7@0.18 1.120.047
0.3-0.4 0.33#£0.029 0.203:0.026 1.620.16 1.150.043
>0.4 norm 0.58:0.19 0.35:0.12 1.66:0.1 1.15£0.062
>0.4 soot 0.95:0.49 0.710.38 1.35:0.08 1.0#0.03

Before June 2002, the only data available at our site weradent on wavelength. The coefficient of the linear correlation
those concerning the integral AOD. The average value forbetween the AOD at wavelengths 340 nm and 500 nm was as
the whole period of 1955-2004 was 0.11 and its modal valuéhigh as 0.989. Taking into account the similarity of ratios
near 0.1. The average atmospheric turbidity since aboufor different ranges of AOD values and their relatively small
1996 has been lower than during the observed period, owariance, it can be concluded that on most days the deviations
average, especially in the 1970s and 1980s (Table 1), whefrom the average ratio of the aerosol attenuation in the ery-
large values occurred more frequently. The higher thanthemally weighted and pyrheliometer-measured broad-band
usual AOD values dominate in the years after the El Chi-region cannot be large. Unfortunately, the data correspond-
chon (1982-1985) and Pinatubo (1992-1995) major volcanidéng to the conditions after major volcanic eruptions are out
eruptions. Small values also occurred in these years but lessf scope of the AERONET data set for our site.
frequently. The probability density of AOD is asymmetri-
cally distributed. There is a sharp peak around the AOD
modal value 0.1 and a long tail towards the higher valuesg Average clear-sky background
affecting the average but presenting low probabilities of oc-

currence (Fig. 1). The estimated daily doses are usually presented as those rel-
The real studies of spectral AOD became possible wherative to the climatic clear-sky backgroum®)/ D¢jear (Josefs-
the AERONET Cimel-18 Sun-photometehtip://aeronet.  son and Landelius, 2000; Schwander et al., 2002). As noted
gsfc.nasa.goy/started to operate at the Tart@&vere Me-  above, the clear-sky climatic dose can be calculated, using
teorological Station. The relationships were found betweerradiative transfer codes for inserted realistic AOD and to-
the integral AOD and the AOD at 500 nm (Teral et al., 2004; tal ozone data. Also, it can be interpolated from the ob-
Russak et al., 2005). We have studied the relationship beserved data corresponding to average “normal” conditions by
tween the AOD in the visible region and the UV region at checking the daily AOD and the total ozone values. We have
our site. The spectral AOD data on the level 2.0 were avail-used the latter version. Ozone non-influenced symmetric cy-
able for 334 days in 2002—-2004. In 2005, 97 more days orcle, relative to the summer solstice annual cycles of daily
level 1.5 were also included. The data were grouped acsums of directirradiance and global irradiance, as well as the
cording to the AOD value at 340 nm into five ranges: be-0zone influenced asymmetric cycle of clear-sky daily erythe-
low 0.1, 0.1-0.2, 0.2-0.3, 0.3-0.4 and above 0.4. More tharnal dose are presented in Figs. 2 and 3.
60% of the values fell into two ranges 0.1-0.2 and 0.2-0.3, The presented smoothed curves have been compiled, us-
about 10% were below 0.1 and 14% exceeded 0.4. The reing the measured clear-weather values of 1955-2003 for the
sults of the statistical study of the grouped AOD and theirdaily sums of direct and global irradiance (Fig. 2) and the
ratios are presented in Table 2. For each range, the averalues obtained in 1998—-2003 for the daily erythemal dose
age AOD values at 340 nm and 500 nm, as well as the ratiogFig. 3). The total number of the daily sums used of broad-
AOD340/A0D500 and AOD340/A0D380 with the standard band direct and global irradiance exceeded 800. Only about
deviation limits have been calculated. The data in the rang®0 values were available for the daily erythemal dose. The
of the largest values were divided into two groups, contain-drastic leaps in the erythemally weighted dose curve (Fig. 3)
ing the usually occurring aerosol and the soot aerosol, relatedre related to transitions of average albedo conditions from
to extended forest and bog fires in the summer and autumn adnow to snow-free and vice versa. Between 15 Decem-
the dry 2002. One can see that the ratio AOD340/A0D380ber and the vernal equinox the snow conditions have been
for usually occurring aerosol in all ranges is almost the sameconsidered to be typical and were used for constructing the
and the ratio AOD340/A0OD500 decreases slowly while thecurves. It was found that a better agreement between the
AOD increases. The AOD of the soot aerosol is less depenealculated and measured daily dose values is achieved, using

www.ann-geophys.net/24/1767/2006/ Ann. Geophys., 24, 1I7A2-2006
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Fig. 2. Climatic annual cycles of the clear-weather daily sums Fig, 3. Climatic annual cycle of the clear-weather daily erythemal
of global and direct broad-band irradiance in M3/fior Tartu-  gose in kdy/m? for Tartu-Toravere Meteorological Station site.
Toravere Meteorological Station site.

clear-sky erythemal doses turned out to be nearly 10% lower
the separate regressions for snow and snow-free conditionghan the measured values. For broad-band daily sums this
The effect of alteration of the distance between the Earth anqis out of the range of the uncertainty limits. The codes con-
the Sun is included in the data used. The construction of thQ;entrated on UV calculations are probab|y not appropriate
smoothed curve was performed using the moving average ofor the broad-band region. For the erythemal dose the bias
5 to 10 days with balanced positive and negative deviationsjs close to the uncertainty of scale. The correction of our
The average value of broad-band AOD within each currentradiometric scale is not excluded in the future. New instru-
interval was checked from the point of view of how well it ments were obtained and the calibration facilities improved
agreed with its climatic value during the corresponding time only very recently.
interval. In the case of the smoothed erythemal dose curve,
the agreement of the total ozone value with that of the cli-
matic was also checked. As noted above, the average alme,  pogression-based estimation of cloud modification
spheric turbidity since about 1996 has been lower that during
the whole period of 1955-2004. The lower average AOD

means lesser large values. The selection of data from the, . relationships between the daily erythemal dose and the

years 1955-1995 for construction of the curves of Fig. 2 hascloudiness dependent proxi&sthrough the CMFX cioudiness

been made in agreement with the average values during thﬁave been expressed by a linear regression (2). The coef-
erythemal measurements period since 1998.

ficientsa andb for different proxies were found, using the

If the daily relative sunshine duration is used as a proxydata for 1998 to 2003, which provided quite a representa-
instead of the da|ly sum of direct irradiance, the UV doseStive range of weather conditions and allowed one to com-
could be overestimated or underestimated if the real devi-pare the estimated and measured values for the year 2004.
ations of AOD from the climatic value are not taken into The use of some nonlinear regression is not excluded either.
account. The average atmospheric transparency at our siteortunately, the nonlinearities have been found to be small,
is quite stable from April to August when it is at its lowest therefore they do not cause systematic deviations. To ex-
level (Russak and Kallis, 2003). Quite often the AOD valuescjyde the influence of daily deviations of total ozone from
are not available for days with a large contribution of sun- jis climatic value theK cloudinessshould be fitted to the total
shine. Using monthly averages instead of real daily valuesyzone climatic cycle. The ascenin regression (2) indicates
can result in significant biases of daily erythemal doses. Inthe difference of the erythemal dose reaction to the changes
the cold period of the year the AOD is measured much lessp proxy ratio X/ Xcjear in the broad-band region. The in-
frequently, the values are usually small, however, large valtercepts in the regression (2) expresses the average back-
ues are also recorded. Specific aerosol conditions have begjtound contribution of the sky in the erythemal dose. On
met during two shorter periods, 1982-1985 and 1992-1995¢|ear and partly cloudy days the relative contribution of di-
after major volcanic eruptions when the optical depth levelsyect irradiance depends on the solar elevation at noon. At
were systematically higher than usual. our site it reaches 50% only at noon around the summer sol-

Due to a relatively small amount of clear-sky values of stice (Eerme et al., 2003) and decreases with the lowering of
erythemal doses, the calculations using the LibRadtran codesolar elevation and increasing atmospheric turbidity. In mid-
(Mayer and Kylling, 2005) were performed. The calculated summer the appearance of cumuli clouds at noon is frequent,
clear-sky daily sums of broad-band irradiation, as well as thereducing the contribution of higher solar elevation into the re-

factor
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Table 3. Linear regressions utilized.

Partly cloudy or clear days

Interval Regression Snow conditions

1 Nov - 10 Feb (0.240.10) Dir/Dirclear + 0.820.07 Snow
(0.30+0.04) Dir/Dirclear + 0.6240.02 No snow
11 Feb - 20 March  (0.240.07) Dir/Dirclear + 0.780.08  Snow
23 Sep —31 Oct (0.3#0.05) Dir/Dirclear + 0.620.05 No snow
21 March —22 Sep  (0.460.02) Dir/Dirclear + 0.580.01  No show

Overcast days

Interval Regression Snow conditions

1 Nov-10Feb (1.120.11) Gl/GIclear + 0.1%0.03 Snow
(1.42+0.12) Gl/Glclear + 0.0&0.02 No snow
11 Feb - 20 March  (1.@B0.17) Gl/Glclear + 0.140.06 Snow
23 Sep —31 Oct (1.480.13) Gl/Glclear + 0.0&0.03 No snow
21 March—22 Sep  (1.290.11) Gl/Glclear + 0.040.03 No snow

gression ascemtat that time. The linear regressions for both  The albedo of fresh snow is high, about 80—90%, and that
proxies used, i.e. for partly cloudy + clear and for overcastof old snow about 30—40% (Blumthaler and Ambach, 1988).
days are presented in Table 3. The limits of the coefficients The enhancement of UV irradiance is larger for cloudy skies
andb at the 95% confidence level are included. Separate setbecause of the increased backscattering by clouds. Under
of coefficientsa and b for snow and snow-free conditions clear-sky conditions the enhancement by a factor of about
were used for the darkest 100 days5Q days from the win- 1.3 was established by Lenoble et al. (2004) at the Alpine
ter solstice), as well as for the late autumn and early springstation 500 m above sea level. An increase by 28% of global
periods from 23 September to 31 October and from 11 FebruUV-A irradiance and by 22% of UV-B irradiance under clear-
ary to 20 March. In 1955-2004, persistent snow in Octobersky conditions, due to snow, was established by McKenzie et
occurred only in 2002 for 11 days. In a few cases it has oc-al. (1998). At our site the low adequacy of regressions in
curred for 1-2 days at that time. In the summer half-yearsnow-covered conditions tend to be low due to the high vari-
from 21 March to 22 September the regressions were calcuability of snow properties and snow influence on the back-
lated only for snow-free conditions and, in the cases whernground. On separate days the snow contribution often has
snow occurred after 20 March the regression for the previoudbeen similar to that refered to just above.
period was extended.
The confidence level depends on the number of points used
in calculation of regression and on the variance of the rela8  Selection of overcast days
tionship between the studied quantities. The availability of
points for the regressions of the selected above time interval total, 109 fully overcast days per year is considered the
was different. The amount of points as large as 840 occurreénnual average at the Tart@fBvere Meteorological Station.
available for the partly cloudy and clear days in the sum-Most of these days occur in the winter months. If correctly
mer half-year. The most restricted number (33) was founddefined, on overcast days the sum of direct irradiance, as
for snow-free conditions during 1 November—10 February;well as the sunshine duration are zero. This selection crite-
in other cases the number remained between 66 and 201. Ifion excludes days with short sunshine duration whose daily
most cases the coefficient of the linear correlation of con-doses resemble those of fully overcast days. We have used a
structed regressions remained between 0.84 and 0.95. Exofter criterion of an overcast day. The selection was based
ceptionally low values of 0.38 and 0.61 were found for partly on the values of direct solar irradiance, sunshine duration,
cloudy and clear days during the winter half-year intervalsand visual cloud inspection data. The basic criteria were the
in snow-covered conditions. The regression manifesting thejaily sum of direct irradiance and the daily sunshine dura-
lowest linear correlation was based on 97 points and anothefion. Checking their mutual agreement helps to avoid pos-
one on 66 points. sible errors. The detected daily average cloud amount of 10
tenths does not guarantee that the day is overcast, because
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30 1 ozone in clouds, the transmission of UV-B radiation becomes
20 1 lower (Mayer et al., 1998). It has been shown (Schwander et
10 1 al., 2002) that in overcast conditions the CMF increases with

decreasing wavelength in the UV-A region and decreases
again below wavelength 315 nm.

Deviation, %

-10
-20 A

-30 1 9 Correction for total ozone
-40

[ AT A mean annual cycle of total ozone over Estonia in 1979—
2000 was composed, using the averaged ten-day values
Fig. 4. Daily percent deviations of total ozone from its climatic (E€rme etal., 2002a). The years subjected to strong stochas-
value in year 2004 at TartudFavere Meteorological Station site.  tic forcing by El Chichon (1983) and Mt. Pinatubo (1992 and
1993) volcanic aerosol were excluded. Due to the gap in the
data set used, the year 1995 and partly 1996 have also been
the cloud situations are recorded as samples after each howgxcluded. The total ozone systematic deviations tend to ap-
If small daily sums of direct irradiance coming from very pear in spring as the quasi-biennial oscillation (QBO) related
early or late hours have been recorded, the heliograph ofteanomalies. A systematic trend above the 95% significance
records no sunshine. If a short sunshine episode is recorddevel in seasonally averaged total ozone could be detected
near noon, its relative contribution is much higher than thatonly in late winter and spring. In 1979-2000 the trend of
of the sunshine duration. From the point of view of using decrease in late winter/spring (Feb—April) corrected for the
the daily relative sum of direct irradiance as a proxy for the QBO influence was found to be 3:2.6% per decade within
UV dose, very small values are not representative. For those:20 limits. No detectable trend was found neither in autumn
days the sum of global irradiance is more respective. It washor in summer. If the data after 2000 are appended, then
used in the cases when direct irradiance contributed less thasmall negative trends also appear in summer and autumn.
5% of the clear day value. This relatively voluntarily chosen Such a trend is related to the increased amount of tropo-
threshold proceeds from the fact that the contributions belowspheric highs in recent years rather than to the chemical loss
5% occur more often than the values between 5 and 15%0f ozone. In the upper tropospheric persistent highs, the total
For the last range, the average of the values based on botbzone tends to be lower and in lows higher than the climatic
proxies was in the best agreement. The 5% criterion usedalue. For the period since the vernal equinox to the autum-
here roughly means that the days with less than one hounal equinox the coefficient of linear correlation between the
of sunshine in the summer half-year and less than half apercent of negative deviations of total ozone from its climatic
hour sunshine in the winter half-year were classified as thevalue and the half-yearly sum of broad-band direct irradiance
overcast days. In most cases those above-zero sunshine dwas 0.67. The negative deviations have contributed 28% in
ration values have been 0.1-0.2 h. In the summer half-yeaithe cloudiest summer half-year 1987 and 75% in the sunniest
the average number of overcast days by the criterion use@002. As an example, the yearly course of total ozone per-
was 36.5 days in 1955-2004, of these 20.3 in astronomicatentage deviations in 2004 is shown in Fig. 4. In most years
spring and 16.2 in astronomical summer. The annual valuethe total ozone negative and positive deviations compensate
have varied between 15 and 51. In the winter half-year theeach other over longer time intervals and the total dose is not
average number was 104 or 58% of all days. In the darkesgreatly influenced by the total ozone daily values. Systematic
period (November - February) the overcast days contributelifferences arise in the years of persistent extreme weather.
67%. On average, 23.5 days have been overcast in Decem- In any case, the further back we try to expand the recon-
ber. The lowest average value, 2.8 days or 9%, has occurrestruction, the higher the probability of a total lack of the total
in June and July. Situations without any overcast days hav@zone daily data. Therefore, is seems reasonable to study
occurred from May to August, 5—6 times per month during how much the reconstructed UV doses for longer intervals,
50 years. based on climatic ozone, differ from those based on real daily
As a result of the criterion used for classifying the days values of total ozone. For the period when the daily values
into overcast ones for nearly 40% of the days, the daily sumof total ozone were available, the reconstructions based on
of broad-band global irradiance and, for nearly 60% of thethe climatic value were made in parallel, and the results were
days the daily sum of broad-band direct irradiance were useg@ompared.
as the cloudiness influence related proxies. The effect of ozone influence on UV radiation can be ex-
On overcast days the difference in CMF for broad-band ir-pressed by the radiation amplification factor, RAF, which is
radiance and erythemal irradiance depends on the cloud o percentage increase of the UV radiation resulting from 1%
tical depth. Relative transmittance of the UV-A radiation is decline in total ozone. RAF, relating differential changes in
better for thicker clouds. Due to absorption by tropospherictotal ozone and UV irradiance, is dependent on solar zenith
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Table 4. Percent of biases between reconstructed and measured daily erythemal doses within certain limits in 1998—2004.

Year Daily ozone based reconstruction Climatic ozone based reconstruction
<+10% <+20% >=+30% <+10% <+20% > +30%
Full year

1998 535 83 7 52 81 8.8

1999 58.2 83.6 7.4 51 81 7.9

2000 54.9 84.1 6.8 50.8 82.5 6.8

2001 57.6 83.6 6 53 81 7.3

2002

2003 525 82.8 7.1 50.0 79.5 7.3

2004 55.7 84.4 3.3 47.8 81.7 3.8

Summer half-year

1998 59.1 85.5 6.4 59.1 85.4 7.7
1999 65.6 925 3.2 58 88.7 3.2
2000 60.8 92 3.7 55.9 89.3 3.7
2001 58 811 8 51 77.9 9.6
2002 63.4 87.6 6.9 49 82.1 8

2003 58 86.5 6.4 59.7 83.9 7

2004 68.1 89.6 21 57 87.1 2.6

angle and wavelength. For the zenith angle values less thaations from the measured values turned out to be larger than

80°, the value for the CIE weighted integral was found to be in the version used.

close to 1% (Fioletov et al., 2001). In other sources it was Between the spring equinox and 15 May, 60-70% of the

found to be 1.1-1.2% for the zero zenith angle (Ziemke ettotal ozone deviations from their climatic value excee2D

al., 2000). For the equatorial region it was found (Herman etDU (+£5.5%). In some years these are mostly due to QBO

al., 2000) that the deviation of 6% in total ozone causes theelated enhanced or reduced ozone transport from the trop-

deviation of 6% in irradiance and a dose at 310 nm, as wellics. A contribution also comes from the modulation by the

as in the erythemally weighted region. alternation of highs and lows in the upper troposphere. Usu-

ally the largest deviations occur in February, when both the

On the daily level the corrections of the reconstructed dOSGhighest (548 DU) and the lowest (190 DU) total ozone val-

for total ozone deviation were made for the period sinceyes have been recorded at our site. Due to low solar elevation

1979. The correction under Clear-Sky conditions has beerand mostly Cloudy dayS, the ozone influence on the erythe_
made to the extent of a 1% lower (higher) dose to the totalynal doses in winter is rather moderate.

ozone 1% amount higher (lower) than the climatic value. On

partly cloudy days a similar correction was made for the rel-

ative contribution of direct irradiance. The correction was 10 Comparison with measured values

not performed on overcast days. Despite the fact that ozone

absorption mostly occurs in the stratosphere, the total effecThe reconstructed values of erythemal doses for the years
in the cases of direct and diffuse solar UV-B radiation is dif- 1998—2004 were compared with the measured ones on the
ferent. Due to the multiple scattering in clouds, the light pathdaily level and also on monthly and half-year scales. As the
of diffuse radiation and the probability of being absorbed by measured values of 1998-2003 were used for constructing
tropospheric ozone are higher (Mayer et al., 1998). The efthe versions of regression (2), only in the case of one year -
fect reduces the relationship between the erythemal irradi2004 — were its data not included in the statistical relation-
ance and column ozone through the increase in the relativehips. The agreement between the reconstructed and mea-
contribution of UV-A radiation. We have made attempts to sured daily values in that particular year, as well as other
take into account the influence of total ozone deviations duryears was similar, as can be seen in Table 4. Unfortunately
ing the obscured Sun period on partly cloudy days. The devipart of the measured values in the winter 2002 has been lost,
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Fig. 5. Ratios of daily and monthly reconstructed/measured erythemal doses for year 1999 and year 2004.

Table 5. Ratio of erythemal doses calculated using climatic ozone 1€ dark period of the year and constituted 10-13%, only in

versus daily 0zone in 1979-2004 for different intervals. three cases did the biases of the monthly values from Novem-
ber to February reach 16-20%.
Interval Average Max  Min The summer half-year from the vernal equinox to the au-
tumnal equinox contributes, on average 89%, of the yearly
01.01-10.02. 1.01 1.068 0.97 erythemal dose. Extreme values of the contribution have
11.02.-20.03. 1.01 1.049 0.93 been 87.6% in the cloudy summer of 1987 and 91% in the
21.03.-21.06. 0.997 1.023 0.96 sunny 1999. The variations of the yearly dose are almost to-
22.06.-22.09. 0.994 1025 0097 tally determined by the summer half-year contribution. Due
2309-31.10. 0.995 1017 0.965 to better penetration of the UV-A part of the radiation through

the clouds, the amplitude of the year-to-year variations in the
erythemal dose is less than that of its proxy quantities.

In the past the calibration of broad-band sensors was reg-
ularly performed in the Voeikov Main Geophysical Observa-
tory (St. Petersburg), and now it is done in the World Radi-
thus the results were not compared on an annual level. Thation Center (Davos). Between the comparison campaigns,
reconstruction has been done in two versions by considerthe absolute radiometer PMO-6 No R850405 is used as a
ing the total ozone influence: on the daily data and on thesecondary standard for regular assurance of the calibration.
climatic data basis. In the first version the influence of daily The previous standard, tiengstiom pyrheliometer M-59-8
deviations from the climatic value was taken into account andNo. J-1981, has been in use for more than 20 years and the
in the second it was not. scales of old and new standards have been in agreement with

The examples of the behavior of the ratio of the recon-the World Radiation Reference within0.1% (Russak and
structed/measured daily and monthly dose are presented ift@llis, 2003). The scale of the Scintec UV SET erythemal
Fig. 5 for the years with the best and the worst agreementS€NSOr is pased on the manufacturer callbratpn; its labora-
Most of the large biases occur in winter in the case of very!OrY checking has been regularly performed, using a standard
low values of the daily doses. A few cases have also occurre@uartz halogen FEL lamp, calibrated by Oriel Instruments, in
in summer, and some of them could be detected and excludespectral irradiance traceable to the USA National Institute of
quite easily. In some cases something has happened to t@andards and Technology (NIST) standards. The calibra-
sensors (something on the diffusor, extreme weather, interiOn Was also checked, using the portable erythemal sensor
ruption in power supply, etc.). In winter 3—4% of the mea- PMA2000. The latter ha; peen cpmpared to the Brewer in-
sured daily values could be influenced by a blizzard or heavystruments located at Jokioinen (Finland) and Belsk (Poland)
precipitation and manifest, to some extent an anomalous rel recent years. Unfortunately, the weather Con_dltlons dur-
lationship between the erythemal and broad-band data. ing both campaigns were not the best. The cosine response

. ?f any erythemal instrument at low solar elevations has de-
| 0,
. Eelgglretementx\:lt:;the n :z\aNsurevf/iiQ/a'llusj fﬁr aﬂ;ut 605())/0 oVi {i fr the ideal but under th nditions th n-

. tribution of direct irradiance is very small. For most diffuse
of the monthly doses deviated from the measured ones by_ . .. . :
L . fadiation from the sky the cosine response is almost correct.
more than 10%. Most of these larger deviations occurred in

01.11.-31.12. 0.997 1.031 0.963
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11 Results of erythemal dose reconstruction

. ~ . 490 A — Yearly ERY d
The daily erythemal doses at the Tart@r@vere site were re- Summer ha"_;::ny dose

constructed for the period January 1955 to December 2004. 470 -
In 1979-2004 total ozone influence was considered on the
daily data and climatic values basis. In the winter-spring pe-
riod the biases between the daily ozone corrected and cli-
matic ozone calculated daily doses exceed 30% in extreme
cases. In 1979-2004, the biases between the daily doses
based on the daily total ozone and the climatic value, re-
mained within+10% in 95% of cases. The extremes were 370 1
92.5% (2000) and 98% (1992). On the monthly level, the de- .
viations were the highest in February and March. In March 1953 1958 1963 1968 1973 1976 1983 1988 1993 1998 2003

the ratios of the monthly dose reached the margins from vear

0.915 to 1.073. The narrowest range of the monthly ratios

0.965 to 1.02 was found in June and also in SeptemberFig. 6. Reconstructed yearly and summer half-yearly erythemal
October. The value of the monthly ratio after April and be- dose in 1955-2004.

fore January did not fall below 0.95 and rose above 1.03. The

ratios of estimated to measured monthly doses for 1999 and

2004 are shown in Fig. 5. A comparison was also made foidirect irradiance, both not affected by ozone. The summer
the periods when different regression coefficients were used@lf-yearly broad-band dose is modulated by cloudiness and,
in the reconstruction or for the periods usually manifestingt© lesser extent, by atmospheric turbidity year-to-year vari-
different weather or ozone variability. The results are pre-ations. In 1976-1993 the summer half-yearly average sum
sented in Table 5. The average dose ratio for all these periOf broad-band direct irradiance was 20% less than it was in

ods was within 0.99 to 1.01. The deviations were found to bel994-2004. In two most cloudy summers of this “dark” pe-
close to the extremes in a few cases. riod the averaged half-year total ozone has been 4.5% higher
The biases of the summer half-yearly doses, as well as thian that of 1976-1993. Thus, in extremely cloudy summers
annual doses, reconstructed on the daily ozone basis and f5€ of 9I|mat|c ozone in reconstruction tends to lead to over-
the basis of climatic values, exceeded 2% in the years 19g§Stimation of the dose.
and 1992, after major volcanic eruptions. The largest devia- Figure 7 presents the reconstructed erythemal doses sep-
tion, 3.5%, was met in the extremely fine weather year 2002arately for astronomical spring (21 March to 21 June) and
Similar summers in the past occurred in 1959 and 1963. Irsummer (22 June to 22 September). The spring period con-
the summer of 2002, due to the prevailing high pressure iriributes, on average, 42.9% and the summer period con-
the upper troposphere, the measured total ozone was redfibutes 46.2% of the yearly dose. The year-to-year varia-
ularly lower than the climatic and the UV doses based ontions in the spring period were in the range of 88.3-114.1%
ozone climatic value were underestimated. In the case offthe average and in the summer period in the range of 89.9—
an assumed completely clear weather summer half-year thé12.6%. The probability density distribution (not shown) of
deviation should reach 4%. The summer half-year reconihe values in the spring period is closer to a normal distribu-
structed dose of 2002, based on the total ozone daily valuegion than in the summer period.
was in agreement with the measured value withid.1%. After discovery of the Antarctic ozone hole the interest
In other years, except the noted three, both versions of rein harmful effects of UV radiation has increased. The stud-
construction were in agreement withit?% and in 12 cases ies of its biologically beneficial impacts have been largely
out of 22, within+1%. In Fig. 6, the yearly and summer overlooked until recently. Among the useful qualities vi-
half-yearly reconstructed dose variations in 1955-2004 argamin D production in human skin is one of huge impor-
presented. The amplitude of the deviations from the averagéance. Its synthesis occurs when the incident UV-B irradi-
in the summer half-yearly dose was within 92-111%. Theance exceeds a certain threshold. At latitudes abo%eHs0
range of variation of all proxy quantities is larger. The sum of natural synthesis stops for the period of “vitamin D winter”
global broad-band irradiance varies within 89.7-114.4%, thewhose duration depends on several factors (Engelsen et al.,
sum of direct irradiance within 74.4-132.2%, and the sun-2005). An erythemally weighted UV radiation dose is not
shine duration within 79.8—-132.9% (no data for 1959-1966).a direct measure of the vitamin D synthesis intensity. It is
One can see that the interval of 1976-1993 regularly mani-only proportionally related to it. The dose variations dur-
fests values lower than the average. Also, a quite impressivéng the periods when small values are produced are also of
linear trend showing increase in the erythemal dose in 1980-nterest. The darkest 102 (roughly 100) days of the winter
2002 is evident. Such a trend is as impressive in broad-banérom 1 November to 10 February, when the noon solar ele-
global irradiance and even more impressive in broad-band/ation remains below 5 contribute, on average, only 2.7%
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Fig. 8. Erythemal doséa), sum of global irradiance (a) and sum of direct irradiafipeof darkest 100 days in winters 1955/56 — 2003/04 as
percent deviations from the whole period mean.

of the yearly erythemal dose and the period corresponds al- The intervals from 11 February to 20 March and from
most exactly to local “vitamin D winter”. The year-to-year 23 September to 31 October contribute 4.5% and 4.1% of the
variations of the erythemal dose during that period, as wellannual erythemal dose, on average. The shortage of UV radi-
as the sum of global broad-band irradiance in the scale oftion due to higher levels of total ozone in spring is compen-
percentage deviation from the average values are presenteshted by snow reflectance and more sunshine as compared to
in Fig. 8. The year-to-year variations of the erythemal doseautumn. Only in 13 cases out of 50 has the autumnal dose
occurred in the ranga-20%. The range and the nature of exceeded that in spring. Seven of these cases occurred after
year-to-year variations of broad-band global irradiance havel990.

been similar. The minimum values were met in the win-

ters which manifested high cyclonic activity and extended

snow-free episodes. Since 1996/97 the midwinters have beeh2 Comparison with results obtained using sunshine
darker than average. To a lesser extent, dark winters also oc-  duration

curred in 1959-1962, 1971-1975 and 1990-1992. The range

of variation of broad-band direct irradiance during the dark- The daily sum of broad-band direct irradiance is recorded in
est 100 days has been closetd0%. In winter the correla- @ small number of sites. The data on daily sunshine duration
tion between the daily erythemal doses and global irradiancére more often available. At our site their linear correlation
totals has been higher (0.96-0.97) than in the summer sedd 1967-2003 has been 0.95-0.965 in the summer half-year

son. In the summers with extended intervals of anomalou@nd 0.89-0.93 in the winter half-year. As mentioned above,
ozone the correlation has been as low as 0.9. the daily sunshine duration is less sensitive to the atmo-

spheric transparency than the daily sum of direct irradiance.
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Fig. 9. Comparison of reconstructed daily erythemal doses based on broad-band direct irradiance and on sunshine duration in summer
half-year of normal atmospheric transparency 1@9%nd in summer half-year with soot aerosol episodes Zbp2

The reconstructions of erythemal dose using both proxies In climatic conditions of Estonia and its surroundings the
have been performed for the summer half-year (Eerme et almajor modulating factor of the daily erythemal doses, as
2003). The average ratio of both reconstructed daily valuesvell as the daily sums of broad-band irradiance is cloudi-
in the summer half-years was very close to 1 (mean valueness. From among the available cloudiness influence related
0.9998 with the standard deviation 0.062). In 90% of casegroxies, the daily sum of pyrheliometer-measured direct ir-
the biases were withitt:10% and only in about 1% cases did radiance and the daily sum of pyranometer-measured global
the biases exceetd20%. In recent years, when the measuredirradiance were chosen as manifesting the best agreement be-
values have been available, both reconstructed doses for theveen the reconstructed daily erythemal doses and the mea-
entire half-year agreed with them within2%. Systematic sured values. The former turned out to be suitable on partly
biases in the daily values were most noticeable in 2002 wherloudy and clear days and the latter on overcast days.
soot aerosol from forest fires strongly reduced the daily sums The AERONET spectral aerosol optical depth data and the
of directirradiance and erythemal doses in several cases. Theata of local broad-band measurements of atmospheric trans-
doses estimated by the sunshine duration without consideringarency confirmed that the aerosol influence in the erythe-
the AOD influence then became significantly overestimatedmal radiation has been proportional to that in the visible and
A comparison of both reconstructions for the summer half-pyranometer-measured broad-band ranges. Based on this it
year 2002 and that of for “normal” summer half-year are was assumed that the value of broad-band direct irradiance
presented in Fig. 9. In the 1970s and 1980s, the summetakes into consideration the aerosol attenuation deviations
half-yearly doses based on sunshine duration were also ovefrom its climatic value. Regardless of the higher contribution
estimated in several cases by more than 2% due to AODof diffuse radiation in the daily erythemal doses as compared
which was often larger than the average. Using the relativao the broad-band radiation daily sums, the daily differences
sum of direct irradiance as a proxy, the valuesXgfX¢jear in values basically depend on the amount of solar direct irra-
exceeding 1 in Eqg. (2) arise in the cases when atmospheridiance reaching the ground.
transparency is better as compared to the average. In case Daily sunshine duration as a measure of direct irradiance
of better-than-average transparency the doses calculated afoes not consider the solar elevation of the sunshine episodes
the basis of sunshine duration will be underestimated, as thiand is also less related to the atmospheric turbidity. Its advan-
better transparency is not taken into account. tage as compared to the daily sum of broad-band irradiance,
is that it is recorded in more sites. At our site linear corre-
lation between these quantities in 1967—-2003 has been 0.95—
13 Discussion and conclusions 0.965 in the summer half-year and 0.89-0.93 in the winter
half-year. The average ratio of the reconstructed daily values
The major goal of the proxy-based reconstruction of the UV of erythemal dose based on both quantities in summer half-
doses for the past years is to achieve realistic results on anyears was very close to 1. In 90% of the cases the biases
nual, seasonal and monthly scales for studying the year-towere within+210% and only in about 1% of the cases did the
year variations, long-term changes and their probable causebiases exceet20%.
The reconstructed daily values must also be as realistic as In about 70% of the clear days did the coefficient of atmo-
possible, to avoid significant biases after integration overspheric turbidity influence on the daily erythemal dose re-
longer periods. main in the range of 92-108%. The extremes have reached
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Table 6. Variations of monthly erythemal dose in 1955-2004.

Ratio Real dose/Clear dose

Month Average dose,g/m?  Clear dose J/m? Average% Min%  Max.9%
January 2732 3889 70 51 87
February 8646 11626 74.5 55 90
March 22348 29449 76 59 97
April 40198 56 605 71 52.5 83.5
May 75334 100610 75 59 94
June 90 396 120045 75.5 65.5 855
July 86470 115692 74.5 61 89.5
August 63810 86 545 73.5 555 93.5
September 32316 46512 69.5 56.5 84.5
October 11865 18379 64.5 49.5 79.5
November 3241 5596 58 43.5 76.5
December 1844 2753 67 40.5 835

115% in the case of a very clean atmosphere and 75% duringthen extended episodes of lower than average total ozone
the strong influence of forest fires. If the extended anomalieccurred in summer due to prevailing highs. It inspires us to
of atmospheric turbidity are not quantitatively detected andextend our reconstructions towards the years when the total
considered in reconstucton based on daily sunshine duratiommzone data are poor or not available.

then the biases in the summer half-year erythemal dose can on average, at the site of study the period from the ver-
exceedt-2%. nal equinox to the autumnal equinox contributes 89% of the

Usually the daily doses are examined in relation to the as-annual erythemal dose (the extremes 87.6% and 91%).

sumed clear sky doses. Here, the clear-sky values for each p e (g Jarger contribution of diffuse irradiance, the annual
day were interpolated from the measured data and smootheghq the summer half-yearly values of the erythemal dose are
to obtain the annual cycle, corresponding to the average totgfore stable than those of broad-band irradiance. The year-

ozone and aerosol attenuation annual cycles. When the dai%—year variations of the summer half-yearly erythemal dose
deviations of the total ozone from their climatic value taken i, 19552004 were found to be within 92—111% relative to

into account, the biases between the reconstructed and mefs average value, with a standard deviation of 4.2%. The
sured values of the daily erythemal doses remained within,nge of variation of the sum of broad-band global irradi-
+10% in 55.5% of the days throughout the year and in 62%;ce has been 89.7—114.4% with the standard deviation of

of the days in the summer half-year. In 83.5% of days arounds go4, |f the four most sunny summers and also the four most
the year and in 88% of the days in the summer half-year thgo,dy summers were excluded, then the range of variation
biases remained withig:20%. of the summer half-year erythemal dose for the remaining
The averaged annual erythemal dose at our site corre42 years would reduce to 95-105.5% of the average, with
sponds to about 70% of its assumed clear-sky value. Thehe standard deviation of 2.7%. Despite the seemingly large
mean monthly percent, as well as its extremes are presenteghriations of weather conditions, the available summer half-
in Table 6. Relatively large values, around 75%, are metyearly and yearly erythemal dose is a stable quantity. The
in February—March and in May—August. An average valuedeviations from the average of more than 5% to both sides
significantly below 70% occurs in October-November. The appear about once per decade. The alternation of higher
year-to-year variations are the smallest in June. than average and lower than average erythemal doses man-
Using the climatic total ozone values without any correc- ifests a quasi-periodic nature and is related to wet and dry
tion for the daily deviations results in about a 4-5% decreasegeriods of the 30-40-year cycle. The interval 1976-1993
in the daily dose values withie=10% and in about a 3% regularly manifests summer half-yearly erythemal dose val-
decrease in the values withia20%. In most years since ues lower than the 1955-2004 average. The doses are in a
1979 the annual and summer half-yearly doses, calculatedeficit by 3% in relation to the 1955-2004 average and by
with and without considering the daily values of total ozone, 4.5% in relation to the 1994—-2004 average. The major reason
were in agreement withifc2%. Exceptions occurred in the for the smaller doses in 1976-1993 is more cloudy weather
years after major volcanic eruptions and in the year 2002jn that period. On average, the summer half-yearly sum of
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broad-band direct irradiance of that time has been 20% lesgerme, K., Veismann, U., and Koppel, R.: Estonian total ozone
than in 1994-2004. Sunshine duration has also been reduced climatology, Ann. Geophys., 20, 247-255, 2002a.
approximately by that much. The total ozone values in lowEerme, K., Veismann, U., and Koppel, R.: Variations of erythemal
pressure dominated summers have been larger rather than theultraviolet irradiance and dose at Tartdfavere, Estonia, Clim.
average. Their contribution to the UV deficit is less than that Res., 22, 24_5_253' 2002b. ) .

of the cloudiness Eerme, K., Veismann, U., and Koppel, R.: Retrospective estima-

. . . tion of the erythemal ultraviolet doses, Publicationes Instituti Ge-
Only _Vgry recently has the |mportance_ of the Wlntgrtlme ografici Universitatis Tartuensis (in Estonian with English sum-
UV radiation I(—;-vgl studies grown. Vitamin D.synt_heS|s 8 mary), 93, 295-307, 2003.
lated UV-B radiation and the duration of the “vitamin D win-  gngelsen, 0., Brustad, M., Aksnes, L., and Lund, E.: Daily duration
ter” are considered important. Our study remains within the  of vitamin D synthesis in human skin with relation to latitude,
limits of erythemally weighted irradiance. In the winter half-  total ozone, altitude, ground cover, aerosols and cloud thickness,
year the erythemal dose, as well as the sum of broad-band ir- Photochem. Photobiol., B, 81, 1287-1290, 2005.
radiance have been more variable than in summer. The rangeoletov, V. E., McArthur, L. J. B., Kerr, J. B., and Wardle, D. I.:
of variation of the erythemal dose has been 87-114% as com- Long-term variations of UV-B irradiance over Canada estimated
pared to the average value, with the standard deviation of from Brewer observations and derived from ozone and pyra-
6.4%, whereas the sum of the broad-band global irradiance gggnleter measurements, J. Geophys. Res., 106, 23009-23027,
has va'rled n the. range of 75_.119%' . Fioletov, V. E., Kimlin, M. G., Krotkov, N., McArthur, L. J. B.,

In winter the linear correlation between the daily erythe-

. - A Kerr, J. B., Wardle, D. |., Herman, J. R., Meltzer, R., Mathews,
mal dose and the daily sum of global irradiance has been + \y and Kaurola, J.: UV index climatology over the United

higher, (0.96-0.97), than in the summer season. Frequent states and Canada from ground-based and satellite estimates,
cloudy days and low solar elevation reduce the total 0zone Jj.Geophys. Res., 109, D22308, doi:10.1029/2004JD004820,
influence. In the summers, with extended intervals of anoma- 2004.
lous ozone, the correlation has been as low as 0.9. Grobner, J. and Meleti, C.: Aerosol optical depth in the UVB and
During the darkest 100 days around the winter solstice, Visible wavelength range from Brewer spectrophotometer direct
the range of variation of the erythemal dose as compared to irradiance measurements: 1991-2002, J. Geophys. Res., 109,
the average has beer20%, which is close to the range of _ D09202,doi:10.1029/2003JD004409, 2004. _ _
broadband global irradiance variation. The low values oc-Cuéymard, C.. SMARTS?, a simple model of atmospheric radia-
curred in the winters with extended snow-free episodes and tive transfer of sunshine:algorithms and performance assessment,
. . . . . . Techn. Rep. FSEC-PF-270-95, 78, 1995.
high cyclonic activity. During high cyclonic mfluence there Gueymard, C.: Turbidity determination from broadband irradiance
are larger cloud amounts and the CMF value is smaller. Since easurements: a detailed multicoefficient approach, J. Appl.
1996/1997 the midwinters have been darker than average on \eteorol., 37, 414435, 1998.
record. Herman, J. R., Piacentini, R. D., Ziemke, J., Celarier, E., and Larko,
D.: Interannual variability of ozone and UV-B ultraviolet expo-
AcknowledgementsThis work was supported by the EC research  sure, J. Geophys. Res., 105, 29 189-29 193, 2000.
contract No. EVK2-2002-00521, and by research grant No. 5348Jaroslawski, J., Ki§cin, J. W., Puchalski, S., and Sobolewski, P.:
from the Estonian Science Foundation. The work is also related to  On the optical thickness in the UV range: Analysis of the ground-
the COST 726 action. The authors thank the EMHI for the radiation based data taken at Belsk, Poland, J. Geophys. Res. 108(D2),
data and NASA for the possibility to use the AERONET data forour 4772, doi:10.1029/2003JD003571, 2003.
site. The authors also wish to thank V. Russak for the kindly pro- Jaroslawski, J. P. and K&gin, J. W.: Importance of aerosol vari-
posed possibility to use the aerosol optical depth data. The authors ations for surface UV-B level. Analysis of ground-based data
would like to thank the two anonymous referees for their valuable taken at Belsk, Poland, 1992-2004, J. Geophys. Res., 110,

comments. D16201, doi:10.1029/2005JD005951, 2005.
Topical Editor F. D’Andrea thanks two referees for their help in Josefsson, W. and Landelius, T.: Effect of clouds on UV radi-
evaluating this paper. ance: As estimated from cloud amount, cloud type, precipita-

tion, global radiation and sunshine duration, J. Geophys. Res.,
105, 4927-4935, 2000.
References Kaurola, J., Taalas, P., Koskela, T., Borkowski, J., and Josefsson,
W.: Long-term variations of UV-B doses at three stations in
Arola, A. and Koskela, T.: On the sources of bias in aerosol op- northern Europe, J. Geophys. Res., 105, D16, 2081320820,
tical depth retrieval in the UV range, J. Geophys. Res., 109, 2000.
doi:10.1029/2003JD004375, 2004. Kryscin, J. W., Eerme, K., and Janouch, M.: Long-term variations
Blumthaler, M. and Ambach, W.: Solar UV-B: Albedo of various  of the UV-B radiation over Central Europe as derived from the
surfaces, Photochem. Photobiol., 48, 85-88, 1988. reconstructed UV time series, Ann. Geophys., 22, 1473-1485,
den Outer, P. N., Slaper, H., and Tax, R. B.: UV radiation in  2004.
the Netherlands: Assessing long-term variability and trends inLenoble, J., Kylling, A., and Smolskaja, .. Impact of
relation to ozone and clouds, J. Geophys. Res., 110, D02203, snow cover and topography on ultraviolet irradiance at the
doi:10.1029/2004JD004824, 2005.

www.ann-geophys.net/24/1767/2006/ Ann. Geophys., 24, 1I7A2-2006



1782 K. Eerme et al.: Proxy-based reconstruction of erythemal UV doses over Estonia for 1955-2004

Alpine station of Briancon, J.Geophys. Res., 109(D16), 209,Russak, V., Ohvril, H., Teral, H.,d&veer, A., Kallis, A., and

doi:10.1029/2004JD004523, 2004. Okulov, O.: Multi-annual changes in spectral aerosol optical
Lindfors, A. V., Arola, A., Kaurola, J., Taalas, P., and Svenoe, T.: thickness in Estonia, in: Abstracts of the European Aerosol Con-

Long-term erythemal UV doses at Sodarigktimated using to- ference 2005 (28 August-2 September 2005, Ghent, Belgium),

tal ozone, sunshine duration, and snow depth, J. Geophys. Res., 399, 2005.

108(D16), 4518, d0i:10.1029/2002JD003325, 2003. Schwander, H., Koepke, P., Kaifel, A., and Seckmeyer, G.: Mod-
Lindfors, A. and Vuilleumier, L.: Erythemal UV at Davos ification of spectral UV irradiance by clouds, J. Geophys. Res.,

(Switzerland), 1926-2003,estimated using total ozone, sunshine 107 (D16), doi:10.1029/2001JD001297, 2002.
duration, and snow depth, J. Geophys. Res., 110, D02104Sun, B. and Groisman, P. Y.: Cloudiness variations over the former
doi:10.1029/2004JD005231, 2005. Soviet Union, Int. J. Climatol., 20, 1097-1111, 2000.

London, J. R., Bojkov, D., Oltmans, S., and Kelley, J. I.: Atlas of the Teral, H., Ohvril H., Okulov O., Russak V., Reinart A., and
global distribution of total ozone July 1957-June 1967, NCAR  Laulainen, N.: Spectral aerosol optical thickness from solar
Technical Note, Boulder, Colorado, 276, 1976. broadband direct irradiance — summer 2008ravere, Estonia,

Mayer, B., Kylling, A., Madronich, S., and Seckmeyer, G.: En- in: Abstracts of the European Aerosol Conference 2004 (6-10
hanched absorption of UV radiation due to multiple scattering September 2004, Budapest, Hungary), J. Aerosol Science, 547—
in clouds: Experimental evidence and theoretical explanation, J. 548. 2004.

Geophys. Res., 103, 31241-31 254, 1998. Wenny, B. N., Schafer, J. S., DelLuisi J. J., Saxena, V. K., Barnard,

Mayer, B. and Kylling, A.: Technical note: The LibRadtran soft- W. F., Petropavlovskikh, I. V., and Vergamini, A. J.: A study of
ware package for radiative transfer calculations — description and regional aerosol radiative properties and effects on ultraviolet-B
examples of use, Atmos. Chem. Phys-Discuss., 5, 1319-1381, radiation, J. Geophys. Res., 103, D14, 17 083-17 097, 1998.
2005. World Meteorological Organization (WMO): Scientific assessment

McKenzie, R., Paulin, K., and Madronich, S.: Effect of snow on  of ozone depletion: 1998, Global Ozone Res. and Monit. Project,
UV irradiance and surface albedo: A case study, J. Geophys. Rep. 44, WMO, Geneva, 1999.

Res., 103, 28 785—-28 792, 1998. Ziemke, J. R., Chandra, S., Herman, J., and Varotsos, C.: Erythe-

Okulov, O.: Variability of atmospheric transparency and precip- mally weighted UV trends over northern latitudes derived from
itable water in Estonia during last decades, PhD thesis. 78, Tartu Nimbus 7 TOMS measurements, J. Geophys. Res., 105, 7373—
University, Estonia, 2003. 7382, 2000.

Russak, V., Kallis, A., and Tooming, H.: Handbook of Estonian Zvereva, S. V.: On the absorption of solar radiation by atmospheric
solar radiation climate, edited by: Tooming, H, EMHI, Tallinn water vapor, in: Actinometry and atmospheric optics, Reports
(in Estonian), 384, 2003. of sixth interdepartmental symposium on actinometry and atmo-

spheric optics (in Russian), June 1966, Tartu, Valgus, 117-121,
1968.

Ann. Geophys., 24, 1767+82 2006 www.ann-geophys.net/24/1767/2006/



