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Abstract. The aim of this study is the reconstruction of 1 Introduction

past UV-doses for two stations in Austria, Hoher Sonnblick

and Vienna, using a physical radiation transfer model. TheSince the detection of the Antarctic ozone hole in the early
method uses the modeled UV-dose under clear-sky condi1970s (e.g. Farman et al., 1985; Stolarski et al., 1991; Glea-
tions, cloud modification factors and a correction factor asson et al., 1993) the interest in solar UV-B increased within
input variables. To identify the influence of temporal res- the scientific community and the general public because of
olution of input data and modification factors, an ensemblethe link between reduced ozone concentrations and increased
of four different modelling approaches was calculated, eachUV radiation doses (e.g. Caiket al., 2005). The UV part of
with hourly or daily resolution. This is especially important the solar spectrum covers only a small part of the total energy
because we found no other study describing the influence obf solar radiation, but its importance is explained by the high
the temporal resolution of input data on model performanceenergy of the photons in this wavelength range (e.g. Gant-
Following the results of the statistical analysis of the evalu-ner et al., 2000). Solar UV radiation covers the wavelength
ation period the model with the highest temporal resolutionrange of 200-400 nm and is subdivided in three spectral re-
(HMC) was chosen for the reconstruction of UV-doses. A gions known as UV-C (200-280 nm), UV-B (280-315 nm)
good agreement between modelled and measured values ahd UV-A (315-400 nm). The boundary between UV-A and
erythemally effective UV-doses was found at both stations.UV-B is not clearly fixed, but most international agencies and
In relation to the reference period 1976-1985 an increase itonsortia agree establishing the boundary at 315 nm (World
the erythemal UV-dose in Vienna of 11% is visible in the pe- Health Organization, 2002; European Union’s action COST
riod 1986—-1995 and an increase of 17% in the period 1996713 (Vanicek et al., 2000); Commission Internationale de
2005 can be seen. At Hoher Sonnblick the corresponding in¥Eclairage, 1999; International Agency for research on Can-
crease is 2% and 9%. For the different seasons the strongesér, 1992).

increase in erythemal UV-dose has been found for winter and Clouds, solar zenith angle and total ozone amount are the
spring season at both stations. Further the influences of tomost important factors influencing UV radiation at ground
tal ozone and cloudiness on changes in erythemal UV-dosefvels (e.g. Burrows, 1997; Kerr, 2003). Stratospheric ozone
were analyzed. This analysis showed for both stations, thafs especially important because it is the major atmospheric

changes in total ozone had a larger influence on erythemaipsorber of solar UV-B radiation (e.g. UNEP, 1998; Matthi-
UV-doses than changes in cloudiness. jsen et al., 2000).

Long-term measurements of UV radiation are rare and
datasets are only available for some locations. Also most of

Correspondence tdi. E. Rieder these measurements do not provide spectral information on
BY

(harald.rieder@env.ethz.ch) the UV part of the spectra. Knowledge of past UV radiation
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levels is of increasing interest in order to estimate long-term1580 m above sea level, but this is still 1526 m lower than the
biological effects (e.g. Reuder and Koepke, 2005). An in-station Sonnblick used in this study. During the present study
crease in UV-doses may lead to a broad variety of environ-the first reconstruction for an alpine site, located at more than
mental and health effects (e.g. Slaper et al., 1996; UNEP3000 m above sea level, was performed. The unique loca-
1998; National Radiological Protection Board, 2002). Thetion of the mountain observatory Hoher Sonnblick in Europe
eye, the immune system and the skin are the three majoprovides an opportunity to reconstruct solar UV for a high
organ systems of humans which are commonly exposed taltitude alpine site and to investigate the influence of topog-
sunlight and for all of them health effects regarding solarraphy connected with high ground albedo and very low at-
UV radiation have been documented (WHO, 1994, 2006;mospheric pollution levels on UV trends.
Longstreth et al., 1998). Among the most important biologi- The present study investigates first the influence of differ-
cal effects of UV radiation are the development of skin can-ent temporal resolutions of input data on the reconstruction
cer, pigmentation and erythema, aging effects and diseasesccuracy, it then performs a reconstruction for one high al-
related to the eyes like photokeratitis and photoconjunctivity.titude alpine site and one low altitude site and investigates
The erythema is probably the most widely experienced formthe contribution of the different meteorological parameters
of acute solar injury to the skin (Longstreth et al., 1998). Fur-on the changes in UV. The investigation of changes in UV
ther various epidemiological studies have addressed the refor the low altitude site of Vienna is especially of interest be-
ative contributions of UV radiation to photocarciogenesis, in cause this region is, with its 1.6 million inhabitants, the most
particular with regard to the development of melanoma (Setpopulated one in Austria. These are to the knowledge of the
low, 1974; Moan et al., 1999; Woodhead et al., 1999). A authors new aspects in the domain of UV reconstruction.
decrease in global ozone concentration of about 10 percent
would lead to an increase in skin cancer cases of 300 000 per
year (IPCS, 1994). Climate Change may also have an ef2 Data
fect on future UV radiation doses reaching the earth’s sur-
face through changes in cloud amount, cloud properties and’he Austrian national UV Monitoring network has been in
surface albedo (e.g. Lindfors and Vuilleumier, 2005). operation since 1998 and has 12 stations all over the country.
Increased research activities in the field of UV radiation As already mentioned two stations out of this network have
have led in the last years to worldwide monitoring of UV been selected to reconstruct past UV-doses. One station the
radiation levels (e.g. Seckmeyer et al., 1995), a better unebservatory Hoher Sonnblick (403 N, 12°57 E) is located
derstanding of the atmospheric processes that influence thie the central alps at an altitude of 3106 m. The other one,
UV part of the spectra (e.g. Schwander et al., 1997; Weihsvienna (4815 N, 16°26 E), is located in the north-eastern
and Webb, 1997a, b) and the development of modelling appart of the country at an altitude of 153 m. These two sta-
proaches for the reconstruction of past UV radiation levelstions were selected because of their significant differences
(e.g. Kaurola et al., 2000; Gantner et al., 2000; Lindfors andin altitude, terrain and meteorological conditions. The data
Vuilleumier, 2005; Reuder and Koepke, 2005). used in this study include UV erythemally weighted broad-
Recent studies have shown that models may be able to resand irradiance, global irradiance (direct and diffuse global
construct past UV-doses with an accuracy between 5 and 1fadiation), sunshine duration, snow height and snow cover as
percent (Kaurola et al., 2000; Fioletov et al., 2001; Reudenwell as total ozone column.
and Koepke, 2005). Most of these models were based on
daily input data. A few studies however already use hourly2.1 UV data
meteorological input data (Den Outer et al., 2005; Reuder
and Koepke, 2005). The exact improvement in accuracy byin 1996, the setup of an Austrian UVB monitoring net-
using hourly data has however not really been investigatedwork was initiated by the Federal Department of Environ-
Only a few studies have given a statement on the exact magnent (Blumthaler and Schauberger, 2001). Now it con-
nitude of the influence of the model input factors influenc- sists of 12 broadband detectors for measuring erythemally
ing reconstructed UV-doses (e.g. Reuder and Koepke, 2005y eighted solar UV irradiance at locations between 153 m
Lindfors and Vuilleumier, 2005). and 3106 m above sea level. All detectors are calibrated each
During the last decade reconstruction studies for severayear in the laboratory of the Division for Biomedical Physics,
regions in Europe, especially in Nordic and central Euro-Innsbruck Medical University. First the relative spectral re-
pean countries, were performed (e.g. Lindfors et al., 2003 sponse of each detector is determined. Then by comparison
Den Outer et al., 2005; Lindfors and Vuilleumier, 2005; with a double monochromator spectroradiometer the abso-
Reuder and Koepke, 2005). To the knowledge of the audute calibration function is derived in dependence on solar
thors no study on the reconstruction of UV levels in a high zenith angle and on total atmospheric ozone (Blumthaler,
alpine region above 3000 m has been performed. Lindfor2004). The uncertainty of the calibration is abatit% (at
and Vuilleumier (2005) reconstructed erythemal UV-doses95% confidence level) for solar zenith angleg5°, which
for the alpine station Davos, which is located at an altitude ofis dominated by the uncertainty of the calibration lamp for
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the spectroradiometef4%). During routine operation, the e T S ST S S SO S S I
measurements of all detectors are transmitted in near real T @
time to the laboratory and then converted to UV-Indices, 500 4 B
the internationally agreed unit for erythemally weighted so- 75 g =
lar irradiance. The results are then published on the inter- 450 =
net (www.uv-index.at) every 15 min, together with a regional 425 - =
map showing the distribution of the UV-Index over Austria 400 =
by combining the information from the measurement detec- 375 | L
tors with cloud information from Meteosat Second Genera- 350 -
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The total ozone content, usually given in Dobson Units (DU), =7 |
is one of the most important parameters affecting UV-B radi- n: . ’ S :
ation at the ground. Ground based measurements by Dob- - i

450

son (e.g. Dobson, 1931; Komyhr, 1980) and Brewer (e.g.
Brewer, 1973; Kerr and McElroy, 1995) instruments are the
most accurate and widely used method for the determination
of atmospheric total ozone content. Because of the lack in
local ozone data before 1994 at Hoher Sonnblick and the ab-
sence of ozone measurements in Vienna additional datasets
from satellite, ground measurements as well as ozone model
simulations were used. The total ozone record from Arosa

425

WIENMA_MODEL

is the world's longest, dating back to 1926. This record — A L
has been homogenized and is discussed in detail by Stae- i FROSMERE e
helin et al. (1998a, b). In addition the simulated total ozone 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550
values over Europe were calculated within the scope of Eu- ST e S
ropean Union’s Action COST-726 project (Kigsin, 2008). 525 7 T
The ozone reconstruction model was trained on satellite data 500 ; i
(NIWA assimilated total column ozone data base) over the 4757 i
period 1979-2004. The ozone values were reconstructed 4507 % i
backward in time using the regression constants derived as 4357 = i
a result of the training, time series of various atmospheric in- 400 5 i
dices of the atmospheric circulation, and the meteorological 75 2 i
variables. The quality of the data base is assured by a com- #0798 i
parison of the modeled total ozone with the ground-based =2 i

data taken at several Dobson stations which have been in op-
eration since the early 1950s and 1960s. This set of data was
also used in our study.

ARDSA_MODEL (ou)

A comparison against the measured daily total ozone over o e—_ 0
Arosa provides that the mean difference, [(ModeDbser- 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550
vation)/Observation]*100%, is 1.5%4.5% for the period
1976-2004. A high correspondence between the modeleffig. 1. Modeled versus observed daily mean total ozone values
and measured total ozone values over Arosa is also corroor Arosa(a), modeled daily ozone values for Vienna versus cor-
orated by Fig. 1a. The model estimates total ozone value&esponding values for Aros@), modeled daily ozone values for
at sea level pressure, thus an equivalent of measured toth]oe Sonnblick versus corresponding values for Ar@a The

ozone at Arosa (site altitude 1850 m) should be lowered results are presented for the 1976—2004 period. Solid curve rep-

. . resents smoothed pattern of the differences calculated by LOWES
by ~1.5% because of j[he altltud_e effects, rel%/km de- . low pass filter. Dashed straight line shows a diagonal of the square.
crease of total ozone is approximated from an assumption

that~10% of column ozone content is in the troposphere.
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struction study. During some periods (see Table 1) no records
on global irradiance were available, for these periods we used
data on sunshine duration to reconstruct global irradiance

Table 1. Overview of the datasets used in this study.

Station Coordinates Data Period . . . .
_ — (see Sect. 4.3). Global irradiance and sunshine duration have
Sonnblick  47.03N, 1257'E  global irradiance  1972-2005 been measured at both stations by the Austrian Central Insti-
3106 ma.s.l. sunshine duration  1972-2005 for M | d Geod . ZAMG). The i
UV irradiance 1998-2005 tut(=T or Meteoro ogy and Geodynamics ( ) e time
total ozone 1994-2005 series for global irradiance and sunshine duration at Hoher
snow depth 1972-2005 Sonnblick is dating back to the year 1972 while in Vienna
Vienna  4815'N, 16°26 E  global irradiance 19602005 information is available since the year 1960. The global ir-
153ma.s.. U%J?rfgg;:ndc‘gat'o” 1919%6_02'0%%05 radiance time series has however some gaps at station Hoher
snow depth 1960—2005 Sonnblicl_< (see Table 1). S_unshine (_juration was ther(_efqre
Arosa 46.8N,9.7E total ozone 1960—2005 used to fill the gaps. Sunshine duration was used to distin-
1850ma.s.l. guish between clear-sky and cloudy conditions and to recon-

struct global irradiance levels for some periods of the used
* The global irradiance record at Hoher Sonnblick had some gapsime series. More information will be given in Sect. 4.3.
in the years 1973, 1981, 1983, 1984, 1988 and 1990. To have comparable time periods at both stations the pe-

riod 1976—2005 was chosen for further analysis. A detailed

overview of datasets used in this study is shown in Table 1.

We compared the modeled daily total ozone values

for Arosa and Vienna (or Hoher Sonnblick), to investi- 3.3 Ground albedo, snow depth and snow amount
gate the relationship between the ozone values of these
sites. The mean difference, [(Modelenna — Observa-  Snow depth and snow amount are the most important fac-
tion Arosa)/Observatiorrosa]*100%, is 4.0%-6.5% and  tors influencing surface albedo in the UV range of the spec-
the correlation coefficient between the modeled values foitra and the relationship has been well studied (Blumthaler
Vienna and the observed ozone at Arosa is 0.92 (see alsgnd Ambach, 1988; McKenzie et al., 1998; Weihs et al.,
Fig. 1b). Thus, the total ozone values used for UV recon-1999; Kylling et al., 2000; Weihs et al., 2001; Schmucki
struction over Vienna are just measured Arosa ozone enet al., 2002). The data on snow depth (accumulated quan-
larged by 4% (i.e., 2.5% comes from the latitude/longitudetity of snow) and snow amount (quantity of fresh snow) used
sites’ differences and 1.5% is due to the altitude effect). Sim-in our study were measured by the Austrian Central Insti-
ilar calculations done for Hoher Sonnblick showed that thetute for Meteorology and Geodynamics (ZAMG). At Hoher
measured total ozone for Arosa corresponds to total 0zonGonnblick measurements on snow depth and snow amount
that would be expected over Hoher Sonnblick at an altitudeare available since 1972 while in Vienna information is avail-
of 3100 m (see also Fig. 1c, which shows a comparison ofaple since 1960. Snow cover is the most important parameter

modeled total ozone values for these sites). Moreover, théor the calculations of the surface albedo (see Sect. 4.1).
comparison of the measured monthly averages between the

Austrian ozone data set and those from Arosa for the time
period 1993 to 2006 shows that the differences are not highe, Methods
than+3%. We may therefore use the measured total ozone
at Arosa to cover the whole period for Austria. The ozone|n the following sections the reconstruction technique and
record of Arosa has some periods of missing data (see Stagalculation of input parameters for the reconstruction models
helin et al., 1998a, b) and for these periods missing valuess explained in detail.
are filled up by the modeled COST-726 total ozone.
4.1 Calculating surface albedo values
3.2 Cloudiness, global irradiance and sunshine duration
Because of the altitude the influence of snow cover on

The use of cloud modification factors (CMFs), gained from ground albedo is more important at the alpine station Ho-
information on global irradiance and sunshine duration, isher Sonnblick than in Vienna. Surface albedo values were
a common method used by the scientific community to de-calculated using a multiple regression model (Simic et al.,
scribe cloud effects on solar UV radiation (e.g. Kaurola et2005). The calculation for spring (March, April, May) and
al., 2000; Schwander et al., 2002; Koepke et al., 2006). winter (December, January, February) is shown in Eq. (1)

European Union's Action COST 726 identified global While the calculation for summer (June, July, August) and
irradiance in combination with cloud modification factors autumn (September, October, November) is given in Eq. (2).
(CMFs) as the best way to describe cloud attenuation and
cloud effects on solar UV (Koepke et al., 2006). Based onAlbedo=0156+2.27 x 10~* x SNOW
these findings, we used global irradiance data for our recon- +4.01 x 103 x NSNOW-1.954x 102 x DAYS D
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Albedo=0138+ 6.99 x 1074 x SNOW global irradiance (&er) under observed sunshine duration

+6.06 x 1073 x NSNOW-1.489x 102 x DAYS (2)  (n) given in decimal hours. Using this modelling approach
90% of the modelled global irradiance values agree within

At Hoher Sonnblick snow height (SNOW), amount of fresh +-20% of the observed ones.

snow (NSNOW) and days since last snow fall (DAYS) are

used as input for the multiple regression model. Snow Heigh#*.4 Calculation of cloud modification and correction fac-

(SNOW) and amount of fresh snow (NSNOW) are given in tors

cm. In Vienna snow cover is less frequent and we used fixed

ground albedo values for snow covered and snow free groun€MFgsza) =

conditions. If a snow height of more than 5 mm was reported CGrersza

in_Vienna we used a value of 0.4, if the snow cover was belowThe cloud modification factor for global irradiance (CMF
this value we used a value of 0.03 to describe the surfaceg 5iculated as shown in Eq. (4) as the ratio between ob-
albedo. served (@gs) and reference global irradiance g&r) for
each solar zenith angle (SZA).

Gogs(sza)

(4)

4.2 Modelling clear-sky UV-values
UVogssza)
UVMob(sza)

To model clear-sky UV-doses the model SDISORT devel- CMFuv(sza) = ®)
oped by Stamnes et al. (1988) was used. This model needs in-
formation on date, time, location, altitude, solar zenith angle,Corresponding to the cloud modification factor for global
total ozone column, surface albedo and aerosol characteridtradiance a cloud modification factor for the UV part of
tics as input parameters. An average aerosol optical deptfhe spectra (CMgy) is calculated as ratio between ob-
at 400 nm of 0.06 at Sonnblick and of 0.35 in Vienna was served UV-dose (U¥gs) and modelled clear-sky UV-dose
used throughout all the simulations. Akmgstroem alpha (UVwmop) for each solar zenith angle (SZA) (see Eq. 5). The
coefficient (&ngstroem, 1929) of 1.2 was used to describe CMF values were stored in look up tables for a solar zenith
wavelength dependence. angle range between 18nd 90 using 2 degree interval res-
The vertical aerosol profile is defined using three layers:olution.
0-2 km, 2—10 km and 10-100 km altitude. The aerosol opti_ Correction factors are Wldely used within the scientific
cal depth was set to 0.04 between 2 and 10 km and to 0.0gommunity to transfer the CM#to a cloud modification fac-
between 10 and 100km. The single scattering albedo wa#or in the UV range of the spectra (CM¥) (e.g. Kaurola et
set to 0.9 in the troposphere and to 1 in the stratosphere. Thal-, 2000; Reuder and Koepke, 2005). The correction factor
ozone profile and the air temperature are defined for 30 atmo(C) is calculated from a period of concurrent measurements
spheric layers. Here the vertical profile of the US Standardof UV- and global radiation and modeled clear-sky values.
Atmosphere 1976 was used. The dependence of the ozone CMFuv (1)
cross section on temperature is taken into account during'x) = MR
the calculations. The Rayleigh scattering is calculated us- Gw)
ing the formula by Nicolet (Nicolet, 1984) for each pressure The correction factord,) was calculated as mean ratio be-
slab. Phase function (asymmetry parameter) is required agveen CMk), and CMF; over all solar zenith angles (see

well. Considering that we use some semi-empirical factorsgq. 6). Wherg,, means hourly or daily resolution of input
in our reconstruction method (see Eq. 8-11) the influence ofata.

the phase function may be considered as negligible.

(6)

' ' ' 4.5 Reconstruction of erythemal UV-doses and analysis of
4.3 Reconstruction of global irradiance the influence of different temporal resolutions on the

. . . -~ model performance
Global irradiance is needed to calculate the cloud modifica-

tion factors for global irradiance. However, at station Hoher As already mentioned in Sect. 3.2., we used global irradiance
Sonnblick the global irradiance dataset has some gaps in thstead of sunshine duration to calculate past UV-doses. For
years 1973, 1981, 1983, 1984, 1988 and 1990. In order tahe reconstruction an approach similar to the one described
fill these gaps we adapted an empirical approach developeBy Kaurola et al. (2000) has been used.

by Neuwirth (1979) for the reconstruction of hourly mean  Kaurola et al. (2000) used modelled clear-sky UV values,
values of global irradiance (Eqg. 3). a cloud modification factor for global irradiance and a cor-

rection factor in their study (Eq. 7).
Gmobp = GRrer X f(n) (3)

Where Guop is the modelled global irradiance andn)
is a correction factor being a climatological ratio betweenHere UVreko is the reconstructed UV-dose, Wép is the
observed global irradiance @gs) and reference clear-sky modelled UV-dose under clear-sky conditions, CMB the

UVReko=UVmop x CMFg x C )

www.atmos-chem-phys.net/8/6309/2008/ Atmos. Chem. Phys., 8, 63292008
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Table 2. Statistical numbers of the 4 modelling approaches for the stations Vienna (VIE) and Hoher Sonnblick (SON), showing correlation
R?, bias (in %) and root mean square error (RMSE) (in %) between model results and data. HMC = model with hourly resolution and
monthly correction facto€, HSC = model with hourly resolution and seasonal correction factddMC = model with daily resolution

and monthly correction factar, DSC = model with daily resolution and seasonal correction factor

Station/Model R? BIAS RMSE

winter spring summer autumn winter spring summer autumn winter spring summer autumn

VIE-HMC 0.96 0.96 0.96 0.99 +4 +3 +7 -1 26 16 13 18
VIE-HSC 0.96 0.96 0.95 0.99 +5 +7 +7 +1 28 18 14 19
VIE-DMC 0.94 0.90 0.94 0.99 -5 -2 +7 +1 28 27 14 19
VIE-DSC 0.94 0.90 0.95 099 -8 -2 +7 +7 27 27 14 22
SON-HMC 0.96 0.96 0.97 098 -2 -2 +1 -8 18 15 11 18
SON-HSC 0.96 0.96 0.97 098 -2 -3 +1 -7 21 16 12 19
SON-DMC 0.91 0.93 0.94 098 -2 -7 -3 -13 25 22 18 24
SON-DSC 0.91 0.94 0.94 0.98 +2 -12 -3 -13 26 23 19 24

cloud modification factor for global irradiance adtlis a For testing the model, data from the years 2000 and 2003
yearly correction factor. For our purpose we have modi-(Sonnblick) and 2003 and 2004 (Vienna) were used. The
fied this approach for different temporal resolutions which combination of these years was chosen to ensure that an
are discussed in detail in the next paragraph. equivalent number of days for comparison is available. The
To analyse the influence of temporal resolutions of inputperformance of our 4 models is quite different throughout
data, cloud modification and correction factors, 4 modellingthe year. Table 2 shows the correlation, root mean square
approaches with different temporal resolution were devel-error and bias between estimated and observed daily UV-
oped (Eq. 8to Eq. 11). doses for the different seasons of the year for all 4 modelling
approaches. At station Hoher Sonnblick the HMC-Model

UVhme =UVmopH) x CMFgrH) x Chm (8) shows the best fit between estimated and observed UV-doses
_ for all 4 seasons. In Vienna the HMC-Model shows the best
UVhsc=UVmobH) x CMFgH) X Chs ©®) g during the winter, spring and summer seasons while in au-
UVbmc = UVmopo) x CMFgp) x Cowm (10) tumn_th_e reconstruction quality of the HMC, HSC and DMC
are similar.
UVpsc=UVmopp) x CMFgp) x Cps (11) A more quantitative way to look at the performance of our

reconstruction approaches for both stations can be seen in Ta-
As already mentioned above, we analyze the influence of difple 3 (for Vienna) and Table 4 (for Hoher Sonnblick), where
ferent temporal resolution of input data on the reconstructionthe relative distribution of the difference between the model
accuracy. Therefore - in contrast to other studies that used and the data is shown. It is obvious that the reconstruction
single correction factor (e.g. Kaurola et al., 2000) — we com-quality significantly increases with increasing temporal res-
puted monthly Chm, Cpm) and seasonaldys, Cps) Cor-  olution of the input data. Altogether, most of the day-to-
rection factors to analyze whether a time varying correctionday variation is captured fairly well by our models and the
factor improves the reconstruction accuracy. Where based oresults are comparable to those from other studies (e.g. Kau-
Eq. (6),x means hourly (H) or daily resolution (D) of input rola et al., 2000; Lindfors and Vuilleumier, 2005; Reuder and
data. Further we use CH and CD values averaged over eadkioepke, 2005). This statement is valid for daily and monthly
calendar month My andCpw, respectively) or 3-month  UV-doses, whereby the model using input data with high-
season S(ns and Cps, respectively). U¥jop) is mod-  est temporal resolution (HMC) leads to the best agreement
elled clear-sky UV-dose on hourly resolution, M¥pp) IS between observed and reconstructed UV-doses. The results
modelled clear-sky UV-dose on daily resolution, Céff is  in Tables 3 and 4 also point out that the performance of our
a cloud modification factor for global irradiance on hourly reconstruction method is slightly better at Hoher Sonnblick

resolution and CMEp) an average daily cloud modification than for Vienna. Possible reasons for that will be discussed
factor for global irradiance. later in this paper.

For each station we defined two independent data sets:
a 2 year development period and a 2 year testing period.
For developing the model, data from the years 1999 and
2002 (Sonnblick) and 2000 and 2005 (Vienna) were used.

Atmos. Chem. Phys., 8, 6308323 2008 www.atmos-chem-phys.net/8/6309/2008/
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Table 3. Distribution of the estimated UV-doses in comparison to the observed ones for the testing period in Vienna (in %). HMC = model
with hourly resolution and monthly correction fact6t HSC = model with hourly resolution and seasonal correction faci{dbMC =
model with daily resolution and monthly correction fac€rDSC = model with daily resolution and seasonal correction factor

Range Station/Model +£5% +10% +15% +20% +25% +30% +35% +40%
Daily VIE-HMC 22% 45% 62% 75% 86% 91% 93% 97%
data VIE-HSC 20% 41% 58% 74% 83% 88% 92% 96%
VIE-DMC 17% 39% 53% 69% 75% 80% 85% 89%
VIE-DSC 17% 35% 49% 62% 73% 80% 87% 89%
Monthly  VIE-HMC 50% 67% 96% 96% 100%
data VIE-HSC 33% 67% 88% 88% 96% 100%
VIE-DMC 42% 67% 88% 92% 100%
VIE-DSC 42% 46% 75% 92% 100%
Table 4. Same as Table 3. Results are shown for Hoher Sonnblick.
Range Station/Model £5% +10% £15% +20% +£25% +30% +£35% +40%
Daily SON-HMC 36% 62% 76% 86% 93% 95% 98% 99%
data SON-HSC 31% 53% 71% 82% 90% 95% 97% 98%
SON-DMC 19% 39% 49% 60% 69% 76% 81% 84%
SON-DSC 20% 37% 50% 58% 69% 75% 78% 84%
Monthly  SON-HMC 67% 96% 100%
data SON-HSC 54% 75% 92% 92% 100%
SON-DMC 42% 58% 71% 96% 96% 100%
SON-DSC 25% 42% 79% 88% 92% 100%

4.6 Performance of the HMC-model last decades. The following comparison concentrates on the

period 1976-2005 in order to have a comparable 30 year pe-
As already mentioned, the results of the statistical analysis ofiod of data at both stations.

the testing period (Tables 2—4) showed that the model with
the highest temporal resolution (HMC) shows the best agrees.1 Total ozone column
ment between observed and modelled UV-doses. Following
this it was used for the reconstruction of past UV-doses andlhe total ozone series of Arosa, Switzerland shows a de-
further discussion of model performance and results is jus€reasing trend since the 1970s followed by a slight increase
addressed for this model type. Figures 2 (Vienna) and 3 (Hofrom the mid 1990s on. In this study we focused on the pe-
her Sonnblick) show the correlation between observed andiod 19762005 as this is the period we analyzed for UV-
modelled UV-dose for the testing period using the HMC- changes and compared the ten year ozone averages of the
Model for the different seasons. The results show a goodPeriods (1986-1995, 1996-2005) to the ten year average of
agreement throughout the year. The correlation coefficienthe reference period 1976-1985. Here we found for the to-
for all seasons is between 0.96 and 0.98 at Hoher Sonnblickd! 0zone column during the period 1986-1995 an average
and 0.96 and 0.99 in Vienna. The Bias is betwednand +1  reduction of 5% in winter, 4% in spring and 2% in summer
percent at Hoher Sonnblick and betweeh and +7 percent ~and autumn. For the period 1996-2005 an average reduction
in Vienna. The values of the root mean square error are bein the ozone content of 4% for the winter months, 6% for
tween +18 and +11 percent at Hoher Sonnblick and betweegPring, 4% for summer and only 1% for autumn was found.
+26 and +13 percent in Vienna. For the yearly averages we found a reduction in total ozone
of 4% for the period 1986—-1995 and of 5% for the period

1996—2005 in comparison to the reference period (Table 5).
5 Results

Using the HMC-model, hourly and daily erythemal UV-
doses at Hoher Sonnblick and Vienna were estimated for the
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Fig. 3. Same as Fig. 2. Results are shown for Hoher Sonnblick.
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Table 5. Changes in mean values of the estimated erythemal UV-doses, total ozone (TOC) and relative sunshine duration (SD) for the periods
1986-1995 and 1996-2005 in comparison to the reference period 1976-1985. Standard errors of estimated erythemal UV-doses are given i
brackets.

Stati s uv TOC SD
ation €asoN  1986-1995  1996-2005  1986-1995 1996-2005 1986-1995 1996-2005
Vienna Winter  +29% (1.7%) +18% (4.7%) —5% —4% +20% +10%
Spring +9% (1.1%) +20% (4.1%) —4% —6% +2% +13%
Summer  +12% (0.9%)  +8% (3.9%) —2% —4% +11% +14%
Autumn  +10% (1.2%) +10% (4.2%) —2% —1% +2% +0%
Sonnblick  Winter +14% (2.7%) +22% (2.2%) —5% —4% +18% +17%
Spring +7% (2.5%) +19% (2.0%) —4% —6% —2% +10%
Summer +0% (2.3%) +0% (1.7%) —2% —4% +5% +8%
Autumn  —1% (2.7%) +10% (2.2%) —2% —1% —6% —3%
5'2 Relatlve SunShIne duratlon 2600 average‘d daily erythem‘a\ UV-dose (Vie‘nna) 400
averaged daily erythemal U:g—tdac‘)iezéﬁgr:g?j;kg 77777777
For the period 1986-1995 in Vienna we found an increase 24 1 380

in relative sunshine duration of 20% in winter, 2% in spring, /|
11% in summer and 2% in autumn in comparison to the ref- « = ' SVARE:
erence period 1976-1985. For the second period 19962003 , | /| poe]
we found in comparison to the reference period 1976—1985 A 1 a0
an increase of 10% in winter, 13% in spring, 14% in summer

1800 "\‘ ‘ / |
and no change in autumn. At Hoher Sonnblick we found an VOV \ N

total ozone column [DU]

erythemal UV-dost

increase in relative sunshine duration of 18% in winter and 16
5% in summer for the period 1986—1995 in comparison to
1976-1985. For the same period we found a decrease in rel
ative sunshine duration of about 2% in spring and 6% in au-
tumn. For the period 1996—-2005 we found an increase in rel-
ative sunshine duration of 17% in winter, 10% in spring and
8% in summer in comparison to the reference period. In therig. 4. Yearly averages of estimated UV-dose, compared to total
same time interval the dataset for autumn shows a decreasgone column at Hoher Sonnblick and Vienna from 1976—2005.
of 3% in comparison to the reference period. The results for

seasonal changes in relative sunshine duration are summa-

rized _in Table 5. For the yearly averages of re_Iative sunshinedard error of the daily UV estimate (shown in Table 2) di-

dura})tlop we found an mocrease during the p.erlod 1,986_1_995/ided by square root of the number of independent daily data
of 4% in Vienna and 3@ at Hoher Sonnblick Wh”? an in- (i.e., degree of freedom). To calculate the degree of freedom
crease of 7% at both stations was found for the period 1996+; o arbitrarily assume that there is a 4-day span between in-
2005 in comparison to the reference period 1976-1985.  yahandent daily UV data. This period roughly reflects per-

sistence time of the weather pattern system over the sites.
Figure 5 shows the yearly averages of estimated UV-doses

Figure 4 shows the yearly averages of estimated UV-dose@nd relative sunshine duration since 1976 for both stations.
compared with yearly averages of total ozone since 1976 for On seasonal scale for the period 1986—-1995 we found an
both stations. In comparison to the reference period 1976-ncrease in erythemal UV-dose in Vienna of 29% in winter,
1985 we found an increase in the yearly averages of erythe9% in spring and autumn and 12% in summer in comparison
mal UV-dose for the period 1986-1995 of 11#4(%) in Vi- to the period 1976-1985. During the period 1996—2005 the
enna and 2%£1.9%) at Hoher Sonnblick and for the period erythemal UV-dose increases in Vienna at about 18% in win-
1996-2005 of 17%£4%) in Vienna and 9%£2.4%) at Ho-  ter, 20% in spring, 8% in summer and 10% in autumn. For
her Sonnblick. Vienna the seasonal uncertainty is withitl.7% for the pe-
The uncertainty is calculated as the standard error of theiod 1986—1995 and withift4.7% for the period 1996—2005

10-year seasonal mean value calculated from all pertainingsee Table 5). During the period 1986—1995 the erythemal
daily values. Standard error of the mean is inferred as stanV-dose at Hoher Sonnblick increases about 14% in winter

- 300

1400

1200 280
1975 1980 1985 1990 1995 2000 2005

time [years]

5.3 Erythemal UV-dose
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2600 T T T T 70
averaged daily erythemal UV-dose (Vienna)

averaged daily erythemal UV-dose (Sonnblick)

Table 6. Influence of changes in total ozone (TOC) and of changes

2400 el e o oR e T in relative sunshine duration (SD) on the seasonal averages of ery-
1% themal UV-dose during the periods 1986-1995 and 1996—2005 in
2200 /| - comparison to 1976-1985.
NE i\ | ) \/ L] s %
3 2000 /,’/'1 : E ) 1986-1995 1996-2005
3 WA J Station Season TOC sSD ToC  sSD
T 1800 “"“‘ { : (I ! A g
g‘i | \ f Vienna Winter 60% 40% 70% 30%
5 N 1* % Spring  88%  12%  55%  45%
| Summer  66% 34% 60% 40%
1400 Av 120 Autumn  64% 36% 65%  35%
00 Sonnblick  Winter 43% 57% 60% 40%

1975 1980 1985 - 1990 1995 2000 200" Spring 100% 0% 53% 47%
fme brearst Summer 50%  50% 50% 50%

. . . Autumn 0% 100% 100% 0%
Fig. 5. Yearly averages of estimated UV-dose, compared to relative

sunshine duration at Hoher Sonnblick and Vienna from 1976—2005.

and 7% in spring. Within the same time interval a small re- Table 7. Influence of changes in total ozone (TOC) and of changes
duction of only 1% can be stated for autumn. Also during in relative sunshine duration (SD) on the yearly averages of ery-
1996 to 2005 there is a remarkable increase of the erythethemal UV-dose during the periods 1986-1995 and 1996-2005 in
mal UV-dose of about 22% in wintertime, 19% in the spring S0MParison to the reference period 1976-1985.

months and 10% in autumn. Surprisingly there is no change

during the summer within both periods when compared to the Station 1986-1995  1996-2005
reference time. The seasonal uncertainty of these estimates is Toc sb TOC  SD

within £2.7% for the period 1986-1995 and withit?.2% Vienna 66% 34% 50% 50%
for the period 1996-2005 (see Table 5). The results for sea- Sonnblick 66% 34% 78% 22%

sonal changes in erythemal UV-dose at both stations are sum-
marized in Table 5. The results of the calculated averages of
erythemal UV-doses and atmospheric total ozone content are

plotted in Fig. 6a—d for each season separately. The plots of,5) yv-dose through the influence of changes in cloudiness,
the seasonal averages of erythemal UV-dose compared t0 thgy ., , is the reconstructed UV-dose under observed con-
relative sunshine duration are shown in Fig. 7a~d. ditions, UVksp is reconstructed UV-dose holding cloudiness

?onstant on 1960s levels, Wyoc is reconstructed UV-dose
aholding total ozone fixed on 1960s levels.

Using this technique we found out that changes in total
To identify the influence of total 0zone content and sunshine®zone play in most cases the dominant role for changes in
duration on the erythemal UV-doses we performed modelerythemal UV-dose at both stations (Tables 6 and 7). In Vi-
simulations holding total ozone and sunshine duration fixegenha during the period 1986-1995 for winter, summer and
at 1960s levels. Because of a lack in global irradiance dat@utumn more than 60% of the changes in erythemal UV-
we could not reconstruct erythemal UV-doses back to 1960dose result from changes in total ozone. During spring sea-
Nevertheless, due to availability of data for total 0zone andSon about 88% of the changes in erythemal UV-dose result
sunshine duration, control runs for 1960s conditions couldffom the decrease in total ozone. For the period 1996-2005
be performed. We calculated the influence of changes in towe found similar results. Here about 60% of the changes in
tal ozone on erythemal UV-doses following Eq. (12) and the€rythemal UV-doses arise from changes in total ozone dur-

5.4 Influence of ozone and sunshine duration on erythem
UV-dose

influence of changes in cloud cover following Eq. (13). ing spring, summer and autumn. During winter we found
that 70% of the changes in erythemal UV-doses result from
Mtoc= VksD x 100 (12) changes in total ozone and only 30% arise because of the
UVREeko increase in relative sunshine duration. At Station Hoher
UVkToc Sonnblick during the period 1986-1995 an equal influence
Msp= Wrero 100 (13)  of changes in total ozone and sunshine duration during win-

ter and summer was found. Half of this increase in erythe-
Where Mroc is the change in erythemal UV-dose through mal UV-doses occurs through a decrease in total ozone, the
the influence of total ozone, §4 is the change in erythe- other one through the increase in sunshine duration. During
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springtime the decrease in total ozone is the major influencHoher Sonnblick. For the different seasons we gain an im-
ing factor on erythemal UV-dose. The small decrease in sunprovement in the reconstruction quality in Vienna of 1% in
shine duration shows almost no effect on the erythemal UV-winter and summer, 3% in autumn and 11% in spring. At
dose. In autumn the small decrease in erythemal UV-doséioher Sonnblick the use of hourly data with monthly cor-
results only from a decrease in relative sunshine duration. Irrection factors improves the reconstruction quality by 6% in
the period 1996-2005 during winter, 60% of the changes inautumn and 8% in the other seasons in comparison to the use
erythemal UV-dose result from decreasing total ozone. Fomwf daily datasets.
spring and summer, change in the erythemal UV-dose is due The estimated UV-doses using the HMC-Model were
to changes in cloudiness and changes in total ozone. Fdiound to be in good agreement with measurements and the re-
autumn the control run shows a decrease in erythemal UVsults are comparable to those from other studies. Especially
dose resulting from the decrease in cloudiness. Because dhe modelled monthly values are in good agreement with the
that the decrease in total ozone is the main cause for thebserved ones. At Hoher Sonnblick all cases can be found
overall increase in erythemal UV-dose. The results for thewithin £15% of the observed ones while at Vienna 96% of
different periods of the year are summarized for both sta-the cases can be found withifl 5% of the observed values.
tions in Table 6. For Vienna in the period 1986—1995 aboutlt is important to note that the agreement between estimated
66% of the changes in the yearly averages of the erythemadnd observed values is higher at station Hoher Sonnblick
UV-dose result from changes in total ozone, whereas 34%which might be first due to the higher aerosol loads in Vi-
are caused through changes in cloudiness. During the peenna and second due to the determination of surface albedo
riod 1996-2005 the changes in yearly averages of erytheusing a regression model at Sonnblick while in Vienna fixed
mal UV-dose at Vienna are partly caused by decreasing totavalues depending on the presence or absence of snow cover
ozone and partly by changes in cloudiness. This indicatesvere used to describe the surface albedo.
that during the last years changes in cloudiness became more Because of a lack in direct measurements the aerosol op-
important for changes in erythemal UV-dose at Vienna thantical depth (AOD) was assumed to be constant throughout
during the decades before. During the period 1986-1995 athe whole reconstruction period. At 400 nm AOD was set
Hoher Sonnblick 66% of the changes in erythemal UV-doseto 0.35 for Vienna and 0.06 for Hoher Sonnblick. To esti-
result from changes in total ozone while about 34% resultmate the uncertainty arising from constant AOD values, the
from changes in cloudiness. For the period 1996—2005 werends and fluctuations in AOD reported in literature were
found that the major influence on the average change in eryeonsidered and additional model runs were performed. Ac-
themal UV-dose was total ozone. Here 78% of the changesording to Weihs et al. (1999) daily and seasonal AOD values
in erythemal UV-dose are caused by decreasing total ozoneat Hoher Sonnblick ranged between 0.01 and 0.08 at 367 nm.
These results are summarized in Table 7. The observed fluctuations in AOD are higher than the ab-
solute value of the trend per decade in AOD mentioned by
Ruckstuhl et al. (2008) for Jungfraujoch. This trend is es-
6 Summary and discussion timated at—0.02 at 550 nm over the period 1995 to 2005,
which roughly corresponds to a trend in AOD 60.03 to
In our study we performed the first reconstruction for ery- —0.04 at 367 nm if an Angstrom alpha coefficient of 1.2 is
themal UV-doses in Austria for one alpine and one urbanassumed.
region. A method developed by Kaurola et al. (2000) was Based on these statements, we performed simulations of
adapted to our stations. The method, which is fairly simpleerythemal UV irradiance as a function of changes in AOD
uses modelled clear-sky UV-dose, cloud modification factorsfor Hoher Sonnblick. Our model simulations showed that
and correction factors and enables the estimation of UV-dosenaximum fluctuations in AOD of 0.07 at 367 nm may lead
at Hoher Sonnblick and in Vienna for the last decades. Forto changes in erythemal UV-dose of up to 2%. However, the
the modelling of clear-sky UV-doses we used SDISORT de-cloud modification factor (which is also used during clear
veloped by Stamnes et al. (1988). Further we analysed theky conditions) and the correction fact@rare partly (within
influence of temporal resolution of input data, cloud modi- 1%) able to represent these changes in UV-dose. An error
fication factors and correction factors on the model perfor-smaller than 1% is therefore expected from uncertainties of
mance. The improvement in modelling accuracy by chang-AOD model input parameters at Hoher Sonnblick.
ing the time resolution could therefore be estimated. The re- For larger aerosol optical depths fluctuations — such as in
sults of the testing period show clearly that those modellingVienna — CMF and correction factar are less able to ac-
approach using input data and modification factors with thecount for changes in the erythemal UV range due to aerosols.
highest temporal resolution shows the best fit between es- The short term (daily, weekly) fluctuations are however
timated and observed UV-doses. The improvement of thehigher than the long year trends reported in the litera-
accuracy achieved with hourly resolution varies with the seature. All studies mention first an increase in aerosol optical
sons. In average the use of hourly resolution improves thedepth which seems to have started between 1950 and 1960
accuracy of the reconstruction by 4% in Vienna and 8% at(Makowski et al., 2008). The period where the maximum
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atmospheric turbidity was reached in Middle Europe wastotal ozone in combination with an increase in sunshine du-
in the period from 1970 to 1990 where diurnal temperatureration. The results from our control run show that gener-
ranges — which were identified as indicators for the trans-ally, changes in total ozone have influenced erythemal UV-
mittance of the atmosphere in the short wavelength rangelose more than changes in cloudiness. However, these re-
— were at a minimum (Makowski et al., 2008). Tegen et sults have also shown that over Vienna in the recent years the
al. (2000) showed that between the years 1970 to 1990 thanfluence of changes in cloudiness on UV-doses became sig-
increase in AOD at 550 nm was not larger than 0.06, whichnificantly larger. This study provides important information
roughly corresponds to an increase in AOD of 0.1 at 400 nmfor epidemiological studies and for future required medical
After this period, a cleaning of the atmosphere was ob-care in Austria, knowing that erythemal UV-dose is one of
served: optical depths measurements performed at 320 nithhe major causes for development of skin cancer.

between 1990 and 2007 in Uccle (Belgium) and in Thessa-

loniki (Greece) (Cheymol and De Baker, 2003; Kazadzis etAcknowledgementsThe Authors want to thank the Austrian Cen-
al., 2007) showed a decrease in AOD between 0.3 and 0.gral Institute for Meteorology and Geodynamics (ZAMG) for pro-
which corresponds to a maximum decrease in AOD of 0.2viding data on global irradiance, sunshine duration and snow and
at 400 nm. Other measurements performed in Germany anB- Stuebi from the Swiss Federal Office of Meteorology and Clima-

Switzerland (Ruckstuhl et al., 2008) showed a decrease ilt.ology (MeteoSwiss) for providing ozone datasets from Arosa. We

- . . . are grateful to A. Vacek and H. Formayer from the Institute for Me-
AOD at all the stations, with a maximum decrease in AOD teorology, University of Natural Resources and Applied Life Sci-

at 550 nm of 0.12 per decade at station _Lindenberg. Thisénces, Vienna, for computational assistance with the datasets used
roughly also corresponds to a decrease in AOD at 400 Ny, this study.

around 0.2. Trends in Southern Germany or in Switzerland

were however half the amplitude of the changes recorded ir]Izurther the authors want to thank two anonymous referees and Ju-
Eastern Germany lian Groebner for useful comments that helped to improve the qual-

. ity of the manuscript.
Under the assumption that an aerosol trend of 0.2 aty P

400nm — comparable to Belgium, Southern Germany OrThi_s work was performed within the scope of the _European Union’s
Switzerland — may be assumed for Vienna between 1990 angction COST 726 “Long term changes and climatology of UV
2007, we may therefore expect an uncertainty in erythema[z’.‘(lll'("j‘t'o.nhOVer hEur.Ope ﬁnd S%OUT'OB' Stratosphere-Climate
UV-doses of 2-4%. The trends shown in section 5 therefore™ > with Emphasis on the UTLS.
probably underestimate the UV-doses during the period 199§ jiteq by: J. Groebner

to 2005 by 2 to 4%. At station Hoher Sonnblick for some

years (see Table 1) global irradiance had to be reconstructed

because of a lack in the observation record. The uncertaintReferences

for estimated erythemal UV-doses resulting from the esti-

mated global irradiance reconstruction error is withih% Angstroem, A.: On the Atmospheric Transmission of Sun Radiation
for the period 1976-1985 and within0.5% for the period and on Dust in the Air, Geografiska Annaler, 11, 156-166, 1929.
1986-1995. Another source of uncertainty was the lack ofBlumthaler, M. and Ambach, W.: Solar UVB-albedo of various sur-
total ozone data in Vienna and at Hoher Sonnblick before the faces, Photochem. Photobiol., 48, 85-88, 1988.
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