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Abstract. The daily doses of the erythemally weighted UV 1 Introduction
radiation are reconstructed for three sites in Central Europe:
Belsk-Poland (1966—2001), Hradec Kralove-Czech RepubThe ultraviolet (UV) radiation reaching the ground is only
lic (1964—2001), and dravere-Estonia (1967—2001) to dis- & small portion of the radiation received from the Sun but
cuss the UV climatology and the long-term changes of theextremely important for the Earth’s ecosystem. Increased in-
UV-B radiation since the mid 1960s. Various reconstruc- terest in the variations of the surface level of the UV radia-
tion models are examined: a purely statistical model basedion, that has appeared since the late 1980s stemmed from the
on the Multivariate Adaptive Regression Splines (MARS) anticipated positive UV trend over the extratropical regions
methodology, and a hybrid model combining radiative trans-related to the observed total ozone decline (e.g. Madronich,
fer model calculations with empirical estimates of the cloud 1992). The changes in the global UV field are of special im-
effects on the UV radiation. Modeled long-term variations of portance because of the recognized wide adverse effects of
the surface UV doses appear to be in a reasonable agreemeg¥cessive UV radiation on humans and the environment (e.g.
with the observed ones. A simple quality control procedure issunburn, snow blindness, skin cancer, cataracts, suppression
proposed to check the homogeneity of the biometer and pyraof immune system, etc.).
nometer data. The models are verified using the results of UV Since the early 1990s, available resources have been ap-
observations carried out at Belsk since 1976. MARS pro-plied to improve our knowledge of the UV changes and our
vides the best estimates of the UV doses, giving a mean difunderstanding of processes that affect surface UV radiation.
ference between the modeled and observed monthly mearf3esearch efforts in the area of the atmospheric physics have
equal to 0.6:2.5%. The basic findings are: similar climato- placed a large emphasis on the calibration and maintenance
logical forcing by clouds for all considered stations30%  of the existing UV observing systems, the development of
reduction in the surface UV), long-term variations in UV new instruments and QA/QC methods, and the data analy-
monthly doses having the same temporal pattern for all stases using the results from both ground-based and satellite
tions with extreme low monthly values-6% below overall UV instruments (WMO, 2003). There was limited interest
mean level) at the end of the 1970s and extreme high monthlyn the UV radiation measurements before the period of the
values (~5% above overall mean level) in the mid 1990s, re- large total ozone decline. Thus, the time series of the sur-
gional peculiarities in the cloud long-term forcing sometimes face UV-B measurements longer than 2 decades are avail-
leading to extended periods with elevated UV doses, recengble for only one station in Europe-Belsk. The length of
stabilization of the ozone induced UV long-term changes be+eliable data records is up to 10-15 years for most Euro-
ing a response to a trendless tendency of total ozone since tHgean UV observing stations. It is recognised that such a pe-
mid 1990s. In the case of the slowdown of the total ozoneriod is not adequate to carry out trend analyses (Weatherhead
trend over Northern Hemisphere mid-latitudes it seems thagt al., 1998). However, in some recent studies the ground-
clouds will appear as the most important modulator of thebased/satellite measurements and model simulations have
UV radiation both in long- and short-time scales over nextbeen used to identify changes in the surface UV and pro-
decades. cesses responsible for the UV radiation changes (e.g. Kerr
) N and McElroy, 1993, Borderwijk et al., 1995; Zerefos et al.,
Key words. Atmospheric composition and structure 1995 Krzyscin, 1996; Weatherhead et al., 1997; Udelhofen
(biospheric-atmosphere  interaction) — Meteorology andet g1, 1999; den Outer et al., 2000; Kaurola et al., 2000;
atmospheric dynamics (climatology; radiative processes)  \atthijsen et al., 2000; Eerme et al., 2002). These studies
confirm that the UV changes are driven by various factors:
Correspondence tal. W. Kryzcin ozone, cloudiness, aerosols, and surface albedo. The relative
(ikrzys@igf.edu.pl) importance of these factors depends on local conditions.
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Studies on the impact of UV radiation on the environ- cedure and was used in many statistical analyses (e.g. Bo-
ment require knowledge of UV climatology and changes thatjkov et al., 1995; WMO, 2003). Here we use the ozone
have occurred in the past. Recently, various models usinglata from the Dobson spectrophotometer measurements at
variables directly affecting the UV radiation (total ozone, Hradec Kralove (1964—-2001), Belsk (1966—2001), and the
cloud/aerosol optical depth) and proxies parameterizing thdilter ozonometer M-124 and Dobson measurements at St.
UV transmittance through the atmosphere (total solar radiaPetersburg (1973-2001), the nearest statiorbtavere pro-
tion, sunshine duration, and cloud cover) have been used teiding the total ozone data. The total ozone time series for
reconstruct surface UV radiation (e.g. Ito et al., 1993; denHradec Kralove and Belsk are longer but the length of the an-
Outer et al., 2000; Fioletov et al., 2001; de La Casiaiet  alyzed series was limited by the onset of the ancillary data.
al., 2002). The pyranometer and other meteorological data There are no continuous measurements of the cloud and
serve as proxies for the combined cloud/aerosols effects oaerosols properties which are important for the determination
UV radiation. The reconstructed data sets, which can extendf the UV attenuation through the atmosphere besides short-
backward in time to the beginning of total ozone and pyra-period campaigns. However, the combined cloud/aerosols
nometer or cloud observations, would help to examine theaffects on the surface UV radiation can be parameterized us-
climatology and the long-term variations and trends of UV ing the so-called clearness ind&Xear _Ind_Gl, i.e. the ra-
radiation (Kaurola et al., 2000; Fioletov et al., 2001). tio of measured total solar irradiance (or its daily sum) to

In this study we examine several UV reconstruction mod-the hypothetical (derived from radiative transfer calculations)
els to estimate the UV long-term pattern and to delineatevalue of the total solar irradiance that would occur under
factors influencing its variations for selected sites in Centralthe same conditions but without clouds (e.g. Janouch, 2000;
Europe-Hradec Kralove (5CM, 15.5E), Belsk (51.7N, Kaurola et al., 2000). Thus, the clearness index provides
20.8°E), and Tartu/Bravere (58.3\, 26.5E). Section 2 de- a measure of the cloud effects on the total solar radiation.
scribes the data used with special emphasis on the qualitsince we are dealing with the long-term series of the clear-
assurance of the UV data and its proxies. Section 3 dealsess index, the question of the homogeneity of this series im-
with the model descriptions and comparisons. We exam-mediately arises. Total solar radiation measurements belong
ine two categories of the reconstruction models, i.e. a purelyto standard observations carried out at many meteorological
statistical model based on the Multivariate Adaptive Regres-stations including those examined here. However, such long-
sion Splines (MARS) methodology and a model combining period measurements were made using various pyranome-
radiative transfer calculations for clear-sky conditions with ters (e.g. Kipp@Zonnen Moll-Gorczynski solarigraph, CM5,
the empirically derived cloud reduction factor of the UV ra- CM6, CM11, and Sonntag PRM2 in the case of observations
diation derived from the attenuation of total solar radiation. at Belsk since the mid 1960s) and now it is difficult to re-
The factors responsible for the UV long-term variations andcalculate the historical time series accounting for all instru-
the regional differences in the UV forcing are discussed inmental and calibration changes to obtain the homogenized
Sect. 4. Section 5 contains the conclusions. data set. Here we propose a simple quality control procedure

to check the long-term homogeneity of the total solar and

UV-B radiation measurements. Later in the paper we will
2 The data used concentrate on the surface radiation measured mostly during

the warm part of the year (April-September) due to the high
The idea of the reconstruction is to reproduce the surface UMntensity of the radiation in that period contributing signifi-
variations using variables that may parameterize the attenueantly to the annual mean of the radiation. It is also possible
ation of the UV radiation passing through the atmosphereto calculate the clear-sky UV daily dose without detailed in-
It is well recognized that the following variables are indis- formation on the surface conditions that is required for the
pensable to describe the UV attenuation: total ozone, aitate autumn/winter/early spring time because of the highly
mass (solar zenith angle-SZA), aerosols and cloud microvariable snow cover over Central Europe.
physical (e.g. single scattering albedo, and asymmetry fac- The clear-sky values of daily irradiance for all days with
tor) and macrophysical properties (e.g. optical depth). Wethe measured daily sum of total solar radiations have been
need a long-term series of these variables (3—4 decades) argtimated by the Santa Barbara DISORT Atmospheric Ra-
a reconstruction model to discuss the UV climatology anddiative Transfer (SBDART) code (Ricchiazzi et al., 1998).
trends. The validation of the reconstructed time series should'he calculation for the chosen SZA requires a selection
be accomplished by a comparison with the UV observationsof various input parameters, among them the most impor-
over the model/measurements, with the common time peritant ones, changing significantly from one day to another,
ods being as long as possible. are aerosol optical depth (AOD) and columnar water vapor

The total ozone observations have been carried out ovecontent. Other variables as vertical profiles of temperature
many places in the Northern Hemisphere mid-latitudes sinceand trace gases were kept equal to climatological means de-
the late 50s and early 60s. The results of the ozone meagpending on season and region, e.g. mid-latitudinal summer
surements were stored in a global data base (World Ozoner winter. The daily changes of the columnar water vapour
Data Center-WODC) at Toronto, Canada. The long-periodamount were taken from the NCEP/NOAA Reanalysis-2 data
WODC ozone data underwent a careful homogenization probase (presently available at this Web address: http://nomad2.
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Fig. 1. The differences between measured and modelled daily sums of total solar radiation in percent of the modelled values for clear-sky
conditions during the period April-September for Belsk (1966208} Hradec Kralove (1964-2001)), and Toravere (1967-2001%).

The differences between measured and modelled daily doses in percent of the modelled values for clear-sky conditions over Belsk (1976-
2001)(d). The solid curves represent the differences after a smoothing by the LOWESS technique.

ncep.noaa.gov/ncegata) comprising the global distribution, cent years (Belsk, dravere, and Potsdam). The data were
with a resolution of 2.5x2.5°, of various meteorological taken from the AERONET web page presently at address
variables. The long-term variations of AOD over selected http://aeronet.gsfc.nasa.gov.

sites were not available. Thus, we use constant values of Sunshine duration (from measurements by the Campbell-
AOD at 550 nm (equal to 0.25) and tﬁeﬂgstlbm exponent  Stokes heliograph) data let us determine cloud free days.
(equal to 1.3) in the model calculations of total solar irra- Moreover, these data are also tested as one of the regres-
diance. Both values result from averaging all CIMEL Sun sors in the pure statistical model (MARS). Figure 1 shows
photometric measurements of spectral optical depth carriethe time series of the differences between the observed and
out over the AERONET network in Central Europe in re- modeled daily sum of total solar irradiances (in percent of the
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Table 1. The differences between the observed and modeled daily sum of total solar radiation for clear-sky conditions (in percent of clear-sky
values) for selected months and the April-September period.

Month Belsk (1966-2001) Hradec Kralove (1964—2001) dravere (1967—2001)
April —1.745.6 —1.943.7 4.61+6.1
May —2.44+4.9 0.1+4.5 24455
June —2.81t54 0.7+4.9 14455
July —4.2455 —0.7£5.0 0.5+£5.7
August —3.0+5.9 —2.3+53 0.5+5.8
September -11+71 —-0.9+4.4 46+7.0
April-September —2.8+5.6 —0.9+4.8 21+6.0

modeled value), i.e. the so-called fractional deviations, foras they were) and corrected one (the measured all-sky daily
approximately cloudless days during April-September peri-sums are multiplied by a correction function to eliminate the
ods, i.e. for days when a bias between the measured sunshiheng-term variations of the index delineated from the clear-
duration and the modeled one for clear-sky conditions wassky subset of the index). If we assume that the smoothed pat-
less than 0.5h. The modeled sunshine duration was calcuern in Figure 1 reflects some instrumental/calibration prob-
lated as the length of the period with an irradiance exceedindems in the past, the proposed correction function is
120 W/n?, i.e. the heliograph threshold for burning a paper.

Large scatter seen in Fig. 1 may be the result of the inacCor-Gl (=1~ (Clear_Ind GlsmootH(t)
curacy of the daily measurements of total solar irradiance, of  _ o0, 114 Glyean) 1)
the inability to determine the precise number of cloud free
days (presence of thin clouds giving the instantaneous totalvhereClear.Ind_GlsmooTH(?) is a value of the smooth func-
irradiance above the threshold limit of the heliograph), andtion fitted to the daily values of the inde&Jear_Ind_Glyean
of a lack of proper model input (especially for days whenis an overall mean of the index, anddenotes day since
aerosol optical properties were much different than the asthe time series beginning. Solid lines in Fig. 1 show
sumed constant climatological means). However, the stan¢(Clear.Ind_GlsmooTH(t)-1)*100 values.
dard deviation of the normalized observation-model differ- Time series of surface UV-B irradiance are rather short,
ences for all stations is only about 5%. The results of sta-usually not longer than 1 decade. As far as it is known to
tistical analysis of the differences are shown in Table 1 forthe authors, one of the longer time series, which underwent
each calendar month (April-September) and for the wholea quality control procedure, comes from Belsk (Borkowski,
season. It seems that the standard deviation of the differ2000). Thus, comparison of the Belsk’s time series and the
ences is not very different between the analyzed stations anteconstructed series by various models may provide a kind of
months. The model for Hradec Kralove provides the small-validation of the models. The measurements of broad-band
est value of the standard deviation of the differences. TheUV-B irradiance have been carried out at Belsk by means of
expected uncertainty of the measured daily sum of total sothe Robertson-Berger (RB) instrument in the period 1976—
lar radiation was estimated (by the producer) tatt89%6 for 1992, and the Solar Light (SL) UV-Biometer 501A since
CM11 and+5-10% for older versions of pyranometers. To 1991. These are broad-band sensors for monitoring bio-
detect a long-term pattern of the model-observation depariogically active radiation. The instruments’ spectral charac-
tures Locally Weighted Scatterplot Smoothing (LOWESS, teristics were designed to mimic the spectral sensitivity of
Cleveland, 1979) has been applied. A smoothed pattern o€aucasian skin to sunburn (i.e. the erythemal action spec-
the differences shows long-term variations in the raggéo trum). Calibration of the Belsk RB instrument and a ho-
of the clear-sky norm. mogenization of the Belsk UV-B time series were discussed

The time series of the smoothed differences may also proby Krzyscin (1996) and Borkowski (2000). The analyzed
vide a scale of the clearness index contamination by instrudaily UV time series comprises the homogenized RB time
mental changes or (if we trust the long-term stability of the series for the period 1976—1992, and daily doses from 5-min
measurements) the effect of an incorrect selection of the rascans by Solar Light UV biometer (model 501a) since Jan-
diative model input (especially AOD), which was kept con- uary 1993. The estimated uncertainty (by the producer) of
stant in the radiative transfer model simulations. These leadlaily dose by the biometer is£5%.
us to the examination of two categories of the data, non- The time drift of sensitivity of our UV instruments needs
corrected one (we keep daily sums of total solar radiancdo be examined. It is accomplished in a similar way as for
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total solar radiation, i.e. we extract the smooth pattern of the
clearness index from daily UV doses for cloudless conditions 5
over the whole period of observations. Erythemaly weighted
UV-B irradiances at the ground level for clear-sky conditions
were calculated using SBDART, taking into account the to-
tal ozone values (from the concurrent Dobson spectropho-
tometer measurements) and climatological values of AOD at
320nm (equal to 0.34) representative for the whole UV-B
range. Jaroslawski et al. (2003) analyzed almost 10 years
observations of AOD carried out at Belsk by means of the
Brewer spectrophotometer. They found small AOD changes
with wavelength in the UV-B range, keeping constant AOD
during radiative model simulations over this range.

Figure 1d shows the time series of daif@l¢ar_Ind_UV- - s s o o s
1)*100 values calculated for almost clear-sky days during Clearness Index - global radiation
the April-September periods. We adopt the same procedure
for the selection of those days as that used for the clearness
index for total solar radiation. It is seen that the modeled -
values are about 5% larger than the measured ones, probably% 1254
because of the cosine error of the UV instrument and inac-
curate selection of the climatological aerosols characteristics
in the radiative model input. It is worth mentioning the small
long-term oscillations in the clearness index revealed by the
LOWESS smoother applied to the daily doses. This supports
the homogeneity of the UV data and its value for the long-
term analyses.

To account for possible small instrumental/calibration
changes, we recalculated the all-sky UV daily doses by acor- 44, ‘ ‘ ‘ ‘ ‘ ‘
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Fig. 2. The clearness index for UV radiation versus that for to-

—Clear_Ind UV mean) , 2) tal solar radiation for the noon values of SZA41.# (a) and

) SZA>72.5 (b) Solid curve represents the cloud reduction factors
where Clear.Ind_UVsmoortH(t) is a value of the smooth (CRF) used in model A (see text).

function fitted to the daily values of the index, and
Clear.Ind_UVpean is an overall mean of the index. We do
not correct small biases between the observed and modeletdimulations with the actual value of total ozone and AOD (if
daily values (seen in Fig. 1d) because further in the paper th@0ssible) by an empirical value of a cloud reduction factor
long-term variations of the UV radiation will be extracted for the UV-B radiation (e.g. Kaurola et al., 2000; den Outer
from the fractional deviations of the monthly doses (i.e. the€tal., 2000). The second one incorporates an advanced statis-
differences between the monthly doses and their Iong-terdica| technique able to capture both the linear and nonlinear
monthly averages in percent of the long-term averages). Thémpacts of regressors on the dependant variable, the MARS
bias has no effect on the fractional differences of the ob-methodology, initially introduced by Friedman (1991). Mod-
served (or reconstructed) doses. Moreover, if we examine th&lS wWhich enable one to calculate daily doses and further sta-
behaviour of the fractional deviations, there is also no needistical analyses will be based on the monthly averages of the
to correct the instrument readings for its imperfect cosine re-daily doses.

sponse (using, for example, the formula derived by Mayer
and Seckmeyer et al., 1996), because the cosine correctionis

will cancel out in the expression for the fractional deV|at|0ns.A model considered here separates the cloud effects on UV
radiation from the ozone and aerosols effects as follows,

1 Combined empirical/radiative-transfer model

3 rl\ggg;lz,nof the long-term variations in surface UV-B U Vall_sky, mod (1) = CRF % U Velear-sky. mod (1) , (3)
WhereUVa”_sky,mod(t) andUVdear_skymod(t) are mOde| a”'
Two kinds of models are examined here to mimic all-sky sky and clear-sky daily doses for dayrespectively,CRF
daily doses. The first one is a standard model multiplyingis the cloud reduction factor depending on the clearness in-
the clear-sky daily dose obtained from the radiative modeldex for total solar radiation.CRF is an estimation of the
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Table 2. Regression coefficients of a second order polynomial fit for the empirical relation of the cloud reduction factors over the UV range
(erythemally weighted) versus that of total solar radiation for various SYA ranges. The parameters describing the quality of fit: explained
percent of variance- R and RMS values.

SYA(deg) consg consj consp R2 RMS

90.0-72.5 .1240 1.7890 —0.6144 83 0.14
72.5-63.3 1222 1.4896 —0.4360 87 0.11
63.3-53.1 .0599 1.4291 —0.4240 90 0.09
53.1-41.4 .0562 1.1631 —0.2450 94 0.06
41.4-28.0 .0665 0.9947 —0.1055 93 0.05

clearness index for UV radiation obtained from the regres- It is difficult to decide if the long-term oscillations in the
sion of the clearness index for the daily UV doses on thesmoothed normalized differences (shown in Fig. 1) reflect
clearness index for daily sums of total solar irradiance. Boththe changes in the instrument sensitivity or variations in the
indices came from the concurrent measurements of the U\input parameter to the clear-sky model (kept constants in the
daily doses and total solar radiation at Belsk for the periodradiative transfer model simulations, i.e. aerosols character-
1976-2001 and normalized by the modeled clear-sky valuedstics and albedo). Thus, we repeat the calculation of the
Clear-sky doses (daily sums of global radiation) are calcu-CRFusing two categories of the data:
lated using a radiative transfer model, the SDBDRT model,
with observed total ozone (column amount of water vapor . o ]
from the Reanalyses-2 data base) and constant aerosols char-— Non-corrected radiation data comprising observed daily
acteristics. UV doses and daily sums of total solar radiation.

CRF dependence on SZA ar@@lear_Ind_Gl has been ex-
amined for various ranges of the noon values of SZA. We  _ cqrrected radiation data after application correction
select the same SZA subclasses as those proposed by den  f,nction (1) and (2) to the observed daily sums of to-

Outer et al. (2000). For example, in Fig. 2 we present tal irradiance and daily UV doses, respectively:
Clear_Ind_UV values versus those @lear_.Ind_Gl for the

same days for two extreme ranges of noon SZA, i.e. with

the lowest and highest noon SZAs, Fig. 2a (SZ4.4) The first option means that we assume that real variations in
and Fig. 2b (SZA72.%). It is worth noting that the model parameters, set constant in the model runs, are respon-
much larger scatter seen in Fig. 2b is due to snow effectsible for the long-term oscillations in the model-observation
(these large SZAs occur in December and the early Jandifferences found under clear-sky conditions. Further in the
uary period at Belsk usually with variable snow cover). The text the result obtained with such data will be denoted as non-
solid lines show a polynomial least-squares fit to the indicescorrected ones. The reconstructed UV fractional deviations
data, giving an estimation @f/ear _Ind_UV dependence on will be compared with the observed (and non-corrected) UV
Clear_Ind_Gl, fractional deviations.

The second option leads us to the assumption that the in-
strument sensitivity fluctuated over the analysed period and
+constyClear_Ind_GI2. (4) the long-term characteristics of aerosols and water vapour

did not affect the long-term pattern of the fractional differ-

The coefficients of the fit for all considered SZA classesences. Calculation o€RF and comparisons with the re-

are in Table 2. den Outer et al. (2000) used a power funcconstructed data will be done assuming that the correction
tion to estimate th&€RF dependence of the clearness index functions let us eliminate instrumental shift or instrument
of total solar radiation. Their cloud reduction factor of the deterioration. Further in the text the result obtained with such

CRF=const,+const1Clear_Ind_Gl

erythemally weighted UV-B daily doses was data will be denoted as corrected ones.
CRF = A% [1— (1 — Glal—skymeasured We are aware that both model input which is too idealized
' and the instrument drift modulate the behaviour of the differ-
Glolear-sky mod Y71, (5) ences. Thus, showing results separately for the corrected and

non-corrected classes of data will help us to define bound-
whereA and P are regression constants. Further in the text aaries (or range of changes) for the “natural” long-term os-
model usingCRFas given by Egs. (4) and (5) will be denoted cillations in the reconstructed data and climatological esti-
as model A and Al, respectively. mates.
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3.2 Pure statistical model - MARS 25 - "

;(0/0) + Measurements N : (a)
MARS reveals a relationship between the dependent variable 20; T CmochedDmaModain | L+ .
(predictand) and the independent ones (regressors). It has 1] ——— Smoothed Data -Model B - oy
been applied in a wide range of disciplines (e.g. de Veaux g
et al., 1993a; Taliani et al., 1996; and Finizio and Palmieri, &
1998; Krzyscin, 2003). On problems with a reasonably small 8
number of predictors and when order interactions between g

them is not larger than 3 (i.e. the regression may have the §
termx;, x;*x;, andx;*x;* x;, where % denotes —th predic-

tor), MARS competes very favorably with nonlinear models,
such as artificial neural networks (de Veaux et al., 1993b).

Fr.

The authors suggested that MARS could be used instead of —— 7 ——————Yesr
neural nets in a wide variety of applications because MARS 1976 1980 1984 1988 1992 1996 2000
was always much faster and more interpretable than a neural 25 %) T ®)
T (% ' .
net and was often more accurate as well. 20 + Measurements
. 4 ==== Smoothed Measurements
MARS starts from an assumption that all selected regres- a —— Smoothed Data-Model A |, * * .
15 —— Smoothed Data -Model B +

sors affect the predictand in a complex way. Here we use
following regressors: daily mean of total ozone, daily sum of
total solar radiation (not corrected or corrected by the instru-
mental drift), sunshine duration, and noon value of SZA. It
seems that the length of the day is also a possible regressor,
However, it was excluded from the list of potential regressors
because of its linear dependence on the noon SZA for the an-
alyzed part of the year. The number of regressors considered
by MARS is extended, also taking into account squares of

Fractional Deviations
'

these predictors. We do not need to calculate the clear-sky o Yer

values of the radiative variables, as for the previous model, 1976 1980 1984 1988 1992 1996 2000

and thus many assumptions of the atmosphere structure are

eliminated. Fig. 3. The comparison between the modelled (model A and B) and

MARS goes through a two-stage procedure. Stage | is ;pbsgrved monthly fre_lctional de_viations from the UV measurements
fast search that tests all possible regressors’ influence on trgdried out at Belsk in the April-September part of the year in the
dependant variable, resulting in an overfitted model. Stage |Per|0d 1976—-2001. The measured monthly fractional deviations are
refines the model by eliminating unnecessary redundant reg’lJperposeol on the data smoothed by LOWESS; non-corrected data

. . . . (a), corrected datgb).
gressors. The final model retains only the important variable

that significantly affects the outcome of the model. For an

exhaustive description reference should be made to Friedyhere the model residualsioise(t) are modeled as first or-
man (1991) and application in the atmospheric radiationger aytoregressive process (to account for a part of the UV
Krzyscin (2003). The great advantage of MARS is that it \ariations not explained by the regressors used), and func-
performs the selection of regressors, the interaction order bejgng f,.., are a combination of linear left and right truncated
tween regressors, and the amount of smoothing, all automats-p"nés (for details, see Krggin, 2003). MARS trimming
ically. This is accomplished via a penalized residual sum Ofprocedure removes redundant terms of (6), which do not con-
squares. The user can tune the degree of penalization, whichip,te remarkably to the quality of the fit. MARS selects
depends on the number of regressors. the most significant variables affecting the surface UV radi-

The UV daily doses for the April-September part of the ation (ordered according to value of the weighted variance
year over the 1976-2001 period$V u_sky (1), are approxi-  explained by the variable) as: global radiation, ozone, and
mated setting initiallyV'=8 regressors; () and maximally  szA_ Further in the text MARS estimates of the fractional
two-way interactions-{ x;x;) between regressors, UV variations will be denoted as model B results.

UV () = ﬁ: Falei () 3.3 Comparison and verification of the models

i=1 The smoothed modeled time series of the monthly frac-

N tional UV deviations over Belsk during the snowless part

+ Z fo(xi (1), xj () + Noise(r) of the year for the period 1976-2001 by the combined
' empirical/radiative-transfer model (model A) and MARS

(model B) are shown in Fig. 3, superposed on the monthly
Noise(t) = §Noise(t — 1) + Random(t) , (6) fractional deviations derived from the non-corrected (Fig. 3a)

ij.j>i
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Table 3. The bias, standard deviations (SD), correlation coefficient (Corr.Coeff), and extreme departures (Range) of the differences between
modelled and observed monthly fractional deviations by various reconstruction models (in % of the long-term monthly means).

Model Data Category Bias SD Corr. Coeff Range
A Non-Corrected 151 4.38 0.94 —(114,149)
Corrected 1.47 3.90 0.95 —(6.1,11.8)
Al Non-Corrected 1.50 4.60 0.92 —114,157)
Corrected 1.55 4.13 0.93 —(123,17.3)
B Non-Corrected 0.68 2.59 0.97 —6.4,7.3)
Corrected 0.64 251 0.98 —({7.8,8.6)

and corrected (Fig. 3b) measured UV daily doses. It is seeThe standard deviations of the monthly fractional departures
that both models quite closely reproduce the long-term vari-for Belsk (Table 3) correspond to those calculated over the
ations of the monthly fractional deviations. An apparent in- Canadian stations«4—5% for summer) by means of regres-
crease in the UV doses starting at the end of the 70s andions using total ozone, total solar radiation, snow cover,
lasting throughout the 80s and a kind stabilization since theand dew point temperature (Fioletov et al., 2001). MARS
early 90s can be noted. Models based on non-corrected datdso provides the better estimates of the daily doses, i.e. the
are not capable of reproducing an observed light drop in theoverall difference between modeled and observed daily doses
UV radiation (non-corrected) since about 1998 (Fig. 3a). Thein percent of observed daily doses is Gt6588% () and
modeled UV time series departs only slightly from the ob- 0.65+8.29% for the corrected and non-corrected variables,
served time series over the whole analyzed period after aprespectively. Whereas the hybrid models give larger values
plication of the correction functions (1) and (2). Thus, it sug- 1.3+9.1% (model A) and 1:810.1% (model A1), both es-
gests that probably an instrumental drift could force the droptimates were derived from the corrected set of variables. It
at the end of the 90s. An alternative way of explaning of theshould be mentioned that the MARS simulations of the daily
drop is an increase in the aerosols loading in the atmospherdoses are close to the uncertainty (about 5% as given by the
(changes in the aerosol properties were not accounted for bgroducer) of the measured daily doses by the SL biometer-
our models). However, recent measurements of the AOD irmodel 501A. Thus, MARS could provide a reasonable esti-
the UV range over Belsk by the Brewer spectrophotometer inmate of the daily doses for days when the UV measurements
the period 1993-2001 (Jaroslawski et al., 2003) do not supwere not carried out. All models behave similarly when the
port this hypothesis. The same can be also inferred from dong-term variations of monthly doses are considered (see
smooth pattern of model-observation differences in Fig. 1d.Fig. 3).

It seems that the behaviour of our biometer at the end of the

90s needs an additional check to identify sources of increas-

ing departure between the pattern of smoothed UV variations

by model A and that derived from observations. The UV time series for Hradec Kralove (1996-2001) and

To compare a performance of each model we calculate th@dravere (1998-2001) are much shorter than the Belsk’s time
percent of the variance of the original time series that is ex-series. Thus, in this section the model comparisons have been
plained by each model, model-observation bias, the standarghown only for the Belsk data. There were not enough data
deviations of the model-observation differences, maximumpoints for other stations to construct a MARS model with
positive and minimum negative departure between the modso high an accuracy as that for Belsk. If we take MARS re-
eled and observed fractional deviations. Table 3 contains thgressors from observations carried out at Hradec Kralove and
above mentioned statistical characteristics describing a corfdravere and use the Belsk’'s MARS constants, such a model
respondence between the models (A, A1, and B) and obsewill not perform better than the hybrid model. It should
vations. Modeled monthly mean doses are always only aboube noted that we obtain an almost similar performance of
1% greater than the observed values. Use of the correctethodels in the snowless period based on @RF obtained
data improves only slightly the model-observation agreementn various European regions (Belsk-Equation (4), and the
(lower standard deviations). All models explain a significant Netherlands-Equation (5) given by den Outer et al., 2000).
part of the variance of the observed monthly fractional de-It may suggest that both estimates of the cloud affects on UV
viations (-90%). The MARS model provides the best esti- as derived from total solar radiation work similarly, so for-
mates of the observed monthly time series (the lowest biasinulas are not sensitive to local conditions (opposite to the
standard deviation, and the range between the maximum po$4ARS simulations). Therefore, the reconstructed time se-
itive and minimum negative departures relative to monthlyries over Central Europe shown in the next section will be
UV norm, and the highest percentage of explained variance)obtained using model A and model Al.
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4 UV reconstruction

(MED) Ry @

Using the historical time series of total solar radiation and to-
tal ozone we can calculate a hypothetical time series of daily " == ;
UV doses back to the mid 1960s. An agreement between T8 Tomere
reconstructed and observed UV time series during common
periods (as discussed in the previous section) builds our con-
fidence in the behaviour of the time series for years when UV
measurements were not carried out. N

Figure 4 shows long-term monthly characteristics of the
surface UV radiation for the common period for all three sta-
tions (1967-2001). The seasonal course of the monthly mean o+
UV doses (in Minimum Erythemal Dose—MED unit) is the —
same (with the spring/summer maximum and winter mini-

UV Dose

mum) for all considered stations (Fig. 4a). As is expected | Gy,
. . . . . O [} .

the monthly doses decrease with latitude. The maximum dif- K

ference between the stations (Hradec Kralove abiévere) D\ —o— Bek K

can be as large as 2 MED (in the snowless period). 091 Z4n - brades Kralove ! Foo

Averaging CRF daily values we obtain the seasonal pat-
tern of the cloud forcing on the UV-B radiation (Fig. 4b).
The attenuation appears quite small in winter because of a
high albedo effects (backscattering of the radiation reflected
from the surface) that may partially compensate the UV at-
tenuation by clouds. The clear-sky norm is calculated as-
suming snowless conditions; thus, it is not surprising that
the mean UV transmittance might be close to 1 in late au- ‘20— — 06
tumn/winter/early spring season. The snow effects are in-
cluded in our model indirectly by calculatif@RF for UV
radiation based on total solar radiation data and a regressiohig. 4. The reconstructed seasonal pattern of the monthly mean
formula for large noon SZA (see Table 2). dose (in MED unit) for Belsk, Hradec Kralove and Toraveéag,

The reduction of the UV radiation by clouds is simi- and the cloud reduction factor over these stati@mdor the period

lar over all considered stations-80% in the period April- 1967-2001.

September). During the months when snow cover may ap-

pear, the albedo effects can offset the cloud effects, yielding

smaller departures of the all-sky daily doses from the the-mean in the model calculations. We show (Fig. 8) results
oretical clear-sky values calculated for snowless conditions2nly for model A and for the corrected data because the over-
The UV monthly doses ford@ravere appear close to clear-sky all mean values oERFby model A and A1 are almost equal
doses in the December—February period. Thus, it means tha@so being independent of the data category, non-corrected
the snow can increase the surface doses by 20-30%, whic®' corrected. The long-term oscillations of ozone fractional

agrees with previous estimates of the snow effects on the U\deviations are superimposed on the reconstructed UV time
radiation. series to illustrate periods with positive and negative total

The reconstructed time series of UV fractional deviations©Z0ne trends.
calculated on a monthly basis for the April-September pe- There is a common pattern in the UV variations forced
riods are shown in Fig. 5 (Belsk), Fig. 6 (Hradec Kralove), by total ozone over all analyzed stations, a period with de-
and Fig. 7 (Bravere). Two categories of the time series arecreased UV levels in the 70s and 80s, and a period with high
present — non-corrected (Fig. 5a, Fig. 6a, and Fig. 7a) andJV intensity in the 60s and 90s. This was due to a negative
corrected (Fig. 5b, Fig. 6b, and Fig. 7b). The cloud-inducedtotal ozone trend beginning at the end of the the 70s and
long-term variations are extracted from the reconstructeda stronger attenuation of solar radiation in 70s and 80s by
time series by repeating the model calculation (model A andclouds. The modulation of UV radiation by clouds is the
Al) with a constant value of the monthly total ozone being most spectacular over Hradec Kralove, where clear-sky con-
equal to its long-term monthly mean. The results of the mod-ditions frequently appeared in the mid 60s and a tendency
els are shown for the non-corrected (Fig. 5¢, Fig. 6¢, andof the atmosphere cleaning (i.e. weaker UV attenuation by
Fig. 7c) and corrected case (Fig. 5d, Fig. 6d, and Fig. 7d)clouds) had begun in the mid 80s and is still continuing there.
superposed on the long-term pattern of fractional deviationsThis tendency is also seen over Belsk ariitavere but is
of total solar radiation. The long-term total ozone effects onmuch weaker. Moreover, the trendless period in the cloud
the UV level can be obtained in similar way, i.e. assumingforcing has to be noted over these stations, beginning in the
constant values dERF being equal to its long-term monthly  second half of the 90s.

0.8 ro0s8

UV Transmittance

0.7 1 ro07
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Fig. 5. The reconstructed monthly means (by model A) of UV frac- Fig. 6. The same as Fig. 5 but for Hradec Kralove.
tional deviations and their smoothed pattern (by model A and Al);

for non-corrected data sé) and corrected data sét) for Belsk.

The cloud induced part of the reconstructed UV fractional devia-

tions for non-correctec) and correctedd) data set superposed on

the monthly fractional deviations of measured total solar radiation.

Curves represent smoothing by LOWESS.
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The long-term total ozone forcing on the UV radiation has
the same pattern over all considered stations, i.e. the increase
in UV radiation due to a negative trend of total ozone in the
80s and the first half of the 90s, and a stabilization or even a
slight decrease in the ozone-induced UV doses in the second
half of 90s being a response to a trendless (or with a small
positive trend) period in total ozone.

In analyzing the month-to month scatter of the monthly
UV fractional departures (points in Figs. 5-8), it can be es-
tablished that the cloud forcing is mostly responsible for
month-to month variations in the surface UV monthly mean
doses. The variance of the UV fractional deviations re-
lated to the cloud forcing is-4 times greater than that due
to total ozone variations for all considered stations. The
monthly extreme departures are-30% and~30% relative
to the long-term monthly mean for extreme heavy clouds and
sunny months, respectively, being ats@ times deeper and
larger than those forced by extreme positive and negative to-
tal ozone departures, respectively.

5 Conclusions

The reconstruction models examined here are capable of re-
producing low-frequency variations of the monthly mean sur-
face UV doses. This was supported by a reasonable agree-
ment of the modeled and observed time series of the UV
fractional deviations over Belsk for the period 1976-2001.
A model separating the cloud and total ozone effects (Model
A and Al need a simulation of clear-sky doses with several
assumptions of the input to radiative transfer model) and a
sophisticated statistical model — MARS (model B) perform
similarly when reconstructing the long-term monthly doses.
MARS provides better simulations of daily variations of the
UV doses over Belsk but it can be applied to other sites only
if the UV-B has been measured there for a rather long period.
MARS decreases significantly the degree of freedom of the
regression, assuming many regression constants. In the case
of the Belsk analysis, the number of constants is about 50, so
at least twice the number of the data points is required to run
effectively a MARS model (Friedman, 1991). Thus, when
analyzing April-September monthly data (6 values per each
year) it gives~15 years as a minimum length of the UV time
series. Only such a long series enables one to achieve high
accuracy of the UV simulations. MARS regression coeffi-
cients are rather local ones and they should be determined
individually for each site. There is no gain in the model per-
formance if the MARS model is constructed for one place
and used to simulate behaviour of UV series over other sites.
Model A and Al use the cloud reduction factor derived from
the empirical formula parameterizing the reduction of the UV
radiation by clouds from the reduction of total solar radiation.
Our equation and that proposed by den Outer et al. (2000), to
calculate theCRF dependence on SZA and total solar radia-
tion yield almost the same result (see Figs. 5, 6 and 7). It isFig.
worth noting that those formulas were derived from the UV
attenuation measurements over different places (Poland, and
the Netherlands). Thus, their similar performance in the UV
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3 Ton —— = ing those years are usually not available. We propose to run

25 each reconstruction model separately for non-corrected and

207 v corrected time series of daily doses and daily sums of to-
2 157 . i . . tal solar radiations. The model regression constants are also
2 107 . X ey, ok calculated separately for the non-corrected and corrected set
3z °] M o el of the variables. Thus, one realization of the model corre-
7 _:; W sponds to the assumption that the data are perfect (no need
% 0] e T T . for correction) and the second one implies the existing instru-
“ 5] ' * . mental drift (then the correction functions (1) and (2) were

20 ] implemented). The UV climatology and long-term changes

25| have been discussed using both time series. Fortunately, the

A — total solar and total ozone observations carried out at all

301964 1968 1972 1976 1980 1984 1988 1992 1996 2000 considered stations have been found proper for such long-

25 Hradec Kralove ®) term analysis. Using constant aerosols properties and wa-

20 ter vapour content in the atmosphere from the NCEP/NOAA
w 15| ’ Reanalysis-2 data base lead to small fluctuations (with an
s . R amplitude of 2—-3%, Fig. 1) in the long-term pattern of the
3 5 hei NM model-observation differences. Thus, results obtained from
% 0] w both realizations of models could be easily synthesized.

g AFAIRE N SRR At SIS R The basic findings are: the latitudinal differences in the
o ::: A ot . seasonal profiles (expected larger monthly doses for lower

201 latitudes), similar climatological forcing by clouds for all

25 considered stations, regional peculiarities in the cloud long-

B0 YeRr term forcing sometimes leading to extended periods with el-

1964 1968 1972 1976 1980 1984 1988 1992 1996 2000 evated UV radiation (see strong and variable trends in the

25;(%) Toravere © cloud induced UV variations over Hradec Kralove and much

20 . smaller trends over Belsk andilavere with the same tem-

15 . poral pattern), recent stabilization of the ozone induced UV
£ 10 . I A long-term change being a response to the trendless tendency
£ 5 b N of the total ozone since the mid 90s, and month-to-month
S o m variations in UV doses appeared to be mainly governed by
§ 5 WIRe e T o the cloud variations.
§ -10 7] T . Special attention to the long-term variations of the surface

157 T Tonhy doses model A A UV radiation has been triggered by an observed negative to-

2077 ——— Smoothed Total Ozone Data tal ozone trend since the mid seventies and an anticipated

2;7 A increase in.the surface UV radiation thought to be harmful

1964 1968 1972 1976 1980 1984 1988 1992 1996 2000 for the environment. Recently, the problem of the ozone

recovery has been widely discussed and it seems that the

Fig. 8. The reconstructed (model A) monthly means of the to- total onne trend is slowing down as a.responS(_a to the -de-

tal ozone induced part of the UV fractional deviations and their creasing growth rate of man-made Chlor!ne/bromme loading

smoothed pattern (using LOWESS) for corrected data superpose8f the atmosphere. The reconstructed time series ShO_W that

on the monthly fractional deviations of measured total ozone overthe UV level in the 60 s and early 70s was not much differ-

Belsk (a), Hradec Kralovab), and Toravere(c). ent than its present level over Central Europe for the April-
September periods, i.e. for periods when normally the UV ra-
diation is especially strong due to high solar elevation. Thus,

reconstruction supports their non-local properties and usewe should pay more attention to the examination of sources

fulness in simulations of the UV doses for various conditions of the cloud long-term and short-term variations. In case of

over many European sites. Our formula for S2X2.5 is slowdown of the total ozone trend over the Northern Hemi-

proper for the more northern stations (with snow during win- sphere’s mid-latitudes and the anticipated the ozone recovery

ter time) but during snowless periods both formulas are al-(WMO, 2003, Newchurch et al., 2003), clouds will appear as

most equivalent. the most important modulator of the UV radiation both over

The reconstructed pattern of the UV radiation is as goodlong- and short-time scales during the next decades.

as the level of homogeneity of the ancillary data used for

the reconstruction. It is a difficult task to prepare a homoge-

nized time series of total solar radiation (30—-40 years) from

observations carried out by various pyranometers. A full

record of calibration changes and procedures applied dur-
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