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Abstract. A new, powerful statistical technique, multivari- nonlinear interactions in the atmosphere. For example, due
ate adaptive regression splines (MARS), is applied to re-to multiple scattering of the solar radiation by clouds located
produce monthly fractional deviations of UV-B doses over on different levels (i.e. low, mid-, and high-level clouds), the
Belsk, Poland, during the snowless (May—October) part ofmeasured solar irradiation at the ground level does not de-
the year in the period 1976—2000. Two kinds of regressorgend linearly on the cloud amount on each cloud level. It
were used: local ones (total ozone, percentage of sky covshould be noted that various time scales have to be consid-
ered by low-, mid-, high-level clouds or total solar radiation ered to examine variations of the surface radiation, starting
over Belsk) and non-local ones, i.e. those describing thefrom scales of a few minutes related to the formation of in-
long-distance forcings on the surface UV-B due to changedividual clouds and ending up on time scales of a few years
in the global atmospheric circulation. Standard indices of(e.g. the North Atlantic Oscillations impact on cloudiness)
the Quasi-Biennial, North Atlantic, EI Rb-Southern Oscil- and even decades (e.g. global warming impact on clouds
lations, and the 11-year solar activity were used as non-locastructure). The equations describing the atmospheric system
regressors. The results there indicate that the MARS procontain nonlinear terms (see, for example, ter®wy/ox;
cedure is able to reproduce the observed year-to-year anith the Navier-Stockes equations), leading to the necessity of
decadal oscillations in the UV data. The MARS model yields testing a nonlinear approach in a statistical modeling of the
better model-observation agreement than an ordinary leastitmosphere.

squares fit based on the same set of regressors. Itis found that However, the transmission of UV radiation through the
MARS is capable of handling interactions between the l0-atmosphere could be explained by rather simple statisti-
cal and non-local regressors, suggesting a possible nonlineai| models (based an ordinary least-squares regression) by
nature of connections between variables characterizing theaking into account the following UV-B explanatory vari-
atmospheric transparency over Belsk and the long-distancgples (regressors): total ozone, solar zenith angle, ground-
forcings. MARS enables a reconstruction of the surface UV-jevel total (Sun+sky) solar radiation (broad-band irradiances
B variations over any site based on the cloud and ozone datgyer whole solar spectral range, 300-3000 nm), e.g. Ito et
presently stored on web pages. al. (1993), Bordewijk et al. (1995), Bodeker and McKenzie

Key words. Atmospheric composition and structure (1996), McArthur et al. (1999). These papers supported a

(aerosols and particles; biosphere-atmosphere interactions)view that total solar radiation can be used as an excellent
proxy for the cloud induced variations of the surface UV. It

should be noted that the time series of the surface UV-B are
rather short. Some series of broad-band UV-B measurements
were started in the mid 1970s but they have been shown to

Regression modeling is a widely used statistical technique tcpe unsuitable for detection of long-term changes because of

formulate a reasonable model of the relationship between gallbratllon uncerta_mnes (Weat_herhead etal, 1997)'. Thus,
response variable and its predictors. Most research in tim(%o obtain more definite conclusions about UV past variations

series modeling was carried out with linear models. How- focusing especially on the surface UV enhancement due to

ever, linear models may not adequately handle nonlinear timéOtal ozone Va”a“oﬂs)’ Itis O.f spe_mal Importance to recon-
struct long-term series of UV irradiances based on statistical

dependent systems. Radiative transfer through the atmo= del terizing the effects of UV-controlling fact
sphere under cloudy conditions can serve as an example odels parameterizing the efiects o ~controfiing tactors
on the surface UV-B radiation. Here, we would like to test a

Correspondence tal. W. Krzyscin (jkrzys@igf.edu.pl) nonlinear statistical approach to reproduce variations of the
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surface UV-B and examine how known long-term forcings The daily sums of the instrument readings (daily doses)
on the atmosphere dynamics (11-year solar cycle, Quasihave been averaged for each month since January 1976 and
Biennial Oscillations — QBO, EIl Nio-Southern Oscillations used in our statistical analyses. Calibration of the Belsk RB
— ENSO, the North Atlantic Oscillations- NAO) affect the instrument and a homogenization of the Belsk UV time se-
surface UV-B radiation. ries were discussed by Kragin (1996), Borkowski (1998),
Specifically, the research goal is to detect to what extenBBorkowski (2000), and Krzscin (2000). The quality of
the departures of UV-B monthly means from the long-termthe UV measurements by the Brewer spectrophotometer has
(1976-2000) monthly means (normalized by the long-termbeen assured by comparisons each year with the traveling
means), i.e. the so-called fractional deviations obtained fronstandard Brewer 17. The analyzed UV time series com-
the daily dose measurements carried out at Belsk X2  prises the homogenized RB time series for the period 1976—
21° E), are related to the changes in local (referring to a given1992, and that from 5-min scans by the SL UV-Biometer
site) forcing parameters and non-local (external) forcings duesince January 1993. The estimated uncertainty (by the pro-
to variations of the global circulation pattern of the atmo- ducer) of the daily dose by the SL UV Biometeris£5%.
sphere. The time series of surface UV-B irradiance are ratheBlow time drift of sensitivity of our UV instruments needs
short, usually not longer than 1 decade. As far as it is knowrto be checked. Our quality control/homogenization proce-
to the author, one of the longer time series, which underwentlure takes into account the instruments’ behavior during the
the quality control procedure, comes from Belsk, Borkowski period of overlapped UV observations and radiative transfer
(2000). Thus, examinations of the Belsk’s time series maymodel calculations of the expected RB readings for cloudless
provide a basis for the surface UV reconstruction over anyconditions.

site that will take into account past total ozone data (from The SL UV-Biometer data have been corrected by apply-
ground-based observations by the Dobson or Brewer spedng the statistical relationship between the UV irradiances by
trophotometer, or satellite observations by the TOMS) andihe Brewer spectrophotometer and those by the UV-Biometer
meteorological data (ground-based or satellite measurementfeasured under clear-sky conditions. The reason why the
of cloudiness, or surface total radiation by pyranometer meas|. UV-biometer data were used here instead of the Brewer
surements). data is the larger number of UV daily scans by the biome-
ter (the Brewer spectrophotometer also measures total ozone
and SQ) and the continuous period of observations through-
2 Data outthe year (every year there is a 2—-3 week gap in the Brewer

observations due to international intercomparisons).
In this section we define variables used in our regression

models, i.e. a dependent variable (monthly fractional devia-
' ’ 2.2 Regressor
tions of the erythemaly UV-B doses for Belsk), local regres- egressors

sors pertaining to the data collected at Belsk (total ozone, .
total solar radiation) or interpolated to this site (part of the The total ozone observations have been conducted at Belsk

sky covered by low-, mid- and high-level clouds that are de-Since March 1963 by means of the Dobson spectrophotome-
rived from the National Centers for Environmental Predic- - All 0zone observations have been reevaluated reading-
tion, (NCEP), U.S.A. reanalysis data), and non-local (exter-Py-réading using the Bass-Paur scale (Bass and Paur, 1985)
nal) regressors taken as indices of the global atmospherigecommended by the WMO and the calibration record of the
circulation and other long-distance forcings (NAO, QBO, instrument (Rajewska et al., 2000). The uncertainty of total

ENSO, and the 11-year solar cycle). O3 measured by the Dobson instrument is estimated below
1% for the direct Sun observations an@—3% for the obser-
2.1 Dependent variable vations using the UV irradiances coming from zenith under

cloudy conditions.

The UV-B radiation measurements at Belsk have been car- The total atmospheric transparency is parameterized us-
ried out by means of the Robertson-Berger (RB) instrumentng the fractional deviations of total solar radiation. It gives
in the period 1976-1992, Solar Light (SL) UV-Biometer an estimate of the combined cloud and aerosols effects on
501A since 1991, and the Brewer spectrophotometer Markhe solar radiation reaching the ground level. The monthly
Il 64 since 1993. The RB meter and SL UV-Biometer are means of total solar radiation are calculated from the daily
broad-band sensors for monitoring biologically active radia-sums of total solar irradiation obtained from the Kipp &
tion. The instruments’ spectral characteristics were design t&Zonen and Sonntag pyranometers (CM5, CM6, CM11, and
mimic the spectral sensitivity of Caucasian skin to sunburnPRM2, respectively). The calibration procedure of these in-
(i.e. the erythema action spectrum, whose analytical formstruments was discussed by Kszyn (1996). Expected un-

is given by the CIE action spectrum, McKinlay and Diffey, certainty of the measured daily sum of total solar radiation
1987). Their outputs were given in units of minimum ery- was estimated (by the producer) to #8% for CM11 and
themal dose (MED) per hour. One MED is the dose of UV +5-10% for older versions of pyranometers. We are dealing
required to produce slight redness in an average fair-skinnewith the monthly means, thus their uncertainties are a few
person. times lower (square root of the number of independent daily
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Fig. 1. The time series (1976—2000) of regressors explaining the surface UV-B varidadtize 11-year solar activity (10.7 cm solar flux at

Penticton/Ottawa)(b) El Nifio-Southern Oscillations (normalized surface pressure difference between Tahiti — Déyamyd (d) Quasi-

Biennial Oscillations (zonal component of wind over the equatorial region) at 30 hPa and 50 hPa, respéztNelyh Atlantic Oscillations
(normalized amplitude of the leading mode of 700 hPa geopotential field disturbances over Northern Hemisphere). Fractional deviations of
the monthly means of UV-B daily doses (erythemaly weighted) measured at Belsk for the period 1976—2000 — Fig. 1f. Solid curves in
Figs. la—e represent the time series of regressors after removal of linear trend component and application a smoother (LOWESS) to resultan
detrended time series. The straight line in Fig. 1f illustrates the linear trend in the data shown calculated by an ordinary least-squares fit.

measurements per month) than those for the daily measurenterpolated to Belsk’s location are used as the local regres-
ments. sors. Further in our analyses, all the quantities mentioned
in Sect. 2.1 and 2.2 are converted to fractional deviations,

In so far, all discussed variables come from the measure:

ments carried out at Belsk. It also seems interesting to an-€ departures of actual monthly values from its monthly

alyze the cloud characteristics, i.e. amount of cloudinessreferenc(:“S (the 1976-2000 monthly means) in percent of the
by low-, mid-, and high-level clouds, from the combined reference values.

ground-based/satellite observations. Here, the cloud sub- Indices of the atmospheric oscillations affecting the
set of NCEP Reanalysis data, stored on the web page httpwveather pattern over sites located far outside regions where
/lwesley.wwb.noaa.gov/nceagata/, is considered. Gridded the oscillations originate (the teleconnection effects) are
values of cloud cover by low-, mid-, and high-level clouds examined here as the non-local regressors. The following
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standard indices are considered: the model is a standard, stepwise regression selecting the best
o ) subset of the regressors (those significantly affecting the UV
— Southern Oscillation Index (SOI) — the normalized sur- ¢4 tional deviations) from all local and non-local ones men-
face pressure difference between Tahiti and Darwin,ioned in the previous section. MARS reveals a relationship
used as ENSO index, between the dependent variable and independent ones (re-

— Zonal component of wind at 30 and 50 hPa level aVer_gressors)._ It has been applied in a wide range of disciplines
aged over the region"s—5 N (wind data from NCEP _(e.g. Lewis and Stever?s., 1991; De Vegux et al., 1993a; Tal-
Reanalysis) parameterizing the QBO effects on UV-B iani et al., 1996; and Finizio and Palmieri, 1998). However,
level. we decide to present below a short description of this method

because it is a rather new tool of the time series analysis.

— Normalized amplitude of the leading mode of 700hPa MARS starts from an assumption that all selected regres-
geopotential field disturbances over Northern Hemi- sors affect the dependent variable in a complex way. There-
sphere pertaining the NAO oscillations (presently avail- fore, when MARS considers whether to keep a regressor in
able on the web page http://www.cpc.ncep.noaa.govia model, it simultaneously searches for appropriate break
data/teledoc/nao.html), points (known as knots). Models are constructed in a two-

) ) stage procedure. Stage | is a fast search that tests all database

— 10.7 cm solar radio flux measured at Penticton/Ottawasie|ds and potential break points, resulting in an overfitted
adjusted for the Sun-Earth distance, used to describe agode|. Stage Il refines the model by eliminating unneces-
external forcing on the atmosphere by the long-term so-sary redundant regressors. The final model retains only the
lar activity. important variable (variables significantly affecting the out-

come of the model). For an exhaustive description, refer-

£nce should be made to Friedman (1991). The great advan-

Jage of MARS is that it performs the selection of regressors,

trend line (straight line fitted to the data by an ordinary least- "€ interaction order between regressors, and the amount of

squares regression) from the data and smoothing the resultaﬁ[n.oommg’ all automatically. This is accomplished via a pe-

(detrended) time series. We use Locally Weighted Regres[1al|zed residual sum of squares. The user can tune the degree

sion — LOWESS to suppress month-to-month oscillations inoof penatl)llzatlon, .\t'\r']h'Ch depen?j on thﬁ numtk;er Off regrgls?ors.
the data. At each point in the data set a low-degree poly- h probiems with a reasonably Small number of predictors

nomial is fit to a subset of the data, with dependent variableand where high order interactions do not dominate, MARS

values near the point whose smooth value is being estimatetf,o.m:oe'{es \1erytfavokrabg W\';h nonhtnelar E%%%IS’ _T_ECh a?hartl—
The polynomial is fit using weighted least squares, giving icial neural networks (De Veaux et al., )- The authors

more weight to points near the point whose response is be§uggested that MARS could be used instead of neural nets

ing estimated and less weight to points further away. The" avr;nfde;/arlet)é of appll(;atlon?, Elec;\]use MARS Ivvas; aIV\C/jays
smooth value for the point is then obtained by evaluating theMuch faster and more interpretable than a neural net and was

local polynomial using the dependent variable value for thatOften more apcurate as well. ) L
data point (Cleveland and Devlin, 1988). MARS estimates of the UV monthly fractional deviations,

Figure 1f illustrates the variations of the monthly UV-B UV (1), usingN regressors; (1), when the assumed order of

fractional deviations for the 1976—2000 period. The trend ofthe mtera_ctlon? llalet\m.aen regressors Is a two-way interaction
~3-4% per decade (by an ordinary least-squares fit) is founcﬁN xixj), is as follows;

Two kinds of regressors will be examined: rough monthly
means (points in Figs. 1a—e) and smoothed monthly depa
tures (curves in Figs. la—e) that remain after subtracting th

over that period. Further in the analyses we will examine part N N

of the UV data shown in Fig. 1f, i.e. the fractional deviations 7y () = Z Fa(xi(D) + Z fo(xi (1), x (1)) + Noisat)
of UV monthly means for the snowless periods of the year i1 i =i

(May through October) when the UV irradiance is especially Noisgt) = sNoisat — 1) + Randonit), 1)

high. The mean cumulative dose in that period constitutes

about 80% of the total annual dose. Special attention has tavhere the model residual®Joise(r), are modeled as first
be paid to the UV data collected in the snowless period oforder autoregressive process, and

the year because of the natural high intensity of the UV-B

I Li
radiation there. fa(xi(0) =Y (et 16 (1) = Xoir) - +etit 2(xi (1) = %0i1) ) (2)
=1

3 Regression models

Two kinds of statistical models are examined here. First, onefb (xi (1), x; (1)) =

incorporates an advanced statistical technique able to capture L; g,

both the linear and nonlinear impact of regressors on the de- Z Z(ﬂ,-jylm,l(x,» () — Xoi)+(xj (1) — Xojm)++
pendant variable, Multivariate Adaptive Regression Splines  m=1i=1

(MARS), initially introduced by Friedman (1991). Second, Bijim,2(xi (t) — X0i1) +(x (1) — Xgjm) -+
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Bijim,3(xi (1) — Xoi1) — (X () — Xom)++ may contain many terms, so itis possible that a little better fit
Bijuim.a(xi () = Xoir)— (x; (£) = Xomi)—). (3)  toobserved UV fractional deviations is due to a much larger
number of the model’'s terms used. Thus, to define a perfor-
Functions(x; (1) — x,..)— and(x; (t) — x,..)+ are linear right  mance of each model we examine the adjusted total variance
and left truncated splines, respectively. The minus (plus)explained by the modeldd;.R?, that weighs the variance
sign after the parentheses indicates that this function equalsxplained by modelR?2, using the following formula, de-

(xi (1) — x,..) for x; < x,..(xi > x,..), otherwise 0. Inthe  pending on the number being the number of statistically
forward step, the MARS algorithm looks for partition points sjgnificant terms of the model, i.e.

X,... (the so-called knotd,; denotes the number of knots for

variablexy), (), B(.), are determined by straightforward .o (k=1
least-squares regression with fixed knots. In the backward“d] R = (N —k)
step, MARS carried out a trimming procedure to remove

terms of Egs. (2) and (3), which do not remarkably contributeln Figs. 2a and b we showd . R? values by various MARS

to the quality of the fit. In order to evaluate the quality of the and stepwise regression models to find out how important are
model fit, MARS uses residual square errors penalized by dhe interaction terms and non-local regressors in the statisti-
function depending o I N — number of retained regression cal modeling of UV variations. Figure 2a illustrates the re-

(1— R). (6)

coefficients. The minimum of the following function, sults obtained when part of the sky covered by low-, mid- and
s high-level clouds were among all regressors to be examined,
1/S S UV ;) — UVioa.min ()12 whereas total solar radiation has been used instead of cloud

GCV(MIN) = i=1 (4)  coverforthe results shown in Fig. 2b. In Sect. 4.1 we discuss
[1-C(MIN)/S)? the performance of the models using only local regressors

is used as a criterion (the so-called generalized cross valideand in Sect. 4.2 we show the results by models based on all
tion, GCYV, criterion) to choose a final model. The numeratoravailable regressors and compare them with those shown in
in GCV is the average residual squared eroig(the num-  Sect. 4.1.
ber of data points an® V.4 m1n (¢;) are model fitted val-
ues) and the denominator is a penalty term that reflects modet-1 ~ Effects of the local regressors
complexity. A model complexity penalty functiac(M I N)
increases i/ I N to prohibit selection of a model with many The maximum number of local regressors is 2 (measured to-
terms that improve only slightly the residual errors (for de- tal ozone and total solar radiation values), or 4 (total ozone,
tails, see Friedman, 1991). In previous applications of thePercent of sky covered by low-, mid- and high-level clouds).
MARS technique in time series analyseS, it was assumed{t is worth mentioning that the latter case includes rather
that the residual term of the model had properties of randonfrude information of the monthly cloudiness (interpolated
noise. Here the noise term of Eq. (1) is modeled as a firsffom the NCEP Reanalysis data) over Belsk. We would like
order autoregressive process to account for a part of the UVO find what the gain is for model performance by use of the
variations not explained by the regressors used. Both verMost proper (taking from the measured total irradiance at the
sions (with and without the autoregression term) of modelObserving site) proxy for the cloudiness impact on UV radi-
(1) were run and the better one was selected, i.e. that providation.
ing the lower value of GCV. It is seen (block no. 1 on Figs. 2a and b) that the stepwise
The modeled time series of the fractional UV variations regression using non-interacting local regressors (no terms
during the snowless part of the year for the period 1976—2000: (t)x;(t) in Eq. 5) resolves~60% and~80% of the total
by MARS is compared with those modeled by a standardvariance. High-level clouds from NCEP Reanalysis appear
stepwise regression, selecting the best set of regressors frotf have a non-statistically significant impact on the UV frac-
all local and non-local ones. To be consistent with the two-tional deviations. The UV response to the variations of total
way interactions assumed by MARS, our stepwise regressioﬁ0|al’ radiation or low-level clouds is the most pronounced
also includes these kinds of terms; among all analyzed regressors. Allowing for interactions be-
N N tween local regressors (i.e. the stepwise regression using
- * * ) i cloud data initially had 14 terms and that using total radi-
uve const+z @i+ Z Piji(D)x; (1) +Noise(5) ation had 5 terms) practically does not help to increase the
Adj.R? value, i.e. there is no need to account for the inter-
actions between local regressors.
The MARS model using non-interactive local regressors
(no function 1}, in Eq. 1) yields slightly larger values of the
4 Results Adj.R?values, i.e. about 5% and 2% larger than the stepwise
regression using total solar radiation and cloud cover data, re-
To compare how various models reproduce original data wespectively (see block 1 and 4 in Figs. 2b and a). Adding the
examine the percent of the variance of original data that is exinteraction terms between local variables does not improve
plained by each model. Models defined by Egs. (1) and (5)the model behavior. Thus, it is a rather small benefit to take

i=1 i.j.jzi
whereca and ﬁ;*j are regression constants to be determined
by a standard least-squares procedure.
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much more complicated MARS than ordinary stepwise re-gressors, see block no. 3 in Fig. 2a) and 5% (for the total
gression, if only local regressors are under consideration. solar radiation regressor, see block no. 3 in Fig. 2b).

4.2 Effects of the non-local regressors MARS model, including the interactions between all local
and non-local regressors, yields significantly largelj. R?

The correlation coefficients between the fractional UV devi- values, i.e. up to 82% for cloud cover regressors and 95% for
ations and the non-local regressors are rather small, i.e. thmtal solar radiance (compare blocks no. 1 and 10 in Figs. 2a
absolute values of the coefficients are less than 0.1. Thus, wand b). The cloud cover regressors, even if they would be
cannot expect that a model containing linear terms propor-obtained from measurements over Belsk, could provide only
tional to the non-local regressors would help to explain a sig-an approximate value of the cloud reduction factor of the UV
nificant part of the UV variability. Stepwise regression, in- radiation. The basic cloud property decisive for the transmis-
cluding the cloud-cover regressors among all possible regression of the UV radiation, cloud optical depth, cannot be fully
sors and excluding the interaction terms, contains initially 9described by the cloud cover regressors because of large vari-
terms but finally, only local regressors remain. Allowing for ations of the cloud characteristics even within one selected
interactions (thus initially the regression starts with 54 termscloud type (e.g. Joseffson and Landelius, 2000). Thus, it is
for the version using cloud cover regressors and 35 terms fonot surprising that using total solar radiance instead of the
the version with total solar radiance instead of cloud cover)cloud cover regressors helps the model behaviour. Only 5%
helps to explain the additional 2% (for the cloud cover re- of the total variance of the observed time series remains un-
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resolved by the best model. The standard deviation of the
residuals is only 2.2%. The uncertainty of the UV daily dose
observations (as given by the instrument producer) is esti-
mated ast5% that can be transformed to an+1% uncer-
tainty in the monthly mean doses. The remainint—2%

of the monthly fractional deviations not resolved by the best
model is probably related to the UV forcing variables not ac-
counted for by the model regressors as, for example, specific
aerosol characteristics (e.g. single scattering albedo, aeroso
optical depth) and/or the vertical profile of the aerosol extinc-
tion and ozone.

It is worth mentioning that the MARS model, taking into
account the cloud cover regressors, which are rather crude
proxies of the clouds effects on UV, provides slightly larger
Adj.R? values than a simple regression model using total
ozone and total solar radiance (known as an effective proxy
for the cloud effects on UV) as the model regressors (com-
pare block no. 10 in Fig. 2a and block no. 1 in Fig. 2b). We
run several versions of the stepwise regression and MARS
model with and without interaction terms, to find the most
important set of non-local regressors (see block nos. 4-10
in Figs. 2a and b). We have found that SOl is not an effec-
tive regressor as the versions with and without that predic-
tor have almost the saméd;.R? (see blocks no. 9 and no.

10 in Figs. 2a and b). If we decide to exclude two (three)

non-local regressors by ranking their effects on UV radia-

tion, MARS selects the NAO and QBO indices as the best

pair of non-local regressors (NAO index as the single regres-
sor), if total solar radiance is used as one of the regressors. .
When using the cloud-cover regressors among the local re- -
gressors MARS selects the 11-year solar cycle and QBO in-
dex as the best pair of non-local regressors and the 11-year
solar cycle as the best single non-local regressor. Both mod-
els select different pairs of non-local regressors and single >
regressors having the largest impact on the UV radiance. It
can be hypothesized that the 11-year solar cycle coupled with
cloud-cover regressors provide an estimation of the cloud re-
duction factor that is given straightforward by total solar ra-

diation. Adding interaction terms improves significantly the

model performance, especially when the cloud cover regres-
sors are used (compare blocks no. 7 and 10 in Fig. 2a and:
those in Fig. 2b.). )
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5 Long-term variations of the UV radiation
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The models selected in the previous section as the best in
each category will be examined here to find out how they
mimic the long-term pattern of the UV fractional deviations
during the snowless part of the year in the period 1976—-2000.
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We consider the following models:

— model A — selected by the stepwise regression with in-
teraction terms including total ozone, the cloud-cover
by mid- and low-level clouds as local regressors and
indices of the atmospheric circulations (11-year solar
cycle, QBO, and NAO) as non-local regressors (per-

Fig. 3. Time series of the observed and modeled year-to-year fluc-
tuations in the UV fractional deviations for the snowless part (May
through October) of the year in the period 1976—2000. The solid
and dotted curve represent the smoothed pattern of the observed
(full triangles) and modeled (empty triangles) fractional deviations,
respectively. Figures 3a—d correspond to results by model A, B, C,
and D, defined in Sect. 5.
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(model C), based on the same set of regressors as model A,
produces an even better model-observation agreement.

Figure 4a shows observed and modeled (model A and
model D) decadal oscillations of the surface UV-B at Belsk
for the snowless part of the year in the period 1976—-2000.
Here, the trend value will be inferred from a smoothed
pattern of the UV oscillations derived by the LOWESS
smoother that suppressed UV-B variations with time scales
up to a decade. A steady increase~df0% of surface UV-
B at Belsk is seen in that period. The rate of the UV in-
crease was-7% (linear trend o+5.5% per decade) in the
period 1975-1988, whereas onhB% (linear trend~2.5%
per decade) in the period 1988-2000. Model D reproduces
quite well the long-term oscillations of the surface UV-B.
Model A is not able to reproduce the trend pattern over the
first decade of observations and provides only a 6% increase
in the surface UV-B for the whole period of observations. It
should be noted that Fig. 4a shows the results of the best and
the worst models discussed in this section (see théjr R?
values shown in Figs. 2a and b). Model B, which contains
the parameterization of the cloud effects on UV by means of
the total solar radiations fluctuations, yields almost the same
trend pattern as model D (compare modeled patterns of UV-
B radiation in Figs. 3b and d).

A question immediately arises: what is the cause for the
different trend values for the periods 1976-1988 and 1988—
2000? In Fig. 4b we present the smoothed (by LOWESS

Fig. 4. The observed (solid curve) and modeled decadal variationssmoother) variations of surface UV-B superposed on total
of the UV fractional deviations for the snowless part of the year 0zone and total solar radiation variations. It is seen that the
in the 1976—2000 period by stepwise regression (Model A — dot-larger UV increase in the former period was related to a high
ted curve) and MARS model (Model D — dashed curve) — Fig. 4a.downward trend in total ozone, whereas a further positive
The observed year-to-year variations in the UV fractional devia-trend of the UV-B radiation in the latter period was related to
t?ons (solid cu_rve), total ozone (dotted curve), and_ total solar radia‘increasing atmospheric transparency (that was manifested as
tion (dashed line) — Fig. 4b. LOWESS smoother is used to extract, ,giiive tendency in total solar radiation there), because to-

decadal and year-to-year variations in the analyzed time series.

formance of this model is visualized by block no. 3 in

Fig. 2a),

tal ozone remained rather stable over Belsk in that period. It
is worth noting that the trend pattern shown in Fig. 4a was in-
ferred, taking into account non-local regressors after removal
of linear trend components and smoothing of the resultant
trendless regressors. Thus, the calculated trend value of the

— model B —the same as model A but total solar radiationsurface UV-B radiation is a superposition of the total ozone
is used as a proxy for the cloud effects on the UV radi- and cloud/aerosol long-term effects on UV radiation.

ation instead of the cloud-cover by mid- and low-level

clouds (see block no. 3 in Fig. 2b).

6 Discussion

— model C — MARS model using the same regressors asyotal solar radiation constitutes an excellent proxy charac-
model A, (see block no. 9 in Fig. 2a),

terizing the atmospheric transparency over the UV-B range

— model D — MARS model using the same regressors aé)f solar radiation (e.g. Ito et al., 1993; Bordewijk et al.,
model B, (see block no. 9 in Fig. 2b).

1995; Bodeker and McKenzie, 1996). Thus, it is interest-
ing that MARS (model C), taking into account rather crude

Figure 3 shows how the modeled long-term variationsproxies of the cloud effects on the surface UV-B at Belsk
(with a time scale longer than a few years, see dotted curve@NCEP-Reanalysis data of the cloud amount interpolated to
in Fig. 3) resemble the observed ones (solid curves). It isthe Belsk’s location), yields an almost similar estimate of the
seen that all models produce satisfactory results. Even a veryV-B fractional deviations as a simple model B using lo-

simple model using crude parameterization of the cloud ef-cal ground-based measurements of total solar radiation as the
fects on UV (model A) is able to reproduce the long-term UV regressor. Since the NCEP data provides global coverage
variations. It provides a strong support for the quality of the for the period since 1948, it seems possible to estimate accu-
cloud subset of NCEP Reanalysis data. The MARS modefately the surface UV for a specific site, where the total ozone
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data were available, even if the total solar radiation was nothe site where the UV observations were carried out, the UV

measured there. It seems possible to reconstruct the past vasiariable to be estimated (absolute value, fractional deviation,

ations of UV radiation for any site where the long-term time non-weighted or weighted UV radiation), the data averaging

series of total ozone and the cloud reduction factor over theprocedure, and the length of the data period. It seems that the

UV range (inferred from the total solar radiation data or the simplest way to compare the model behavior is to examine

cloud amounts at different levels) are available. Our modelthe value of the variance explained by a model. For exam-

is based on fractional deviations, so to estimate the necessapte, the model by Matthijsen et al. (2000) resolved as much

value of the UV norm (i.e. the mean value of UV radiation as 85% of the variance of the monthly means that were cal-

over the observation period) the clear sky value of the surfaceulated by averaging daily doses of the erythemaly weighted

UV radiation by a radiative transfer model should be multi- irradiance for the period May—June—July of 1990, 1991, and

plied by the mean value of cloud reduction factors over the1992.

UV range. For example, a formula derived by Matthijsen et

al. (2000) can be used to relate a cloud reduction factor ob-

tained from the attenuation of total solar radiation by clouds

to that expected over the UV-B range. 7 Conclusions

The regression models examined here use indices of the

S;r;gggzergrl:aggbgl t?]SeCI:lc?r:g—Tj?staai charof)c()IriSingfs S(;gr:goeng: MARS is a rather_new te_chnique of_the time series a_malysis

tions). Thus, we assume that the atmospheric transparen(c:;that uses regression spl_lnes modeling and a recursive _strat-
. ' - . . gy to reproduce behaviour of a dependent variable using a

over Belsk might have had specific properties resulting from

limited number of regressors. Although MARS is a compu-

the air mass advection controlied by the known long-term pe'tationally intensive regression methodology, it can produce

riodical and unperiodical oscillations in the atmosphere. For o\ "¢ high-dimensional data containing multiple par-

ixampl_;a_, I I%oks p?;smle t-?at n peno?s w.r|1|en NAQ is in titions and interactions between regressors. Here, MARS is
IS posilivé phase, the maritime aerosols Wil appear morg, .o 4 ¢, reproduce the UV-B variations in the snowless part of
frequently over Belsk, and the vertical profile of aerosols

the year for the period 1976-2000. It appears that MARS is

and ozone in the troposphere will also be disturbed therecapable of mimicing the behaviour of the observed data, es-

e e e er et soMecl overonger e scles (see Fig.3 o yearoyea
b ‘ ariations and Fig. 4a for the decadal oscillations). It should

can be important sources of the UV variations, especially mPe noted that MARS possibility provides the ability to model

anwless period. It was estlmate_d that changes in AeTOSO'G \rface UV-B radiations over any site, if the total ozone data
optical depth have a comparable impact on the UV-B radia-

tion as that induced bv the total ozone changes. Dav-to daand estimates of the cloud reduction factor are both avail-
total ozone variations gre rather small aboutg a féw D)(/)bsons?gl ble. The transparency of the atmosphere over the UV-B
. . . ] . range due to changes in aerosols/cloud characteristics can
in that period (Krzgcin and Puchalski, 1998, see their Ta- 9 g

ble 1). The cloud d as the st + modulat e parameterized by MARS using the low-, mid-level cloud
el € clouds appeared as the strongest modulator o, g (taken from NCEP Reanalysis data) or the total ra-
the UV radiation over Belsk for all seasons.

. diation data, and the indices of the atmospheric global cir-
o e oot o S oy i . Ul (9B and A e, and trr exemal rcig
the observed cloud effects over different wavelength rangeélong—term solar activity described by the 10.7 cm solar flux).

: t should be noted that MARS is capable of handling interac-
(e.g. UV-A, whole spectral range 300-3000nm, as in thetions between the regressors, suggesting a possible nonlinear

;:atsle Ofl t?tral d?o:iarr]r?dl?tlon). N Iti ti?/hotulcihalsombe rﬂOt?(\thTa:rnature of connections between local variables, characterizing
otal solar radiation 1S also sensitive 1o the amount ot watery, . atmospheric transparency over Belsk and long-distance
vapour in the atmosphere, which has no direct effect on th

Seleconnections patterns. In conclusion, the use of the MARS
surface UV. They found that the cloud reduction factor over . ' L A, X

2 : technique appears to be effective in describing the nonlinear
the UV-B range is influenced mainly by three parameters: the a bp 9

tical depth of cloud. the amount of ozone within the cloud effects in the UV-B time series. Connections between atmo-
optical depth of cloud, Ihe amount of ozone €clou Sspheric phenomena far apart in time and space, which could
(combination of the ozone vertical profile and the position of

) ) be hardly detected by other means, are also singled out and
cloud), and the absorption optical d_epth of_aeros_ols. Thes?ook very promising for further studies of coupling between
three parameters were coupled nonlinearly in their effects o

UV, So if we suppose that the cloud/aerosol properties arehe atmospheric global circulation and surface radiation.

to some extent modulated by the long-term forcings, it will

be possible to find the teleconnection effects on the surface cxnowledgementsthe study has been supported by the Commis-

UV-B radiation. More research studies are evidently neededjon of the European Communities through EDUCE project con-

to clarify this problem. tract no. EVK2-CT-1999-00028 and the Polish Committee for Sci-
A comparison with previous studies dealing with the esti- entific research under the grant no. 6 P04 D05717.

mation of the surface UV radiation by regression models is  Topical Editor O. Boucher thanks J. Lenoble and another referee

not straightforward because of differences in the location offor their help in evaluating this paper.
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