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Abstract

Cloud impacts on the transfer of Ultraviolet (UV) radiation through the atmosphere can
be assessed using a cloud modification factor (CMF). The total global solar irradiation
has proven to be a solid basis to derive CMF’s for the UV radiation (UV CMF). Total
global irradiance is frequently measured and forecasted by numerical weather predic-5

tion systems. Its advantage compared to for instance cloud cover is that measured
solar global irradiance contains already the effect of multiple reflection between cloud
layers, reflection between the sides of the clouds, as well as the distinct difference
whether the solar disc is obscured by clouds or not. In the UV range clouds decrease
the irradiance to a lesser extent than in the visible and infrared spectral range; Rayleigh10

scattering in the atmosphere yields a larger fraction of scatter radiation compared to
that of light and infrared, hence, obscuring the solar disc will not totally block out the ir-
radiation. Thus the relationship between CMF’s for solar radiation and for UV-radiation
is not straight forwards, but will depend on e.g. the solar zenith angle (SZA) and wave-
length band or action spectrum in the UV considered. Den Outer et al. (2005) provide15

a UV CMF algorithm on a daily base accounting for these influences. It requires as
input a daily CMF in total global radiation (SOL CMF) and the SZA at noon. The calcu-
lation of SOL-CMF uses the clear sky algorithm of the European Solar Radiation Atlas
to account for varying turbidity impacts. The algorithm’s capability to derive hourly
UV CMF’s based on the SZA at the corresponding hour and its worldwide applicability20

is validated using hourly resolved observational data retrieved from the databases of
the COST-Action 726 on “Long term changes and climatology of UV radiation over Eu-
rope” and the USDA UV-B Monitoring and Research Program. The model performance
for hourly resolution is shown to be comparable in absolute and relative deviations from
a measured mean smoothed dependent on SZA with the well performing daily models25

of the COST-726 model intercomparison (Koepke et al., 2006).
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1 Introduction

Clouds may have a dramatic effect on the ultraviolet radiation (UV) reaching the earth
surface ranging from almost complete extinction under heavy thunderstorms to en-
hancements of a factor of two or more. Compared to the other UV irradiation deter-
mining factors, like total ozone column (TOC), aerosols and ground albedo, the cloud5

effects are not as well modelled from first principals. This can be attributed to the given
intrinsic difficulties in determining cloud characteristics (Calbo et al., 2005). UV, short-
and long-wave radiation are affected by cloud cover, as well as cloud-type determined
by cloud-top height, water content, and cloud droplet size distribution (Kuchinke and
Nunez, 1999; Chen et al., 2000; Josefsson and Landelius, 2000; Cede et al., 2004),10

whereas cloud-type variations can be as important as cloud cover in the actual radia-
tion field.

Spinhirne and Green (1978) prove by radiative transfer theory that the relative in-
fluence of cloud layers on UV and total global radiation is dependent primarily on the
interaction of the cloud layer with the surrounding atmosphere and the underlying sur-15

face, and that in general, increasing cloud thickness decreases UV transmission to
a lesser degree than transmission in the visible spectral range, whereas variations in
cloud height and surface albedo result in only small changes of the relative flux trans-
mission. Furthermore, the ratio of total transmission of UV and global solar radiation
through a cloud layer depends on the solar zenith angle (SZA). A wavelength depen-20

dence of the cloud effects in the UV region has been shown by measurements (Seck-
meyer et al., 1996) and has been physically interpreted by radiative transfer modelling
(Kylling et al., 1997). Cloud induced scattering coupled with molecular or particulate
absorption can result in a pronounced wavelength dependence of cloud attenuation
(Mayer et al., 1998). Erlick et al. (1998) have examined the competing influences of25

clouds and aerosols. When clouds are superimposed on an aerosol profile than the
wavelength dependence is dominated by the effect of the cloud droplets if the optical
depth of the aerosols is less than that of the cloud.
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Cloud effects on the transfer of radiation can be assessed using the cloud modifica-
tion factor (CMF), generally defined as the ratio between the irradiance in the cloudy
sky and the irradiance for the same atmosphere but for cloud-free conditions. The first
is either measured or modelled, while the latter is always modelled. Usually, a CMF in
one wavelength regime that is easily measured or modelled is translated to a CMF in5

the other wavelength regime of interest. A CMF includes effects as multiple reflection
between cloud layers, and/ or reflection between the sides of the clouds in case of a
partly clouded sky, as well as the distinct difference whether the solar disc is obscured
by clouds or not. Hence, CMF is not a pure measure of cloud transmittance. Den Outer
et al. (2005) have investigated the effects of clouds on UV and total global radiation in10

the Netherlands based on measured daily erythemally effective UV doses and daily
sums of total global irradiance. They developed an algorithm relating the daily CMF
in the UV to that in the visible using the SZA at local noon to tune this relationship.
Additionally, it was shown that this relationship also depends on the wavelength ranges
considered in the UV. This algorithm is conform to the theoretical requirements and is15

shown to be a generic approach.
Total global irradiance is frequently measured and it is forecasted in numerical

weather prediction. Information on cloud optical parameters as liquid water content
or droplet size distribution is not required which are less frequent available or as the
droplet size distribution must be set in most cases from climatologies.20

Applications require more often a higher temporal resolution than one day. This study
validates the applicability of the algorithm of den Outer et al. (2005) on an hourly base
using observational data of four European, and of two sites representing subtropical to
tropical conditions and the southern hemisphere.

2 Observational data25

The database of COST-Action 726 on “Long term changes and climatology of UV ra-
diation over Europe” (www.cost726.org) provides measured hourly erythemally (CIE)
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effective UV at 4 European sites between 60 and 40◦ N, allowing comparison with mod-
elled UV, and further ancillary data providing input for modelling. From the database of
the USDA UV-B Monitoring and Research Program, Natural Resource Ecology Labora-
tory, Colorado State University, Fort Collins, Co. 80523 (uvb.nrel.colostate.edu/UVB/),
are downloaded measured erythemal UV and total global radiation for Everglades,5

Florida/ USA, representing subtropical to tropical conditions, and Lauder, NZL, repre-
senting pristine mid latitude conditions of the Southern Hemisphere.

2.1 Bergen, Norway

For the site Bergen, Norway, 60.38◦ N, 5.33◦ E, 45 m a.s.l. available data is erythemally
effective UV measured by a multiband filter radiometer, model GUV, serial number10

9270 from Biospherical Instruments Inc. The measurements are operated by the Nor-
wegian Radiation Protection Authority (NRPA). Hourly erythemal UV is available for
March 1999 to December 2002. The instrument is part of the Norwegian national UV-
monitoring network (Johnsen et al., 2002). The radiometer has five detector channels
in the UV with a spectral bandwidth of about 10 nm. A linear combination of the output15

from the detector channels forms the basis for deriving CIE-effective UV doses. The
absolute calibration is traceable to the Nordic Ozone Group international intercom-
parison of global sky instruments in Tylösand, Sweden, 2000 (Paulsson and Wester,
2006). The instrument is calibrated once a year against a travelling standard GUV. The
calibrations are maintained by NRPA.20

As ancillary input for modelling are used hourly sums of total global radiation, and
snow depth daily recorded at 06:00 UTC. The latter enables to calculate the effect of
snow cover on the regional UV surface albedo, that otherwise is assumed to be 3%.
TOC is interpolated from TOMS Version 8, level 3, ozone (http://toms.gsfc.nasa.gov/
ozone/ozone.html).25
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2.2 Potsdam, Germany

The site Potsdam, Germany, is located at 52.36◦ N, 13.08◦ E, 107 m a.s.l. The measure-
ments are operated by the German Meteorological Service (DWD), Richard-Aßman-
Observatory Lindenberg. Provided erythemally weighted UV for 2002 is measured by
a Bentham DM150 double monochromator that became operational in the year 2000.5

The instrument measures UV spectra in the range from 290 to 450 nm at time steps
of 6 min. Calibration is based on standard lamps of the FEL1000W type, calibrated by
the Physikalisch-Technische Bundesanstalt (PTB) in Germany. Erythemal UV radiation
according to the CIE 1987 action spectrum was derived from the spectral scans by tak-
ing account of the undersampling stepwidth of 5 nm in the UV-A region as compared10

to steps of 0.5 nm in the UV-B, and summed to hourly doses referring to true solar
time (TST) such that the hourly totals coincide with the sampling time of total global
irradiance.

Hourly sums of total global radiation recorded in TST hours, daily averages of TOC
based on Dobson and Brewer measurements, and daily observations of total snow15

depth taken at 06:00 UTC were used as ancillary input data. Snow depth is applied
to calculate the effect of snow cover on regional UV surface albedo that in the case of
snow free conditions is assumed to be 3%. Additionally, hourly synoptic observations
of cloud cover and type are available in three ceilings according to WMO code FM12.

2.3 Davos, Switzerland20

The site Davos, Switzerland, is located at 46.78◦ N, 9.68◦ E, 1590 m a.s.l. UV erythe-
mally weighted broadband irradiance has been measured continuously at the World
Radiation Center (PMOD/WRC) at Davos since the end of 1995, using SolarLight 501A
(SL501A) broadband UV radiometers. In addition to external ventilation and heating to
keep the domes free of dew, snow and ice, the temperature of the SL501A instru-25

ment body is stabilized to 25◦ C. Measurements are performed automatically every
2 s, and 2 min averages are recorded. The SL501A have been calibrated annually by
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comparison with a Swiss reference SL501 at the WRC. The accuracy of the Swiss
reference is verified regularly at international intercomparisons. It initially took part in
the WMO/STUK intercomparison in Helsinki, Finland, 1995. It was also compared to
spectroradiometers at Garmisch-Partenkirchen, Germany, 1997, and participated in
the COST-713 intercomparison at Thessaloniki, Greece, 1999, as well as the COST-5

726 intercomparison at Davos in 2006. The absolute accuracy can be estimated to
be within ±10%. Measured erythemal UV is available for years 1999 and 2002 in the
COST 726 database.

The ancillary data used as modelling input are TOC measured at the nearby site
Arosa, hourly sums of total global irradiation measured at Davos, and snow depth10

recorded once a day at Davos itself and at the high altitude site Weissfluhjoch,
2540 m a.s.l., in the vicinity of Davos (horizontal distance less than 4 km). We verified
that the increase in regional albedo due to snow at the site and/or at the surrounding
mountains is better represented by the snow depths at Weissfluhjoch compared to a
weighted average calculated from the provided snow depths of Davos and of Weiss-15

fluhjoch.
For reasons given by Lindfors and Vuilleumier (2005), the single scattering albedo

derived by the Global Aerosol Data Set, GADS (Koepke et al., 1997), appears too low
for an inner alpine valley site clearly contrasted to the lowlands covered by the 5◦×5◦

spatially resolved GADS. Thus, for modelling the required single scattering albedo is20

set to 0.9653 for summer and winter according to the aerosol type “continental clear
(cc)”.

2.4 Thessaloniki, Greece

The site in Thessaloniki, Greece, is located at 40.63◦ N, 22.96◦ E, 60 m a.s.l. The mea-
surements are operated by the Aristotle University Thessaloniki (AUTH). The erythe-25

mally effective UV was produced by an erythemal detector of type YES UVB-1, which
is operational since 1991. Although spectral UV measurements are available at the
same location from two Brewer spectroradiometers, the erythemal detector has better
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temporal resolution (every 1 min) which allows more accurate calculation of hourly and
daily integrals. The detector is regularly calibrated against the two Brewer spectrora-
diometers, and hence its stability in time is sufficiently controlled to within about ±7%
(Bais et al., 2001; Garane et al., 2006). Measured erythemal UV is available for years
1999 and 2002.5

The daily averaged total ozone column measured by the Brewer spectrophotome-
ters, and hourly sums of solar global irradiation were supplied as ancillary input data.
Snow covered terrain is very rare at Thessaloniki, thus the regional UV surface albedo
is assumed to be 3%. The COST-726 modelling exercise (Koepke et al., 2006) has
revealed that the single scattering albedo retrieved from GADS is too high for this site,10

decisively influenced by urban aerosols. Thus the single scattering albedo is fixed to
0.83 based on Bais et al. (2005).

2.5 Everglades, Florida/USA

The site Everglades (Homestead), Florida/USA, is located at 25.38◦ N, 80.68◦ W,
0 m a.s.l. The measurements are operated by the Beard Research Center at Ever-15

glades National Park in the frame of the USDA UV-B Monitoring network. Erythemally
effective UV is measured by a YES UVB-1 Pyranometer. The network documents
the stability of its broadband instruments through annual calibrations and annual re-
characterisations of each instrument’s spectral response. Initial instrument character-
isations were first established by submitting each of the network’s initial broadband20

meters to the National Institute of Standards and Technology (NIST) for an evaluation
of their cosine and spectral response.

A Yankee Environmental Systems seven channel Multi-Filter Rotating Shadow-Band
Radiometer (MFRSR) is the base for measurements in the visible spectral range. Its
seventh channel is an unfiltered broadband silicon diode detector providing total global25

irradiation.
UV and visible measurements are made sequentially at each wavelength every 15 s

and integrated into 3-min averages by an on-board computer. An hourly sum is accu-
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mulated from the 3 min means ±30 min around clock time UTC h. TOC is interpolated
from TOMS Version 8, level 3, ozone. The UV surface albedo is represented by the
FMI MTW climatology (Tanskanen, 2004). Measured data for 2005 are retrieved from
the database.

2.6 Lauder, New Zealand5

The site Lauder (Alexandra), New Zealand, is located at 45.03◦ S, 169.68◦ E,
370 m a.s.l. and is in the used measurements of the UV and visible spectral range
a site of the USDA UV-B Monitoring network. It is operated by the National Institute of
Water and Atmospheric Research (NIWA). The NIWA’s atmospheric research site at
Lauder is the charter southern hemisphere mid latitude site for the International Net-10

work for the Detection of Stratospheric Change (NDSC) and is therefore a critical field
calibration centre. For equipment and data processing see Sect. 2.5. Measured data
for October 2004 to September 2005 are retrieved from the database.

TOC is interpolated from TOMS Version 8, level 3, ozone. Snow cover is commonly
not expected at Lauder, thus, the FMI MTW UV surface albedo climatology (Tanskanen,15

2004) is assumed to represent the conditions.

3 Modelling hourly erythemally effective UV

Modelling of hourly erythemally effective UV is based on DWD’s method for UV Index
forecasting (Staiger and Koepke, 2005). It uses lookup tables to calculate a so-called
large-scale UV Index, LS UVI, depending on SZA, TOC, the month of the year, and20

10 zonal climatic belts between South and North Pole, cli belt. It is valid for mean sea
level, clear sky, a UV surface albedo of 3%, the aerosol type “continental average” with
an aerosol optical depth, AOD, at 550 nm of 0.20, and a single scattering albedo, SSA,
at 300 nm of 0.9127. The dependencies on months and climatic belts account for sea-
sonal and regional profiles of ozone, temperature, and pressure. This assures that the25
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remainder deviations versus actual height profiles show an impact of less than 3% on
clear sky irradiances (Schwander et al., 1997; Reuder and Schwander, 1999). The UV
Index, UVI, for current atmospheric conditions and the site altitude is calculated ad-
justing LS UVI by factors accounting for AOD and SSA, F aod ssa, the altitude effect,
F ae, the UV surface albedo, F alb, and for cloud modification, UV CMF:5

UVI (d, t) = LS UVI (SZA(d, t),TOC(d, t),month, cli belt)
×F aod ssa (AOD(d, t),SSA(d, t),SZA(d, t))
×F ae (ALT,AOD(d, t),SSA(d, t),SZA(d, t))
×F alb (ALB(d, t),ALT,AOD(d, t),SSA(d, t),SZA(d, t))
×UV CMF (SOL CMF(d, t),SZA(d, t))

(1)

ALT indicates the altitude a.s.l., ALB the UV surface albedo, SOL CMF the cloud mod-
ification factor in total global irradiance, d the date, and t the time of day. The lookup
tables and the factors are calculated applying STAR (Ruggaber et al., 1994) in its neural
network version (Schwander et al., 2001). STAR is a one dimensional multi-scattering10

model allowing a detailed description of the atmospheric parameters and has been
tested with good results (Koepke et al., 1998). Measurements are likely to underesti-
mate the actual irradiance at high SZA. Models as STAR that apply pseudo-spherical
geometry have been shown to produce higher irradiation for high SZA in particular in
the UV-B compared to measurements (van Weele et al., 2000). In the COST-726 com-15

parison of modelled daily erythemal UV doses the effect could be seen in the relative
differences (Koepke et al., 2006) especially for Bergen with a maximum noon SZA of
83◦. The logarithm of this relative effect ∆ps= (spherical–measured)/ measured can
be fitted by

ln(∆ps)=1.8912−47.9389 · µ+
z 153.5597 · µ2

z−225.1133 · µ3
z+114.3450 · µ4

z (2)20

where µz= cos(SZA). Equation (2) is used as an empirical adjustment of the modelled
doses to reduce the differences to measurements at high SZA.

The albedo of the soil is low in UV compared to that in the visible spectral range.
An essential exception is snow that increases albedo also dramatically in the UV. Thus
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F alb is calculated based on the algorithm of Schwander et al. (1999) depending on
snow depth and snow age. Snow age is derived from variations in snow depth within
the last 6 d.

AOD and SSA are not available from measurements. Hence, modelling applies sea-
sonal and regional varying climatologies (Staiger and Koepke, 2005). AOD is taken5

from a March 2000 to February 2005 climatology of MODIS monthly aerosol opti-
cal depth at 550 nm (http://modis-atmos.gsfc.nasa.gov/MOD08 M3/). SSA applies the
semi-annual values of GADS (Koepke et al., 1997) for a relative humidity of 70%.
GADS has a spatial resolution of 5◦. Section 2 denotes the exceptions concerning
Davos and Thessaloniki. Modelling is performed for the centre of the sampling hour of10

observational data.

3.1 UV cloud modification factor

Den Outer et al. (2005) have constructed an algorithm to derive daily erythemally ef-
fective UV CMF from the ratio of daily sums of measured to predicted clear sky total
global irradiation, SOL CMF. The algorithm is based on spectral measurements of ery-15

themally effective daily UV doses and daily sums of total global irradiation at Bilthoven,
Netherlands, for the year 2001. Several improvements have been made (Bordewijk et
al., 1995; den Outer et al., 2000 and 2005) eventually leading to a parameterisation
given by:

UV CMF (SZA,SOL CMF)=
1 − (1+p(SZA) · SOL CMF)−0.27

1− (1+p(SZA))−0.27
(3)20

The parameter p controls the curvature of UV CMF compared to SOL CMF. It depends
exclusively on the daily minimum (noon) SZA. Days sharing the same minimum SZA
but at different locations still have the same normalised distribution of SZA in the daily
course, hence, the parameterisation is a generic approach. It is constructed such
that SOL CMF=1 implies UV cloudy=UV clear sky, and also allows for measured total25
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global radiation even exceeding predicted clear sky. The SZA dependency of p is orig-
inally given for 6 bins. Now we have fitted these p values by a second order polynomial
enabling to apply the algorithm in a continuous form, and to extrapolate to SZA’s less
than the annual minimum at Bilthoven (28.67◦):

p(SZA)=7.02199−12.73738 · cos(SZA)+5.72619 · cos(SZA)2 (4)5

A daily UV dose is largely controlled by the hours close to local noon. Hence, it is con-
sidered possible to apply Eq. (3) in calculation of hourly UV CMF’s too, i.e. replacing
the daily minimum SZA by that of the corresponding hour. This assumption is validated
in this paper, and is intended to be a candidate to replace the current empiric cloud
modification factors in DWD’s UV Index forecasting. Because the original daily algo-10

rithm has to account for the whole day, including large SZA’s, it can be anticipated that
an hourly application should result in slightly too high UV CMF’s for small SOL CMF’s.

3.2 Predicted total global radiation clear sky

The calculation of a SOL CMF requires a predicted total global irradiance clear sky
valid for the same effective atmospheric conditions as measured total global radia-15

tion but without clouds. Den Outer et al. (2000) give an algorithm that is based on
data series taken at Bilthoven (Netherlands), Garmisch-Partenkirchen (Germany), and
Thessaloniki (Greece). The given algorithm depends solely on the SZA. In modelling,
sun-earth distance oscillations should be taken into account. Due to the exclusive de-
pendency on SZA the algorithm can be regarded to include a mean annual course of20

turbidity for Europe. When applied to high altitude sites a correction should be made,
which is approximately 5% of the correction of UV-irradiance. A more physical ap-
proach would be to replace this algorithm with the one used by the European Solar
Radiation Atlas, ESRA (Greif and Scharmer, 2000), as given by Rigollier et al. (2000).
This algorithm requires a Linke turbidity factor as input that is retrieved from the monthly25

climatology of world wide Linke turbidity information (Remund et al., 2003). A linear in-
terpolation dependent on the distance of a day to the middle of the months is performed
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applying the turbidity climatology. The frequency distribution of differences in UV CMF
resulting from the both clear sky algorithms applying Eq. (3) is shown by Fig. 1. It is
based on measured daily sums of total global radiation of 183 sites over Europe in
2000 and 2001 provided by the WMO World Radiation Data Centre, St. Petersburg,
Russia, in the framework of COST-726. The differences can be summarised to be al-5

most unbiased (−0.016) and to show only low scattering (root mean square error of
0.036) compared to the total standard deviation in UV CMF’s (±0.23). The distribution
is slightly left skewed due to the influence of high mountain sites (9 with altitudes above
1500 m, thereof 3 above 3000 m) and in lower parts due to Scandinavian sites showing
turbidity less than the European average. This study is based on the version using the10

ESRA algorithm to predict total global radiation clear sky.

4 Results and discussion

4.1 Clear sky modelling

The influence of using hourly UV CMF on modelling results can be separated by check-
ing first the quality of clear sky modelling. This is performed accumulating the hourly15

measured all sky and the modelled clear sky values to a daily dose and plot them in
the yearly course, Fig. 2a and b. The clear sky sums should then be a close enve-
lope of the highest measured daily sums. Clear sky daily total global irradiance shows
a smooth annual course that is unchanged from year to year whereas clear sky daily
erythemal UV doses reveal a stronger scattering in the annual course due to day to day20

variations in TOC and its distinct differences from year to year, e.g. in Bergen, Fig. 2a.
At Bergen the clear sky total global radiation envelops closely the highest measured
daily sums with the exception of the winter months. Surrounding mountains restrict the
horizon by up to 10◦ at the site, especially in the east. Regarding maximum noon SZA’s
greater than 80◦ this can significantly influence the daily sum and is not accounted for25

in clear sky modelling. The absolute low daily UV doses in winter suppress the effect in
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the plot. The horizon limitation will affect UV CMF via SOL CMF and thus will appear
in all sky modelling.

At Potsdam modelled clear sky total global radiation and daily UV doses are a close
envelope to highest measured sums.

Only Davos 2002 is shown as Davos does not reveal general differences between5

both years. The modelled clear sky sums can be regarded as close to the highest mea-
sured. In the UV, there is a noticeable number of days with slightly higher measured
than modelled clear sky UV doses especially in spring. These are affected by snow
cover in the mountains influencing the regional albedo and not fully captured by the
model. In December and January, the shading effect of surrounding mountains may be10

derived from modelled clear sky and highest measured sums of total global radiation.
For Thessaloniki the monthly mean values of the Linke turbidity factor are much

higher in May and July (∼6.0) compared to 4.5 in June and August. These increases in
conjunction with the summer solstice and the applied linear interpolation are the reason
for the disturbed annual course of the modelled clear sky daily total global radiation,15

Fig. 2b. Consequently, for some days in the warm period, the measured total global
radiation in Thessaloniki is slightly higher compared to modelled clear sky daily sums.
The effect is minor in 1999 compared to that in 2002 (period May to August). In the UV,
these effects are present too, but less pronounced. Moreover, the number of days with
low measured daily sums is greater in summer 2002. This leads to the conclusion, that20

the summer 2002 has been more frequently affected by advection of less turbid air.
Considering the Everglades, the modelled daily sums of total global radiation overes-

timates the highest measured sums somewhat especially in summer, Fig. 2b, although
the applied monthly averages of the Linke turbidity factors are the highest within the
sites. A reason could be an underestimation of water vapour over the wetlands having25

water temperatures higher than the nearby ocean. By contrast, the modelled UV doses
clear sky represent well the highest measured doses.

Modelled clear sky conditions at Lauder represent a close envelope to highest mea-
sured daily sums with a tendency of slightly overestimated sums of total global radiation
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in southern winter.

4.2 All sky modelling

Figure 3 shows scatter plots of modelled versus measured hourly UV Index for the
sites. A regression analysis has been performed for three bins of UV CMF’s. The
black symbols and regression lines represents low attenuation of radiation by clouds,5

CMF≥0.75, blue medium, 0.75>CMF≥0.50, and red strong attenuation, CMF<0.50.
Scattering increases only slightly with increasing UVI. The maximum UVI at a site is
highest for less clouded conditions and increases for decreasing latitude. However, it is
comparable for Everglades and Lauder due to lowest sun – earth distance in southern
summer, and for Davos and Thessaloniki due to the difference in altitude. The less10

clouded conditions are represented by a regression slope close to the ideal value one.
The exceptions are Everglades by reason of overestimated clear sky total global radia-
tion and Bergen 2002 because of TOMS degradation, showing a −2% to −4% error in
latitudes higher than 50◦ and a bit larger in the northern than the southern hemisphere.

Unexpectedly, the regression slopes for higher clouded conditions are less than that15

of only slightly clouded conditions. The exceptions are Lauder showing the anticipated
slight increase in modelled UVI with decreasing UV CMF, and Thessaloniki 1999 with
almost unchanged gradients and in contrast to 2002 having more frequent advection
of less turbid air. This enables to conclude: Modelling applies an AOD climatology
that is derived from measurements representing clear sky conditions. Clear skies are20

more often found under high pressure systems with stable boundary layer and thus
relative high aerosol load that is in Europe more frequently associated with absorbing
aerosol types. Under stronger clouded situations and precipitation aerosol extinction by
absorption is obviously reduced, however, modelling has not yet accounted for these
effects. Hence, UV is underestimated for medium to low UV CMF in Europe. In the25

clean air of Lauder almost no aerosol extinction by absorption can be expected and
the higher modelled UVI for medium and low UV-CMF’s represents the effect applying
Eq. (3) in an hourly resolution.
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The comparison of modelled and measured UVI for differing UV CMF at Lauder is
used to estimate the error applying Eq. (3) originally developed for daily doses in an
hourly resolution. The analysis is restricted to the summer season, Oct 2004 to March
2005, to avoid influences of the potentially slightly overestimated total global radiation
clear sky in winter months. Eq. (3) is developed based on measured daily sums at5

Bilthoven. Thus, analysis is performed for SZA less than 75◦ representing the yearly
maximum noon SZA at Bilthoven. With the exception of the clear sky bin, bins of
UV CMF are selected to be represented by roughly comparable numbers of cases.
For the resulting 5 bins the ratio of the regression slopes to that of the clear sky bin has
been calculated and fitted:10

UVIadj (CMF)=1.0289+0.2056 · CMF−0.5339 · CMF2+0.2992 · CMF3 (5)

CMF=UV CMF. A modelled hourly UV Index applying the original daily algorithm can
be up to 5% too high under strong radiation attenuation by clouds, Fig. 4, and can be
adjusted for SZA<75◦ using Eq. (5) as divisor. Figure 4 shows that the fitted curve is
within the 95% confidence interval of the 5 bins. Nevertheless the relative wide confi-15

dence intervals lead to the conclusion, that the function can be only a rough estimate
of the effective conditions.

4.3 Model performance

Clear sky modelling has proven to be of good quality. Thus, the main uncertainties in
modelling will depend on cloud effects. Tables 1 and 2 summarises the comparison of20

modelled and measured UVI for the individual sites and years. The root mean square
error, RMSE, is 0.27 UV Index in total or 12.1% related to the mean of measurements.
The bias, see column “absolute differences” of Table 2, is −0.04 UV Index or −1.7%.
Bergen 2002 shows a positive bias due to TOC from degrading TOMS, Everglades
a negative due to overestimated total global radiation clear sky. The relative RMSE25

increases with latitude due to lower absolute values and to an increased likelihood for
clouded conditions. The bias of Bergen 2002 and that of the Everglades contribute to
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the relative higher RMSE of the sites. The modelling of daily doses for the European
sites (Koepke et al., 2006) has resulted in a mean bias of +1.1% and a RMSE of 9.8%
of the 7 best performing models. The slightly higher RMSE of UVI compared to that of
the daily doses can be attributed to the higher temporal resolution. For Potsdam 2002
empiric hourly UV CMF’s (Staiger et al., 1998) has additionally been calculated based5

on synoptic cloud observations. The resulting UVI has a bias of −0.02 UV Index and
a RMSE of 31.8%, whereas the RMSE applying Eq. (3) for modelling is reduced to
13.5% for Potsdam. Using total global irradiation as an input parameter in determining
UV CMF’s has the decisive advantages to take into account the effects whether the
solar disc is obscured by clouds or not, and to include direct information on cloud10

optical depth.

4.3.1 Comparison dependent on solar zenith angle

Figures 5a and b give the absolute differences (modelled minus measured) in UVI, and
the relative related to measured UVI as a function of SZA for measured and modelled
clear sky UVI≥0.10, and Table 2 the summarising statistics. The absolute differences15

are of relevance in consideration of the essential UV effects. The relative differences
consider percentage deviations and thus provide further insight into model quality for
low absolute values. Again the symbols and their colours distinguish between low
(black), medium (blue), and strong (red) radiation attenuation by clouds.

The scattering in the absolute differences increases with decreasing SZA, i.e. in-20

creasing absolute UVI. The relative differences reveal a more or less constant scatter-
ing for SZA less than about 60◦. For higher SZA scattering increases with increasing
SZA which may be in parts due to the decreasing absolute values they are related to.
The scattering in the relative differences is highest for the sites more frequently influ-
enced by changes in cloudiness: Bergen, Potsdam, and Lauder. For Bergen 1999 the25

scattering is somewhat reduced due to lacking measured UV for January and Febru-
ary, i.e. low absolute UVI. The too high predicted total global radiation clear sky for
Everglades particularly in summer is depicted by Fig. 5b in underestimated UVI in ab-
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solute and relative differences and by the summarising statistics, Table 2. For stronger
radiation attenuation by clouds UVI’s for low SZA are slightly underestimated for the
European sites applying aerosol properties in modelling unchanged versus clear sky.

4.3.2 Taylor diagram

The modelling performance applying hourly resolved UV CMF based on Eq. (3) can5

be checked versus the results of the COST-726 model intercomparison for daily ery-
themally effective UV doses (Koepke et al., 2006). This has been done in terms of
model to measurement correlation together with standard deviation of measured and
modelled data and displayed in polar coordinates, as it has been proposed by Taylor
(2001). The diagram has been developed to visualise the patterns of various simula-10

tions of measured data in one diagram. The radial distance is given by the standard
deviation normalised to the measured standard deviation, the angular position by the
arccosine of the correlation coefficient, r . Thus, the position of the measured data is
given by r=1 and the standard deviation 1, red triangles in Fig. 6. The individual simu-
lation can be evaluated relative to the measurements by the pattern RMSE difference.15

It is given by the vector from the point of the measurements to that representing the
result of one model. The pattern RMSE difference approaches zero as two patterns
becomes more alike. There is a strong dependency of modelled and measured UVI on
SZA as it is for daily doses in the annual course that thus would yield a high correlation
coefficient. To better distinguish between the performances of the different models,20

the SZA dependence is removed using a smoothed SZA dependent average of the
measurements. First the smoothed average is subtracted from the measured and the
modelled UVI, resulting in two sets of deviations from the smoothed average, one for
the observed and the other for the modelled UVI. The correlation for the Taylor diagram
is computed between the two sets of UVI deviations. This procedure was repeated25

for both absolute and relative differences to the smoothed average, but applied only
to data where the measured UVI and the smoothed average were greater than 0.10.
The smoothed average is calculated by sorting the measured UVI’s dependent on SZA
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for each site and year and using locally weighted regression scatter plot smoothing
(LOWESS) comprising a window of the next 12% of the data in SZA. The results for
the hourly resolved UVI applying Eq. (3) are displayed in Fig. 6 (magenta coloured
“C”) versus the COST-726 performance analysis for daily UV doses of 16 models. The
absolute differences are within the group of the best performing daily models based5

on daily sums of measured total global irradiation. The relative differences are very
close to them. The results of the relative differences are somewhat sensible on the
selected minimum for smoothed averages allowed in comparison. If it would approach
zero than in general the relative difference would approach infinity which would improve
the correlation coefficient.10

5 Conclusions

Equation (3) has been shown to be applicable in a temporal resolution of one hour. It is
a generic approach, i.e. it can be used world wide, presumed it applies an appropriate
algorithm to predict clear sky total global irradiances accounting for long-term condi-
tions of turbidity and its seasonal variations at a location. Concerning RMSE and bias15

the hourly application is comparable to that of daily resolution for which the algorithm
originally has been developed. Applying the algorithm in hourly resolved UV CMF’s can
strongly reduce RMSE compared to schemes based on cloud cover or sunshine dura-
tion, because the SOL CMF includes information on cloud optical depth and whether
the solar disc is obscured by clouds.20

Current UVI forecasts of DWD apply 6 bins of empirical UV-CMF dependent on fore-
casted cloudiness in layers low, middle, high. Numerical weather prediction (NWP)
comprises physical parameterisation to calculate surface total global radiation. These
parameterisations account for optical properties of forecasted cloudiness in all model
layers. Applying NWP surface total global radiation in UVI forecasting via Eq. (3)25

takes advantage of the higher vertical resolution and the computed radiation trans-
fer in the visible spectral range and thus reduces computational cost by not repeat-
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ing these highly resolving calculations in the UV. Furthermore, it let benefit automati-
cally from each improvement in parameterisation of radiation transfer and in forecast-
ing of cloudiness, e.g. by introduction of SZA dependent overlapping of cloud lay-
ers (Tompkins and Di Guiseppe, 2007), or the treatment of ice cloud optical prop-
erties in DWD’s NWP operational radiation scheme (Ritter and Geleyn, 1992; Doms5

and Schättler, 2003). In the future, daily assimilated and forecasted aerosol amount
will be available for several aerosol types, e.g. as result of the EU funded GEMS
project (http://www.ecmwf.int/research/EU projects/GEMS/index.jsp), and will enable
to replace climatologies derived from clear sky conditions.

COST-726 is directed toward UV reconstruction. On a European scale it can neither10

rely on measured daily values of turbidity nor on long term trends in aerosol proper-
ties. However, available measured daily sums of total global irradiance will include
deviations from climatological values in the calculated UV CMF. The relation between
UV CMF and SOL CMF is functional but not linear. Thus modelling of clear sky total
global irradiation and clear sky UV should rely on comparable assumptions of mean15

turbidity and its seasonal variations to keep the increments due to aerosols as low as
possible.
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Table 1. Summarising statistics of measured and modelled hourly UV Index (UVI) for all effec-
tive atmospheric conditions (bias see Table 2, column absolute differences).

Site year pairs average standard average standard root mean correlation regression regression
measured (x) deviation x modelled (y) deviation y square error coefficient constant slope

UVI UVI UVI UVI UVI UVI

Bergen 1999 2860 1.206 1.209 1.165 1.164 0.151 0.993 0.012 0.957
Bergen 2002 3010 1.098 1.096 1.143 1.144 0.257 0.975 0.026 1.018
Potsdam 2002 3257 1.467 1.446 1.430 1.441 0.198 0.991 −0.019 0.988
Davos 1999 2868 2.480 2.347 2.380 2.242 0.321 0.992 0.030 0.948
Davos 2002 2950 2.456 2.305 2.391 2.239 0.258 0.994 0.018 0.966
Thessaloniki 1999 2917 2.494 2.265 2.529 2.281 0.228 0.995 0.029 1.003
Thessaloniki 2002 3130 2.359 2.106 2.396 2.152 0.208 0.996 −0.004 1.018
Everglades 2005 3560 3.518 2.965 3.274 2.768 0.424 0.995 0.005 0.929
Lauder 2005 3460 2.353 2.644 2.406 2.603 0.212 0.997 0.097 0.981
total 28012 2.185 2.280 2.148 2.214 0.265 0.994 0.039 0.965
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Table 2. Statistics of absolute (modelled – measured) and relative (modelled minus measured
divided by measured) differences of hourly UV Index (UVI) for all effective atmospheric condi-
tions.

Site year absolute standard relative standard pairs
differences deviation differences deviation

UVI UVI % %

Bergen 1999 −0.041 0.145 −1.65 14.64 2860
Bergen 2002 0.046 0.253 5.29 17.87 3010
Potsdam 2002 −0.037 0.194 −1.68 18.67 3257
Davos 1999 −0.100 0.305 −0.01 13.91 2868
Davos 2002 −0.065 0.250 0.16 13.09 2950
Thessaloniki 1999 0.035 0.225 1.31 12.53 2917
Thessaloniki 2002 0.037 0.205 −0.35 12.49 3130
Everglades 2005 −0.244 0.346 −8.76 10.49 3560
Lauder 2005 0.053 0.206 8.04 17.25 3460
total −0.037 0.262 0.20 15.51 28012
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Fig. 1. Distribution of the difference of daily UV Cloud Modification Factors (UV CMF) modelled
based on the algorithm of the European Solar Radiation Atlas (ESRA) and the Netherlands
National Institute for Public Health and the Environment (RIVM) to predict total global irradiation.
183 European sites 2000 and 2001 with measured daily sums of total global radiation.
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Fig. 2a. Daily sums of measured total global radiation and modelled clear sky (left) accumu-
lated from hourly values, as well as for erythemal UV doses (right): Bergen 1999 + 2002,
Potsdam 2002, and Davos 2002. 208
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Fig. 2b. As Fig. 2a: Thessaloniki 1999 + 2002, Everglades 2005, and Lauder 2005.
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Fig. 3. Scatter plots of measured (UVImeas) and modelled UV Index (UVImod) and regression
analysis for 3 bins of Cloud Modification Factors (CMF): Bergen 1999 + 2002, Potsdam 2002,
Davos 2002, Thessaloniki 1999 + 2002, Everglades 2005, and Lauder 2005.
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(RIVM) originally derived for daily sums.
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Fig. 5a. Absolute differences of measured minus modelled hourly UV Index (left) and relative
difference related to measured values (right), black: UV CMF>0.75, blue 0.75>UV CMF>0.5,
red UV CMF<0.5 : Bergen 1999 + 2002, Potsdam 2002, and Davos 2002.
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Fig. 5b. As Fig. 5a: Thessaloniki 1999 + 2002, Everglades 2005, and Lauder 2005.
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Fig. 6. Model performance for UV Index using hourly resolved UV CMF’s (magenta coloured
“C”) compared to that for daily erythemal effective UV doses of the COST-726 modelling ex-
ercise (Koepke et al., 2006). Taylor diagrams from all available model – measurement pairs
of the absolute and relative differences to smoothed averages of the measurements. The red
triangles mark the measurements and the green circles the group closest to them. Overlapping
model letters inside the green circles are: absolute differences: A, B, C, D, E, F, H, K; relative
differences: D, E, F, I, K.
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