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[1] Measurements of spectral and multichannel UV radiation became more common in
the middle and late eighties after the discovery of the ‘‘ozone hole,’’ but time series for
these measurements are still relatively short for the determination of trends to be applied in
geophysical and biological studies. However, systematic measurements of total column
ozone have been performed since the late 1950s at several stations, and global coverage
has been available since the late 1970s. Also, long-term time series of broadband
instruments (Pyranometers, UV and erythemally weighted) are available from many sites
around the world. In this paper a multiregressive model that enables the inference of
spectral or narrow band UV irradiances from total ozone column and broadband
irradiance, in places where relatively short time series of UV spectral irradiances are
available, is proposed. To test the model, measurements of irradiances performed at three
of the stations in the NSF UV Radiation Monitoring Network, under all weather, solar
zenith angle and surface conditions, were used. The model generated very good results
over a wide variety of situations. Pyranometer data from the NOAA/CMDL surface
radiation budget database for South Pole and Barrow Stations were used to estimate daily
integrated narrow band irradiances. A time series of monthly means for the narrowband
(303.030–307.692 nm) were then computed, dating back to the late 1970s. INDEX
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1. Introduction

[2] Measurements of spectral and multichannel UV radi-
ation are important in determining the effects of atmos-
pheric ozone depletion at the Earth’s surface. Since these
types of measurements became more common only after the
discovery of the ‘‘ozone hole,’’ time series are still relatively
short and many investigators have attempted to extend them
in order to obtain databases suitable to study the effects of
ozone depletion in the biosphere.
[3] Ground-level radiation is a function of several factors:

Sun-Earth distance, atmospheric gases and aerosols, solar
zenith angle, clouds, altitude and surface albedo. Geometric
factors (solar zenith angle and the Earth-Sun distance) are
very important in determining irradiances at the Earth’s
surface, and variability of irradiances as a function of these

parameters is well established. The irradiance variations
with time of the day, latitude and season result from a
change in the solar zenith angle. As consequence of the
variation in the Earth-Sun distance, extraterrestrial radiation
is 7% higher when summer solstice occurs in the Southern
Hemisphere, than during the Northern hemisphere summer
solstice [Frölich, 1987].
[4] Stratospheric ozone is the most important atmospheric

gas affecting ground-level UV irradiances and exhibit both
temporal and geographical variations. Higher ozone values
are typically observed at higher latitudes and lower values
in the tropical regions. Main temporal variations of this
parameter include a seasonal cycle, which is more pro-
nounced at high latitudes than at low latitudes, and day-to-
day variations. There are also temporal changes related to
the quasibiennial oscillation (QBO) [Huang, 1996; Randell
and Wu, 1996; Zerefos et al., 1998] and the 11-year sunspot
cycle and the 27-days Sun rotation [Chandra and McPeters,
1994; Lean et al., 1997; Zhou et al., 1997; Callis et al.,
2000; Zhou et al., 2000]. Short-term predictions of total
column ozone with some accuracy are possible over specific
sites, and estimation of long-term depletion on regional
scales is also possible. The dependence of ground-level UV
radiation on other atmospheric parameters such as aerosols
is under study [Erlick and Frederick, 1998; Kylling et al.,
1998a; Ilyas et al., 2001], and satellites have enabled global
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scale measurements of this parameter only in recent decades
[Herman et al, 1997; Krotkov et al., 1998].
[5] The presence of clouds may be responsible for large

changes in the irradiance at the Earth’s surface and their
effect is described by Mie scattering theory. Usually, clouds
attenuate the UV, although under broken cloud conditions,
an increase of up to 27% above clear sky values may be
observed [Frederick and Steele, 1995; Estupinan et al.,
1996]. This effect seems to be related to the vertical extent
of the cloud field [Wardle et al., 1997]. Cloud optical
properties impact on the irradiance is complex; neverthe-
less, simple relationships have been developed to calculate
the attenuation of irradiance in presence of clouds [Mo and
Green, 1974; Cutchis, 1980; Josefsson, 1986; Illyas, 1987;
Frederick and Steele, 1995; Chubarova et al., 1997; den
Outer et al., 2000]. Sometimes the presence of clouds may
mask ozone depletion. For example, strong ozone depletion
observed during overpass of the ozone hole in presence of
cloudy skies and high solar zenith angles, produced lower
irradiances than weaker ozone depletions on clear days, near
the summer solstice [Diaz et al., 1994].
[6] The above discussion suggests that inference of past

UV spectral irradiances is problematic, in some cases
because of the complexity of the relation between the UV
and the parameter, and in others because of the lack of
information on the variability of the parameter itself. Algo-
rithms have been developed to retrieve UV radiation at the
Earth’s surface from satellite data. The irradiance values are
calculated using derived values of ozone and aerosol
amounts, cloud and ground reflectivity, and extraterrestrial
solar flux [Cebula et al., 1994; Eck et al., 1995; Cebula et
al., 1996; Li et al., 2000].
[7] Alternatively, some methodologies have been pro-

posed to infer spectral irradiances from broadband measure-
ments. They allow extension of spectral time series through
the use of longer broadband irradiance time series from
networks of well-calibrated instruments. Ito et al. [1994]
developed an empirical model to derive daily integrated
UV-B irradiances from daily integrated global solar radia-
tion via an equation, which includes total ozone column and
solar zenith angle. Bodecker and McKenzie [1996] proposed
a semiempirical model based on meteorological variables
and total column ozone. The algorithm includes measured
broadband irradiance and clear sky erythemal and broad-
band irradiance calculated using (1) a statistical derivation
from measured data and (2) the output of a surface spectral
irradiance model. Fioletov et al. [2000] developed a stat-
istical model to derive spectral UV-B and spectrally
weighted irradiances from global solar radiation, in two
steps: (1) estimation of UV-A (324 nm) from global
radiation and (2) estimation of spectral UV-B or spectrally
weighted irradiance from irradiance at 324 nm. The model
also considered other parameters such as total ozone, a
cloud factor, clear sky irradiance at 324 nm and the cosine
of the solar zenith angle [Fioletov et al., 1997; McArthur et
al., 1999].
[8] In this paper a multiregressive model is proposed,

which can be used to estimate spectral, narrowband or
biologically weighted irradiances in places where long time
series of broadband measurements (UV-B, UV-A, UV-B
biologically weighted, pyranometer) are available. The
model discussed in this paper is very simple and, in spite

of that, it showed very good results. The model only needs
irradiance measured by broadband instruments and ozone
total column; it also considers SZA, which can be calculated
by a simple algorithm. Since ozone can be provided by
ground-based instrumentation, an advantage regarding to
the algorithms that involve satellite data is that irradiance
values prior to satellite ozone measurements (1978) can be
inferred. Also, no additional models are necessary, or
considerable computational resources. Since the same meth-
odology can be applied to different types of broadband
instruments, it would also be possible to convert time series
of several independent well-calibrated broadband instru-
ments of different types into a network, creating a database
of spectral or narrow-band irradiances, just adding a spectral
or multichannel travelling instrument, which would be used
to determine the regression coefficients.

2. Data and Methodology

[9] The model was derived from a regression analysis
performed to determine the contribution of geometric fac-
tors, clouds and ozone, jointly and separately, in the
variability of biologically effective irradiances at Ushuaia
[Diaz et al., 2000]. Assuming that the variation in bio-
logically effective irradiances may be considered as the
product of the variation associated with clouds and geo-
metric factors and an attenuation factor related to ozone
changes, a simple and a multivariate regression analysis of
biologically weighted daily integrated irradiances versus
total column ozone and daily integrated irradiances in the
band 337–342 nm based on Lambert-Beer Law was per-
formed by Diaz et al. [2000]. In that study, the band 337.5–
342.5 nm was considered an indicator of the variations of
clouds and geometric factors since (1) irradiances in the
UV-A, wavelengths above 320 nm, may be considered
independent of ozone changes; (2) although a wavelength
dependence in cloud transmittance has been reported [Seck-
meyer et al., 1996; Frederick and Erlick, 1997; Kylling et
al., 1998b], as a first approach, it may be considered that
clouds have a similar behavior in the UV-B and UV-A; and
(3) geometric factors affect both UV bands, although with
different magnitude [Diaz et al., 2000]. From the previous
paragraph, orthogonality of the selected variables is clear,
since irradiances in the band 337.5–342.5 nm are inde-
pendent of ozone and vice versa. This is also reflected by
the low R2 between the two variables (0.004 < R2 < 0.06,
depending on the month).
[10] Taking into account that an exponential relationship

is observed between biologically effective irradiances and
UV-A irradiances, which is a consequence of the depend-
ence of the first one on total column ozone, while the
irradiances in the UV-A are independent of it, the proposed
multivariate equation was

ln Es ¼ a1 ln Eb þ a2O3 þ b ð1Þ

where Es is the biologically weighted daily integrated
irradiance; Eb is the 337.5–342.5 nm daily integrated
irradiance; O3 is the total column ozone (daily value); and
a1, a2, and b are the regression coefficients, determined
using least squares methods.
[11] Based on the results of the analysis, a multiregressive

model was, then, proposed to estimate biologically weighted
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irradiances as function of a narrow UV-A band and total
column ozone. Instruments measuring solar irradiance
usually do not integrate in a narrow band as 337.5–
342.5 nm, except for spectroradiometers; thus, it was
considered that the proposed model needed to be modified
and tested under more general and realistic conditions to be
practical.
[12] In the present paper, the multiregressive model has

been adapted to infer biologically weighted, spectral or
narrow-band UV-B irradiance, using as a proxy for clouds
broadband instruments measurements (for example, UV-B
or erythemally weighted irradiance). In Figure 1, validity of
the relationships proposed in equation (1) for this new
approach is shown. Figures 1a and 1b show scatterplots
of the logarithm of daily integrated irradiance in the band
303.030–307.692 nm versus the logarithm of daily inte-
grated UV-B (Figure 1a) and ozone total column (Figure 1b)
for Ushuaia, where linearity of the proposed relationships is
observed. Homoscedasticity of the residuals is also clear,

which is confirmed in Figures 1c and 1d, where an even
distribution of the residuals is observed as a function of the
logarithm of the estimated irradiance in the band 303.030–
307.692 nm. Since, as concluded by Diaz et al. [2000], the
correlation of biologically weighted irradiance (in this case
303.030–307.692 nm) with ozone is very low, except when
large ozone changes occur, in Figures 1b and 1d only data
for October are shown, since otherwise it would not be
possible to observe any relationship.
[13] When testing the model using visible or global

irradiances as a proxy for clouds, it was empirically deter-
mined that, in those cases, better results were obtained when
adding the solar zenith angle as one of the variables. Then,
equation (1) was modified as follows:

ln ES ¼ a1 ln Eb þ a2O3 þ a3 jþ b ð2Þ

where Es is spectral, narrowband or biologically weighted
daily integrated irradiance; Eb is broadband daily integrated

Figure 1. Linear relationship of the logarithm of daily integrated irradiances in the band 303.030–
307.692 nm versus (a) the logarithm of daily integrated UV-B and (b) ozone total column for Ushuaia. (c,
d) Homoscedasticity of the residuals. Since the correlation of irradiance 303.030–307.692 nm with ozone
is very low, except when large ozone changes occur; only data for October is shown in Figures 1b and 1d.
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Figure 2. (a, b, c), Historical mean (1991–1997) and standard deviation of the maximum daily values
for the band 337.5–342.5 nm, as a proxy for cloud cover. (d, e, f ) Historical mean and standard deviation
of daily total column ozone.
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irradiance; O3 is total column ozone (daily value); j = solar
zenith angle averaged daily value, and a1, a2, a3 and b are
the regression coefficients, determined using least squares
methods.
[14] When using broadband measurements, instead of the

band 337.5–342.5 nm, orthogonality of the variables needs
to be tested, since the band proposed as a proxy for clouds,

in this case, includes information on ozone variability and
the relevance of that information will vary with the inte-
grated band (for example, the erythemally weighted irradi-
ance will provide more information on ozone changes than
the irradiance measured with a pyranometer). The R2 for
pyranometer and erythemally weighted irradiances with
ozone total column were calculated to test orthogonality

Figure 3. Daily integrated irradiances, measured and estimated from different bands.
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of the variables. In the first case, the R2 were low and were
nonstatistically significant (bellow 0.02), while for the
erythemally weighted irradiance the R2 varied between
0.0004 and 0.27. In both cases a few larger values were
observed, but, since 337.5–342.5 nm (independent of
ozone) showed about the same value of R2 when correlated
with ozone, then, the observed relationship results, indeed,
from a coincidence between ozone and cloud variations.
From the previous results it is concluded that the orthogon-
ality of the variables can still be considered valid.
[15] In the work of Diaz et al. [2000] the band 337.5–

342.5 nm was used as proxy for clouds, assuming that, as
first approach, clouds transmittance can be consider the
same in the UV-B and UV-A. In the present paper a more
general situation is considered, where even pyranometer
measurements are proposed as clouds proxy. To test the
validity of this approach, the R2 for 337.5–342.5 nm and
visible irradiances were calculated, and values were above
0.97 for all sites. Also, where available, the R2 for 337.5–
342.5 nm and pyranometer measurement were calculated; in
this case the values were above 0.96. Then, it is concluded
that pyranometer measurements can be considered a proxy
for clouds as good as 337.5–342.5 nm.
[16] The model was tested for different locations, present-

ing a variety of situations regarding to ozone and cloud
cover and, also, variability of the results with wavelength
was analyzed.
[17] The multiregressive model was solved to compute

daily integrated irradiances for the period January 1993
through December 1998 for Ushuaia (54�490S, 68�190W),
South Pole (90�S, 0�) and San Diego (32�450N, 117�110W),
using yearly data under all weather conditions, which
included different cloud covers, solar zenith angles and
albedo situations. Then, using the regression coefficients
obtained from this period, the model was tested for the time
series January 1992 through June 2000 for South Pole and
Ushuaia, and November 1992 through August 2000 for San
Diego.

[18] The selected sites show important differences in the
patterns of ozone and cloud variability (Figure 2). Ushuaia
experiences large daily ozone variations during the spring
because of the presence of the ‘‘Ozone Hole’’ and is under
rather cloudy skies. South Pole experiences the ‘‘Ozone
Hole’’ at the beginning of the spring and remains in that
condition for most of that season, under fairly clear skies.
Finally, San Diego is a typical midlatitude site.
[19] To avoid the contribution of errors generated by

instrument differences, such as collector response and
calibration, the model was first tested using both, spectral
and broadband irradiances, obtained from the NSF UV
Radiation Monitoring Network. Details on the Network
and the spectroradiometer SUV–100 are described in sev-
eral publications [Booth et al., 1994, 1998].
[20] As a second step, the Eppley UVRadiometer (TUVR)

and Eppley Pyranometer (PSP), which are mounted as
auxiliary sensors side by side with the SUV-100 spectror-
adiometers at South Pole and Ushuaia, were used as source
for the broadband irradiances. Finally, data from the CMDL
surface radiation budget monitoring program at South Pole
and Barrow were used to test the model and estimate
narrowband irradiances back to the latter part of 1978.
[21] The irradiances from the NSF UV Radiation Mon-

itoring Network were provided by Biospherical Instruments
Inc. (C. R. Booth, NSF UV Radiation Monitoring Network,
volumes 1-6, 1992–2000 (available at http://www.biospher-
ical.com/nsf/index.asp)). The broadband simulated irradian-
ces from the SUV–100 were obtained from Database 3,
where they were calculated integrating the spectral measure-
ments in 1-nm steps. From this database we selected
erythemally weighted irradiances, UV-B, UV and a band
in the visible, as simulations of broadband instruments. In
the case of the erythemally weighted irradiances the weight-
ing function simulated the response of a biometer, then, the
effective irradiance, was calculated as

I ¼
Z l2

l1
Il lð Þ Wl dl ð20Þ

where I is the biologically effective irradiance (mW/cm2),
Il(l) is the irradiance at wavelength l(mW/cm2/nm), (l) is
the weighting function (action spectrum) dimensionless, l1
is 290 nm and l2 is 400 nm. In Database 3 the integration is
replaced by summing in 1-nm steps.
[22] There are two definitions for the UV-B band: (1)

290–315 nm and (2) 290–320 nm; although many photo-
biologists prefer the first one, in this study we have chosen
the second, since we wanted to check the model under a
broad variety of situations, and we considered that the band
290–315 nm would give a very similar result to erythemally
weighted irradiances. Also, since the largest wavelength
scanned by the SUV-100 is 620 nm, only the band 400–600

Table 1. Relative Error, RMS, in Percent, for the Estimated Daily

Integrated Irradiances and for Monthly Mean Daily Integrated

Irradiances, Narrowband 303.030–307.692 nm, Calculated From

SUV-100 Broadband Simulateda

Erythema UV-B UV Visible

Daily
South Pole 4.17(0.9964) 4.28(0.9965) 8.12(0.9864) 8.66(0.9849)
Ushuaia 5.79(0.9974) 6.07(0.9932) 10.96(0.9833) 14.55(0.9766)
San Diego 3.63(0.9979) 4.66(0.9952) 8.37(0.9856) 10.11(0.9804)

Monthly Mean
South Pole 1.54(0.9983) 1.95(0.9978) 2.50(0.9985) 2.85(0.9978)
Ushuaia 1.35(0.9998) 1.58(0.9997) 3.20(0.9983) 3.51 (0.9980)

San Diego 1.43(0.9996) 1.84(0.9991) 3.39(0.9970) 4.42(0.9948)
aR2 is provided in brackets.

Table 2. Relative Error, RMS, in Percent, for the Estimated Daily Integrated Irradiances, at Different

Narrowbands, Calculated From SUV-100 Broadband Simulated Erythemally Weighted and Visible Irradiancesa

298.507–303.030 nm 303.030–307.692 nm 307.692–312.500 nm 312.500–317.500 nm

From erythema 7.20(0.9941) 3.63(0.9979) 2.01(0.9988) 2.34(0.9974)
From visible 14.04(0.9749) 10.11(0.9804) 7.74(0.9836) 6.22(0.9874)

aR2 is provided in brackets.
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nm was considered in the visible. Finally, the UV band is
the summation of UV-B and UV-A (290-400 nm).
[23] Total column ozone was provided by NASA Goddard

Space Flight Center [McPeters and Beach, 1996, 2000;
McPeters et al., 1996, 1998; R. McPeters and E. Beach,
TOMS Nimbus-7 and Meteor-3, version 7, 1996 (available
at http://toms.gsfc.nasa.gov); R. McPeters and E. Beach,
TOMS Earth-Probe, 2000 (available at http://toms.gsfc.nasa.
gov); J. Herman, ADEOS TOMS, version 7, User’s Guide,
1998 (available at http://toms.gsfc.nasa.gov)]. Data are

available from three different satellites dating back to 1978,
with a gap between January 1995 and September 1996,
winter gaps in South Pole and some additional minor gaps.
[24] Broadband pyranometer data collected by NOAA/

CMDL at South Pole from January 1976 to December 1998
(with a few minor gaps) were also available.
[25] When solving the model, it was observed that better

results were obtained when data were grouped by month.
Using monthly data, the error in the regression equation
coefficients diminished, particularly in winter months, since

Figure 4. Daily integrated irradiances monthly mean, measured and estimated from different bands.
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they do not contribute significantly when included with
other seasons at the moment of applying least squares.
[26] After daily integrated values were modelled, monthly

mean values for measured and estimated daily values were
calculated and compared. Months with 15 days, or more, of
available data were used to evaluate the RMS relative error
and R2.

3. Results

3.1. Spectral From SUV-100

[27] The narrowband (303.030–307.692 nm) was esti-
mated solving the regression equation for the period 1993–
1998 from the following broadband data: UV-B (290–320
nm), UV (290–400 nm), UV erythemally weighted, and the
portion of the visible measured by the SUV-100 (400–600
nm). The scatterplots for measured and inferred irradiances
are illustrated in Figure 3. The equations of the regression
lines relating measured and estimated values exhibit negli-
gible effects of systematic over or under estimation of the
model (b near zero and slope near 1).
[28] The RMS relative errors in percentage and R2 are

listed in Table 1. The results are consistent with the cloud and
ozone patterns mentioned above. At Ushuaia, the site with
higher error and lower R2, higher complexity in the behavior
of both parameters is present. This location also possesses
the highest variability in the albedo and, since this parameter
is not considered in the model, it can contribute to increase
the error. In all cases the best results were obtained for values
inferred from UV–B and erythemally weighted irradiances,
and the higher errors were associated with values derived
using the visible data, as could be expected.
[29] A statistical analysis of the significance of the

coefficients of the regression equation was performed using
the critical test, which determines if the parameter selected is
an important variable when estimating the spectral irradi-
ance. The results suggest that all of the coefficients of the
regression equation are significant (a = 0.01). When the
analysis was performed grouping the days by month, the
coefficient for solar zenith angle (SZA) shows less signifi-
cance in those months where that parameter presents a
small variation during the period (for example, December
or June in Ushuaia). Also, at South Pole, due to the
relatively lower cloud amount [Warren et al., 1986], and
hence fewer cloudy sky irradiance cases, the coefficient for

the broadband irradiance (cloud indicator) is comparatively
less significant. In contrast, the same coefficient shows the
highest significance in Ushuaia, where the presence of
clouds is very important. The coefficient for SZA is more
significant when broadband visible irradiances are used
than for erythemally weighted irradiances, as discussed
above. This is because the variation imposed by this
parameter in the erythemally weighted data is very similar
to the variation in the 303.030–307.692 nm data. Finally,
the Fcritical test shows that the results are statistically
significant for a = 0.01.
[30] In order to study the variability of these results with

the wavelength of the estimated irradiance, a variety of daily
integrated narrowband irradiances were calculated from
erythemally weighted and visible broadband irradiances at
San Diego. The results are tabulated in Table 2 where it is
observed that the minimum error for the irradiance modelled
from the erythemally weighted irradiance is observed near
the peak of the weighted irradiance, and for values modelled
from the visible band, the error diminishes as the wave-
length increases, as could be predicted in both cases.
[31] The monthly mean values for the measured and

estimated daily integrated irradiances were calculated. The
scatterplots for the monthly mean of the measured and
inferred daily integrated irradiances for the narrowband
(303.030–307.692 nm) are shown in Figure 4. The RMS
relative errors in percent, for months with 15 or more days,
and the R2 are shown in Table 1. The results show that the
model is suitable for use in estimating irradiances to
determine trends.
[32] Regression coefficients computed for the 1993–1998

period were used to test the model for the period January
1992 through June 2000 for South Pole and Ushuaia, and
November 1992 through August 2000 for San Diego,
except for the period where satellite ozone is not available
(mainly all 1995 and part of 1996), and some minor gaps.
The results are summarized in Table 3, where some increase
is observed in the errors, particularly in the high–latitude
sites, but the values still make them suitable for the use in
trend analysis.

3.2. Spectral From Eppley SUV-100

[33] The TUVR instrument is an Eppley UV Radiometer
provided with a Teflon collector that follows Lambert
cosine response, with an encapsulated interference filter
that limits the bandwidth to the range 295 to 385 nm. The
PSP instrument is an Eppley Pyranometer provided with

Table 3. Relative Error, RMS, in Percentage, for Daily Integrated

and Monthly Mean of Daily Integrated Irradiances, Narrowband

303.030–307.692 nm, Calculated From SUV-100 Broadband

Simulateda

Erythema UV-B UV Visible

Daily
South Pole 5.71(0.9964) 5.49(0.9968) 10.36(0.9852) 10.29(0.9835)
Ushuaia 6.42(0.9971) 6.45(0.9935) 11.96(0.9836) 15.69(0.9760)
San Diego 3.56(0.9980) 4.70(0.9952) 8.99(0.9833) 11.00(0.9758)

Monthly Mean
South Pole 2.75(0.9985) 2.90(0.9984) 5.06(0.9929) 5.50(0.9915)
Ushuaia 2.55(0.9991) 2.49 (0.9988) 3.58(0.9976) 4.29(0.9978)
San Diego 1.47(0.9995) 1.93(0.9989) 4.17(0.9948) 5.49(0.9910)

aFor the period January 1992 through June 2000 for South Pole and
Ushuaia, and November 1992 through August 2000 for San Diego, using
the model developed for 1993–1998. R2 is provided in brackets.

Table 4. Relative Error, RMS, in Percentage, for Estimated Daily

Integrated Irradiances and Monthly Mean of These Irradiances,

Narrowband 303.030–307.692 nm, Calculated From Eppley UVP

and PSP(1993–1998) and Extended to 1992–2000a

Daily Monthly

UVP PSP UVP PSP

1993–1998
South Pole 8.44(0.9832) 8.55(0.9832) 3.13(0.9977) 2.90(0.9977)
Ushuaia 11.85(0.9860) 15.50(0.9785) 4.66(0.9985) 5.57(0.9943)

1992–2000
South Pole 9.54(0.9851) 9.82(0.9851) 4.86(0.9964) 5.09(0.9965)
Ushuaia 13.37(0.9846) 16.85(0.9779) 5.10(0.9976) 5.60(0.9936)

aR2 is provided in brackets.
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two hemispheres of Schott optical glass (WG295), which
have a flat transmittance between 285 to 2800 nm. These
instruments are calibrated on a yearly basis by Biospherical
Instruments Inc., while the site visit of the SUV-100 is
performed. Only two of the three stations considered in this
study, Ushuaia and South Pole, have these instruments
available as part of the system.
[34] The model was used to infer the band (303.030–

307.692 nm) from the broadband irradiance measurements
obtained from each of these instruments. The results for the
period 1993–1998 and the extended period (1992–2000)
are summarized in Table 4. The errors are, in general,
slightly higher but similar to those obtained for the SUV-
100 for the UV and visible bands. Both daily integrated and
monthly means show higher errors for Ushuaia than for
South Pole, and the causes for this have been discussed in
section 3.1. It was observed that in some cases, when the
regression coefficients had slightly lower values, it was

related to the fact that the pyranometer was covered with
snow, while the SUV was free of snow due to the heated
collector.

3.3. Spectral Broadband Irradiances

[35] As an example of the possibilities of the model, the
algorithm was applied to extend time series of narrowband
irradiances at South Pole and Barrow. Pyranometers
deployed by the NOAA/CMDL at their South Pole and
Barrow (Alaska) baseline stations were characterized and
calibrated at the NOAA/CMDL Solar Radiation Facility in
Boulder Colorado. The pyranometers used by NOAA/
CMDL are of the double dome type, with a single black
detector, and each pyranometer was characterized for angu-
lar and temperature response. The CMDL sensors were
selected for optimal operation at high latitudes. All calibra-
tions are traceable to absolute cavity radiometers, which are
in turn traceable to the World Radiometric Reference
(WRR) in Davos Switzerland [Nelson, 2000].
[36] Using spectral data from the NSF UV Radiation

Monitoring Network and broadband data from the NOAA/
CMDL solar radiation database, the regression model was
solved for South Pole and Barrow for the period 1993–
1998. At South Pole, the differences between measured and
estimated spectral daily integrated irradiances in the
(303.030–307.692 nm) band resulted in an R2 of 0.9833
and a RMS error of 8.58%, while for the monthly means the
R2 was 0.9964 with a RMS error of 3.28%; for Barrow the
values were R2 = 0.9839 and a RMS error = 15.25% for
daily integrated irradiance, and R2 = 0.9980 and RMS error
= 4.07% for monthly means. The higher error observed in
daily integrated values for Barrow are related to a larger
variability in cloud conditions at this site.
[37] To test if the observed agreement between measured

and estimated values could be extrapolated to infer values
back to 1978 accurately, the model was solved for the band
337.5–342.5 nm for South Pole. Since this site shows
relatively low cloud cover, no large interannual variation
for wavelengths independent of ozone should be observed,
unless a trend in cloud cover is occurring. In Figure 5,
historical maximum and minimum values for each Julian

Figure 5. Maximum and minimum historical values for
each Julian Day for irradiance 337.5–342.5 nm, used as a
proxy for cloud attenuation, measured by spectroradiometer
SUV-100/NSF (1991–2000), and estimated from CMDL/
NOAA pyranometer data (1978–1998), at South Pole.

Figure 6. Daily integrated irradiance 303.030–307.692 nm estimated from CMDL/NOAA pyran-
ometer and measured by spectroradiometer SUV-100/NSF, when available.
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Day for the estimated values in the period 1978–1998 are
shown, which do not show considerable dispersion. Also,
historical maximum and minimum values for each Julian
Day for the measured spectral irradiances (SUV-100) in the
period 1991–2000 are shown in the same figure. It may be
observed that extreme historical daily values for both time
series do not differ significantly, which suggests that the
results observed in the model test can be extrapolated. From
the geophysical point of view, this figure is also relevant,
since it suggests that for the period 1978–1998, no trend is
observed in the cloud attenuation effect at South Pole.
[38] Finally, the regression equation was applied to esti-

mate daily integrated irradiances in the (303.030–307.692
nm) band from November 1978 to December 1998. Figure
6 shows this modelled time series, and the measured SUV-
100 values, where available, for South Pole. A significant
increment is observed since 1985, reaching a more stable
situation in the middle nineties, which is consistent with

ozone depletion events. Monthly mean time series of
irradiances are shown in Figure 7, where the increase, in
this case, is evident since 1987. Some abnormal situations
are observed in Barrow since 1990, but the increase is not as
evident and does not appear each year as at South Pole.
[39] Considering that the most critical events that affect

the ozone column occur in October at South Pole and April
at Barrow, monthly means for these months were plotted in
Figure 8. At South Pole, an upward trend is observed in the
October means since 1983, with an increasing variability
after 1987, in accordance with ozone values. As a conse-
quence, October monthly means since the late 1980s are
around 300% larger than during the late 1970s and early
1980s at that site. At Barrow, on the other hand, larger
values are observed for 1990 and 1993, between 90 and
120% larger than values in the early 1980s, which are
related to ozone depletion. This statement is based in the
fact that ozone monthly means are lower those years and

Figure 7. Daily integrated irradiance 303.030–307.692 nm, monthly mean, estimated from CMDL/
NOAA pyranometer and measured by spectroradiometer SUV-100/NSF, when available.

Figure 8. Daily integrated irradiance 303.030–307.692 nm, monthly mean, estimated from CMDL/
NOAA pyranometer (solid bars) and, completing time series with values measured by spectroradiometer
SUV-100/NSF (open bars). Secondary axis shows monthly average of daily ozone total column from
satellite (TOMS) (diamonds). (left) October at South Pole. (right) April at Barrow.
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monthly global irradiances (from CDML pyranometers) do
not show significant changes relative to other years. In this
paper, only a brief analysis of South Pole and Barrow time
series is shown, and a more detailed study is being prepared,
which will be presented in a future publication.

4. Conclusions

[40] A multiregressive model was presented to estimate
spectral, narrowband or biologically weighted irradiances as
a function of total column ozone, broadband irradiances and
solar zenith angles.
[41] The model was solved and tested using various

combinations of narrowband and broadband irradiances,
total column ozone, weather, ground albedo and solar zenith
angles. Results suggest that the model may be reliable for
any site, since no restrictions were applied to sky condi-
tions, ground albedos or solar zenith angles. Differences due
to possible slight variations between instruments in the
collector response or calibration standards did not result in
important changes in the RMS relative errors.
[42] This model can be applied to improve existing

broadband instrument networks by adding, for example, a
travelling multichannel or spectral instrument. Since the
same methodology can be applied for different type of
broadband instruments, it would even be possible to convert
different type of well-calibrated independent instruments
into a network, adding a travelling instrument, as pointed
out above. Also, the existence of long-term well calibrated
broadband instruments time series can be considered as a
factor of decision, when the sites to install new spectral or
multichannel instruments have to be chosen.
[43] Finally, the model was used to estimate historical

narrowband data back to 1978 for South Pole and Barrow.
Model results suggest that the monthly mean daily integrated
irradiance at South Pole for the (303.030–307.692 nm) band
during October, would be around 300% higher since late
eighties relative to the late 1970s, while increases between 90
and 120% are present at Barrow during some spring periods.

[44] Acknowledgments. This publication was partially supported by
the CRN–026 of the Inter-American Institute for Global Change. The
authors want to thank P. Penhale and NSF Polar Programs, and CADIC/
CONICET for their support to perform this study. They also want to thank
C. R. Booth and the UV Group, Biospherical Instruments Inc (BSI), San
Diego for providing the irradiance databases and R. Mc Peters and J.
Herman, NASA GSFC for providing total column ozone. In addition, the
authors are grateful to NOAA/CMDL for providing the broadband irradi-
ance data for South Pole.

References
Bodecker, G. E., and R. L. Mc Kenzie, An algorithm for inferring surface
UV irradiance including cloud effects, J. Appl. Meteorol., 35, 1860–
1877, 1996.

Booth, C. R., T. B. Lucas, J. H. Morrow, C. S. Weiler, and P. A. Penhale,
The United States National Science Foundation ’s Polar Network for
monitoring ultraviolet radiation, in Ultraviolet Radiation in Antarctica:
Measurements and Biological Effects, Antarctic Res. Ser., vol. 62, edited
by C. S. Weiler and P. A. Penhale, pp. 17–37, AGU, Washington, D. C.,
1994.

Booth, C. R., J. E. Ehramjian, T. Mestechkina, L. W. Cabasug, J. S. Ro-
bertson, and J. R. Tusson, NSF Polar programs UV spectroradiometer
network 1995–1997 operations report, report, 241 pp., Biospher. In-
strum. Inc., San Diego, Calif., 1998.

Callis, L. B., M. Natarajan, and J. D. Lambeth, Calculated upper strato-
spheric effects of solar UV flux and NOY variations during the 11-year
solar cycle, Geophys. Res. Lett., 27, 3869–3872, 2000.

Cebula, R. P., E. Hilsenrath, and M. T. Deland, Middle ultraviolet solar
spectral irradiance measurements, 1985-1992, from SBUV/2 and SSBUV
instruments, in The Sun as Variable Star: Solar and Stellar Variations,
edited by J. M. Pap et al., pp. 81–88, Cambridge Univ. Press, New York,
1994.

Cebula, R. P., G. O. Thuillier, M. E. Van Hoosier, E. Hilsenrath, M. Herse,
G. E. Brueckner, and P. C. Simon, Observation of the solar irradiance in
the 200–350 nm interval during the Altas-1 mission: A comparison
among three sets of measurements: SSBUV, SOLPEC, and SUSIM, Geo-
phys. Res. Lett., 23, 2289–2292, 1996.

Chandra, S., and R. D. McPeters, The solar cycle variation of ozone in the
stratosphere inferred from Nimbus 7 and NOAA 11 satellites, J. Geophys.
Res., 99, 20,665–20,671, 1994.

Chubarova, N. Y., N. A. Krotkov, I. V. Geogdzhaev, T. K. Kondranin, and
V. U. Khattatov, Spectral UV Irradiance: The effects of ozone, cloudiness
and surface albedo, in Proceedings IRS’96: Current Problems in Atmo-
spheric Radiation, pp. 881–885, A. Deepak, Hampton, Va., 1997.

Cutchis, A., Formula for comparing actual damaging ultraviolet (DUV)
radiation doses at tropical and mid-latitude sites, Fed. Aviation Admin.
Rep.FAA-EE 80-21, U. S. Dep. of Transport., Washington D. C., 1980.

den Outer, P. N., H. Slaper, J. Matthijsen, H. A. J. M. Reinen, and R. Tax,
Variability of ground- level ultraviolet: Model and measurement, Radiat.
Prot. Dosimetry, 91(1–3), 105–110, 2000.

Diaz, S. B., C. R. Booth, T. B. Lucas, and I. Smolskaia, Effects of ozone
depletion on irradiances and biological doses over Ushuaia, Adv. Limnol.,
43, 115–122, 1994.

Diaz, S. B., G. Deferrari, D. Martinioni, and A. Oberto, Regresión análisis
of biologically effective integrated irradiances versus ozone, clouds and
geometric factors, J. Atmos. Sol. Terr. Phys., 62, 629–638, 2000.

Eck, T. F., P. K. Bhartia, and J. B. Kerr, Satellite estimation of spectral UVB
irradiance using TOMS derived total ozone and UV reflectivity, Geophys.
Res. Lett., 22, 611–614, 1995.

Erlick, C., and J. E. Frederick, Effects of aerosols on the wavelength de-
pendence of atmospheric transmission in the ultraviolet and visible, 2,
Continental and urban aerosols in clear skies, J. Geophys. Res., 103,
23,275–23,285, 1998.

Estupinan, J. G., S. Raman, G. H. Crescenti, J. J. Streitcher, and W. F.
Barnard, The effects of clouds and haze on UV-B radiation, J. Geophys.
Res., 101, 807–816, 1996.

Fioletov, V. E., J. B. Kerr, and D. I. Wardle, The relationship between total
ozone and spectral UV irradiance from Brewer observations and its use
for derivation of total ozone from UV measurements, Geophys. Res. Lett.,
24, 2997–3000, 1997.

Fioletov, V. E., L. J. B. McArthur, J. B. Kerr, and D. I. Wardle, Estimation
of long-term changes in ultraviolet radiation over Canada, paper pre-
sented at Quadriennial Ozone Symposium, Int. Ozone Comm., Sapporo,
Japan, 2000.

Frederick, J. E., and C. Erlick, The Attenuation of sunlight by high-latitude
clouds: Spectral dependence and its physical mechanisms, J. Atmos. Sci.,
54, 2813–2819, 1997.

Frederick, J. E., and H. D. Steele, The transmission of sunlight through
cloudy skies: An analysis based on standard meteorological information,
J. Appl. Meteorol., 34, 2755–2761, 1995.
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