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For many cases modeled and measured UV global irradiances agree to within 65% for cloudless condi-
tions, provided that all relevant parameters for describing the atmosphere and the surface are well
known. However, for conditions with snow-covered surfaces this agreement is usually not achievable,
because on the one hand the regional albedo, which has to be used in a model, is only rarely available and
on the other hand UV irradiance alters with different snow cover of the surface by as much as 50%.
Therefore a method is given to determine the regional albedo values for conditions with snow cover by use
of a parameterization on the basis of snow depth and snow age, routinely monitored by the weather
services. An algorithm is evolved by multiple linear regression between the snow data and snow-albedo
values in the UV, which are determined from a best fit of modeled and measured UV irradiances for an
alpine site in Europe. The resulting regional albedo values in the case of snow are in the 0.18–0.5 range.
Since the constants of the regression depend on the area conditions, they have to be adapted if the method
is applied for other sites. Using the algorithm for actual cases with different snow conditions improves
the accuracy of modeled UV irradiances considerably. Compared with the use of an average, constant
snow albedo, the use of actual albedo values, provided by the algorithm, halves the average deviations
between measured and modeled UV global irradiances. © 1999 Optical Society of America

OCIS codes: 030.5620, 260.7190, 290.1350, 120.5700, 350.5610.
1. Introduction

The observed decrease of stratospheric ozone has
launched an intense discussion with regard to poten-
tial changes of the UV radiation that reaches the
ground. The ozone decrease has a seasonal depen-
dence, with reduction rates that are highest during
winter and spring at northern mid-latitudes, reach-
ing approximately 6% per decade in February.1,2

Speculation about future ozone amounts, based on
model simulations, suggests that for the next few
decades ozone will remain at a low level.3,4 Poten-
tial increases of UV radiation in spring are of partic-
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ular interest, since biological effects at that time are
of high relevance for humans and plants, because
they are not well adapted to UV radiation. Because
of the frequent snow cover at this time of the year, the
estimation of actual and future dose rates by radia-
tive transfer modeling requires a precise description
of surface albedo for snow conditions. Since the frac-
tion between snow-covered and snow-free surface is
not routinely available, an algorithm is developed to
determine the regional albedo for present snow cover.
The expression regional albedo is used for an average
albedo value for a certain area that is the relevant
input value for radiative transfer models. In the
values of the regional albedo all effects of the spectral
dependencies of contributing areas with different lo-
cal albedo, the inhomogeneity of their distribution,
and the possible anisotropy are included. Routine
meteorological observations are used for a parame-
terization of regional snow-albedo values.

2. Influence of Surface Albedo on Ultraviolet Global
Irradiance

Surface albedo has an influence on global irradiance,
owing to scattering of radiation at the surface and to
backscattering of these photons to the ground. The
increase of UV spectral global irradiance that is due
20 June 1999 y Vol. 38, No. 18 y APPLIED OPTICS 3869
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to an increase of a wavelength-independent surface
albedo for cloudless conditions is shown in Fig. 1.
The results are determined by modeling with a radi-
ative transfer model, STAR,5 a matrix operator model
based on the discrete ordinate and adding method.6
The atmospheric conditions were chosen to represent
low aerosol impact and an ozone amount of 300 Dob-
son units ~DU!, which represents an ozone thickness
of 3 mm for standard temperature and pressure con-
ditions, also expressed by the unit of 0.3 atm cm. A
change of the albedo value from 0.0 to 0.8 increases
UV global irradiance by 30–40%. Even a small in-
crease of surface albedo from 0.0 to 0.2 leads to an
increase of global irradiance of more than 5%. For
spectrally constant surface albedo the albedo effect
increases in the UV-A with decreasing wavelength,
because of the increase of Rayleigh backscattering.
In the UV-B ~below 320 nm! the albedo effect de-
creases because of the ozone absorption of the back-
scattered photons. Owing to the isotropic scattering
of the surface, as used in the model, the albedo effects
are not dependent on solar zenith angle.7 A rough
approximation of the change of UV global irradiance
from E1 to E2 that is due to a surface-albedo variation
rom A1 to A2 is given in Eq. ~1!:

E2 2 E1

E1
5 0.4~A2 2 A1!. (1)

This formula fits best for wavelengths near 360 nm
but can be used as an approximation for the entire
UV wavelength range. For example, an increase of
albedo by 0.4 results in an increase of UV global
irradiance of 16%.

Albedo values found in the literature are usually
measured by two radiometers located close to the
ground, one oriented upward and one downward.
Thus only a small area is considered with homoge-
neous properties. Such measurements for different

Fig. 1. Increase of spectral UV global irradiance with surface
albedo compared with albedo of 0.03. The atmosphere represents
300 DU ozone and low aerosol impact ~aerosol optical depth of 0.1
at 550 nm!.
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surfaces during summer ~grass, trees, asphalt, etc.!
indicate that the albedo values are between 0.0 and
0.1 in the UV wavelength range.8,9 The spectral de-
pendence of the albedo is usually weak within the UV
and generally does not exceed 0.02.8,10,11 In the
presence of snow cover, albedo values in the UV
higher than 0.9 are reported for Antarctica.12 For
ld snow and at urban regions the values might be
lightly lower.13,14 Measurements with high spec-

tral resolution in the UV indicate that the spectral
dependence below 400 nm seems negligible.12 How-
ever, for use in radiative transfer models such local
albedo values often are not adequate, since terrains
homogeneously covered with snow do not occur.
Model calculations with a three-dimensional model
about the influence of albedo on UV global irradiance
suggest that the effective radius around the detector
for which the surface albedo has to be considered
exceeds 20 km.15 Consideration of regional albedo
values is simple for snow-free conditions, because of
the low variability of albedo values for different sur-
face types. The albedo range between 0.0 and 0.1
valid for conditions with a high portion of vegetation,
according to Fig. 1, affects UV global irradiance of
less than 5%. Hence the assumption of a regional
albedo of 0.03 for snow-free conditions is adequate for
UV modeling.16,17 For snow conditions the regional
albedo is more difficult to determine, since the range
of local albedo values is between '0.03 for snow-free
terrain and '0.90 for clean snow. Snow-free areas
can be roads, trees, roofs of buildings, etc., since they
often become snow free, even during periods with
snow cover. Airborne measurements of ground re-
flectivity give an albedo value of approximately 0.35
for a surface that is called snow covered but has a
ratio of deciduous trees to pasture land of 3y2.10 For
individual situations with different snow conditions
the regional albedo values can vary significantly.
Thus for radiative transfer modeling specific regional
albedo values have to be used for snow cover. A
method to determine such values on the basis of rou-
tine meteorological observations is presented.

3. Method

To obtain an algorithm for the derivation of regional
albedo values for conditions with snow cover, such
albedo values and corresponding observed snow data
are provided as input for a multiple linear regression
model. This parameterization is carried out for the
alpine site of Garmisch-Partenkirchen, Germany.

A. Observed Snow Data

The regional albedo for conditions with snow cover
depends to a major extent on the fraction of snow-
covered and snow-free parts of the surface. More-
over, the snow albedo is also related to snow quality,
in particular, to grain size and contamination with
dust and soot. Therefore parameters used to deter-
mine the surface albedo for implementation in a ra-
diative transfer model should hold some information
concerning the fraction of snow cover and, if possible,
the snow quality. The only information concerning
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snow conditions are the snow depth and the quantity
of fresh fallen snow reported each morning for the
previous 24 h. These observations are routinely
available at the meteorological sites run by the
weather service and are used in a multiple linear
regression model to determine the relevant surface
albedo.

B. Regional Albedo Values in Cases of Snow Cover

The actual regional albedo is derived from the best fit
between modeled and measured UV irradiances in
Garmisch-Partenkirchen. The radiative transfer
model STAR is used to simulate the irradiance mea-
surements in the UV-A, where the uncertainties of
oth measurement and modeling are by far lower
han in the UV-B wavelength region. The albedo
alue with the best agreement between model and
easurement is used as a true value for the actual

egional albedo. The regional albedo in the model is
ssumed to be spectrally constant and not dependent
n solar zenith angle, because other assumptions
ust be hypothetical in any case. It is known that

he spectral dependence of local albedo values in the
V wavelength range is weak. However, the effects

f inhomogeneity and anisotropy on the wavelength
ependence of the regional albedo are unknown. A
omparison with irradiance measurements, pre-
ented later in this paper, will show whether the
ssumption of a spectrally constant regional albedo
olds or whether the deviations between measure-
ent and modeling will be dependent on wavelength

ndyor solar zenith angle.
Spectral measurements of UV irradiance have

een performed at the Fraunhofer Institute in
armisch-Partenkirchen, Germany, continually

ince April 1994 with approximately 100 spectray
ay. The measuring site is located at 47.48 °N and
1.07 °E at 730 m above sea level. The ancillary
easurements are spectral aerosol optical depth in

he UV wavelength range and total ozone amount
erived from measurements of the direct UV irradi-
nce.18,19 Two pyranometers measure the solar

global irradiance and the direct component of the
solar global irradiance. A nearby observational site,
run by the German weather service, provides data
concerning snow and cloud observations.

To obtain data for a regression between regional
albedo values and snow observations, clear-sky con-
ditions when snow cover was present are identified in
a two-year data set, 1995 and 1996, with a major
focus on the year 1995. Snow cover was checked by
the routine observations. To avoid the influence of
clouds, both the routine observation and the daily
course of the direct pyranometer measurement were
checked for cloudless conditions. Only days with at
least half a day of cloudless conditions were used.
On those days the measured clear-sky UV spectra for
the smallest solar zenith angle were chosen, since the
uncertainties of both measurement and model calcu-
lations are minimized.

To apply this fit for determination of the albedo
values, an excellent agreement between measure-
ment and model simulation is necessary. This can
be proved for snow-free conditions when the uncer-
tainty of surface albedo is low and the deviations
between measurements and modeling should be
small and free of any systematic behavior. To guar-
antee this high quality, the UV spectra of the years
1995 and 1996 measured at the Fraunhofer Institute
under cloudless conditions when no snow cover was
present were compared with model calculations.
The actual barometric surface pressure, the actual
ozone amount, and the actual spectral aerosol optical
depth were combined with climatological means for
the vertical profiles of the atmospheric constituents
~pressure, temperature, humidity, ozone, aerosol
extinction!. As extraterrestrial solar spectrum
ATLAS 3,20 measured onboard a space shuttle mis-
sion, is used for the model calculations. We per-
formed a simulation of the measurements by
considering the true angular response of the detector
within the model, where not only the direct photons
but also the diffuse photons can be weighted pre-
cisely, since their angular distribution in the model is
known. The restricted view to the horizon is approx-
imated within the model by elimination of diffuse
radiation coming from the direction of the mountains.
The slit function of the double monochromator is sim-
ulated by a Gaussian function with a FWHM of 0.6
nm to convolute the modeled spectra to the same
spectral resolution as the measurements. Since the
influence of the surrounding mountains and the
deviations from the ideal cosine weighting of the de-
tector are simulated within the model, the measure-
ments are not corrected in this regard. The
measurements are corrected for a wavelength shift by
use of an algorithm that analyzes the correlation be-
tween the measured spectral data and the Fraun-
hofer lines of the Sun.21 In Fig. 2 the ratios between
the values for 207 measured and modeled spectral
global irradiances are shown for three wavelengths in
the UV-B and the UV-A. Only spectra with corre-
sponding routine observations that reported cloud-
less and snow-free conditions were selected. The
hourly cloud observations are related to all spectra
recorded between 0.5 h before and 0.5 h after. A
slight zenith angle dependence of an average devia-
tion between model and measurement of 0% for 30°
and 5% for 80° solar zenith angle, comparable with
those found by Mayer et al.18 and with the updated
comparison presented by Herman et al.,22 has been
corrected as well by an empirical correction term.
This procedure is necessary for avoiding the misin-
terpretation of any systematic deviations to be an
albedo effect. The correction applied here to the
snow-free cases is also used below for the cases with
snow cover. In the UV-B the ratios for the wave-
ength 310 nm in Fig. 2 seem to have an offset, but the
igh values close to 1.1 are produced mainly with
ata from only one day, 12 November 1995. From 4
o 10 November 1995 snow cover was reported.
robably on 12 November 1995 the remainder of the
now covered the slopes of the surrounding moun-
ains, leading to higher measured UV irradiance.
20 June 1999 y Vol. 38, No. 18 y APPLIED OPTICS 3871
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Table 1. Selected Albedo Values, Snow Depth, and Number of Days

3

However, since these cases with ratios greater than
1.07 at 310 nm represent approximately 10% of all
data, the average ratio between measurement and
model at 310 nm for all spectra is found to be 1.02.

4. Results

Stable cloudless conditions of at least 12 hyday in the
presence of snow cover occurred on 14 days, during
the years 1995 and 1996. For the spectra at the
smallest solar zenith angle on those days the model
simulations were brought into agreement with the
measurements by adjustment of the albedo value in
the model. The results of this procedure are sum-
marized together with the values of the routine ob-
servations in Table 1. The information concerning
the fresh fallen snow during the previous 24 h was
converted to information that gives the number of
days that passed since the last time at least 2 cm of
fresh snow fell.

The albedo values A, together with the correspond-
ing snow depth H ~in centimeters! and the number of
days that passed since the last fresh snow was falling
N, were used for the linear regression model. H
varies between 2 and 60 cm, and N covers the range
of 0–6 days ~Table 1!. The result of the regression is
Eq. ~2!:

A 5 0.40 1 1.72 3 1023H 2 3.61 3 1022N. (2)

s expected, H increases the surface albedo slightly
nd N decreases it strongly. The fact that N has a

strong influence on A is in agreement with several
considerations. After fresh fallen snow, trees, roofs,
and roads usually lose their total snow cover within 1
or 2 days, even if the temperatures remain cold.
With increasing age of the snow surface the albedo
values decrease rapidly within several days, even if

Fig. 2. Ratio between measured and modeled spectral UV global
irradiance for three wavelengths ~E, 310 nm; X, 342 nm; and F, 380
nm! for cloudless and snow-free conditions.
872 APPLIED OPTICS y Vol. 38, No. 18 y 20 June 1999
the snow remains clean.23 This albedo decrease is
explained by changes in the structure of the snow
crystals. Additionally, the contamination by soot,
dust, etc., increases as the snow ages.

For the definition range of H ~2–60 cm! in combi-
nation with N ~0–6 days! the equation covers albedo
values between 0.19 and 0.50. The coefficient of de-
termination r2 is 0.78. However, since only 14 tri-
ples of data were used, the r2 value has to be rated
carefully, although the F statistic24 indicates that
this value for the coefficient of determination is sig-
nificant on the 95% significance level. The F statis-
tic is given by

F 5
r2

1 2 r2

n 2 ~k 1 1!

k
, (3)

with the degrees of freedom n1 5 k and n2 5 n 2 ~k 1
!. k is the number of random variables ~here 2!,
nd n is the number of data points ~here 14!.
This significance suggests that the routine obser-

ations of the snow conditions used yield relevant
nformation for the estimation of the actual regional
lbedo. We could obtain no significant improvement
f the regression by taking into account other vari-
bles such as air temperature, air humidity, rainfall,
tc., that might contain additional information about
he snow quality. Moreover, nonlinear regressions
id not give a significant improvement either. For
he testing of the algorithm all spectra were used
hen snow cover was present and when the hourly

outine observation reported cloudless conditions.
ince the criterion of undisturbed daily courses of the
irect pyranometer measurements was no longer re-
uired, a total number of 96 spectra could be used for
he test data set. All the spectra on those days for
hich the algorithm was developed are excluded. A

that Passed Since Last Fresh Fallen Snowa

Date
Albedo Value

~A!
Snow Depth

~H! ~cm!

Number of
Days ~N!

Since
Last

Snowfall

24 November 1995 0.175 8 4
25 November 1995 0.225 8 5
10 December 1995 0.275 10 5
10 March 1995 0.300 2 4
05 January 1995 0.375 38 1
05 March 1995 0.400 17 0
14 January 1995 0.475 60 0
21 November 1995 0.450 16 1
16 January 1995 0.500 37 0
31 January 1995 0.500 54 2
15 January 1996 0.225 16 6
01 February 1996 0.350 25 4
05 March 1996 0.400 40 1
09 March 1996 0.200 30 5

aAlbedo values are derived by best fit for the spectra for those
days that could clearly be identified as having undisturbed cloud-
less conditions.
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minimum criterion for the stability of the snow con-
ditions during the day was considered by elimination
of such cases when snow cover was reported, whereas
the snow depth H was 0 on the following day. The
est data set is based mainly on the year 1996, when
he snow conditions were significantly different from
hose in 1995. In 1996 long periods with no fresh
allen snow in association with cold temperatures
ere responsible for rather stable snow conditions in
armisch-Partenkirchen. As a consequence, the
aximum value of N was set to 6, since the algorithm
as developed for this range, although the periods
ithout fresh fallen snow are sometimes longer. In
ig. 3 the agreement between modeled and measured
V global irradiance for days with snow cover in
armisch-Partenkirchen is shown with the albedo
lgorithm of Eq. ~2!. The deviations are still gener-
lly within 65% for an observed variation of surface
lbedo between 0.21 and 0.45. Hence, when we use
he described algorithm for the parameterization of
he surface albedo for conditions when snow cover is
resent, the agreement between model and measure-
ent is comparable with the snow-free case.
The surface-albedo values estimated for the UV-A
avelength range were applied to the UV-B, assum-

ng a spectrally constant albedo for snow conditions.
his assumption seems to hold roughly, because sys-
ematic deviations for the UV-B wavelength range,
epresented by the wavelength 310 nm in Fig. 3,
annot be found. Moreover, the albedo for surfaces
artially covered with snow is found to be nearly
onstant for different solar elevations, since no sys-
ematic deviations with solar zenith angle are evi-
ent.

Fig. 3. Ratio between measured and modeled spectral UV global
irradiance for three wavelengths ~E, 310 nm; X, 342 nm; and F, 380
nm! for cloudless conditions with present snow cover, with the
albedo algorithm.
5. Discussion

The agreement between measurements and model-
ing with snow-albedo values provided by the algo-
rithm is now compared with the case in which the
model calculations are carried out with a constant
average albedo for all days. Of course, such an av-
erage albedo is not available in most cases. For its
determination a large number of airborne measure-
ments or detailed comparisons between measure-
ments and model simulations are necessary. The
latter have been performed in Garmisch-
Partenkirchen with the result that the average al-
bedo for present snow cover was found to be 0.38
during a two-year time series starting in April 1994
and ending in April 1996.19 With this albedo value
all spectra of the test data set in Section 4 are mod-
eled again, and the resulting ratios between mea-
surement and modeling results are given in Fig. 4.
The deviations are slightly higher than those in Fig.
3 but still remain clearly within 610%. A portion of
these deviations are systematic, since the average
deviation in the UV-A is 0.957 in Fig. 4 and 0.983 in
Fig. 3. However, it can also be seen that the albedo
algorithm shows the ability to deal with the individ-
ual albedo conditions on different days such that the
deviations in global irradiance become smaller. The
average absolute deviations versus measurements
are doubled in the UV-A for the average albedo model
results ~4–6% in Fig. 4 compared with 2–3% in Fig.
3!.

The scattering range of the data as shown in Fig. 4
is related to the range of albedo values that occur.
During the observed clear-sky conditions within the
two years, the maximum albedo values were esti-
mated to be near 0.5. For locations where the max-

Fig. 4. Ratio between measured and modeled spectral UV global
irradiance for three wavelengths ~E, 310 nm; X, 342 nm; and F, 380
nm! for cloudless conditions with present snow cover, with a con-
stant surface albedo of 0.38 for all modeled spectra.
20 June 1999 y Vol. 38, No. 18 y APPLIED OPTICS 3873
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imum values are higher the deviations in an actual
case will also increase. Because of the relatively
small albedo variability found in Garmisch-
Partenkirchen, it could be expected that the modeling
approach with a constant albedo still yields satisfying
results. To demonstrate the differences between
both modeling approaches, the remaining deviations
are analyzed in more detail. The absolute devia-
tions for three wavelengths in the UV-A ~321, 342,
and 380 nm! are averaged with respect to wave-
length. Their frequency distributions are shown in
a histogram in Fig. 5. Whereas for constant surface
albedo the maximum frequency of the deviations is
near 5%, the employment of the algorithm shifts the
maximum frequency to deviations smaller than 2%.
The systematic deviations for the case with constant
albedo contribute only marginally to the different fre-
quency distributions. A correction of this systematic
error changes Fig. 5 only slightly. If the frequencies
of the absolute percentage deviations in the UV-B
~average of the ratio measurementymodeling for the

avelengths 300, 305, and 310 nm! are compared, the
ffects are smaller. On the one hand the algorithm
roduces albedo values for the UV-A wavelength

range that do not need to be perfectly valid for the
UV-B. On the other hand the percentage deviations
between measurement and modeling in the UV-B are
due not only to albedo uncertainties; uncertainties in
the ozone description within the model also contrib-
ute to the observed differences.

6. Conclusion

A method to parameterize regional albedo values in
the case of snow for use in a radiative transfer model

Fig. 5. Frequency distribution of absolute deviations between
modeling and measurement in the UV-A wavelength range ~aver-
ge of the absolute deviations at 321, 342, and 380 nm! for cloud-
ree conditions with present snow cover ~F, model calculations

when the snow albedo algorithm was used; E, calculations with a
constant albedo of 0.38 for all spectra!.
874 APPLIED OPTICS y Vol. 38, No. 18 y 20 June 1999
is presented. A multiple linear regression model is
applied that is able to explain most ~in the example,
78%! of the observed variation in albedo values. The
application of the regression algorithm to an indepen-
dent test data set showed that the resulting devia-
tions between measured and modeled UV global
irradiances for conditions with snow cover are not
significantly higher than for snow-free conditions.
Although the snow conditions in the test data set
were completely different from those for which the
algorithm was developed, no significant overestima-
tion or underestimation of albedo values could be
observed. The assumption of a regional albedo in
cases of snow cover that is independent of wavelength
within the UV and of solar zenith angle seems to hold
for the site of Garmisch-Partenkirchen.

The comparison between measured and modeled
UV spectra for cloud-free conditions when snow cover
is present, with an average surface albedo, gives rea-
sonable results as well. However, this good agree-
ment between modeling and measurements may
change for other locations where maximum values of
surface albedo, and consequently the range of varia-
tion, are higher. The knowledge of a reliable aver-
age surface-albedo value is not available in most
cases. Consequently, snow-albedo values from the
literature are generally used. The employment of
local albedo values near 0.8 that are commonly found
in the literature overestimates the regional albedo
considerably, because the snow cover is not continu-
ous in most cases. For the example of Garmisch-
Partenkirchen, the usage of such an albedo value
leads to systematic deviations between measurement
and modeling of approximately 20%, estimated on the
basis of Eq. ~1!. It can be concluded that the regional
lbedo relevant for UV modeling is much less than
he values usually given in the literature for snow.
owever, the results of Doda and Green,10 derived by

aircraft measurements, and which thus describe re-
gional albedos, give a value of 0.35 for snow-covered
ground, which is in good agreement with the results
found here for Garmisch-Partenkirchen.

The parameters used for the surface-albedo esti-
mation depend on the area conditions. The fraction
between snow-covered and snow-free surface is re-
lated to the portion of trees, houses, roads, etc. The
snow quality depends on environmental conditions
such as pollution. Therefore the constants of the
regression may need to be adapted if the algorithm is
used for areas different from Garmisch-
Partenkirchen.

The derivation of snow-albedo values with the in-
troduced method is not restricted to cloudless atmo-
spheres. For cloudy conditions the use of correct
albedo values is even more essential for radiative
transfer modeling, because of the enhanced backscat-
tering of photons reflected at the surface.

This study was funded by the Bundesministerium
für Bildung, Wissenschaft, Forschung und Technolo-
gie. We thank Manfred Kristen and the Deutscher
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Wetterdienst for providing observational data from
the observation stations at Garmisch-Partenkirchen.
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