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Summary

Sky luminance and spectral radiance has been characterised
at Neumayer, Antarctica for selected situations during the
austral summer 2003/04. Luminance has also been mea-
sured at Boulder, Colorado, USA in June 2003. The high
reflectivity of the surface (albedo) in Antarctica, reaching
values up to 100% in the ultraviolet (UV) and visible part of
the solar spectrum due to snow cover, modifies the radiation
field considerably when compared to mid-latitudes. A depen-
dence of luminance and spectral radiance on solar zenith
angle (SZA) and surface albedo has been identified. For
snow and cloudless sky, the horizon luminance exceeds the
zenith luminance by as much as a factor of 8.2 and 7.6 for
a SZA of 86° and 48°, respectively. In contrast, over grass
this factor amounts to 4.9 for a SZA of 86° and a factor of
only 1.4 for a SZA of 48°. Thus, a snow surface with high
albedo can enhance horizon brightening compared to grass
by a factor of 1.7 for low sun at a SZA of 86° and by a
factor of 5 for high sun at a SZA of 48°. For cloudy cases,
zenith luminance and radiance exceed the cloudless value
by a factor of 10 due to multiple scattering between the
cloud base and high albedo surface. Measurements of spec-
tral radiance show increased horizon brightening for in-
creasing wavelengths and generally confirm the findings for
luminance. Good agreement with model results is found
for some cases; however there are also large deviations
between measured and modelled values especially in the
infrared. These deviations can only partly be explained by
measurement uncertainties; to completely resolve the dif-
ferences between model and measurement further studies
need to be performed, which will require an improvement
of modelling the spectral radiance. From the present study

it can be concluded that a change in albedo conditions,
which is predicted as a consequence of climate change,
will significantly change the radiation conditions in polar
regions as well.

1. Introduction

Biological organisms react to changes in surface
radiation levels. For photosynthesis, the visible part
of the solar spectrum (400 to 780 nm), referred to
as photosynthetic active radiation (PAR), plays the
most important role (Karsten et al., 1999). The
biological effectiveness of incident radiation is
maximal in the UVB (280 to 320 nm), but varies
for different species. This provides the motivation
to conduct spectral measurements of radiation
parameters (Seckmeyer, 1997).

Spectral irradiance has been monitored at a
number of Antarctic sites for more than a decade
now (Bernhard et al., 2004; Takao et al., 1999).
Since most biological organisms are not horizon-
tally orientated, the knowledge of spectral radi-
ance would present an advantage over spectral
irradiance when assessing the impact of incom-
ing radiation on biological organisms. Further,
the fraction of diffuse UVB irradiance from glo-
bal irradiance and the presence of many biologi-
cally sensitive organisms that are only partially
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sheltered from the sky hemisphere predicates a
further need for sky radiance measurements
(Grant et al., 1997a). However, spectral measure-
ments of sky radiance in the Antarctic or the
Arctic have not been reported in the scientific
literature so far.

Sky radiance distributions have been measured
by Grant and Heisler (1997), Grant et al. (1997a)
and (1997b) focussed on West Lafayette, Indiana,
USA, and utilized broadband sensors sensitive to
three wavelength bands (UVB, UVA, and PAR).
They measured sky radiance for

— clear sky situations, defined by less than or
equal to 10% cloud cover determined by hemi-
spheric sky photographs and aerosol turbidity
measurements used as an indicator of the uni-
formity of sky conditions. Evidence of horizon
brightening in the UVA, but not in the UVB,
was found. Horizon brightening increased
with increasing SZA. Further, a region with
reduced radiance opposite the solar disk was
found (Grant et al., 1997a).

— translucent overcast skies, defined by a cloud
cover of greater than 90% determined by hemi-
spheric sky photographs and the solar disk
visible on the photographs. No region of re-
duced radiance opposite the sun was evident
in the translucent overcast distributions as was
perceived in the clear sky radiance distribu-
tions. Horizon brightening was observed for
high SZA (Grant et al., 1997b).

— obscured overcast sky, defined by a complete
cloud cover determined by hemispheric sky
photographs and a PAR transmittance of less
than or equal to 0.25. The results showed the
highest sky radiance at the zenith and a de-
cline of radiance towards the horizon (Grant
and Heisler, 1997).

In all three studies the authors indicated that
sky radiance distribution under higher surface
albedo conditions, such as snow cover, may dif-
fer from their results since the albedo strongly
influences the radiance distribution under all
cloud conditions.

One of the few measurements of spectral sky
radiance has been conducted by Blumthaler et al.
(1996). Measurements at various locations in
Europe have been performed to investigate a
variety of atmospheric conditions. However, there
were a lack of measurements over snow covered

surfaces. They found a variation in the spatial dis-
tribution of sky radiance in the UVB of only 2,
but in the UVA by up to a factor of 10. They
further concluded that due to increased scatter-
ing, sky radiance measurements in the UVB are
more sensitive to aerosol particles as well as tro-
pospheric ozone.

Weihs et al. (2000) have investigated the be-
haviour of sky radiance distribution under broken
cloud conditions. The aim of their work was to
quantify the alteration in ground UV radiance,
compared with those of cloudless skies, which
can occur due to broken cloud conditions. Their
results showed that, on average, the maximum en-
hancement in surface UV was due to the reflec-
tion of clouds located at 60° to 75° scattering
angle and at a viewing zenith angle lower than
30°. Thus, their result is also valid for zenith sky
radiance. Radiances from cloudy sky locations
were either higher by up to a factor of 2.5 or
lower with minimum values being only 8% of
the cloudless radiances.

A recent study by Huber et al. (2004) de-
scribes spectral sky radiance measurements over
a snow covered surface at an Alpine site. Due to
the mountainous surroundings, the ground was
inhomogeneously covered by snow. They also
compared their experimental data with model
results from a one-dimensional radiative transfer
model. Relative to the modelled situation with
homogeneously snow-covered terrain, diffuse sky
radiance over snow-free terrain, is reduced by
up to 40%, depending on solar zenith angle. They
indicate that diffuse sky radiance measurements
in a low aerosol environment are especially valu-
able for the assessment and validation of radia-
tive transfer models. Thus, diffuse sky radiance
measurements at an Antarctic site are especially
beneficial in this context. Huber et al. (2004)
express the need for additional measurements of
spectral diffuse sky radiance to comprehensively
validate radiative transfer models.

In order to understand radiation conditions in an
Antarctic environment it is vital to gain knowl-
edge about characteristics specific to Antarctica.
One major difference compared to other parts of
the world is the large glaciated area producing a
high surface albedo and affecting incident radia-
tion parameters. Therefore, one aim of this study
is to assess the influence of a high surface albedo
on incident spectral radiance and sky luminance.
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Both sky luminance and spectral radiance have
been characterised relative to viewing angle for
selected periods. A radiative transfer model is
evaluated for spectral radiance in an extended
wavelength range (290 to 1050 nm) and for high
surface albedo conditions. This case study will
provide a basis for the characterisation of direc-
tional radiation parameters in an Antarctic envir-
onment for specific atmospheric conditions, and
will contribute to a further understanding of ra-
diation processes in Antarctica.

2. Methods

Measurements of sky luminance and spectral
radiance have been performed at the German
Antarctic Neumayer Station situated on the
Ekstrom Ice Shelf on the Weddell Sea at
70°39’S, 8°15’W during the austral summer
2003/04. Neumayer is a favourable site to con-
duct radiation measurements. The majority of the
station is located beneath the snow surface. Only
during the summer campaign a few containers
are set up on the surface for the purpose of
accommodating additional scientific and tech-
nical staff. Thus, the obstruction of measure-
ments due to large buildings are minimised. Since
Neumayer is located on an ice shelf, the sur-
rounding surface is homogeneous i.e., a flat snow
covered surface.

2.1 Luminance

Sky luminance is detected by a Skyscanner dur-
ing all types of weather conditions. However,
during periods of spectral radiance measure-
ment, sky luminance could not be detected
because the Skyscanner was employed to point
the radiance entrance optics to the desired direc-
tion. The Skyscanner was specifically developed
by Czibula & Grundmann GbR (http://
www.photo-meter.com/) to be utilized in harsh
climates. 150 points evenly distributed across the
sky are scanned to measure the sky luminance
distribution. A scan of the complete sky takes
about 40 seconds and is performed every minute.
The opening angle of the entrance optics is 10°,
which is equivalent to a solid angle of 0.024 sr.
This leads to a 57% coverage of the complete
sky. As a quality control measure, during each
scan, the zenith luminance is measured six times
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Fig. 1. The response of the luminance sensor s(\) and the
response function of the human eye V() are shown. Devia-
tions can only be seen around 450 nm where the response is
low anyway

(it is expected to stay constant during each
scan). For each zenith measurement the azimuth
position of the detector is different. Fast moving
clouds, for example, can cause a deviation in
zenith luminance even within the short period of
one scan. Improper levelling of the Skyscanner
is another reason for varying zenith luminance.
In this case, the centre of the entrance optics is
never pointed towards the real zenith.

The response of the luminance sensor s(\) is
close to the response of the human eye (V()\)).
Both responses, s(\) and V(\), are shown in Fig. 1.
The luminance sensor itself has been calibrated
by Czibula & Grundmann GbR by a standard
method for determining luminance. For this pro-
cedure a luminance normal and an integrating
sphere are used. The inside of this integrating
sphere is highly reflective and has a well defined
opening through which the radiation reaches the
luminance sensor. The opening angle of the lumi-
nance sensor is 10°, but the exact value is not
relevant for the calibration since it is automati-
cally taken into account by the use of the inte-
grating sphere.

2.2 Spectral radiance

Spectral radiance is detected by pointing a cy-
lindrical input optics to a desired position in the
sky with the Skyscanner. The input optics has a
field of view (FOV) of 4.4°, which corresponds to
4.63 - 1073 sr when integrated. The collected light
is led into a Bentham DTMc300 spectroradio-
meter, which is described in detail by Wuttke
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et al. (2005). Similar instruments have been used
in UV monitoring at various sites and represent
state-of-the-art instrumentation (Bernhard and
Seckmeyer, 1999; Bais et al., 2001).

2.2.1 Data collection

The periods of spectral radiance measurements
have been determined based on model calcula-
tions performed prior to the campaign. The view-
ing direction opposite the sun (solar azimuth
angle 4 180°) has been found to be most interest-
ing because the variation of radiance for different
viewing zenith angles (VZA) was maximal dur-
ing cloud free cases. Cloudless situations have
also been favoured with respect to the planned
model evaluation. To account for the influence of
cloud cover, zenith radiance has been measured
for both overcast and cloudless sky. Two differ-
ent data collection protocols have been devel-
oped and applied:

1. Zenith radiance has been measured from
280 to 500 nm in steps of 0.25nm and from
501 to 1050 nm in steps of 1 nm to cover the
complete spectrum in a fine wavelength reso-
lution. These fine wavelength steps are neces-
sary for oversampling, which is recommended
by Seckmeyer et al. (2001) and in the estima-
tion of possible wavelength shifts. However,
it takes around 40 minutes to scan such a
spectrum, therefore the wavelength regions
have been restricted in the next data collection
protocol.

2. Zenithal scans of radiance have been per-
formed in limited wavelength regions. A
zenithal scan is defined by a constant viewing
azimuth angle (VAA) and varying viewing
zenith angles (VZA). In most cases, radiance
was detected from the zenith to the horizon in
steps of 10°. The preferred VAA was opposite
the sun (SAA 4+ 180°), thus in the backward
scattering part of the principal plane. The prin-
cipal plane denotes the plane of the azimuth
of the sun, passing through the zenith and
back down to the horizon at SAA + 180°.
Only limited wavelength regions have been
chosen in order to minimise the scan time for
one spectrum. To account for various spectral
ranges the following wavelength intervals have
been sampled: 304 to 306 nm (UVB), 319 to
321 nm (boundary between UVB and UVA),

349 to 351 nm (UVA), 399 to 401 nm (bound-
ary between UVA and visible), and 498 to
500 nm (visible with photomultiplier) in steps
of 0.25nm; 691 to 699 nm (visible with silica
diode), 796 to 804 nm (boundary between vis-
ible and IR), and 996 to 1004 nm (IR) in steps
of 1 nm.

2.2.2 Absolute radiance calibration

Absolute radiance calibration is based on mea-
surements of a 100 W tungsten halogen calibra-
tion lamp performed at Neumayer for each day
radiance measurements were taken, as well as
on 100 W lamp measurements performed in the
IMUK radiation laboratory. This 100 W stan-
dard was calibrated by Gigahertz Optik GmbH
(http: | Jwww.gigahertz-optik.com/) against lamps
calibrated at the German Physikalisch-Technische
Bundesanstalt (PTB). Gigahertz Optik maintains
a PTB-accredited calibration laboratory. The cal-
ibration accuracy of the 100 W standard was ad-
ditionally verified by comparing the lamp against
two independent 1000 W standards from PTB.
The deviation between the 100 W lamp and the
two 1000 W standards was less than 3% above
300nm and was relatively independent of wave-
length (see http://lap.phys.auth.gr/qasume/
Progress.asp?typeld = 2). This difference is with-
in the typical calibration uncertainty of 3.5% that
applies to lamps disseminated by standard labo-
ratories (Bernhard and Seckmeyer, 1999; Kiedron
et al., 1999).

The 100 W lamp measurements performed at
Neumayer serve to gain knowledge regarding pos-
sible changes in the spectroradiometer’s respon-
sivity over time. During the Antarctic campaign,
the calibration lamp has been deployed inside a
portable field calibrator to perform the radiance
calibration and stability tests. In order to abso-
lutely calibrate the spectroradiometer for radi-
ance, the complete bulb of the lamp has to be
in the field of view of the entrance optics. The
distance between lamp and entrance optics in the
field calibrator (40 cm) is too short for the lamp
to be completely in its field of view. Therefore, it
was necessary to measure the 100 W calibration
lamp at different distances in the laboratory after
the campaign. Furthermore, the radiometric in-
verse square law (DIN 5031, 1982) had to be
verified. It is not trivial that the input cylinder
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responds according to this law as the illumination
of the entrance slit of the monochromator is not
necessarily homogeneous. However, the mea-
surements showed that the inverse square law is
fulfilled for distances between 95 and 175cm
within 3%. The 100 W lamp has additionally
been measured at a distance of 141.5 cm. Then
the irradiance of the lamp was transferred to this
distance. The spectral responsivity of the instru-
ment can be described according to Eq. (1):
St(A)
N =E (1)

Sz(N\) is the signal of the spectroradiometer
when measuring the lamp, and E;()) is the spec-
tral irradiance of the lamp as stated in the cali-
bration certificate. With S3/\) being the signal
when measuring the sky, the sprectral irradiance is

E(\) = SFM((AA)) | )

To obtain the absolute spectral radiance a divi-
son by the value of the FOV in sr is necessary.
This method of absolute radiance calibration
has been applied previously, for example, by
Blumthaler et al. (1996). Other methods have
been applied which use a calibrated reflectance
plaque (see Meister et al., 2003; Mueller et al.,
2003). However, most results and conclusions of
this study are not based on the absolute value of
radiance, but on relative radiance distributions.
Despite its higher absolute uncertainty it is there-
fore justified to use this method.

On the day when the 100 W lamp was mea-
sured at large distances in the IMUK radiation
laboratory, it has also been measured in the port-
able field calibrator. This way, the calibration
lamp measurements performed at Neumayer have
been linked to those performed on the calibration
day.

The largest factor that contributes to the over-
all calibration uncertainty is the uncertainty in the
field of view (FOV), which is estimated to £7%.
This value is a consequence of the scale reading
precision of 0.25° when turning the entrance
optics. The calibration certificate of the 100 W
lamp is given in wavelength steps of Snm. The
values were interpolated to intermediate wave-
lengths with natural cubic splines; the associated
uncertainty is 0.2%. The 100 W secondary stan-
dard was calibrated at a distance of 50 cm whilst

for radiance calibration the irradiance was to be
transferred to a distance of 141.5 cm. The inverse
square law (Bernhard and Seckmeyer, 1999, 1997)
is applied to scale the irradiance values from a
distance of 50 cm to 141.5 cm and has an uncer-
tainty of £3%. The uncertainty caused by align-
ment errors of the lamps and the entrance optics
are about 0.1%. Although a high quality current
source is used, the precision of the current setting
is limited to £0.01%, resulting in an irradiance
uncertainty of approximately 0.1% at 300 nm.
Consecutive lamp measurements show a repro-
ducibility of about 2%. Together with the un-
certainty based on the transfer of the absolute
irradiance scale of 3% (see first paragraph in this
subsection), the combined uncertainty of these
main sources of calibration uncertainty, as de-
fined by Bernhard and Seckmeyer (1999), is 8.4%
at 300 nm.

3. Results and discussion

3.1 Luminance
3.1.1 Cloudless vs. cloudy luminance

Two different sky luminance distributions are
shown in Fig. 2, for a cloudless and an overcast
sky situation in the upper and lower panel, re-
spectively. Since it takes less than a minute to
record one scan of sky luminance distribution,
Fig. 2 represents an almost instantaneous picture
of the sky. The sky dome is projected onto a
plane. The absolute luminance is meant to resem-
ble a three dimensional picture. The zenith is in
the centre of the projection and the horizon is
at the edge. The geographical directions are in-
dicated by N (north), S (south), W (west), and
O (east). The grey dot represents the position of
the sun in the sky.

The cloudless luminance distribution shown in
the upper panel of Fig. 2 was measured on 12
December 2003 at 13:02 UTC (SZA =47.9°).
A rim at the horizon with higher values around
1.36 - 10* cdm 2 can be observed. In contrast, the
luminance at the zenith (black dot in the upper
panel) only reaches 1.8 - 10° cdm~2. This feature
is called horizon brightening and is also observed
in the measurements of spectral sky radiance
(see Section 3.2). The maximum luminance
with 4 - 10*cdm~2 occurs in the aureole, which



S. Wuttke and G. Seckmeyer

Fig. 2. Sky luminance distribution for a cloudless situation
measured on 12 December 2003 at 13:02 UTC (upper pa-
nel) and an overcast situation measured on 2 January 2004
at 12:20 UTC (lower panel). Geographical directions are
indicated by N (north), S (south), O (east), and W (west).
The grey spot represents the sun in the sky. Upper panel:
Horizon brightening can be recognised. The maximum
luminance occurs in a circumsolar ring around the sun
(aureole). Lower panel: Except for the local minimum
stretching in east—west direction and the rim at the horizon,
the sky luminance distribution is quite uniform

describes the circum-solar region. This maxi-
mum occurs because of single scattering in the
forward peak of the aerosol scattering phase
function (Lenoble, 1993). Aerosols in the periph-
ery of Antarctica are advected by long range
transport from their source region in the sur-
rounding Southern Ocean (Piel, 2004).

The feature observed in the aureole, with two
major and two minor maxima, is an artefact of
the scanning procedure. The sun is not always
in the centre of the scanning points surrounding
it and therefore the distance between the scan
directions surrounding the sun are not equal.
As a consequence, the measured luminance sur-
rounding the sun shows varying absolute values.
The measurements of sky luminance are reliable
at an angular distance of 12° from the sun, which
is fulfilled for most solar positions. The small

local luminance minimum close to the aureole
(see Fig. 2) is not described in the scientific lit-
erature and a possible reason for this has not been
found.

As the direct luminance of the sun is not mea-
sured as it is four to five orders of magnitude
higher than the sky luminance and the luminance
detector is not designed to cover such a large
dynamic range. When the sky luminance en-
trance optics is directed towards the sun, a shutter
prevents the strong direct radiation from entering
the system.

The overcast sky shows a different distribution
of luminance (see lower panel). This situation
was measured on 2 January 2004 at 12:20 UTC
(SZA =47.8°). The distribution of sky luminance
is comparably uniform. The luminance at the
zenith hardly deviates from the luminance at
the horizon reaching values of 1.85-10%cdm—2
and 1.74 - 10* cdm 2, respectively. A local mini-
mum with absolute luminances of roughly 65%
of the average luminance stretches from east to
west for all VZA. When the upper panel of Fig. 2
is observed closely, a slight minimum in the
east—west direction can also be observed. This is
not seen as clearly in the cloud free case due to the
lower absolute values of diffuse sky luminance.

Up to now, no explanation for this character-
istic has been found. Initially it was thought that
the weather protection container housing the in-
struments was responsible for a lower luminance.
Due to its blue colour less radiation is reflected
from the container compared to the snow surface
surrounding it. The influence of the container
was tested by rotating the Skyscanner by 90°.
After rotation, the local minimum was observed
in a north—south direction. Thus, the container
cannot be responsible for the reduced luminance.
Discussions with the manufacturer have not led
to a solution to this problem thus far. Currently, it
is assumed that the Skyscanner itself interferes
with the measurements. The order in which the
different directions are measured is calculated for
each scan by a method developed by Tregenza
(1987), which mainly depends on SZA. A sys-
tematic behaviour combining the order of scan
points and the occurrence of the local minimum
cannot be observed. Detailed experiments have
to be performed in order to investigate this effect.

To further show the difference in absolute
values of sky luminance, the diurnal cycle of
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Fig. 3. Diurnal cycle of zenith luminance on 4 and 5 Jan-
uary 2004. The sky was cloud free from midday 4 to mid-
day 5 January. The zenith luminance is lower by one order
of magnitude during cloudless sky conditions

zenith luminance for 4 and 5 January 2004 is
plotted in Fig. 3. Both, cloud free and overcast
situations occurred. A stratiform cloud cover of
eight octas prevailed until noon of 4 January. The
sky remained cloudless until noon of the next day,
then another stratiform cloud cover moved in.
The zenith luminance during both overcast situa-
tions reaches 1.7 - 10* cdm™2, whereas it stays low
with 1.5-10° cdm~2 for the cloudless situation.
In this case, the cloudy zenith luminance is about
one order of magnitude higher than the zenith
luminance observed in cloud free conditions.
This is can be explained by the dominant Mie
scattering (Lenoble, 1993) based on the presence
of cloud droplets. Incident radiation is attenuated
by the cloud droplets which scatter the radiation
in any direction. Some photons are scattered out
of the clouds and some undergo multiple scatter-
ing events before they leave the cloud. In this
way, a quite uniform distribution of sky lumi-
nance for all VZA is observed during overcast
conditions.

3.1.2 Zenithal scans of luminance

Five zenithal scans in the principal plane are de-
picted in Fig. 4. The luminance is normalised to
the zenith luminance. Two cloudless cases mea-
sured at Neumayer on 11 and 12 December 2003
with a SZA of 86° and 48°, respectively, and one
overcast situation (5 January 2004, SZA =76°)
are shown. The situation for 12 December 2003
is already shown in Fig. 2. Horizon brightening
can only be observed for the cloudless zenithal
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Fig. 4. Upper Panel: Three zenithal scans measured at
Neumayer (snow surface) and two measured at Boulder
(grass). Horizon brightening can be observed for the cloud-
less cases over snow, over grass only with a SZA of 86°.
Radiance under an overcast sky only varies by +50%.
Lower panel: Ratios of zenithal luminance scans (Boulder/
Neumayer) for two SZA. Both ratios are lower than unity
and decrease for increasing viewing zenith angle. This im-
plies a stronger horizon brightening for a high albedo sur-
face compared to a low albedo surface

scans. For a SZA of 86°, the luminance at a view-
ing zenith angle of 84° exceeds the zenith lumi-
nance by a factor of 8.2. Horizon brightening is
slightly lower for a SZA of 48° with 7.6. For the
situation with a stratiform cloud cover, the lumi-
nance only varies to £=50%. To assess the in-
fluence of the surface albedo, two zenithal scans
for a cloud free situation measured at Boulder,
Colorado, USA, on 22 June 2003, are also shown.
The solar zenith angles are the same as those of
the zenithal scans measured at Neumayer (86°
and 48°). Horizon brightening is clearly observed
for a SZA of 86° reaching a factor of 5. At a SZA
of 48°, the luminance at a viewing zenith angle
of 84° only exceeds the zenith luminance by a
factor of 1.7.

Radiation originating from the horizon has the
longest path trough the atmosphere compared to
all other viewing directions, thus multiple scat-
tering occurs more frequently. This is the cause
for the enhanced luminance observed close to
the horizon in comparison with smaller viewing
zenith angles.
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Horizon brightening is stronger for larger
SZA. The path of the direct beam through the
atmosphere is very long for large SZA. Attenua-
tion of the direct beam due to scattering is more
likely with increasing SZA. Diffuse radiation
is therefore, dominant at large SZA. Together
with the increased possibility of multiple scat-
tering for increasing viewing zenith angles, the
enhanced horizon brightening for large SZA is
explained.

The high albedo of the snow surface further
enhances the horizon brightening compared to
a low albedo surface, such as grass. This is, for
example, shown in the upper panel in Fig. 4,
where zenithal scans of normalised luminance
measured at Boulder and Neumayer are shown.
To compare the zenithal scans of normalised
luminance measured over grass (Boulder) and
snow (Neumayer), the Boulder/Neumayer ratio
is shown in the lower panel in Fig. 4, for a SZA
of 86° and 48°. Both ratios are below unity and
decrease with increasing VZA. The ratio with a
SZA of 86° deviates less from unity than the ratio
at a SZA of 48°. Two questions arise:

1. Why does the high albedo of the snow cov-
ered surface enhance horizon brightening when
compared to a low albedo surface?

Due to the high snow albedo that reaches
values up to 1 at 550 nm (Wuttke et al., 2005a)
almost all incident radiation is reflected.
Backscattering of radiation from atmospheric
molecules occurs due to Rayleigh scattering.
The longer the path of the radiation through
the atmosphere, the more reflection and back-
scattering occurs. In contrast, for a low albedo
surface such as grass with an albedo of 0.09 at
550 nm (Feister and Grewe, 1995), the incom-
ing radiation is almost completely absorbed
by the surface. This prevents reflection and
in turn backscattering.

2. Why is the enhancement in horizon brighten-
ing due to a high albedo surface larger for
smaller SZA?

Due to the shorter path through the atmo-
sphere, the direct beam for low SZA is not
attenuated as strongly as for high SZA. There-
fore, the fraction of diffuse radiation on global
irradiance is less for lower SZA compared
to high SZA. For UV wavelengths at different
SZA the ratio of direct/global irradiance is

shown by Mayer et al. (1997). In the case of
an albedo of 0.09 (grass), the reflection of
incident radiation at the surface is very small.
Therefore, the diffuse component of the global
irradiance remains low at low SZA. In con-
trast, the highly reflective snow covered
surface with an albedo of unity also allows
reflection of the incident direct irradiance at
low SZA. This facilitates backscattering by
the atmosphere and leads to an enhancement
of diffuse radiation compared to a surface with
low albedo.

At high SZA the path of the direct beam is
long and scattering events are more likely to
occur before the photons reach the surface.
Therefore, horizon brightening can also be
observed for low albedo surfaces. However,
the effect of horizon brightening is larger with
increasing albedo.

Since these luminance measurements have
been performed at different locations, parameters
influencing the radiative transfer (e.g. aerosols,
ozone column, altitude) are not alike. In addition,
the Rocky Mountains rise to the west of the mea-
suring site at Boulder. It is most probable that an
unobscured view of the horizon at a VZA of 84°
is not guaranteed when measuring luminance
westwards. In spite of these constraints, it has
been shown that for these specific cases, horizon
brightening is enhanced over a highly reflective
surface. For the investigated cases, horizon
brightening is higher by a factor of 5 and 1.7
for a SZA of 48° and 86°, respectively, thus
being more pronounced for decreasing SZA.

3.2 Spectral radiance

Diffuse sky radiance has also been measured dur-
ing the Antarctic campaign to investigate the
wavelength dependence on the directional distri-
bution of the diffuse sky radiation.

3.2.1 Cloudless vs. overcast zenith radiance

In Fig. 5, a cloudless and a cloudy spectrum of
zenith radiance is shown (upper panel: linear
scale, lower panel: logarithmic scale). Both spec-
tra are measured around noon, thus both SZA are
roughly the same (47.7° on 19 December 2003,
cloudy; 51.2° on 22 January 04, cloudless). At
500 nm, for example, the cloudy spectrum reaches
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Fig. 5. Cloudless (22 Jan.) and cloudy (19 Dec.) spectrum
of zenith radiance. The upper panel shows the spectra on a
linear scale, the lower panel on a logarithmic scale. The
overcast spectrum exceeds the cloud free spectrum by up to
a factor of 10. In addition, the wavelength with maximum
radiance is shifted from the UV for the cloudless case to the
visible for the overcast situation

620m Wm 2 nm~!sr~!. At the same wavelength,
the cloudless spectrum only shows a value of
80m Wm~2nm~! sr~!. Looking at the lower panel
of Fig. 5, it can be seen that the cloud free
spectrum decreases with increasing wavelength
by approximately two orders of magnitude. The
cloudy spectrum, in contrast, only shows a very
slight decrease. The maximum value of the cloud-
less spectrum is at 400 nm and at about 510 nm for
the cloudy spectrum (see upper panel in Fig. 5).

The shape of the two radiance spectra recorded
for varying sky conditions can be explained
by scattering processes. In a cloudless situation
atmospheric Rayleigh scattering is dominant.
The strong dependence of Rayleigh scattering on
wavelength (Lenoble, 1993) leads to the steep
decrease in spectral radiance with increasing
wavelength. For cloudy situations Mie scattering
at cloud droplets becomes the major process. Mie
scattering is hardly dependent on wavelength
(Lenoble, 1993) and therefore, the spectral radi-
ance hardly decreases with increasing wavelength.

The shift of maximum radiance from 330 to
510nm for cloudless and overcast situations,
respectively, is also due to enhanced Mie scatter-
ing during cloudy situations in combination with
the high surface albedo.
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Date

Fig. 6. Diurnal cycle of zenith radiance from 10 to 13
December 2003 for various wavelengths as indicated in
the legend. A homogeneous cloud cover was present from
12 December 19:30 UTC. Up to then cloud free conditions
prevailed. Zenith radiance for the cloudy situation is much
higher compared to the cloudless case

The diurnal cycle of zenith radiance for var-
ious wavelengths for the period from 10 to 13
December 2003 is shown in Fig. 6. The sky
was cloudless up to 19:30 UTC on 12 December.
Local maxima can be observed around 06:00 as
well as 18:30 UTC for wavelengths larger than
499 nm. This feature may be based on internal
reflections inside the input optics. This feature
is discussed in detail in Section 3.4.2. During
the cloud free periods, the radiance at 400 nm
is maximal. As soon as stratiform cloud cover
moved in (morning hours of 12 December 2003)
the zenith radiance increased.

The higher absolute radiance of the overcast
compared to the cloud free radiance spectra is
due to multiple reflections between the surface
and the clouds. Enhancements in absolute irradi-
ance levels due to a high surface albedo in com-
bination with cloud cover have been observed
before (Kylling et al., 2000; Nichol et al., 2003),
however, not explicitly for radiance. The effect
of snow cover on radiance has been investigated
by Huber et al. (2004), and the effect of clouds
by Weihs et al. (2000). Both are case studies
covering a limited range of atmospheric and sur-
face conditions. The combined effect of clouds
and albedo on spectral radiance has not yet been
reported in the scientific literature.

3.2.2 Zenithal scans of radiance

Figure 7 shows zenithal scans of radiance for dif-
ferent wavelengths measured at Neumayer during
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Fig. 7. Measured and modelled zenithal scans of radiance
for different wavelengths. Zenithal scans of radiance have
been measured over a snow surface and high SZA (82°) in
Antarctica. The modelled radiance is slightly higher, espe-
cially for large viewing zenith angles. Horizon brightening
is seen for all wavelengths in the visible. In the UV, the
maximum radiance occurs for different viewing zenith
angles

the evening of 9 February 2004, thus with high
SZA. The zenithal scan was measured in the
principal plane opposite the sun (SAA + 180°)
under a cloudless sky. In addition, this situation
has been modelled, which is also shown. Mea-
sured as well as modelled radiance has been nor-
malised to the zenith. For the model calculations
the freely available library for radiative transfer
calculations libRadtran (Mayer and Kylling,
2005) has been used. The following most impor-
tant input parameters include:

Extraterrestial spectrum. Depending on the mod-
elled wavelength either the atlas_plus_modtran or
the kurudz_1.0nm (Kurudz, 1992) extraterrestial
spectrum has been used. Atlas_plus_modtran is
a combination of Atlas 3 (200-407.8 nm), Atlas
2 (407.8-419.9nm) and Modtran 3.5 (419.9—-
800 nm) (Mayer and Kylling, 2005).

Total ozone column. The total ozone column was
taken from freely available data from the Total
Ozone Mapping Spectrometer (TOMS), which
can be obtained from http://toms.gsfc.nasa.gov/
ep_toms/epovplist_I.html.

Snow albedo. The albedo of snow was taken
from albedo measurements performed at
Neumayer during the austral summer 2003 /04
(Wuttke et al., 2005a).

Radiative transfer solver. For SZA <80° the
radiative transfer solver disort2 has been used,
which is a discrete ordinates radiative transfer
programme for a multi-layered plane-parallel
medium. It was originally developed by Stamnes
et al. (1988). For SZA > 80° the radiative transfer
solver sdiort has been used. This solver has been
developed by Dahlback and Stamnes (1991). It
is a pseudo-spherical discrete ordinate method
using double precision values.

Aerosols. Aerosols have not been included in
the radiative transfer calculations because back-
ground aerosol is low in Antarctica. The assump-
tion of neglecting aerosols in Antarctic radiative
transfer calculations has also been applied by
Bernhard et al. (2004).

In general, horizon brightening increases with
increasing wavelength. At short wavelengths in
the UVB multiple scattering of diffuse irradiance
occurs uniformly across the sky due to the strong
wavelength dependence of Rayleigh scattering
(Lenoble, 1993). For radiation with long wave-
lengths, multiple scattering can only be produced
by longer paths through the atmosphere, which
is the case for directions close to the horizon.
Therefore, inhomogeneous radiance distributions
are better seen the longer the wavelength.

In order to assess the influence of a snow sur-
face compared to a grass surface, zenithal scans of
radiance at different wavelengths have been mod-
elled for a varying surface albedo (see Fig. 8). The
zenithal scan over a snow covered surface with
a high SZA of 82° represents the situation on 9
February 2004 around 20:15 UTC, which has also
been measured (see Fig. 7). The two cases repre-
senting the radiance over a grass surface only
differ in input albedo, which has been taken
from Feister and Grewe (1995). In addition, both
albedo situations have been modelled for a low
SZA of 48°. The input albedo for snow and grass
depending on wavelength is shown in Table 1.
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Fig. 8. Modelled zenithal scans of radiance for a high SZA
of 82° and a low SZA of 48° over grass and a snow covered
surface. For all cases, horizon brightening is seen for all
wavelengths in the visible. In the UV, horizon brightening
is only observed for the case with snow albedo and SZA
of 82°

Table 1. Albedo of snow and grass for different wave-
lengths. The albedo of grass is taken from Feister and Grewe
(1995) and the albedo of snow was measured at Neumayer
on 4 January 2004

Wavelength [nm] Albedo of grass Albedo of snow

305 0.017 0.971
320 0.017 0.961
350 0.018 0.966
400 0.022 0.967
499 0.035 0.965
550 0.089 0.962
695 0.040 0.900
800 0.587 0.830

UV. For all UV wavelengths, horizon bright-
ening is observed for the case with snow albedo
and SZA of 48°. At 400nm, radiance with a
VZA of 86° exceeds the zenith radiance by a
factor of 3.5. For grass albedo and SZA of 82°
the radiance decreases for increasing VZA for
305 and 320 nm. At 350 and 400 nm, the radiance
increases up to a VZA of 70°, and then decreases

again. This maximal radiance at a VZA between
70° and 80° is also observed for the grass albedo
at a SZA of 48° at 305, 320 and 350 nm as well
as for the snow albedo and a SZA of 82° at 320,
350 and 400 nm.

Visible. Horizon brightening is observed for all
cases. For both surface types, it is larger with
increasing SZA. Maximum horizon brightening
is observed over a snow surface at 800 nm with
a factor of 15.5 for a SZA of 82°. At 695 nm and
a SZA of 82°, horizon brightening for grass is
slightly higher than for snow. At a SZA of 48°
horizon brightening does not show a strong de-
pendence on the type of surface.

For a closer assessment of the influence of
the different types of surfaces, the ratio of the
zenithal scans is calculated for a SZA of 82°
and 48° (see Fig. 9). The viewing zenith angle is
opposite the sun. Most of the ratios remain below
unity, which means that the radiance is enhanced
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Fig. 9. Modelled ratio of zenithal radiance scans for a SZA
of 82° and 48° over a grass and snow surface. At an SZA of
48°, the ratio remains below unity for all wavelengths. This
means that radiance over a highly reflective surface is en-
hanced compared to a surface with a lower albedo. For a
SZA of 82°, the ratio is only below unity for 305 and
320 nm. For more details, see text
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due to a highly reflective surface in comparison
with a low albedo surface. This issue has already
been discussed in Section 3.1.2. To explain the
spectral differences in the ratio of zenithal scans
of radiance, the UV and the visible wavelength
ranges are considered separately:

UV. The enhancement due to a high surface
albedo is more evident the shorter the wave-
length. The reason is the strong wavelength
dependence of Rayleigh scattering, which leads
to more successive reflections between the sur-
face and the atmosphere with shortening wave-
length. Atmospheric reflectance is maximal at
320nm (Lenoble, 1998). Therefore, it should be
expected that the albedo effect decreases with
decreasing wavelengths in the UVB, because of
ozone absorption of the backscattered photons
(Schwander et al., 1999). However, the absence
of tropospheric ozone leads to an increase in at-
mospheric reflectance for decreasing wavelength
(Lenoble, 1998). For an Antarctic site, tropo-
spheric ozone can be expected to be well below
the global average (IPCC, 2001). Therefore, an
increase in the albedo effect for decreasing wave-
lengths, even in the UVB as seen in Fig. 9, is
explained.

Visible. The deviation from unity is less than
20% for all VZA and wavelengths. At 800 nm
both ratios deviate from unity by less than 5% for
all VZA. At 695 nm and an SZA of 82°, the ratio
of grass/snow is even larger than unity by about
5%. This indicates an enhanced horizon bright-
ening for a grass surface. This is in contradiction
with the results derived from the luminance mea-
surements shown in Fig. 4. The dependence of
radiance on VZA 1is hardly influenced by differ-
ent types of surface albedo. Another reason for
the weak dependence of the albedo effect for
visible wavelengths is that atmospheric scattering
is negligible (Lenoble, 1993).

3.3 Radiance vs. luminance

To better compare the measured luminance and
the modelled radiance, zenithal scans of radiance
for a grass and snow surface are modelled for
550 nm. This is the wavelength where luminance
is most effective (see Fig. 1). In this model cal-
culation the default aerosol distribution in the
libRadtran package has been used. The default

aerosol distribution contains the following param-
eters (Mayer and Kylling, 2005):

— aerosol_vulcan 1: Aerosol situation above
2km. 1 means background aerosols.

— aerosol_haze 6: Aerosol type in the lower 2 km
of the atmosphere. See E.P. Shettle, “Models
of aerosols, clouds and precipitation for atmo-
spheric propagation studies”, in ‘“Atmospheric
propagation in the UV, visible, IR and mm-
region and related system aspects”, AGARD
Conference Proceedings (454), 1989. 6 means
tropospheric type aerosols.

— aerosol_season 1: Specific season to get
appropriate aerosol profile. 1 means spring-
summer profile.

— aerosol_visibility 50.0: Visibility in km. Thus,
50km of horizontal visibility have been used
as model input.

— aerosol_tau_file: File containing a profile of
aerosol optical depth. In this study the exam-
ple aerosol_tau_file contained in the libRadtan
package has been used. This file contains the
aerosol optical depth profile from Eltermann
(1968).

In contrast to all other model calculations per-
formed in this study, it has been decided to in-
clude aerosols in this case because even a low
aerosol content affects the spacial distribution
of radiance across the sky. Especially for large
VZA, the radiance can be reduced by more than
80% when the default aerosol setting in the
model is used. Unfortunately, the true aerosol
content for Neumayer during the time of investi-
gation is not available. Figure 10 shows that hor-
izon brightening is most pronounced at a SZA
of 48° and a snow covered surface. The ratio of
zenithal scans at a particular SZA (lower panel
Fig. 10) agrees qualitatively with the measured
ratio of luminance zenithal scans (see Fig. 4).

The only investigations of radiance over a
snow covered surface reported in the scientific
literature have been conducted by Huber et al.
(2004). They compared radiance measurements
over an inhomogeneously snow covered surface
(albedo =0.4) with model results corresponding
to a situation with homogeneously snow covered
ground (albedo =0.8). For a SZA of 45°, they
observe an enhancement in radiance of 40% at a
VZA of 80° due to the snow covered surface at
310 and 350 nm. The corresponding enhancement
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Fig. 10. Modelled zenithal radiance scans for a SZA of 82°
and 48° over a grass and snow surface for 550 nm (upper
panel). Horizon brightening is most pronounced at a SZA
of 48° and a snow surface. Enhanced horizon brightening
is observed for snow at both SZA (lower panel). This is in
qualitative agreement with the measured luminance distri-
bution (see Fig. 4)

shown in Fig. 9 is only 12% (SZA =48°,
VZA =80°, A\=350nm), even though the differ-
ence between grass and snow albedo equals
0.948 (see Table 1). A reason for the discrepancy
between both investigations could be due to the
different altitude in which both experiments have
been conducted. However, it shows the complex-
ity of this problem and presents the need for
additional experimental and modelling studies in
order to investigate the effect of varying albedo
on spectral radiance.

Another discrepancy arises from the modelling
results of the zenithal radiance scans when com-
pared to the experimentally determined zenithal
luminance scans. The result of the zenithal lumi-
nance scans indicated that horizon brightening
increased due to the highly reflective snow sur-
face. This cannot be observed for all of the visi-
ble wavelengths in Fig. 9. However, as the three
zenithal radiance scans in the visible wavelengths
do not behave much differently from each other,
completely different behaviour for a modelled
radiance scan at 550 nm is not expected, this is

supported by Fig. 10. However, Fig. 10 shows a
slightly different behaviour of the zenithal scan,
with greater dependence on VZA than on mea-
surement (see Fig. 4). This is due to the imple-
mentation of aerosols in the model calculations.
Without this implementation of aerosols, the
modelled radiance at 550 nm would resemble
the modelled radiance at 499 nm. This has been
tested, however, no complete sensitivity study
concerning the influence of aerosols has been
performed. Such a study would provide valuable
information for future investigations. Thus, aero-
sols are an important influencing factor when
investigating sky radiance distributions. In the
next section, the relation of modelled to mea-
sured radiance is discussed. An extensive discre-
pancy between model and measurement is seen
for the visible (see Fig. 11), so that the model
performance for these wavelengths is debatable
and should be viewed with care.
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Fig. 11. Ratio of measured to modelled radiance as a
function of SZA for all cloudless situations. The ratio is
shown for different wavelengths. For wavelengths longer
than 400nm the ratio is very large with values up to 47
for SZA of 75°. At 320 and 350nm it is minimal with
values around 1.2
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3.4 Model vs. measurement

All cloud free radiance spectra have been mod-
elled with UVSPEC, a radiative transfer model
contained in the libRadtran package (Mayer
and Kylling, 2005), which is freely available
at http: / /www.libradtran.org. The ratio between
modelled and measured radiance as a function
of SZA is shown in Fig. 11 for selected wave-
lengths. The measured radiance mostly exceeds
the radiance resulting from model calculations.
The deviation between measurement and model
is lowest at 320 and 350 nm with an average ratio
of 1.2. For wavelengths longer than 400 nm a
dependence of the ratio on SZA can be seen.
The ratio increases for increasing SZA up to 75°,
then decreases again steeply until values of 1.2
are reached. For a few cases, the ratios stay
around 1.3 for all SZA. A few outliers can also be
observed. One is, for example, at a SZA of 50° at
320 and 350nm. The various sources of these
deviations are found in both, the measured abso-
lute spectral radiance and the model calculations.

3.4.1 Absolute radiance calibration

The absolute calibration of radiance as described
in Section 2.2.1 involves uncertainties that can
partly be eliminated by improving the calibration
procedure in future. The main shortcoming is
that no calibrated reflectance plaque had been
available. By measuring the calibration lamp
directly, only part of the input optics is illumi-
nated by the lamp. In the case of an inhomo-
geneous optical fibre bundle, the entrance slit
of the monochromator is not evenly illuminated.
This can be achieved by a diffuse radiation
source such as a calibrated reflectance plaque.
Radiance calibrations employing such a reflec-
tance reference are described by Mueller et al.
(2003) or Meister et al. (2003). Diffuse illumi-
nation of the entrance optics for radiance mea-
surements is important as the sky light also
illuminates the entrance optics in a diffuse way.

3.4.2 Performance of the cylindrical
input optics

It is assumed that incident light originating from
about 70° to 75° from the 0° direction is reflected
inside the input cylinder. This deficiency is sup-
ported by various factors. However, measurements
taken from an angular distance of 70° to 75°

between the input optics and the sun are excluded
from the data analysis. This is one of the reasons
why the useful data set is rather small. This mal-
function of the radiance input optics has been
detected during the Antarctic campaign and ver-
ified afterwards in the laboratory.

Design of the input optics. Reflections of light
inside the input tubus are possible because it is
not manufactured with a black coating on the
inside of the cyclinder. The specifications of the
input cylinder did not yield any malfunction. It is
comparably short (10cm) and has a wide FOV
(4.4°). In contrast, the input cylinder deployed by
Blumthaler et al. (1996) and Huber et al. (2004)
is 30cm long and has a FOV of only 1.5°.

FOV measurement. The FOV of the input
optics has been measured by turning the cylind-
rical input optics in steps of 0.5° up to £5° from
the centre. The centre is denoted the direction of
normal incidence. To investigate possible prob-
lems of reflected light inside the input cylinder
the input optics has been measured in steps of 5°
from £90°. These measurements indicate local
maxima at +70° from the centre. These are by
one order of magnitude larger than the values at
angles of about 10° to 60° from the centre and by
four orders of magnitude lower than the maxi-
mum at 0°. Diffuse sky radiance is typically four
to five orders of magnitude below the direct irra-
diance of the sun (Grobner, 1996). Thus, the de-
pression of reflected light may not be sufficient.

Diurnal cycle of zenith radiance. The diurnal
cycle of zenith radiance (see Fig. 6) shows local
maxima at 06:00 as well as 18:30 UTC for wave-
lengths larger than 499nm. A detector based
problem can be excluded as at 499 nm the photo-
multiplier is active, whereas the silicon diode is
addressed for wavelengths longer than 500 nm.
So, both detectors show these local maxima.
The SZA at 06:00 and at 18:30 UTC is 70.5°
and 68.6°, respectively, which would support the
assumption of detecting reflected direct sun light
inside the input cylinder.

Comparison with diurnal cycle of luminance.
The diurnal cycle of luminance (see Fig. 3) does
not show these local maxima at SZA of about
70°. Therefore, these maxima have to be based
on a malfunction of the cylindrical input optics.

For these reasons the maximum deviations
between measurement and model are found when
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the angle between the position of the input cylin-
der and the sun is between 70° to 75°. As most
radiance measurements are performed for the
zenith, the SZA describes this angle of differ-
ence. Thus, the maximal deviations in Fig. 11 are
observed at a SZA of 75°. This feature is stronger
with increasing wavelength because the direct
component of the incident irradiance is larger
with increasing wavelength (Seckmeyer, 1997).
Since not all radiance measurements have been
performed for the zenith direction, a few ratios
between model and measurement remain around
1.3, independent of SZA. The measured radiance
shown in Fig. 7 is exactly one of these cases
where the ratio between measured and modelled
radiance only shows this systematic deviation.
The zenithal scans shown in Fig. 7 have been
recorded with the angular distance between the
entrance optics ranging between 82° and 167°.
Thus, the sky radiance measurements shown in
this analysis are not affected by the deficient
input optics. In addition, the large solar zenith
angle of 82° implies a low direct component of
the incident radiation also minimising the error
based on the internal reflections. Due to the stray
light problems of the input optics for an angular
distance to the sun of about 70° a number of sky
radiance measurements could not be considered.
Thus, it was only possible to investigate distri-
bution of sky radiance for a limited number of
cases. A comprehensive model validation was
therefore not possible due to the restricted num-
ber of available data, which conveys the need for
additional measurements of sky radiance in an
Antarctic environment.

3.4.3 Accuracy of input parameters

Total ozone column. The deviation between mea-
sured and modelled radiance at 305 nm is larger
compared to wavelengths in the UVA. This is
because the total ozone column was not ade-
quately known. TOMS data were used as input
parameter. However, TOMS is known to overes-
timate total column ozone for Antarctic sites by 4
to 10% (Bernhard et al., 2002). Thus, too much
radiation is absorbed leading to lower radiance
values. Decreasing the ozone column would lead
to a reduction in the modelled radiance, and thus,
to a smaller deviation between model and mea-
surement at 305 nm. Particularly for SZA larger

than 80°, the TOMS data should be used care-
fully according to McPeters and Labow (1996).
Despite these concerns, TOMS data have been
used because they provide a complete data set
for the days that have been modelled.

Aerosols. Aerosols have not been included in
the model as aerosol information was not avail-
able. However, the assumption of zero aerosols is
justified as the Antarctic atmosphere is known to
be very clean (Piel, 2004). At the South Pole,
Bernhard et al. (2004) also did not include any
aerosols for radiative transfer calculations in
the UV region. The exception is the modelled
radiance scan at 550 nm (see Fig. 10), where a
default aerosol distribution has been implemen-
ted in the radiative transfer calculations. Aerosols
alter the spatial distribution of radiance across
the sky. Especially for large VZA, aerosols can
reduce the absolute radiance by more than 80%
compared to the aerosol free case. Thus, ancil-
lary aerosol information would be valuable for
exact modelling of the radiative transfer.

Polarisation. Polarisation has also not been
accounted for. Radiance is not evenly polarised
across the sky (Huber et al., 2004; Lenoble,
2004; Liu and Voss, 1997). When neglecting
polarisation in radiative transfer calculations, the
error varies approximately between —8% and
+8%. The error is negative on the side of the
sun (neglecting polarisation underestimates
the radiance), and positive (overestimation) on
the opposite side (Lenoble, 2004). However, the
error decreases with increasing surface albedo
(Mishchenko et al., 1994). As radiance has most-
ly been measured opposite the sun, the modelled
radiance overestimates the true value. Including
polarisation would decrease the model result
leading to a better agreement between measured
and modelled radiance. The response of the
IMUK spectroradiometer with the input cylinder
as entrance optics is not dependent on the polar-
isation of the incoming radiation. This was tested
in the IMUK radiation laboratory by placing
a linear polarising filter between the entrance
optics and a 100 W calibration lamp. The filter
was turned in steps of 45°. The response of the
IMUK' spectroradiometer only changed within
+1% for all wavelengths between 250 and
1000 nm, which is the achievable accuracy when
repeating measurements of a 100 W calibration
lamp. Thus, the measured absolute radiance is
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not dependent on the degree of polarisation of the
sky radiance. Only the model results convey an
uncertainty based on polarisation.

Atmospheric profiles. The atmospheric profiles
used to model radiance have been provided in
the libRadtran package. They refer to a subarctic
summer situation. Antarctic profiles have not
been used because they are not contained in the
standard version of libRadtran. Bernhard et al.
(2002) remark that, in particular, the ozone and
temperature profiles used in the model have an
important influence on its performance, espe-
cially for large SZA. The spectral regions where
the largest deviations are found are not affected
very much by the ozone profile.

3.4.4 Model performance

To our knowledge there is no peer reviewed lit-
erature stating that UVSPEC has been validated
for radiance in the complete wavelength range.
However, the comparison between UVSPEC
and results from a successive orders of scattering
(SOS) radiative transfer code, kindly provided
by Prof. Jacqueline Lenoble, Université Joseph-
Fourier, Grenoble, France, indicates that the per-
formance of both models seems to be satisfactory
in the UV. Both models have been evaluated in a
model intercomparison for spectral irradiance
performed by van Weele et al. (2000). Deviations
of up to 20% occur at 305 nm. They may be due
to mid-latitude atmospheric profiles used in the
SOS code. However, the few model ratios that
have been calculated for zenith radiance are too
sparse to draw a final conclusion.

The visible and near infrared up to 1050 nm is
the spectral region with the largest deviations be-
tween model and measurement. For wavelengths
larger than 500 nm, molecular absorption in the
atmosphere has to be considered. In this study,
the absorption parameterisation according to
Ricchiazzi et al. (1998) has been employed. This
parameterisation is certainly not as accurate as,
for example, line-by-line calculations (Edwards,
1992). For SZA <80° a spherical approximation
to solve the radiative transfer equation has been
applied in the model calculations (see Section
3.2.2).

For a proper validation of the model, the input
parameters would have to be known with greater
accuracy. Furthermore, a wide range of atmo-
spheric conditions needs to be considered to test

the model with the largest possible combination
of input parameters. Only this way, can statisti-
cally significant results be obtained.

4. Conclusions

Zenith luminance for overcast situations can be
larger by one order of magnitude compared to
cloudless situations. The maximum luminance
occurs during cloud free situations in the aureole.
For cloudless situations, in contrast to overcast
skies, horizon brightening is observed. Over a
snow covered surface, at a viewing zenith angle
of 84°, the luminance exceeds the zenith lumi-
nance by a factor of 8.2 and 7.6 for a solar zenith
angle of 86° and 48°, respectively. Over a surface
covered by grass this factor only amounts to 4.9
for a solar zenith angle of 86°. Horizon bright-
ening over grass for a solar zenith angle of 48° is
hardly noticeable, with the luminance at a view-
ing zenith angle of 84° being only 1.4 times larg-
er than the zenith luminance. Under a sky with
stratiform cloud cover, horizon brightening is not
observed at all in this study. The reason for the
horizon brightening can be explained by scatter-
ing processes in the atmosphere. Horizon bright-
ening is enhanced over a snow covered surface
(high albedo) compared to grass (low albedo). At
a viewing zenith angle of 84° this enhancement
amounts to a factor of 5 and 1.7 for solar zenith
angles of 48° and 86°, respectively.

Spectral radiance measurements show the ra-
diance distribution over the sky becomes less ho-
mogeneous with larger wavelengths. This is also
confirmed by model results. At 305 nm, the radi-
ance at the horizon is only about 80% of the
zenith radiance. At 1000 nm, the measured radi-
ance opposite the position of the sun exceeds the
zenith radiance by a factor of 11.

Model calculations of spectral radiance show
that an enhancement of horizon brightening due
to a snow covered surface cannot be seen for
695 and 800nm. For most situations, horizon
brightening is more pronounced the shorter the
wavelength. At a solar zenith angle of 82°, the
enhancement in radiance close to the horizon due
to a high compared to a low surface albedo is
73% and only 16% at 305 and 499 nm, respec-
tively. All results are derived from measurements
where the solar zenith angle and the viewing
zenith angle of the input optics differ by more
than 80° to avoid the angular regions around 70°
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where direct reflections inside the cylindrical
input tubus affect the measured radiance. The
radiative transfer model has, so far, has not been
comprehensively validated for irradiance in the
visible and infrared spectral region nor for spec-
tral radiance from 280 to 1050 nm. Thus, more
systematic investigations and/or new model de-
velopments are needed before confirmed con-
clusions from model studies can be drawn for
spectral radiances under polar conditions.

Radiative transfer calculations of radiance at
550 nm show qualitatively the same behaviour as
measured luminance distributions. These were the
only model calculations with aerosols included.

The luminance measurements complement the
radiance measurements based on the difference in
acquisition. The advantage of the luminance mea-
surements is the fast coverage of the complete sky
in about 40 seconds. Spectral information can
only be obtained from radiance measurements.
Thus, it is a favourable strategy to decide upon
the direction and atmospheric situations of radi-
ance measurements after the distribution of lumi-
nance has been observed.

In this Antarctic campaign, only limited atmo-
spheric situations have been considered. Despite
these limitations it can be concluded that a
change in albedo conditions, which is predicted as
a consequence of climate change (IPCC, 2001),
will significantly change the radiation conditions
in polar regions.
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