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Abstract. Spectral albedo in high resolution, from 290 1. Arise in temperature leads to an enhancement in snow
to 1050 nm, has been measured at Neumayer, Antarctica, and sea ice melt, which, in turn, causes the surface

(70°39' S, & 15 W) during the austral summer 2003/2004. albedo to decrease. More radiation is absorbed, increas-
At 500 nm, the spectral albedo nearly reaches unity, with ing the energy budget and leading to a further rise in
slightly lower values below and above 500nm. Above temperature.

600 nm, the spectral albedo decreases to values between 0.45

and 0.75 at 1000 nm. For one cloudless case an albedo up to2, A decrease in temperature leads to a greater production
1.01 at 500 nm could be determined. This can be eXpIained in sea ice, which, in turn, increases the albedo. Less

by the larger directional component of the snow reflectivity radiation is absorbed, decreasing the energy budget and
for direct incidence, combined with a slightly mislevelled leading to a further cooling.
sensor and the snow surface not being perfectly horizontal.

A possible explanation for an observed decline in albedo is L
. . o . . Even though a rise in overall global temperature has been
an increase in snow grain size. The theoretically predicted

increase in albedo with increasing solar zenith angle (SZA)?rgf]C:ES g:ggglh L?]Z\Zuzlﬁigoilajrez%ggal ;:)erntﬂse ?:g;lifrt]e

could not be observed. This is explained by the small range ; : . :
: . . around the Antarctic Peninsula an increase in temperature,
of SZA during albedo measurements, combined with the ef- :
4 " - larger than the global temperature increase, has been ob-
fect of changing snow conditions outweighing the effect ofS rved Jacka and Buddl998 Vaughan et a.2007). Thus
changing SZA. The measured spectral albedo serves as inp £ 9 ' ' ’

.2 o o > NPife feedback mechanism under (1) is induced. Regional
for radiative transfer models, describing radiation conditions L . o : >
in Antarctica. warming in the subantarctic region is also linked to higher

precipitation in the AntarcticGiorgi et al, 2001). Precipita-

Keywords. Atmospheric composition and structure (Trans- tion in the Antarctic falls in the form of snow. More freshly
mission and scattering of radiation) — Meteorology and atmo-fallen snow increases the albedo, so that the feedback mecha-
spheric dynamics (Polar meteorology; Radiative process) nism (2) is initiated. These two contradictory processes need
to be considered when investigating climate related albedo
effects in Antarctica.

Difficulties in predicting the extent of climate change ex-
ist due to deficiencies in coupling atmosphere, ocean and

The surface energy budget of the Antarctic continent isCryosphere. In particular, the improvement of the parameter-
mainly controlled by the surface albedo, which is defined ag’Sation of subgrid processes, such as clouds, radiation, pre-
the ratio of reflected to incident solar radiation. The meanCiPitation and turbulence, is a major goal of current climate
surface albedo (300 to 3000 nm) of Antarctic ice shelves isreSearch lefebre et al. 2003. Kondratyev and Cracknell
around 0.83%chmidt and Knig-Langlg 1994. A change in (1998 state .the necessary accuracy of the albedo as input
prevailing climatic conditions can enhance feedback mechalnto global circulation models (GCMs) to be 0.02 to 0.04.
nisms. such as the ice-albedo feedback. which can be trig_SmaII errors or changes in its value represent large fractional
gered by a change in temperature. Depending on the Sigﬁhanges in absorbed solar radiation in the overall heat bud-
of the temperature change, the ice-albedo-feedback has cog€t at the snow covered surface. Correct prescriptions and

1 Introduction

trary effects: variability parameterisation of albedo are very difficult to
achieve, based on a wide range of albedo variations and a
Correspondence tdS. Wuttke limited database of albedo observations. This determines

(swuttke@awi-bremerhaven.de) the urgency of surface albedo retrieval from satellite data,
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especially for remote regions such as the Arctic and Antarc- Surface UV albedo values of nearly0lbasically only oc-
tic (Kondratyev and Cracknell998. cur in glaciated regions with homogeneous surfaces, such as
High quality albedo measurements are vital in order to im- Antarctica or Greenland. An albedo value of unity implies
prove input parameterisations for GCMs as well as for val-that all of the incident radiation is reflected. This means no
idating satellite-based albedo retrievals. However, accuratéraction of the incoming irradiance is available for the en-
ground-based albedo measurements are sparse, especially fngy budget of the surface. Due to the spectral dependence
the polar regionsHansen and Nazarenka004 Zhou et al, of downwelling irradiance and atmospheric (Rayleigh) scat-
2001). Li and Zhou (2003 also identify the lack of ex- tering, highly resolved spectral albedo measurements are of
perimental investigations on spectral albedo in the field ofparticular importance to verify theoretical studies and to un-
snow and sea ice research. The available data cover only derstand and quantify related radiation processes.
small range of snow and ice types and few solar zenith angles Antarctica is a favourable site for albedo measurements
(SZA). over pure snow, because compared to the Northern Hemi-
Considering the spectral dependence of albedo with valuesphere, the Antarctic snow is less contaminated with soot
reaching nearly unity in the ultraviolet (UV; 280—-400 nm) (Hansen and Nazarenk2004). So far, albedo measurements
and visible (400—780 nm) part of the solar spectr@renfell in the Antarctic have only been performed with broadband
et al, 1994, it becomes clear that these spectral regions areor filter spectroradiometer&fenfell et al, 1994 Smolskaia
mostly affected by changes in snow cover or sea ice extent. et al, 1999 Zhou et al, 2001), but never with the same type
The high albedo of a snow covered surface, especially inof high-resolution instruments used for measuring spectral
the UV and visible, has a large effect on the downwelling ra-irradiance or radiance.
diation, due to multiple reflections between the ground and The aim of this study is to characterise the spectral albedo
the scattering atmosphere. Model calculations of ultravioletof natural clean snow in an Antarctic environment. The mea-
irradiance for cloudless sky fromenoble (1998 show en-  sured albedo spectra shall serve as a basis for further analy-
hancements in irradiance levels of nearly 50% at 320 nm forses of Antarctic spectral irradiance and radiance data. Spec-
a snow covered surface, in comparison with snow free surtral albedo measurements in a wavelength range from 290
faces represented by a hypothetical surface albedo of zero. to 1050 nm have been performed at the permanent German
A number of previous studies investigate the combinedAntarctic Neumayer station (789 S, 815 W) during the

effect of surface albedo and clouds on UV irradiance: austral summer 2003/2004. Additionally, the snow albedo
was measured with a Solar Light Model 501 Biometer with
—McKenzie et al(1998: a response close to that of erythemally weighted irradiance

Experimental studies have shown an increase in UV irradi{McKinlay and Diffey, 1987).

ance of approximately 40% due to a snow albedo of 0.8. The

enhancement in UV irradiance levels over a snow covered

surface compared to a snow free surface amounts to 7098 Instruments

when a cloud cover is present.

—Kylling et al. (20003: 2.1 Spectroradiometer

Snow cover at Tromsg, Norway increases the erythemal UV

dose by more than 20%. The maximum increase of a dailyThe scanning spectroradiometer of the Institute of Meteorol-

dose compared to snow free conditions is 63% for a cloudyogy and Climatology (IMUK) of the University of Hannover,

day. used to conduct spectral albedo measurements in Antarctica,

—Nichol et al.(2003: is capable of measuring spectral irradiance in a wavelength

The moderation of cloud reduction on UV irradiance in range from 250 to 1050 nm, thus covering the part of the so-

the Antarctic, due to a high surface albedo, is investigatedlar spectrum where high albedo values are expected. It basi-

Compared to a cloudless case and a low surface albedoally contains four components. They consist of the entrance

(0.05), a reduction of 40% in UV irradiance for cloudy optics, a double monochromator, radiation detectors and de-

conditions results. Increasing the surface albedo to 0.8ices to control the measurements and store the data.

and 0.96 leads only to an attenuation by 20% and 10%, The entrance optics consist of a shaped Teflon diffuser,

respectively. which is protected by a quartz dome. This diffuser is op-

timized for a low cosine error. The deviation from the ideal

In mid-latitudes, vegetation, buildings and rocks prevent acosine response is shown in Figior three wavelengths. For

complete snow cover of the surface. The albedo of such inho320 nm, the cosine error is less than 5% for solar zenith an-

mogeneous surfaces is not uniform. Thus, efforts have beegles below 85. The cosine error for larger wavelengths is

undertaken to estimate the effective albedo representative faslightly higher. Additional investigations in the IMUK radi-

such inhomogeneous surfac&efjinther et al. 1998 Ric- ation laboratory have been performed for wavelengths larger

chiazzi and Gautied 998 Schwander et gl1999 Smolskaia  than 500 nm. The deviation from the ideal cosine response

et al, 1999 Kylling et al., 2000h Mayer and Degnther remains below 5% for wavelengths below 900 nm and solar

2000 Schmucki et al.2001, Weihs et al, 2001, Smolskaia  zenith angles of 85 It starts to increase above 900 nm. The

etal, 2003. very large deviations far>85° are possible because of a low
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shadow ring. Thus, the results of spectral albedo measurec
with this input optics is not corrupted by a cosine error at
least up to 900 nm, which is the main wavelength region of i . .
interest in this study. [ X 320 nm QSO”Opr: 2.5%)
The radiation is guided into the entrance slit of the [ © 400 nm (isotropic: 2.9%)
monochromator through an optical fiber. The diffuser is [+ 500 nm (isotropic: 4.0%) ]
heated for the temperature, never to sink beloCG3t® avoid 1.2 N
humidity affecting the measurement. I il
The central element of the spectroradiometer is a model
TMc300 double monochromator manufactured by Bentham
Instruments Ltd. The double monochromator consists of two ~ -
identical single Czerney Turner monochromators. The fo- < 4 1|
cal length is 300 mm. The light enters the monochromator if} [
through a motorized entrance slit, which is set to 0.74 mm
for wavelengths between 280 and 500 nm and to 1.48 mm for
wavelengths between 500 and 1050 nm. These are also th
widths of the exit slits. The middle slit is set to 1.85 mm. For
the wavelength ranges of 280 to 500 nm and 500 to 1050 nm
holographic reflection gratings with 2400 and 1200 grooves
per mm are employed in each monochromator, respectively.
Stray light is suppressed by a number of baffles and the mid-
dle slit. The nominal bandwidth of the spectroradiometer is

1.0 FRfep

0_5 nm. 0.9 L PRI S A S ST R B P IR S ]
A photomultiplier tube (PMT), model DH-10-Te, is em- 0 20 40 . 60 80
ployed as a detector for the wavelength range from 280 to 6 [°]

500 nm, whereas a silica diode is used from 501 to 1050 nm.
The output current of the PMT is further processed by a
decadal current amplifier. This signal is converted to a digital
signal, which can be further processed by computer.

To operate the spectroradiometer in a stable manner, it is

placed inside a temperature controlled box. The temperaturgleasurements in Europe through the Development of a
inside this box is held at 2@ (+ 0.5°C) during measure-  transportable unit’ (QASUME;http://lap.physics.auth.gr/
ments. Radiometric Stablllty and WaVeIength accuracy arQ:]asume/Fi|es/|ayouts/qasumereport)pdfhe Second inter-
frequently tested. The responsivity of the spectroradiometegomparison was held near Boulder, Colorado, in June 2003.
in the field is determined by scanning a 100 W halogen lampa publication on this intercomparison is being prepared. It
which is operated inside a portable field calibrator. The sta+35 heen shown that the IMUK spectroradiometer complies
bility of the spectroradiometer is only of second order im- \jth the standards of the NDSC for UV spectroradiometry
portance for albedo measurements because they are only reivicKenzie et al. 1997). It has been compared successfully
ative measurements. Within a short time period, for exam+g 3 NDSC spectroradiometer operated by the New Zealand
ple, one day, the spectroradiometer is radiometrically stablgnstitute of Water and the Atmosphere (NIWA) and a spec-
within +1%. troradiometer of the US National Science Foundation (NSF).
A mercury line source can also be operated inside this fieldrhe three instruments deviate from each other by less than
calibrator to test the wavelength alignment. In addition, thegos for a wide range of atmospheric conditions, andH8%6
wavelength alignment is also tested by comparison with theat 289 nm Yuttke et al, 2006. Small differences in absolute
Fraunhofer absorption lines of a high resolution extraterresirradiance levels and small wavelength shifts between the in-
trial solar spectrumlaper et al.1995. struments are likely responsible for the somewhat larger de-
The instrument design and performance is similar to in-yjations in the UVB. Overall, these deviations are well below
struments used within the Network for the Detection of the stated uncertainties of UV spectroradiomeBgrfihard
Stratospheric Change (NDSCpdckmeyer et al.1995  and Seckmeyef999 Bais et al, 2001). Recently, the IMUK

Bernhard and Seckmeyet999 but, compared with these  gpectroradiometer has been officially accredited as a mobile
earlier built instruments, its major advantage is the more ex.\DSC instrument.

tensive wavelength rang&uttke et al, 2006.

To assure the quality of the measured spectral data2.2 Biometer
the IMUK spectroradiometer has successfully taken part
in two international intercomparisons for spectroradiome-The broadband albedo measurements have been performed
ters. The first one was conducted in the context of the Euwith a UV-Biometer Model 501 from Solar Light Co.
ropean Project “Quality Assurance of Spectral Ultraviolet (SL501). Its spectral response resembles the action spectrum

Fig. 1. The deviation from the ideal cosine response of the IMUK
entrance optics for different wavelengths and one azimuth direction.
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for erythema, according to Commission Internationale despectra recorded for the calculation of albedo has to be con-
I'Eclairage (CIE). Thus, wavelengths in the UVB part of the sidered. Four different data collection protocols concerning
electromagnetic spectrum (280 to 320 nm) are the most senwvavelength range and step have been developed and applied.
sitive ones. By approximation, the measured albedo for the _

erythemal range of solar radiation can also be applied for 1. From 290 to 400nm in steps of 0.25nm; 1 January

other biological reactions in the UVB rang@l¢mthaler and 2004: This range and step width has been chosen to be
Ambach 1988. able to calculate erythemal irradiance from the spectral

The data are logged at 1-minute-intervals. The radiation ~ d&t@. Thus, the albedo values measured with the SL501

parameter stored is the erythemal dose in MEIh with a can be compared to the ones derived from the spectral
resolution of 103. The absolute calibration was performed measurements (see Fig. 8). Reflected and incident irra-
by the manufacturer. Additionally, the date and time are diance have been recorded alternately because the scan

saved, as well as the internal temperature of the detector. time of one spectrum amounted to 9 min.

2. From 304 to 306 nm, 319 to 321 nm, 349 to 351 nm,
399 to 401 nm, 498 to 500 nm in steps of 0.25nm; 694
3 Methods to 699 nm, 796 to 804 nm, 996 to 1004 nm in steps of
1nm; 2 to 4 January 2004: Choosing these wavelength
steps, different wavelength regions could be covered
with the routine wavelength step of 0.25 or 1nm. It
took only 4 min to measure a spectrum with these wave-
length steps. Therefore, two spectra of incident irradi-
ance were measured before two spectra of reflected ir-
radiance were recorded.

3.1 Experimental setup

Albedo measurements have been performed directly on the
area of Neumayer station and 6.2 km away at the ice edge.
Neumayer is situated on the Eldtn shelf ice on the Wed-
del Sea. Directly at the station, albedo has been measured
with the spectroradiometer in a wavelength range from 280 to
1050 nm, as well as with the SL501. At the ice edge, albedo 3. From 300 to 310 nm, 315 to 325 nm, 345 to 355 nm, 395
measurements have been conducted with the SL501 only. At to 405nm, 490 to 500 nm in steps of 0.25nm; 540 to
both sites, albedo measurements have been performed overa 590nm, 670 to 720 nm, 775 to 825 nm, 975 to 1025 nm
field of natural undisturbed snow. in steps of 1 nm; 5 January 2004: One spectrum takes
According toSeckmeyer et al2007), albedo should be 10 min to record, so that reflected and incoming irradi-
measured with two radiometers with cosine-weighted field ance are measured in an alternating order.
of view at about 2 to 4 m height above the ground. To be
able to detect up- as well as downwelling radiation, the sen-
sors have been fixed to a rotatable rod, which was attached
to a supporting frame roughly 2m above the ground. The
method of turning a radiation sensor has been applied pre-

viously, for example, byBlumthaler and Ambac(198§ or Two effects require correction. One is the change in SZA
Feister and Grew1999. The collected lightis led into the  ,ring the scan time to record a spectrum. The other is the

monochromator through an optical fibre. Due to the limited shadowing effect caused by the equipment. Both effects will
length of the optical fibre, the temperature stabilised box cony,o 4qdressed in the subsequent sections.

taining the spectroradiometer was set up only 2 m away from

the footprint of the entrance optics. Thus, shadowing effect3.2.1 SZA correction

of the box need to be taken into account. The supporting

frame is white to minimise the difference in reflectivity be- To account for the difference in SZA when measuring the re-

tween the white snow surface and the supporting frame.  flected and downwelling spectrum, correction factors were
During the spectral albedo measurements, the SL501 wasalculated with the help of the radiative transfer model

additionally mounted on the rod. While the cosine diffuser UVSPEC contained in the libRadtran package developed by

faced upwards, the SL501 measured reflected radiation. Thiblayer and Kylling (2005. The model is freely available

way, the albedo could be determined independently with twoat http://www.libradtran.org For each measured spectrum

4. from 290 to 1050 nm in steps of 2nm; 6 and 8 January
2004: The complete spectrum is covered in equidistant
wavelength steps. Spectra of incident and reflected ra-
diation have been measured alternately.

different types of sensors. (downwelling or reflected) a spectrum of downwelling ir-
radiance was modelled with a radiative transfer solver, ap-
3.2 Measuring spectral albedo plying the discrete ordinate method developedStgmnes

et al. (1989 for wavelengths lower than 500 nm. For wave-
Albedo spectra have been collected either during cloudless dengths larger than 500 nm the radiative transfer equation
overcast sky conditions. In this way, it is assured that the atis solved according to pseudo-spectral calculations with a
mospheric conditions are sufficiently stable in order to mea-molecular absorption parameterisation adopted fRiothi-
sure subsequent spectra of reflected and incident irradiancezzi et al.(1999. The atmosphere was considered aerosol
The two most important influencing factors are the changefree. The ozone column was taken from the Total Ozone
in SZA and the presence of clouds. Also, the length of theMapping Spectrometer (TOMS) data, which is available
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on the internetfp://jwocky.gsfc.nasa.gov/pub/eptoms/data/ e T T MM .
overpass/OVP328pt.tx). A homogeneous cloud layer has : ]
been included when applicable.

An albedo of 0.99 is used as input. To verify that the cor-
rection factor does not depend on the input albedo, spectral
irradiance was modelled with an input albedo of 0.92, in ad-
dition. All other input parameters remained constant. The
ratio between the model spectrum with an input albedo of
0.99 and 0.92 is shown in Fi@. For all SZA occurring on
a summer day at the location of Neumayer the ratio between 0.99 + alb99w/alb92
spectra with an albedo of 0.99 and 0.92 is unity. A deviation ' X alb99/alb92 © alb99w /albI2
of up to 1% is seen between spectra, including clouds and :
clear sky spectra. Thus, it is important to include stratiform L , , ,
clouds in the model spectra, to calculgte thg correction faqtor 10:00 12:00 14:00 16:00
when applicable. The effect of the variable input albedo with Time [UTC]
unchanging cloud cover is zero. Thus, a surface albedo of

0.99 can _be used as an Input parameter. . ) Fig. 2. Ratios of correction factors modelled with different input
There is no physical reason for the outlier at 10:00 UTc'albedos for an example day. The abbreviations used in the leg-

To remove this error form the calculations a different theo- eng represent the type of albedo and cloud input parameter for
retical approach is probably needed; however this is beyondjyspec: alb92: albedo 0.92, no clouds; alb99: albedo 0.99,
our capabilities in this study and the outlier has no impact onno clouds; alb92w: albedo 0.92, stratiform cloud cover; alb99w:
the validity of our measurement results. albedo 0.99, stratiform cloud cover.
The agreement between libRadtran and the measured
downwelling irradiance is summarised in Table The
mean ratio between model and measurement is between 0.95 is the measured spectrum of downwelling irradiantg.
and 1.05 for wavelengths between 320 and 800 nm for allis the spectrum corrected for the SZA at the time of recording
SZA ranges that occurred during albedo measurements. Thée following reflected spectrum.
agreement between model and measurement could be further
improved if input parameters were known more precisely.3.2.2 Correction of the shadowing effect
The larger deviation between measured and modelled irra-
diance at 305 and 1000 nm is due to the limited accuracy offhe temperature stabilised box of the spectroradiometer, as
the input total ozone column and the parameterisation of abwe” as the metal rOdS, which hold the radiation sSensors, are
sorption, respectively. in the field of view of the sensors when measuring reflected
To calculate the spectral correction fackoy, two consec- radiation. Thus, they cause a shadowing effect, which has to
utive modelled spectra of downwelling irradiance are divided P€ accounted for when calculating the albedo.
by each other (EdL): The measured reflected irradiang depends on both the
irradiance reflected by the snow surfa@&, and the irradi-

1.01F o .

1.00 $®%$

Ratio of
corrction factors

K, = Me . (1) ance reflected by the equipmemz. This dependence is
Mg stated in Eq.3):

ME is the spectrum modelled with the SZA according to the

measured downwelling spectrum of irradianc&y is the Ry = wsRs +wpRp . (3)

spectrum with the SZA according to the following measured

reflected spectrum. In all modelled spectra, a wavelength,) s the fraction of the half space covered by the snow sur-

dependent SZA has been used to account for the change iace ando; is the fraction of the half space of the equipment.

SZA during the period of recording a spectrum. The reflected irradiance corrected for the shadowing ef-
The modelled correction factors for 4 January 2004 arefect js the reflected irradiance of the snow surface. Thus, to

shown in Fig.3. The upper panel shows the spectral cor- caiculate the corrected reflected irradiance, Bjjh@s to be
rection factors at different times of the day. An enlargementsgyed forrg, which is done in Eq.4).

of the UVB region is presented in the lower panel because

the spectral dependence of the correction factor is strongest Ry — wpRp

in the UVB. This is due to the combined effect of changing Rs = —————.

SZA and ozone absorption. It can be seen that the correction

factor shifts with solar zenith angle. In order to estimate the correction of the measured re-
The measured spectrum of downwelling irradiance is therflected irradiance, the fraction of the half space covered by

divided by the spectral correction fact&r, (Eg. 2): the equipment has to be known. It amounts to 3%. For the re-

E maining 97% of the half space, the irradiance reflected from
= K, (@) the snow surface is measured.

4

ws

Eg
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Table 1. Agreement between measured and modelled spectra of downwelling irradiance for small ranges of SZA. Listed are only specific
wavelengths. The mean ratig between measurement and model, as well as the standard dewiaisolisted.

SZA range 47-49%5 49.5-52 52-54.5 545-57 57-59.5 59.5-62
wavelength [nm] r,;, o rmEto rm o rm o rm o rmEto
305 122+011 117+017 122+0.15 123+0.16 123+0.17 125+0.17
320 Q97+024 096+0.04 098+0.04 098+0.04 097+0.04 097+0.04
350 Q95+ 002 095+0.03 0964+0.04 0964+0.03 094+0.04 095+0.04
400 100+0.02 099+0.04 102+003 101+0.04 099+0.05 099+0.05
499 100+0.01 101+0.03 102+003 102+0.04 099+0.07 101+0.08
695 103+0.02 1044+0.02 106+003 105+0.04 104+0.07 105+0.10
800 100+£0.09 1014+0.03 102+0.03 102+0.04 100+0.09 103+0.09
1000 087+ 0.03 088+0.04 089+003 089+0.04 088+0.06 090+0.07

In Eq. @), the reflected irradiance of the equipm&y is has been calculated in order to determine the albedo. The
not known, but can be estimated: first and last recorded values have been neglected to be sure
that the act of turning the rod is not affecting the calculated
albedo. The broadband UV albedo has been calculated ac-
with oa| being the reflectance of sandblasted aluminium.cording to Eq. 7)., with Rx and Ex describing the 8-min
Ex is the incident irradiance (see E2). The main part of ~Means of reflected and incident erythemal irradiance, respec-
the equipment is the box, which is made of this type of alu- tively.
minium. The reflectance of sandblasted aluminium is about
0.45 Konig and Aden1999. It has a slight spectral depen-
dence, which can be neglected for our application.

With the stated values fasg, ws, 0|, and using Eqs 4)
and 6), the corrected reflected irradian®g can finally be
calculated by Eq.§):

Rp =oplEx (5)

The agreement for downwelling irrdiance in the broad-
band SL501 and the erythemal irradiance derived from the
spectral data is shown in Tabk It can be seen from Ta-
ble 2 that the SL501 underestimates the downwelling irra-
diance compared to the spectroradiometer by 1-15%, de-

Ry — 0.0135E, pending on SZA and the cloud situation. The largest devi-
Rk = Rs = o097 (6)  ations between the SL501 and the spectroradiometer occur
. _atthe largest SZA (59°%0 62°). This indicates a cosine er-

Now the albedoAk, taking into account the change in i the SL501 data. However, the cosine error should be
SZA and the shadowing effect, can be calculated with thegearer in the cloudless data, which is not the case. Overcast
downwelling irradiance corrected for solar zenith angle  ang cloudless situations have been distinguished according
anq the measured reflected irradiance corrected for the shag the reading of a Haenni 111 sunshine duration sensor and
owing effectR: a Laser Ceilograph by Impuls Physik GmbH. If the sunshine

Ry duration sensor indicated direct Sun, and the laser ceilograph
=z - (7)  did not detect any (low) clouds, the situation was considered

K cloudless. The upwelling irradiance detected by the SL501 is

The spectral dependence of the albedo is not included imot affected as much by a nonideal cosine response, because

Egs. Q) to (7). The spectral albedd; is defined here by of the missing direct component. The albedo derived from

Ak

referring bothRg and Ex to wavelength: SL501 data should, therefore, be underestimated.
py = i _ R g .
AT dEx T : (8) The angular response has not been measured for this spe-
&k Eg
dA cific SL501. However, there is no indication that the instru-
3.3 Measuring broadband UV albedo ment will not have an angular response that differs much

from the angular response typical for such instrumedésk-
The albedo values measured with the SL501 are also comeyer et al.2005. The cosine error of broadband instru-
rected for the effect of changing SZA and the shadowing ef-ments is worse than those of spectroradiometers. Therefore,
fect, and determined according to E@).( A value of ery-  the uncertainty of the albedo measurements performed with
themal irradiance is stored every minute by the data log-such instruments is higher than with the spectroradiometer, if
ger that belongs to the SL501. The sensor is rotated evthe atmospheric conditions remain fairly constant during one
ery 10min. An 8-min mean value of erythemal irradiance spectroradiometric scan.
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Table 2. Agreement between the downwelling erythemal irradiance measured by the SL501 and the spectroradiometer. The mean ratio
SL501/Spectroradiometer,(;) and the standard deviatian are listed for the SZA ranges occurring during the albedo measurements.

Additionally, a separation in cloudless and overcast situations is shown.

SZArange 47-495 49.5-52 52-54.8
rmp £ 0 rmp £ 0 Imb 0O

54.5-57
[ ==

57-59.5 59.5-62
[ == rmp £ 0

all ratios 094+0.17 092+0.21 092+0.18
cloudless M9+0.02 0984+0.02 096+0.04
overcast M2+0.20 088+0.26 088+0.25

090+£0.17 093+0.03 085+0.19
095+0.02 094+002 092+0.02
092+0.02 091+002 085+0.13

4 Results

Table 3 summarises the conditions, when albedo measure-
ments have been performed. In addition, the daily mean
albedo values as measured with the SL501 are included in
the last column. Results derived from the spectral albedo
measurements are not included in TaBlalue to the many
different data collection protocols.

4.1 Spectral albedo

An overview of daily mean spectral albedo is shown in Ta-
ble 4. Additionally, the modelled diffuse, as well as direct
albedo is included. The spectra are modelled with the tool
SNOWALBEDO contained in the libRadtran package, which
is based on an albedo model suggested\igcombe and
Warren(1980. As model input the equivalent depth of liquid
water in the snow pack was set to 0.05 g&rthe mean grain
radius to 50 um, and the solar zenith angle t6.60o illus-
trate the spectral dependence of the albedo, the mean spectr
albedo on three different days is shown in Fig. 4. In Fig. 5
the daily mean spectral albedo is shown for a limited wave-
length range (295 to 500 nm), to emphasise the region where
the albedo is nearly unity.

The albedo in the UV is between 0.95 and 0.99. It in-
creases slightly with increasing wavelength, to reach its max-
imum around 0.99 at 430 nm on most days (see%&nd Ta-
ble 4). The date 5 January 2004 presents an exception with
the mean albedo reaching a maximum of 1.01 at 500 nm. The
albedo remains high up to 800 nm in the visible. The decline
of the slope for increasing wavelengths is steeper for wave-
lengths longer than 800 nm (see F#. At 1000 nm, the

observed albedo ranges between 0.45 and 0.75. It cannot be

decided which albedo spectrum is highest. This depends oh19- 3. Modelled correction factor to account for the change in SZA
during the albedo measurements for 4 January 2004. The SZA

corresponding to the measured downwelling irradiance spectrum
is listed in the upper panel, where the complete spectral range is

- 7' shown. The lower panel only shows the UVB because the spectral
the reflectance of the snow surface has a larger directionadependence of the correction factor is largest in the limited wave-

wavelength as the spectra cross each other.
In theory such an albedo larger than one is impossible
Dirmhirn and Eator{1979 state that on cloudless occasions

Spectral Correction Factor

Spectral Correction Factor

0.9F

0.8k

L 47.89 48.98 53.10
F A8.00 49.11 54.37
L 48.04 49.83 5463
T1F 48 37 49.99 5607
48,45 50.90

400 Slele a00

11F

0.9F

0.8k

300

component than during overcast situations. The situation ofength range.

5 January 2004 was not completely cloud free, but an opaque

cirrus layer covered the sky, thus there was a direct compo-
nent of the incident radiation. In conjunction with a mislev-
elled sensor this could lead to an albedo of larger than one.

303 310 312
Wavelength [nm]

3

a

0
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Table 3. Summary of the conditions when albedo measurements have been performed. The date, range of SZA, location (NM: Neumayer
Station, IE: Ice Edge), type of instrument used (B: Broadband SL501, S: Spectroradiometer), sky conditions, and maximum temperature are
shown.

Date SZArange Location Type Sky conditions max[°C]  Albedo (SL501)
11.12.03 49.1%to NM B Cloudless sky -4.8 0.96
57.48
19.12.03 50.22to NM B Overcast -0.7 0.96
58.46
20.12.03 47.52to NM B Cirrus, fields of -1.4 0.95
50.42 altocumulus, Sun
sometimes obscured
21.12.03 47.23to IE B Fields of altocumulus, -1.3 0.91
62.22 Sun sometimes behind
thin cirrus clouds
22.12.03 47.22to IE B Sun most of day behind thin 0.5 0.94
61.5P cirrus clouds
02.01.04 47.6%6to NM B,S Overcast, stratus -1.7 0.92
62.00
03.01.04 47.75to NM S Overcast, stratus, 0.4 N/A
57.53 little snow drift
04.01.04 47.85to NM B,S Atfirst overcast (stratus, -0.1 0.93
60.57 stratocumulus), then
cloudless sky
05.01.04 47.95to NM B,S Few cirrus and 0.2 0.94
50.2#¢ altocumulus
06.01.04 48.4%9to NM B,S Stratocumulus, 0.3 0.96
49.27 sometimes little
transparent
08.01.04 48.30to NM B, S Overcast stratocumulus -1.3 0.93
50.86
4.2 Broadband albedo diurnal course of the albedo derived from different radiation

sensors is shown. The absolute level of the albedo derived
All albedo values depending on SZA derived from measure-from the measurements with the SL501 is highest. It is low-
ments conducted with the SL501 are shown in Fig. 6. Theest for the albedo calculated from pyranometer data collected
albedo was measured in a range of solar zenith angles frorly the instruments of the Alfred-Wegener-Institute for Polar
47 to 63. A dependence of albedo on SZA cannot be ob-and Marine Research (AWI).
served. Except for one occasion, the albedo values are be- The deviation in absolute albedo in Figjis due to the dif-

tween 0.88 and 0.99. Further, the albedo data have beepyent wavelength sensitivities of the radiation sensors. The
separated into cloudless and overcast S|tu'at|or.1$. Howevepyy pyranometers integrate the incoming radiation from 300
a dependence of the albedo on the cloud situation cannot b, 3000 nm, the SL501 has a response similar to the ery-
observed. Overcast and cloud free situations have been digpemal action spectrunMcKinlay and Diffey, 1987. The

tinguished as described in Sect. 3.3. spectral measurements have been averaged over short wave-
length intervals, from 304 to 1004 nm, to display the diurnal
4.3 Albedo under cloudless sky cycle. As the SL501 is mainly sensitive to wavelengths in the

UVB, it shows the highest albedo on an absolute level. The
The afternoon of 4 January 2004 was the longest periodspectrally averaged albedo comprises not only the UV, but
where albedo measurements under cloudless sky conditioralso visible wavelengths, reaching up to 1004 nm, thus being
could be performed. The mean spectral albedo, as well aslightly smaller than the SL501 albedo. The albedo derived
broadband albedo, shows a tendency of being smaller thécom pyranometer data is lowest because the largest portion
later in the day it was measured. Thus, it decreases with inef infrared radiation is included. The location of the AWI in-
creasing SZA. It can clearly be observed in Figwhere the  struments is about 200 m north of the IMUK measuring site.
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Table 4. Daily mean spectral albedo at different wavelengths measured at Neumayer, Antarctica. Values of modelled direct and diffuse
albedo are also included. The sampling protocols differed on each day. Therefore, the albedo for some wavelengths is not available (N/A)

on some days.

Date 305nm 320nm 350nm 400nm 499nm 550nm 695nm 800nm 1000 nm
02.01.04 0.95 0.95 0.94 0.95 N/A N/A N/A N/A N/A
03.01.04 0.97 0.97 0.97 0.98 0.99 N/A 0.95 0.90 0.76
04.01.04 0.97 0.96 0.97 0.97 0.97 0.96 0.92 0.86 0.71
05.01.04 0.99 0.98 0.99 1.00 1.01 1.01 0.98 0.92 0.74
06.01.04 0.98 0.97 0.98 0.98 0.97 0.97 0.90 0.83 0.65
08.01.04 0.97 0.96 0.96 0.97 0.98 0.97 0.89 0.78 0.50
mod. diffuse  0.97 0.97 0.98 0.99 0.99 0.99 0.97 N/A N/A
mod. direct 0.98 0.98 0.98 0.99 0.99 0.99 0.97 N/A N/A
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Fig. 4. Daily mean spectral albedo measured at Neumayer on thre€ig. 5. Same as Figd, but the wavelength range is limited (295 to
selected days. The maximum value is reached at about 500 nnh05nm). On 5 January 2004, the albedo is larger than unity with
The albedo decreases slightly towards shorter wavelengths. The dd-015 at 500 nm, which is an effect of direct incidence of solar radi-
crease in albedo for longer wavelengths becomes more pronounceafion.

in the infrared for wavelengths greater than 800 nm.

is 0.95. The daily mean albedo measured with the SL501 is
Thus, they detect albedo over a different field of snow, pr0_0.94. This S|ight|y lower value of albedo derived from SL501
viding independent results. data may be due to its nonideal cosine response, which leads
to an underestimation of the albedo (see also Sect. 3.3).

4.4 Albedo under overcast sky

On 2 January 2004, the sky was covered by stratiform clouds5 Discussion

For this day, the diurnal cycle of different integrals of UV

albedo is shown in Fig3. Additionally to various UV inte-  The albedo measured at Neumayer agrees to witt6fo
grals derived from the spectral albedo, the diurnal cycle ofwith the albedo of a snow surface experimentally determined
albedo measured with the SL501 is shown. No significantin previous studiesGrenfell et al, 1994 Smolskaia et al.
diurnal variation depending on SZA can be observed. Thel999. This study focusses on the UV region of the so-
daily mean value for each wavelength range derived fromlar spectrum. The data basis at longer wavelengths is even
the measurements (ClEicKinlay and Diffey (1987, UVA: smaller than in the UV and we believe that the measurements
315 to 400 nm, UVB: 290 to 315nm, UV: 290 to 400 nm) in the visible and in the UV, where more than 50% of the
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Fig. 6. All albedo values derived from measurements with the Fig. 7. Diurnal cycle of mean albedo on 4 January 2004 derived

SL501 as a function of SZA. from different radiation sensors. For the period shown, the sky was
cloud free. All sensors show a decrease in albedo the later in the
day it became, thus the larger the solar zenith angle.

Sun’s energy is contained, deserve their own attention. The

long wavelengths are believed to have little direct impact on

the biota. Further, the spectroradiometer has been intercomarger, the shorter the wavelength. A larger correction fac-

pared with other spectroradiometers up to 600 nm only. tor of the reflected irradiance leads to a larger snow albedo.

Uncertainties due to the way of measuring the albedo within this case, the slight spectral decrease in albedo from 1 to
only one sensor have to be discussed. Three main sources 0f96 for decreasing wavelengths from 500 to 300 nm would

errors lead to uncertainties: be an artifact due to the inaccurate application of a constant
correction factor.
— shadowing effect of the equipment, Undoubtedly, the shadowing effect of the equipment re-

quires correction, which when applied in this study only rep-
resents an approximation of the true shadowing effect. Apart
from the spectral dependence or the true reflectivity of the
box, possible direct reflections need to be considered in more
detail in future studies.
5.1 Shadowing effect Providing the correction factor increases with decreasing
wavelength, the albedo would remain high in the UV range
To determine the shadowing effect of the equipment, the rewith values between 0.97 and 1 (see Fp.
flectivity of the temperature stabilised box has to be known
(see Sect3.2. The temperature stabilised box is made 5.2 Turning the rod
of aluminium, which is dull and scratched due to outdoor
use and multiple transports. Further, some patches needefinother source of uncertainty arises from turning the rod.
for transportation purposes stick on the outside of the boxExact levelling of the detector parallel to the horizontal is not
Therefore, the reflectivity of the box varies across its sur-possible because it could not properly be controlled. There-
face. To determine the mean reflectivity of the box, multiple fore, the same effect as for an albedo of a sloping surface can
measurements at different positions are necessary. It was ntse expectedGrenfell et al.(1994 have made observations
possible to determine the reflectivity of the temperature sta-of albedo for a surface with a slope of 2% and a solar zenith
bilised box at IMUK. To determine the reflectivity of a sur- angle of 70. The variation in albedo is about 20%, giving
face according t®IN 5036 (1979, a spectralon plague of apparent albedo values between 0.89 and 1.08, depending on
known reflectivity is needed, which had not been available.the direction of the slope and the position of the Sun rela-
This was the reason for relying on a reflectivity value of sand-tive to the slope. For high Sun the slope effect is modest, but
blasted aluminium determined I§onig and Ader(1999. at large SZA typical for polar latitudes, it increases rapidly.
Further, the spectral dependence of the reflectivity has noA perfectly flat surface is almost impossible to encounter on
been taken into account. Especially in the UVB, some typesan Antarctic ice shelf, as most areas are covered by sastrugi
of aluminium have a much lower reflectivity compared to the (snow dunes). Such sastrugi vary in dimension. Their height
visible. This would lead to a spectrally dependent correc-can range from a few centimetres to 50cm and more. In
tion of the shadowing effect. The correction factor would be the horizontal one sastrugi can extend over several metres.

— levelling of the sensor after rotating the rod,

— snow surface not being perfectly horizontal due to
sastrugi.
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Fig. 8. Diurnal cycle of different integral albedo values measured Fig. 9. Ratios of modelled snow albedo (A) for different solar
on 2 January 2004. The sky was covered by stratiform clouds. Azenith angles. In both cases the ratio is between 0.96 and 1.0 for

dependence of albedo on time (thus SZA) cannot be observed foall wavelengths. Thus, the albedo is larger at larger SZA compared
this day. to smaller SZA. The local minima at 320, 385, and 650 nm are due

to Mie scattering processes for single snow grain size radii.

Sastrugi tend to reduce the albedo, which is explained in de- . . .
tail by Warren et al(1998. it cannot be proven whether the slight decrease in albedo in

The mislevelling is most probably the reason for the outlierthe UVis an artifact due to the shadowing effect of the equip-

albedo value of 1.02 in Fig. Also, the mean spectral albedo ment.

being larger than unity on 5 January 2004 can also partly b&; 4  Effect of SZA

explained by the mislevelling (see Fid). An albedo larger

than one is most likely to be seen during periods with direct|n previous studies, for example I@renfell et al.(1994 or
incidence. On 5 January 2004, a thin cirrus cloud cover preyviscombe and Warre(1980, an increase in albedo for in-
vailed (see Table 3), facilitating direct incidence of radiation creasing SZA is observed. In contrast, if a dependence of the
to some extent. However, since the error based on the inalbedo on SZA can be observed in our measurements, albedo
accurate levelling of the detector occurs randomly over thedecreases with increasing SZA by 0.08 for an SZA ranging
day, the error is reduced the more albedo values are megrom 48 at 12:30 UTC to 63 at 17:40 UTC (see Fig?).
sured. An indication of the uncertainty due to a mislevelled On most days no dependence on SZA has been observed at
sensor is provided in Fi@, where albedo measurements for all (see Fig.6). For a closer investigation, the albedo for
awhole day are shown. The single albedo values vary withinsnow is modelled with the tool SNOWALBEDO contained
+0.02, which represents the uncertainty due to levelling thein the libRadtran package, which is based on a model sug-

sensor. gested byWiscombe and Warre(l1980. Input parameters
are the equivalent depth of liquid water in the snow pack
5.3 Overall uncertainty (0.1 g/cn?), the mean grain radius (100 um), the albedo of

the underlying surface (1.0) and a variable SZA. The ratio of
A quantification of the overall uncertainty is difficult, as it is spectral albedo modelled with different SZA has been calcu-
hardly possible to quantify each single uncertainty. It couldlated (see Fig9). In both albedo ratios the albedo modelled
be argued that the spectral behaviour of the snow albedo meavith the larger SZA is in the denominator. Both ratios are
sured at Neumayer resembles the modelled spectral snolelow unity by 1 to 3%, depending on the chosen SZA and
albedo (see Figd), thus providing a valuable result. The the wavelength considered. Thus, the albedo is larger for a
modelled snow albedo also decreases with decreasing wavéarger SZA. Under a cloudless sky, the snow albedo increases
length. It accounts for the extreme anisotropy of scatteringwith increasing SZA because of the strong foreward scatter-
by snow particles using thi& Eddington approximation for ing from the snow grains in the snow cové@ifmhirn and
multiple scattering l(enoble 1993, together with the Mie  Eaton 1975 Li and Zhouy 2003.
theory for single scatterind {ou, 1980. This model has nei- The deviation from unity is lowest around 460 nm, increas-
ther been validated with spectral measurements of high resang towards longer as well as shorter wavelengths. The ra-
lution for all spectral ranges nor for the UV in general. To be tio of albedo spectra modelled with a SZA of°4a@nd 63
sure of areliable performance of the snow albedo model, profepresents the total range of SZA under which albedo mea-
found validation exercises need to be performed. Until thensurements at Neumayer have been performed. The deviation
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During the cloudless afternoon of 4 January 2004 a de-
cline of albedo for increasing SZA is observed with three
different instruments (see Fig). This dependency is op-
posite from the one predicted by theorgrénfell et al,
1994 Li and Zhoy 2003. A possible levelling error can-
not be the source for this observed diurnal cycle, because
in particular the AWI instruments are checked regularly and
do not need to be rotated. They are mounted to a per-
manent frame (sedttp://www.awi-bremerhaven.de/MET/
Neumayer/radiation.htl The reason for this opposite de-
pendence of albedo on SZA is more likely to be based on
changing snow conditions due to the steady solar insolation.

Albedo

O4b v The same feature has been observed®iosizzini(2004 for
400 600 800 1000 other Antarctic sites. Albedo under a cloudless sky is much
Wavelength [nm] more difficult to measure than albedo under a diffuse sky

(Grenfell et al, 1994). This is based on the lack of a direct
Fig. 10. All of these albedo spectra are measured at Neumayer withcomponent of incident irradiance for the diffuse (overcast)
solar zenith angles betweenénd 49 on different days and times  case. Under diffuse sky conditions, a diurnal dependence of
(morning and/or afternoon). The difference in albedo spectra is low-albedo on SZA has not been observed at all (see8Fid.his
est at 400 nm with 0.08 and it becomes Iarger the Iarger the Wavemay be due to the Wave|ength region measured on this day,
length. which was limited to the UV.

110 . . . 5.5 Effect of snow grain size

Algr=100um)/A(gr=54um) It can be seen in Fidl1 that the influence of different snow
105k ——— A(gr=200um)/A(gr=54um)] grain sizes on albedo is larger than the effect of SZA. The
I A(gr=500um)/A(gr=54um) | grain size of the snowflakes increases as the snow gss (
o A(gr=800um)/A(gr=54um) ] combe and Warrenl980. The albedo is modelled again
with the tool SNOWALBEDO. The parameters are the same
as in Fig.9, but the SZA is constant with 80 The influence
of the grain size is lowest at 460 nm. Between the largest par-
ticle (800 um) and the smallest particle (54 um) possible to
use as input parameters into SNOWALBEDO, the deviation
5 in modelled albedo is 9% for 300 nm, as well as for 700 nm.
0.90LL s s s Itis roughly 4% for 460 nm. Realistically, the grain size may
300 400 500 600 700 have been in the range from 200 um to 54 n&ay et al,
Wavelength [nm] 2002. The upper two ratios in Fidl1 represent these con-
ditions. The deviation in albedo is again largest at 300 nm
Fig. 11. Ratios of snow albedo (A) modelled with different grain @nd 700 nm, with 3%. Compared to the effect of SZA (see
size radii. The larger the grain size, the lower the albedo. The locaFig. 9), where the deviation in albedo calculated with the re-
minima are due to Mie scattering processes. alistic values of SZA are less than 1%, it is shown that the
grain size effect is larger compared to the influence of SZA.
The local minima seen at 315, 380 and 650 nm are due to
from unity for this ratio is always below 1%. A more the fact that the model results are based on Mie-calculations,
sophisticated model developed byand Zhou(2003 also applying single grain sizes and not grain size distributions
shows a low dependency of albedo on SZA for the UV andwhich occur in nature. Interferences cause these local min-
visible wavelength range. ima. They appear when the grain size is, for example, a
The albedo spectra measured at Neumayer with a SZA bewhole-numbered multiple of the wavelength. Thus, these
tween 48 and 49, but at different times (morning and/or features seen, especially in the solid line ratio, have a physi-
afternoon; different days) even show a deviation of clearlycal explanation and are therefore not observable in the mea-
more than 1% (see Fidg0). The difference in albedo spectra surements.
is lowest at 400 nm with 0.08 and it becomes larger the larger Snow grain size has not been determined for the Neumayer
the wavelength. These observed differences in albedo spestation during the albedo measurements. However, investiga-
tra with the same SZA are based on other parameters, such #isns of snow grain size b@ay et al.(2002 suggest surface
snow grain size or cloud conditions. Thus, it is impossible tograin sizes of 100 to 200 um for a variety of Antarctic loca-
extract a dependency of the spectral albedo on SZA for outions. As the snow ages the grain sizes become larger. Ac-
measurements. cording to Table3 snow fell on 2 January 2004, so the albedo

1.00}

Ratio of Albedo

0.95F ;¥
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should be larger after this event. Another factor responsibleof the decrease in albedo (e.g. from 5 to 8 January 2004) is
for the aging of snow is the temperature. As snow melts,an increase in snow grain size. In contrast, an increase in
the grain size increases drasticalliyiscombe and Warren  albedo with increasing SZA could not be detected. For one,
1980. this is due to the small range of SZA during albedo measure-
The dependence on grain size may be indicated in ouments. For another, the effect of changing snow conditions
measurements. Snow fell on 2 and 3 January 2004. Theutweighs the effect of changing SZA.
albedo is expected to increase after such an event. The daily A separation of the data set into cloud free and overcast sit-
mean albedo measured with the SL501 shows an increase wmations did not show albedo values typical for various sky sit-
albedo from 0.91 on 2 January 2004 to 0.93 on 4 and 5 Januations. The influence of other factors, therefore, surpasses
uary 2004. The SL501 albedo on 6 January 2004 may not béhe effect of cloud cover on albedo. A larger data set is de-
representative for the complete day, as it is based on a shodirable to produce statistically significant results.
time period of roughly one hour. The maximum temperature To further improve the results of the measured spectral
on 5 and 6 January reached positive values (see Butleus  albedo, a thorough consideration of errors and uncertainties
the mean grain radius should have increased comparably fagh the measurements is vital. In paricular, because the albedo
On 8 January 2004 a slightly lower albedo was observed agver the Antarctic snow basically reaches unity in the UV and
expected for a larger grain size. The low albedo value onvisible part of the solar spectrum, small changes in albedo
2 January 2004 can also be explained by comparably largeiill lead to relatively large changes in the surface energy
particle sizes due to high maximum temperatures during thepudget. A slight spectral dependence of the albedo in the
previous days (i.e. 1°%& on 29 December 2003). UV has been observed. It could not be conclusively estab-
Considering only 5 and 8 January 2004, the mean albeddished whether this decrease in albedo in the UV is an arte-
has been determined from measurements with nearly théact due to the shadowing effect of the equipment or whether
same range of SZA (see Table 3). Thus, a change in albedi is true. However, it can be stated, that the spectral de-
based on the change in SZA is excluded. On both days @endence of the albedo in the UV and visible is not very
stratiform cloud cover prevailed. The clouds may have beerpronounced. Depending on the requirement of accuracy of
thicker on 8 January 2004, but considering the small data setlbedo measurements based on individual applications, spec-
these two days represent days with nearly the same cloutral measurements of albedo in such a fine resolution are not
conditions. Further, the mean albedo has been determineslways necessary. It may be sufficient to use broadband or fil-
with 5 and 7 single albedo spectra for 5 and 8 January, reter radiometers. This finding is not trivial and was not shown
spectively. This indicates that possible systematic errorspefore.
for example, due to mislevelling the sensors, are ruled out. The spectral albedo measurements performed at Neu-
Thus, most of the factors influencing the albedo, except formayer during the summer campaign 2003/2004 serve their
the snow grain size, cannot be the source for this observe@urpose of determining the spectral albedo as a basis for
change. However, the change in albedo of 0.01 from 5 tothe analysis of spectral irradiance and radiaiwettke and
8 January 2004 is rather small. Due to the overall measureSeckmeyer2006 Wuttke, 2005. The mean spectral albedo
ment uncertainty, it should not be claimed to be able to detecteasured under a cloudless sky on 4 January 2004 has been
a 1% change in albedo in a significant way. used as input into radiative transfer models, simulating the
Such dependencies are even more difficult to observe inadiative transfer in an Antarctic environment.
the daily mean albedo spectra (see Fgand5). One rea-
son is that they cross each other at different wavelengths. AnacknowledgementsThese studies were financially supported by
other reason may be the method of measuring spectral albedfie Deutsche Forschungsgemeinschaft (DFG) within the “Schwer-
and the uncertainties originating in this method. punktprogramm Antarktisforschung”. Logistic support during the
For an unambiguous identification of a grain size effectAntarctic campaign was provided by the Alfred-Wegener-Institute
in our measurements, the measurements would have to garemerhaven, Foundation for Polar and Marine Research, Ger-
separated into bins of equal SZA. However, due to the lim-many- Th. Wittemeier of the Institute of Meteorology and Clima-

ited data set, such a separation would not yield statistically2/09¥: University of Hannover, has to be thanked for his help with
significant results. Thus, a larger data set would be des:irIhe laboratory measurements necessary for this study.
9 ) ! Topical Editor O. Boucher thanks two referees for their help in

able. Nevertheless, our findings about the dependence of th&/aluating this paper.
albedo on grain size are not in contradiction with earlier stud-
ies Grenfell et al, 1994 Zhou et al, 2007).
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