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[1] The first continuous and high temporal resolution record of spectral albedo and
transmittance of snow and sea ice in the Arctic Ocean over an entire summer season is
presented. Measurements were performed at a manned station on multiyear sea ice in the
Transpolar Drift during the drift of the schooner Tara from April to September 2007.
Concurrent autonomous measurements of ice mass balance and weekly observations of
snow and sea‐ice properties complement the data set. The seasonality of physical and
biological processes of snow and sea ice is characterized, including quantification of melt
onset (10 June), melt season duration, and freeze onset (15 August). Over one year,
approximately two thirds of the transmitted energy reached the ocean during the
66‐day‐long melt season. During the second half of July, transmitted irradiance decreased
by 90% and absorption in and directly under the ice increased, significantly affecting the
vertical partitioning of irradiance. The spectral radiation time series suggests that high
biomass abundance in or below the sea ice caused this decrease. Comparing the spectral
data set with broadband albedo data measured at the same location shows that 90%
of the temporal variability of broadband albedo can be explained by variability in spectral
albedo integrated over the limited wavelength range. The combination of spectral radiation
and ice mass balance measurements allows a comprehensive description, and
quantification, of snow and sea‐ice processes, even with minimal additional in situ
observations, suggesting such data sets can be collected autonomously to provide insight
into the physical and biological processes on sea ice.
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1. Introduction

[2] The pack ice of the Arctic Ocean has experienced
significant changes during the last decades. The most
apparent changes are observed in the average and annual
minimum sea‐ice extent [e.g.,Comiso et al., 2008; Parkinson
and Cavalieri, 2008; Stroeve et al., 2008]. But sea‐ice
thickness has also decreased [e.g., Giles et al., 2008; Haas et
al., 2008; Kwok and Rothrock, 2009] and the residence time
of sea ice in the Arctic has decreased [e.g., Gascard et al.,
2008; Maslanik et al., 2007; Rampal et al., 2009]. Alto-
gether, a shift from thicker multiyear ice (MYI) to thinner
first‐year ice (FYI) has been observed [Haas et al., 2008;

Maslanik et al., 2007; Nghiem et al., 2007]. The observed
changes in the ice cover were stronger than those projected by
climate models [Stroeve et al., 2007; Wang and Overland,
2009].
[3] One of the most important feedback processes related

to snow and sea ice results from the ability of these surfaces
to reflect most short‐wave irradiance back to the atmosphere
and the relationship between this ability and temperature:
warming the snow and ice causes a decrease in albedo,
leading to further warming [Curry et al., 2001; Morassutti,
1991]. This ice‐albedo feedback has been studied exten-
sively by measurements of incident and reflected (back-
scattered) irradiance and observations of physical surface
properties [e.g., Aoki et al., 2003, 2000; Grenfell and
Perovich, 1984; Perovich, 1996; Perovich et al., 2002a;
Warren, 1982]. During winter and early spring, most of the
solar short‐wave irradiance is reflected and backscattered
from the surface. This fraction decreases as snow grain size
increases [Bohren and Barkstrom, 1974; Grenfell and
Perovich, 1984; Perovich, 2005; Warren, 1982], snow
thickness decreases [Baker et al., 1991; Brandt et al., 2005],
and melt ponds form during summer [e.g., Fetterer and
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Untersteiner, 1998; Perovich et al., 2002a, 2002b, 2003].
Consequently, more irradiance reaches the deeper snow
layers as well as the sea ice and upper ocean underneath as
the melt season progresses.
[4] Spectral albedo measurements enable more detailed

analyses of snow and sea‐ice properties than do broadband
albedos. Analyzing albedo spectra allows different pro-
cesses to be described without performing additional in situ
measurements, on the basis of those processes’ known affect
on spectral albedo. Furthermore, seasonal data sets of
spectral albedo are needed for validation and calibration of
optical and microwave remote sensing instruments. How-
ever, time series data of spectral albedo are sparse because it
is technically and methodologically difficult to measure
them accurately and with high temporal resolution.
[5] The most comprehensive study of the transmittance of

snow and sea ice was performed by Light et al. [2008] on
FYI and MYI during the Surface Heat Budget of the Arctic
Ocean (SHEBA) drift experiment in 1998. In addition,
several studies have focused on deriving absorption and/or
scattering coefficients for different types of snow and sea ice
[e.g., Grenfell and Maykut, 1977; Grenfell et al., 2006;
Perovich, 1996; Perovich et al., 1998; Weeks and Ackley,
1986]. Those studies contributed to the description of how
solar radiation contributes to internal and basal warming and
melting of sea ice. Nevertheless, energy fluxes through
snow and sea ice are still not well quantified, even though
Perovich [2005] demonstrated their importance, estimating
that light penetration through bare and ponded ice accounts
for 23% and 16%, respectively, of the solar energy input
into the ocean at SHEBA. Relatively little is known about
the vertical partitioning of solar radiation, the amount of
energy absorbed in sea ice, transmitted into sea‐ice bottom
layers, and transmitted into the upper ocean, and its high
lateral variability [Perovich et al., 1998]. But quantifying
these processes is critical for understanding atmosphere‐ice‐
ocean interaction, and how it might change in the future.
[6] Connections between physical, biological, and optical

properties of sea ice have been long recognized [Grenfell and
Maykut, 1977; Maykut and Grenfell, 1975]. The amount and
seasonal timing of energy fluxes into and through sea ice are
of critical importance for biological and biogeochemical
processes at the ice underside and in the uppermost ocean.
Light is known to be one of the most important factors
limiting biological primary production and activity [e.g.,
Arrigo, 2003; Lavoie et al., 2005], while at the same time
algal layers affect attenuation coefficients, reducing trans-
mittance to lower layers [Perovich et al., 1998]. Legendre
and Gosselin [1991], Mundy et al. [2007], and Perovich
et al. [1993] have used spectral transmittance measure-
ments to separate the effects of snow and algae on trans-
mittance and to develop a method for non‐destructive
estimates of biomass in and under sea ice. Recent studies by
Ehn et al. [2008a, 2008b] have combined field observations
with numerical studies in order to derive diffuse attenuation
coefficients for different ice types, and relating them to
chlorophyll a concentrations and detritus.
[7] Previously, most measurements of spectral radiation

were limited to spot measurements and short time periods.
Despite all the needs for such data, high‐resolution time
series measurements of these properties are not widely
available, mostly because such observations must overcome

several technical and logistical challenges, including keep-
ing sensors clean and leveled.
[8] Here we present a continuous record of spectral albedo

and transmittance of snow and sea ice in the Arctic Ocean
over an entire summer season. Simultaneous measurements
from an ice mass balance buoy (IMB) and weekly observa-
tions of snow and sea‐ice properties by crew members
complement the data set and enable joint analyses. The
measurements were performed on multiyear sea ice in the
Transpolar Drift between 86.5° and 88.5°N during the drift
of the schooner Tara from April to September 2007, just
before the record minimum Arctic sea‐ice extent was
observed.

2. Field Measurements

2.1. Tara Drift

[9] All measurements were performed during the drift of
the schooner Tara as part of an integrative study during
the EU‐funded project Developing Arctic Modeling and
Observing Capabilities for Long‐Term Environmental
Studies [Gascard et al., 2008]. Tara was frozen into the ice
north of the Laptev Sea (79.5°N, 143°E) on 4 September
2006, emulating the Fram expedition of 1893–1896. Figure 1
shows the entire drift (blue line) until the schooner left the ice
again in the Fram Strait after 505 drifting days on 21 January
2008. While scientific measurements were performed during
most of the drift, the most extensive observation period
started with a 1 week field campaign from 22 to 29 April
2007 and lasted until early September 2007. Tara drifted
approximately twice as fast as Fram, moved along by a
comparatively strong tailwind [Vihma et al., 2008].

2.2. Spectral Irradiance Measurements

[10] Spectral irradiance measurements were performed
with Ramses ACC‐2 VIS hyperspectral radiometers, cover-
ing a wavelength range from 320 to 950 nm with an average
spectral resolution of 3.3 nm. All data were recorded at
30 min intervals with a data logger. The sensors, the data
logger, and their use for irradiance studies over and under
sea ice are described in detail by Nicolaus et al. [2010].
[11] The presented spectral irradiance measurements were

performed in parallel with broadband short‐ and long‐wave
irradiance measurements by a group from the University of
Tartu, Estonia [Vihma et al., 2008]. All above‐ice sensors
were mounted on the same rack, which was fixed to wooden
poles frozen into the ice, to reduce tilt due to surface
melting. All sensors were adjusted and leveled independent
from the rack itself. The station was set up on level ice about
100 m from Tara, far enough to prevent significant influ-
ences from activities on board or from the ship itself, but
close enough to enable easy access for maintenance and to
reduce the risk of losing the station.
[12] Figure 2 shows the albedo setup, consisting of one

upward‐looking (measuring incident irradiance, FI(l,t)) and
one downward‐looking (measuring reflected irradiance,
FR(l,t)) radiometer. The upward‐looking sensor included
additional inclination and pressure sensors. The downward‐
looking sensor was approximately 2 m above the snow
surface and 0.4 m horizontally from the rack. FR was cor-
rected for shadow effects independent of wavelength and
time with a scaling factor of 1.0769, as described by
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Nicolaus et al. [2010]. FI was not affected by any obstacles
at any time; hence corrections were not necessary. During
installation and maintenance, we tried to avoid stepping on
the snow surface under the sensors. Initial snow thickness
was 0.1 m (28 April 2007), representative of the area around
the station. The under‐ice sensor was located ∼10 m from
the main rack. The sensor was looking upward to measure
transmitted irradiance (FT(l,t)), mounted in a 13‐cm‐
diameter metal frame deployed through a 20‐cm‐diameter
borehole (Figure 2). After deployment, the surface around
the sensor was restored as well as possible, while the
borehole refroze with time. FT was corrected for the shadow
of the frame and suspension, independent of wavelength and
time, with a scaling factor of 1.0804, as described by
Nicolaus et al. [2010]. At the beginning of the observations,
ice thickness was 2.0 m, the freeboard 0.1 m, and snow
thickness 0.1 m, and the sensor was hanging 1.4 m under the
ice bottom (3.3 m under the surface water level). Pressure,
proportional to depth in water, and inclination were also
measured by the sensor. On the basis of these data, it was
found that the under‐ice sensor dropped from 1.4 to 1.9 m
on 17 July and continued dropping to a final depth of 2.8 m
under the original ice underside after 5 August (depth data
not shown here). This change was most likely due to surface
melt processes and warming of the ice, which allowed the
anchoring lines and cables to cut into the ice and release
some slack. Transmittance spectra were corrected for these
depth changes to make all spectra representative of the
original depth, 1.4 m under the ice. For the correction, an
absorption spectrum of seawater was extracted from the
measurements and scaled with the change in depth. For
details, see Nicolaus et al. [2010]. Inclination of the sensor

was not affected by these movements. Spectral irradiance
measurements started on 28 April 2007 at 2230 UTC. The
under‐ice sensor had to be retrieved after 122 days of
recording on 28 August 2007 at 1400 UTC. In total, 5838
transmittance spectra were recorded. Albedo measurements
continued for another 8 days until 5 September 2007 at
0830 UTC, because the retrieval of the albedo sensors was
much easier, less time consuming, and less weather depen-
dent. In total, 6213 spectra of albedo were recorded. During
the entire observation period, the station was visited daily, in
order to check both the leveling of the station and the
condensation or icing on the sensors. Surprisingly, the
spectral radiometers were not found to be covered by frost
or rime during any inspection, and did not have to be
cleaned at all. It might be that night or early morning data
were affected by condensation on the sensors, but this
moisture evaporated very soon afterward [see also Nicolaus
et al., 2010]. The sensors also did not have to be releveled
during the entire observation period, because the wooden
base of the station remained firmly frozen to the sea ice
(T. Palo, personal communication, 2008). The under‐ice
sensor was not maintained in any way; maintenance would
have been nearly impossible without destroying the entire
setup.
[13] All observations were performed during polar day

and the solar elevation angle (90° – solar zenith angle)
varied between 3° (5 September) and 25° (22 June). Owing to
the drift of the station, the time of the highest solar elevation
varied. At the beginning the sun was highest at 0350 UTC,
and at the end was highest at 1110 UTC (Figure 4d). In
order to discuss the seasonality of spectral albedo and
transmittance of snow and sea ice, we will focus on daily

Figure 1. Map of Tara drift during spectral irradiance measurements (main figure) and map of the entire
voyage of Tara from Tiksi, Russia, to Longyearbyen, Svalbard (inlay). The blue line shows the drift track
and red dots give daily positions of Tara at the time of highest sun elevation (Figure 4d); green dots and
text labels mark every 10th day for better orientation. Sailing transects are shown as black lines (inlay
figure only). Additionally, significant events are labeled (Table 1).
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spectra at times of highest solar elevation, and present these
data only. On doing so, all presented data were recorded with
solar elevation over 10° and similar solar azimuth angles of
∼180° (south). We consider this subset of data to be the most
suitable and of the highest quality for studying seasonal
changes. Owing to the drift of Tara, comparing data from the
sameUTC time of the daywould also have included data with
much lower incidence angles and from different directions.
Nevertheless, recording a high temporal resolution data set
was necessary to enable capturing data at the drifting local
noon and to calculate daily mean values. Furthermore, the
entire data set was used for quality checks and corrections
during data processing.
[14] All data were calibrated to absolute spectra (in

mW m−2 nm−1), and interpolated to a 1 nm grid before
calculating ratios of spectra from different sensors (albedo
and transmittance), to account for sensor‐dependent wave-
length grids. For the details on the data processing proce-
dure, see Nicolaus et al. [2010]. Spectral albedo a(l,t) and
spectral transmittance t(l,t) were calculated as functions of
wavelength l and time t as described in Nicolaus et al.
[2010]. Formulas for total (wavelength‐integrated, from
350 to 920 nm) fluxes, albedo aT, and transmittance tT as
well as their temporal mean are also given by Nicolaus et al.
[2010]. Note that our “total” quantities cover a limited

wavelength range, which is less than the real broadband
measurements and quantities. It should be noted that all
aspects related to transmitted irradiance and transmittance
do not exclusively refer to optical properties of snow and
ice, but also include the effect of the uppermost 1.4 m of
water, where the under‐ice sensor was installed and to
where all spectra are corrected. Net fluxes into the ice
(FICE(l,t)) and net absorption by snow and ice (FABS(l,t))
are calculated as

FICE �; tð Þ ¼ FI �; tð Þ � FR �; tð Þ and ð1Þ

FABS �; tð Þ ¼ FICE �; tð Þ � FT �; tð Þ: ð2Þ

2.3. Broadband Irradiance Measurements

[15] The broadband short‐ and long‐wave radiation setup
(Figure 2) consisted of two Eppley precision spectral pyr-
anometers for short‐wave (Sup and Sdown) and two Eppley
precision infrared radiometers, pyrgeometers, for long‐wave
irradiance (Lup and Ldown) measurements (see Vihma et al.
[2008]). The short‐wave radiometers cover a wavelength
range from 280 to 2800 nm. In contrast to the spectral
radiometers, the pyrgeometers and pyranometers had to be

Figure 2. Photograph of setup (29 April 2007) showing both spectral and broadband irradiance sensors.
The under‐ice sensor is lowered at the end of the black cable behind the station and cannot be seen from
the surface. The schooner Tara and the field camp can be seen in the background of the picture, but do not
shadow the station at any time. The small inset picture shows the deployment of the under‐ice sensor in its
rack (photo: F. Latreille). Data cable and rope are protected through a red rubber tube.
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cleaned daily, because snow, ice, and rime of variable
amount covered the domes of the sensors.
[16] Surface temperature (Tsurf) is calculated from Lup and

Ldown as

Tsurf ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Lup � 1� "ð Þ*Ldown

"�

4

r
� 273:15; ð3Þ

using a surface emissivity " = 0.98 and Stefan‐Boltzmann
constant s = 5.67 × 10−8 W m−2 K−4. The broadband albedo
time series published by Vihma et al. [2008] is presented
here, in order to compare it with the total albedo derived
from spectral measurements.

2.4. Measurements From an IMB

[17] For continuous measurements of sea ice and snow
mass balance, an ice mass balance buoy (number 2007C)
[Perovich et al., 2008; Richter‐Menge et al., 2006] was
installed approximately 250 m from the radiation station and
did not drift more than 8 km away from the station during
the observation period. The buoy was equipped with two
acoustic sounders (one above the surface and one under the
ice), a thermistor chain through the snow and sea ice, an air
temperature sensor, a barometer, a GPS receiver, and a data
acquisition and satellite communication unit. A complete set
of measurements was made every 2 h from 0000 UTC
1 May to 1000 UTC 13 December 2007; we present data
only until the end of spectral irradiance measurements. Here
we focus on accumulation and ablation measurements of
snow and sea ice. We define the snow‐ice interface as z = 0
of the vertical scale with positive values upward and nega-
tive values downward.

2.5. Physical Snow and Sea‐Ice Properties

[18] Snow thickness was obtained from snow stake
readings and snow pits. Both observations were performed
weekly by the Tara crew during the entire observation
period of the radiometers. The snow stake profile consisted
of nine stakes with 10 m spacing. Unfortunately, the initial
reading of the snow‐ice interface position and therefore the
absolute snow thickness got lost. Hence, only relative
changes, representing surface ablation, can be presented
here. Stake 2 was closest to the radiation station (about 10 m
away) and is discussed here. Snow pits were performed
weekly at a designated site with snow and ice properties
similar to those at the radiation station. Here we discuss only
the surface observations of grain size and temperature,
which we assume to be representative of a larger area,
including directly below the radiation station. Snow grain
size, defined here as the diameter of single crystals, was
estimated with millimeter‐grid sheets and a magnifying
glass. The presence of snow was reported from snow pit
observations during the entire summer, but after 21 June the
surface actually consisted of deteriorated sea ice and all
snow was gone. Snow grain sizes and snow thicknesses are
therefore biased by unrealistically high values. We did not
remove these observations as the deteriorated layer interacts
with radiation like large‐grained snow, not like crystalline
ice.
[19] One ice core was drilled at the under‐ice radiation site

during the deployment of the sensor on 25 April 2007. Sea‐

ice temperature was measured using a handheld PT100
thermometer (accuracy ±0.1°C). Afterward, the core was
sealed and shipped frozen to a freezer lab for further analysis.
Vertical thin sections of the entire core were prepared and
photographed with and without crossed polarizers, allowing
for texture analysis and classification (columnar, granular,
mixed). On the basis of the texture result, the ice core was
cut into 28 segments of irregular thickness, 4.5–10.5 cm,
which were melted and used for salinity and d18O mea-
surements. Compared to using a regular cutting scheme,
this structure‐based segmenting procedure eases combined
analysis of all parameters.

3. Results

3.1. General Surface Properties and Meteorological
Conditions

[20] Photos of the surroundings of the station (Figure 3)
illustrate the seasonality of surface conditions for selected
dates between 18 May and 28 August. The seasonal evo-
lution of surface properties shows five distinct phases,
similar to those defined by Perovich et al. [2002a]. These
phases and selected characteristic events of meteorological,
snow, and sea‐ice conditions during the drift of Tara are
summarized in Table 1.
Phase I: Dry snow (29 April to 9 June)
[21] The observations started under typical spring condi-

tions of Arctic sea ice. Snow covered most of the sea‐ice
surface, as shown on the photo from 18 May (Figure 3a), and
the surface was dry and cold with temperatures significantly
below freezing until the second week of June (Figure 4a).
The snow was packed and redistributed by wind and had
experienced some metamorphosis and compaction. Vihma
et al. [2008] reported the first above‐freezing air tempera-
tures on 8 June, and the IMB reported the snow surface
temperature reached 0°C for the first time on 12 June
(Figure 4a). During phase I, snow pits show all temperatures
within the snow were still below freezing. Surface snow
grain size estimates varied between 1 and 4 mm before melt
onset (Figure 4a), but these observations most likely over-
estimate single crystal sizes.
Phase II: Melting snow (10–21 June)
[22] After melt onset on 10 June (defined from spectral

albedo data; see section 3.4), snow thickness decreased until
the snow cover vanished completely on 21 June (Figures 4b
and 4c), when the first melt ponds were also observed
[Sankelo et al., 2010]. Surface temperatures remained at the
melting point of 0°C from 20 June to the end of the melting
season (Figure 4a). Sea‐ice temperatures also increased
significantly during phase II, and as the ice got warmer than
−4°C, ice cores showed that the salinity of the sea ice
decreased rapidly. The largest changes were observed at the
ice surface and the main desalination event was observed
between 5 and 19 June (ice core data not shown here).
Phase III: Water‐saturated surface (22 June to 2 July)
[23] After all the snow was gone, surface ablation contin-

ued (Figures 4b and 4c) and led to an entirely water‐saturated
sea‐ice surface (Figures 3b and 3c), with meltwater standing
on the ice without draining. Also, the formation of the first
discrete melt ponds within this water‐saturated surface
was observed. Melt‐pond coverage increased from 3% to
14% between 24 and 30 June and continued increasing into

NICOLAUS ET AL.: SEASONALITY OF ALBEDO AND TRANSMITTANCE C11011C11011

5 of 21



Figure 3. Seasonal changes of surface conditions around the radiation station. Photographs show (a) late
spring condition (18 May), (b) early melt‐pond formation (24 June), (c) completely water saturated sur-
face (2 July), (d, e) further melt‐pond evolution (16 and 25 July), and (f) autumn freezeup (28 August).
Note that the photo from 18 May was taken from the opposite side compared to all others. All photos were
taken by crew members of Tara (mostly by T. Palo, all © Tara Expeditions) and postprocessed by the
authors.

Table 1. Time Line and Characteristic Events of the Tara Drift During the Presented Observation Period of
Spectral Irradiance Measurements (29 Apr to 5 Sep 2007)a

Date in 2007 (Duration) Event/Description Data Set

29 Apr to 09 Jun (42 days) Phase I: Dry snow
08 Jun Air temperature exceeds 0°C Weather station
09 Jun Total albedo maximum Radiation
12 Jun Surface temperature reaches 0°C IMB

10–21 Jun (12 days) Phase II: Melting snow
10 Jun Melt onset (drop of albedo in near infrared) Radiation
12 Jun Snow surface temperature reaches 0°C IMB
20 Jun Surface temperature constant at melting point IMB
21 Jun All snow is gone, surface ablation continues; first melt ponds IMB photos

22 Jun to 2 Jul (11 days) Phase III: Water‐saturated surface
22 Jun Start of shift in max. transmittance wavelength Radiation
01 Jul Total transmittance maximum (0.066) Radiation
02 Jul Total albedo minimum (0.66) Radiation

Most surface area is water‐saturated Photos

3 Jul to 14 Aug (43 days) Phase IV: Scattering surface
3 to 14 Jul (12 days) Phase IVa: Surface drainage
Between 4 and 6 Jul Drainage of sea‐ice surface Photos

15 Jul to 14 Aug (31 days) Phase IVb: Increased biological absorption
Between 16 Jul and 09 Aug Sea‐ice bottom growth turns into bottom ablation IMB
14 Aug Total albedo minimum (0.65) Radiation

First new snow after summer IMB

15 Aug to 05 Sep (21 days) Phase V: Autumn freezeup
15 Aug Start of freezeup (albedo increase) Radiation
28 Aug Retrieval of under‐ice sensor

aTable 1 is structured into five phases, describing the seasonality of snow and sea‐ice properties. Phase names are according
to Perovich et al. [2002b], when applicable. Some events are highlighted in the map in Figure 1. The events are primarily
identified by the data set given in the last column, but using other observations gives similar results.

NICOLAUS ET AL.: SEASONALITY OF ALBEDO AND TRANSMITTANCE C11011C11011

6 of 21



Figure 4. (a) Surface temperatures from snow pits and IMB, and 2 m air temperature from mast mea-
surements (replotted from [Vihma et al., 2008]), as well as snow grain size. Observations of grain sizes
during times when no snow cover was present are shown as open symbols. (b) Sea‐ice and total (snow +
ice) thickness as well as bottom ablation from IMB measurements. (c) Snow ablation and thickness from
IMB and manual observations. (d) Time of highest solar elevation angle and minimum and maximum
solar elevation angles. (e) Drift speed of Tara based on GPS positions. All data are based on the mea-
surements as presented in Figure 6 and are plotted at noon of the day (1200 UTC). Minor ticks on the time
axis are on 16th of each month. The phases described in the text and Table 1 are given on the bottom and
as grid lines in each plate. Thick dashed vertical lines at the bottom indicate dates of photos in Figure 3.
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phase IV [see also Sankelo et al., 2010]. During this phase, a
melt pond formed close to the radiation station.
Phase IV: Scattering surface (3 July to 14 August)
[24] The surface drained from 4 to 6 July, resulting in

distinct melt ponds and drained areas of deteriorated sea ice,
forming a surface scattering layer. These surface conditions
are shown in the photographs from 16 and 25 July (Figures 3d
and 3e). The melt‐pond fraction was 15% on 21 July, the
last day of quantified melt‐pond observations [Sankelo et al.,
2010]. Afterward, surface ablation continued (Figures 4b
and 4c) and the melt‐pond fraction increased to a maximum
of 30%–40%, estimated from photographs taken from
different positions at irregular intervals. Otherwise, surface
properties of the melting and deteriorating sea ice did
not change remarkably, and temperatures remained at the
melting point (Figure 4a) until autumn freezeup.
Phase V: Autumn freezeup (15 August to 5 September)
[25] After 14 August, air and surface temperatures below

0°C resulted in surface freezing and snow accumulation.
The photograph from 28 August (Figure 3f) shows the
surface after freezeup, when former melt ponds are still
clearly visible through the new snow.
Weather and drift
[26] Cloud coverage was highly variable until mid‐May

and mostly overcast afterward. A longer period of almost
clear sky was observed from 17 to 21 June. Occasionally
snow or rain was observed, with two prominent snowfall
events during the melt season, on 27 June and 6 July. The
first snowfall after freezeup started on 14 August.
[27] Analysis of IMB position data (recorded every

2 hours) resulted in a mean drift velocity of Tara of 0.56 kn
(24.9 km day−1) during the observation period (Figures 4e
and 1, and Vihma et al. [2008]). Most prominent was a
peak in drift velocity from 8 to 13 August, resulting in a
maximum speed of 2.2 kn (97.8 km day−1).

3.2. Snow and Sea‐Ice Thickness

[28] Ice thickness at the IMB site increased from 2.14 m
(1 May) to a maximum of 2.25 m (4 June). This thickness
increase was due to bottom ice growth (Figure 4b). After-
ward, ice thickness decreased to its minimum of 1.62 m at
the end of observation period. In total, summer ice thickness
decreased by 0.63 m, with 0.53 m of surface ablation and
0.10 m of bottom melt. Even though total ice thickness
decreased after 4 June, basal ice growth continued until
sometime between 16 July and 9 August, after which the ice
bottom began to ablate. Because of imprecise readings of
the under‐ice sonic of the IMB, this timing cannot be
determined precisely. Since 10 August, bottom ablation
continued until the end of the observation period (Figure 4b)
and also beyond this until mid‐October (data not shown
here). Snow thickness from the IMB was initially 0.05 m,
increased to 0.18 m (8 June), and then decreased, reaching
zero on 21 June. From the first new snow on 14 August to
the end of the observation period, snow accumulated to a
thickness of 0.24 m.
[29] Snow stake and IMBmeasurements show very similar

surface ablation over the entire season (13 June to 17August),
despite being observed at different sites. It amounted to
0.64 m at the snow stake, which was closest to the radiation
station, but there was up to 0.2 m more net ablation at the

stake than at the IMB during July, including the effect that
stake readings do not show accumulation before melt onset
(Figure 4c).
[30] Comparing initial snow and sea‐ice thicknesses at the

radiation station, sea ice was initially 0.14 m thicker and
snow was 0.05 m thinner at the IMB site than at the radiation
station. Here the time series measurements at the IMB are
used to discuss the optical data, because no thickness
measurements were performed directly at the radiation sta-
tion. Considering the generally high lateral variability of
snow and sea‐ice properties on a floe‐scale, both stations
represent the same snow and ice regimes. A combined
analysis of both data sets seems reasonable.

3.3. Sea‐Ice Texture

[31] A photo mosaic of sea‐ice texture from the core
(25 April 2007) at the under‐ice sensor site is shown in
Figure 5. Ice thickness, freeboard and snow thickness were
2.06, 0.10 and 0.08 m, respectively. Core length (four seg-
ments) was measured to be 2.08 m. The topmost 0.22 m of
fine‐grained granular ice was most likely due to snow‐ice
formation during the previous autumn/winter, indicating that
surface flooding would have occurred. This snow‐ice for-
mation can also be seen from negative d18O values with a
minimum of −7.7 (topmost 5 cm). Between 0.22 and 0.40 m,
the ice was very transparent, pointing to a former summer
surface. The amorph crystals, low salinities (0.0 between
0.35 and 0.40 m), and negative d18O are indications of a
refrozen melt pond between 0.3 and 0.4 m.
[32] A sharp interface and a thin, 2 cm layer of granular

ice marks the top of the next section, extending down to the
next interface at 0.67 m. This section is dominated by
columnar ice with large brine channels. This might result
from the previous (2006) summer season. As the photos
under plain light show (Figure 5b), these brine channel
structures end at 0.67 m and are not present anywhere
deeper in the core. Also, salinity increases to values of 3.5
and above for the rest of the core. Hence, we assume that
this (at 0.67 m) was the former summer underside, resulting
in an ice thickness of ∼0.45 m (0.22–0.67 m) at the end of
the last ablation season.
[33] Further down, columnar crystals dominate the ice

texture and d18O values are near zero, indicating bottom ice
growth under calm conditions. The section to 1.23 m stands
out for very large (>10 cm long) crystals and the ice con-
tains a lot of small and unstructured inclusions (brine
pockets and air bubbles). At 1.23 m, a distinct transition
from large columnar to small granular crystals can be seen
(Figure 5a), while salinity and d18O profiles do not reveal
striking changes. This hints at a frazil ice or rafting event.
Another, similar, interface within the columnar ice occurs at
1.77 m.
[34] In total, 88% of the ice crystals were columnar, 10%

granular and 2% mixed crystals. Initial sea‐ice temperature
increased almost linearly from −12.0°C at the surface to
−2.5°C at the ice‐ocean interface and mean salinity was 4.1
(Figure 5c). Mean value of d18O was −0.7, with means of
−3.0 for the snow ice and refrozen melt pond (0–0.22 m),
−0.6 for the old sea ice (0.22–0.67 m), and −0.1 for the
mostly columnar sea ice below 0.67 m.
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3.4. Spectral Irradiance, Albedo, and Transmittance

[35] Figure 6 shows time series of spectral irradiances
(incident, reflected, transmitted), spectral albedo, and spectral
transmittance, plotted daily at solar noon. Corresponding
time series of total (350–920 nm) quantities are plotted in
Figure 7, also highlighting the different phases described
above. Statistical quantities are summarized in Tables 2 and 3.
The presented once‐daily spectra are, as discussed above,
considered to have the highest quality and to be the most
representative for discussions of seasonal changes. As a
consequence, sub‐diurnal variations and short weather
events are not resolved in the presented data. Here we
present the results of the radiation measurements between
29 April and 4 September, separated into the above‐
mentioned five phases. The first and the last phase extend
beyond the observation period.
Phase I: Dry snow (29 April to 9 June)
[36] During the first phase, the total incident irradiance

ranged between 139 and 315Wm−2 with amean of 205Wm−2

and a standard deviation of 38 W m−2 (i.e., 205 ± 38 W m−2).
During the entire observation period, irradiance was highly
variable, a result of changing cloud conditions. The seasonal
cycle of solar irradiance resulted in highest incident radia-
tion (315 W m−2, 8 June) at the end of phase I with con-
tinued high values during phase II (Figure 7b). Albedo was
above 0.75 for all wavelengths, with maxima around 0.90
between 400 and 700 nm (Figures 6d and 8a). On account of
new snow accumulation and snow drift, albedo values
increased with time to a total maximum of 0.93 on 9 June.
On average, 22.3 W m−2 was absorbed by the snow and sea
ice during phase I. Transmitted irradiance was below
3.0 mWm−2 nm−1 for all wavelengths before 9 June (Figure 6c)
and mean total transmitted irradiance and total transmittance
were 0.34Wm−2 and 0.002, respectively (Figures 7a and 7c).
Phase II: Melting snow (10–21 June)
[37] Mean total irradiance was highest during phase II

(277 ± 40 W m−2) with maximum values around 760 mW
m−2 nm−1 (at 460 nm) during clear‐sky phases on 14 and
17–21 June, just before the summer solstice. The main
characteristics of this phase were melt onset (10 June) and
subsequent snowmelt, which became most obvious in the
spectral albedo measurements. After its maximum on
9 June, total albedo decreased steadily during phase II, with
the most significant decrease in near‐infrared albedo. While
albedo values at shorter wavelengths decreased only moder-
ately, a strong and rapid decrease of near‐infrared values, by
0.12 from 0.84 to 0.72, was observed between 9 and 11 June
(Figure 6d), almost doubling the energy absorption at long
wavelengths. This change and the increasing liquid water
content in snow stands out in the ratio of albedo at 900 nm
to albedo at 500 nm (a(900)/a(500)), which decreased by
19% between 6 and 12 June (Figure 7d). Coincident with
melt onset, the amount of total transmitted light increased
over 12 days by a factor of 10, to a mean of 2.2 W m−2 and a

Figure 5. Photo mosaic of thin sections (a) photographed
with crossed polarizers and (b) photographed with transmit-
ted light, and (c) temperature, salinity, and d18O profiles
from an ice core, retrieved from the under‐ice sensor site
on 25 April 2007. Total core length was 2.08 m and the
snow‐ice interface was at z = 0.
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maximum value of 5.5 W m−2. Figure 7c shows this first
significant increase after a long period of low‐light conditions
under the ice. This first increase did not affect the wavelength
of maximum transmitted irradiance, which remained almost
constant around 500 nm (Figure 7d). In contrast, the ratio
of transmittance at 600 to transmittance at 450 nm (t(600)/
t(450)) started to increase slightly. This ratio is a sensitive
indicator of biomass [Perovich et al., 1993].

Phase III: Water‐saturated surface (22 June to 2 July)
[38] Phase III is characterized by the highest total flux into

the ice (mean: 55 W m−2, max. on 2 July: 85 W m−2) and
highest total net absorption by the ice (mean: 47 W m−2,
max. on 2 July: 73 W m−2) during the observation period
(Figures 7c and 9). Also, the decrease of albedo and increase
of transmittance continued in phase III, even though the
surface was already snow‐free at the beginning of this phase

Figure 6. Time series of (a) incoming, (b) reflected, and (c) transmitted spectral irradiance as well as
spectral (d) albedo and (e) transmittance. One spectrum is shown per day, from the observation with
the highest solar elevation angle. As the under‐ice sensor had to be retrieved on 28 August, no transmitted
irradiance or transmittance data are available afterward. Blanked (white) areas in the albedo and transmit-
tance data result from the reduction in wavelength range due to data quality issues.
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(since 21 June). These maximum values of flux into and
through the ice were observed despite the fact that the mean
incident irradiance (205 ± 45 W m−2) was approximately
25% lower than during its maximum in phase II, indicating
significant changes in the vertical partitioning of solar
irradiance.

[39] Total albedo decreased to a mean of 0.73 (from 0.89
during phase I), with strong reductions at all wavelengths,
and reached the phase III minimum of 0.66 on 2 July (the
overall minimum was 0.65 on 14 August). At this time,
spectral albedo maxima (around 500 nm) were around 0.73,
and near‐infrared minima were between 0.4 and 0.5

Figure 7. (a) Total (350–920 nm) albedo and transmittance from spectral measurements and broadband
(280–2800 nm) albedo from broadband measurements (replotted from Vihma et al. [2008]). (b) Total
incident and reflected irradiance. (c) Total net fluxes into snow and sea ice, absorbed in snow and sea ice
(both referring to left y axis), and transmitted through snow and sea ice (referring to right y axis; note
different scale). (d) Wavelength (l) of maximum transmittance and ratios of spectral albedo (a) and
transmittance (t) at selected wavelengths. The transmittance ratio was divided by 4 for easier presenta-
tion. All data are based on the measurements presented in Figure 6 and are plotted at noon of the day
(1200 UTC). Minor ticks on the time axis are on 16th of each month. The phases described in the text and
Table 1 are given at the bottom and as grid lines in each plate. Thick dashed vertical lines at the bottom
indicate dates of photos in Figure 3.
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(Figure 8a). Mean total transmittance of the sea ice increased
from 0.002 (phase I) to 0.038 and reached its maximum
during this phase, 0.066, on 1 July. As a consequence, total
transmitted irradiance into the upper ocean (mean: 7.9Wm−2,
maximum on 2 July: 12.4 W m−2) was near the highest
values observed, but slightly lower than during the next
phase. Spectral transmittance maxima of 0.13 were mea-
sured for wavelengths between 530 and 535 nm (Figure 8b,
2 July), showing that the wavelength of maximum trans-
mitted irradiance increased significantly after 22 June
(Figure 7d), when all the snow was gone and meltwater
ponded on the surface. The highest fluxes of 66 mW m−2

nm−1 were measured at a wavelength of 532 nm, while
hardly any energy was transmitted at wavelengths above
720 nm. The decrease of albedo and increase of transmit-
tance were interrupted only by a new snow event on 27 June,
when fine‐grained, dry snow increased surface reflectivity
temporarily. This event is evident in several time series in
Figures 6 and 7. Mean transmitted photosynthetically active
radiation (PAR, 400–700 nm) was 7.4 W m−2, equivalent to
94% of the total transmitted spectrum and 5.6% of the
surface PAR irradiance.

[40] Melt ponds started to form during this phase, and one
melt pond was close to the radiation station (Figure 3), so
the measurements describe a mixture of the bare summer
sea‐ice surface and the melt pond, but the mixture is not
representative of the area fraction of melt ponds on the floe.
The pond’s effect on the measured fluxes of FR and FT

varied over time as the pond developed. It was small during
most of this phase, when the entire surface was water‐
saturated; the pond started to stand out only at the end.
However, the melt pond is influential as it has different
optical properties, resulting in lower albedo and higher
transmittance observations compared to bare sea ice.
Phase IV: Scattering surface (3 July to 14 August)
[41] Unlike the results of the snow and sea‐ice observa-

tions, the radiation observations show two distinct phases
during phase IV. Hence, those are discussed as phase IVa
until 14 July and phase IVb afterward.
[42] The effect of the nearby melt pond was most signif-

icant during phase IV, but different for FR and FT mea-
surements. During its maximum extent, the melt pond was
more than 3 m away from the point below the FR sensor,
while the FT sensor was right below the pond edge. At this
time of maximum influence, the pond surface covered about

Table 2. Statistics About Total (320–950 nm) and PAR (400–700 nm) Fluxes, Albedo, and Transmittance From Spectral Radiometers
During 29 Apr–27 Aug 2007 (121 Days), the Time When All Three Radiometers Were Installeda

Minimum Maximum Mean SD Sum (MJ m−2)

Incident (total, W m−2) 44.3 (18 Aug) 314.7 (08 Jun) 190 64 1768
Incident (PAR, W m−2) 30.1 (18 Aug) 202.6 (08 Jun) 122 40 1129
Reflected (total, W m−2) 32.5 (13 Aug) 289.1 (08 Jun) 154 56 1453
Reflected (PAR, W m−2) 23.2 (13 Aug) 189.4 (08 Jun) 101 35 953
Transmitted (total, W m−2) 0.18 (07 Jun) 12.41 (02 Jul) 3.1 3.1 30
Transmitted (PAR, W m−2) 0.18 (07 Jun) 11.67 (02 Jul) 3.0 2.9 29
Albedo (total) 0.65 (14 Aug) 0.93 (25 Aug) 0.81 0.08
Albedo (PAR) 0.68 (14 Aug) 0.95 (25 Aug) 0.83 0.08
Transmittance (total) 0.001 (07 Jun) 0.066 (01 Jul) 0.017 0.019
Transmittance (PAR) 0.001 (07 Jun) 0.097 (01 Jul) 0.025 0.028
Net surface flux (total, W m−2) 6.5 (25 Aug) 87.7 (19 Jul) 36 20 314
Net absorption in snow and ice (total, W m−2) 2.8 (25 Aug) 80.9 (19 Jul) 33 18 283

aTable 2 contains minimum, maximum, mean, and 1 standard deviation values as well as the sum over the period. All values are based on the presented
data set at times of highest solar elevation angles, except the total energy, which is calculated from the full (30 min resolution) data. PAR,
photosynthetically active radiation.

Table 3. Mean Total (320–950 nm) and PAR (400–700 nm) Fluxes, Albedo, and Transmittance for Each of the Different Phases (I–V)
Calculated From Measurements With the Spectral Radiometers, Along With Values from the Broadband Radiometers (280–2800 nm)a

Phase I II III IV IVa IVb V

Incident (total, W m−2) 204.7 277.0 204.7 173.6 176.9 172.4 103.8
Incident (PAR, W m−2) 129.7 176.2 133.0 111.8 114.7 110.8 66.8
Reflected (total, W m−2) 182.1 231.5 150.2 125.6 134.5 122.1 85.3
Reflected (PAR, W m−2) 117.35 152.7 102.0 84.0 89.6 81.8 56.0
Transmitted (total, W m−2) 0.34 2.25 7.86 4.62 8.09 3.28 4.07
Transmitted (PAR, W m−2) 0.33 2.14 7.42 4.37 7.60 3.12 3.89
Albedo (total) 0.89 0.84 0.73 0.72 0.76 0.71 0.82
Albedo (PAR) 0.90 0.87 0.76 0.75 0.78 0.74 0.84
Transmittance (total) 0.002 0.008 0.038 0.027 0.046 0.019 0.039
Transmittance (PAR) 0.003 0.012 0.056 0.039 0.066 0.028 0.058
Net surface flux (total, W m−2) 22.6 45.5 54.5 48.1 42.4 50.2 18.5
Net absorption snow and ice (total, W m−2) 22.3 43.3 46.7 43.4 34.3 47.0 14.4
Broadband incident (W m−2) 358.6 268.0 234.0 132.8
Broadband reflected (W m−2) 235.3 140.8 141.9 65.4
Broadband albedo 0.72 0.62 0.64 0.66

aDescription and times for each phase are given in Table 1. Broadband data are not available for all times during phases I and IVb [Vihma et al., 2008];
hence, no data are given for these phases. All data are based on the presented data set at times of highest solar elevation angles. Minima (italic) and maxima
(bold) are highlighted, but not for the broadband measurements, because those are not available for all phases. PAR, photosynthetically active radiation.
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one sixth of the field of view of the FR sensor and half of the
field of the FT sensor. Accounting for the sensors’ cosine‐
weighted response, we estimate a maximum representation
of the melt pond of 5% in the albedo and 50% in the
transmittance measurements. Therefore, while the albedo
presented here is mostly representative of the bare portions
of the floe during phase IV, the transmission is representa-
tive of a mix of the bare and ponded portions.
Phase IVa: Surface drainage (3–14 July)
[43] Phase IV (IVa) began on 3 July, after the summer

maximum of transmittance. The first days (until 6 July) were
characterized by increasing albedo (from 0.69 to 0.85) and

decreasing transmittance (from 0.056 to 0.036; Figures 6
and 7a). These changes were mainly related to the drain-
age of the sea‐ice surface, resulting in bare sea ice with a
surface scattering layer and distinct melt ponds. In addition,
there was a little new snow observed. Afterward, until the
end of phase IV (14 August), total albedo decreased slowly
to its overall minimum of 0.65. During this time, the most
significant change on the ice surface was the development of
melt ponds. The shape of the albedo spectra did not show
significant changes, and maxima ranged from 0.78 to 0.80
(470–520 nm, phase IVa) and were significantly higher than
near infrared values (0.60–0.70). Owing to lower incident

Figure 8. (a) Albedo and (b) transmittance spectra for different surface conditions, as shown in Figure 3.
The legend in Figure 8b refers to both Figures 8a and 8b. (c) Normalized difference of transmittance
spectra (t(l,t1) – t(l,t2)).
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fluxes (total mean: 177 W m−2), total net fluxes into the
ice and total absorption within the ice were moderate, 42 and
34 W m−2 (Figure 7c), respectively, during the first half of
July.
[44] In contrast to the albedo observations, the decrease in

transmitted irradiance was accompanied by significant
changes in the spectral shape of the transmittance. These
changes are most obvious during phase IVa. Although
the total transmittance did not change much (total mean:
0.046 ± 0.006) during phase IVa, the wavelength of maxi-
mum transmittance increased from 536 (3 July) to 559 nm
(14 July), including a major step from 10 to 11 July
(Figure 7d). Furthermore, the t(600)/t(450) ratio continued
its steady increase, pointing to increased absorption at
wavelengths around 450 nm (Figure 7d). Comparing the
spectra from 2 and 16 July (Figure 8b) illustrates the shift in
wavelength of the transmittance maximum and the reduction
in transmittance at wavelengths between 350 and 580 nm.
Transmittance at wavelengths longer than 600 nm shows
hardly any change (Figure 8c).
Phase IVb: Increased biological absorption (14 July to 14
August)
[45] As in phase IVa, spectral albedo during phase IVb

varied little before mid‐August, as it was controlled by the
drained surface scattering layer (total mean: 0.71 ± 0.02).
After 4 August, incident irradiance was significantly lower
than earlier in the year, indicating stable overcast conditions.
While the surface observations showed only moderate and
expected changes, the most notable changes were observed
in the under‐ice irradiance (Figures 6 and 7). Total
transmitted irradiance decreased from 7.5 to 2.6 W m−2

(15–24 July) and further to 0.6 W m−2 on 10 August. This
was related to a decrease in total transmittance from 0.049 to
0.010 (15–24 July). As a consequence, transmitted fluxes
were only 40% of those during phase IVa. From 10 August
onward, under‐ice total irradiance increased again to 6.3 W
m−2 (14 August), ∼80% of the level as before the drop on
15 July. This reincrease also changes the transmitted spectra
back to the shape they had before the decrease on 15 July.
At the same time, the wavelength of maximum transmit-

tance and the t(600)/t(450) ratio change back to values as
they were at the end of phase III, before surface drainage.
Figure 8c shows that the difference spectrum of transmit-
tance (t(l,t1) – t(l,t2)) between 2 July and 16 July is very
similar to the one between 28 August and 25 July. The
strong decrease of under‐ice irradiance also indicates a
maximum of total absorption in sea ice and uppermost
ocean water of 47 W m−2. Mean net flux into the surface
was 50 W m−2, 90% of the maximum during phase III.
These observations are analyzed and discussed in detail in
sections 4.2–4.4.
Phase V: Autumn freezeup (15 August to 5 September):
[46] On 15 August, total albedo started to increase from its

minimum to values around 0.91, similar to those observed
before melt onset. At the same time, total transmittance
started to decrease and ended up at 0.029 at the end of the
observation period (Figure 7a). These changes resulted from
low air temperatures and the first new snow (afternoon of
14 August), as reported from the IMB. On the basis of these
observations, 15 August may be defined as the end of melt
season, after 66 days, and the transition from summer to
autumn conditions. Also the a(900)/a(500) ratio increased
again, pointing to less liquid water in the surface. The
increase of albedo and decrease of transmittance were
observed at all wavelengths, such that spectral shapes and
absolute values after 31 August were almost identical to
those before melt onset (phase I and Figure 8). The highest
albedo, on 1 September, was measured during or shortly
after a strong snowfall event that significantly increased
snow thickness (Figure 4c). Hence, this spectrum might be
biased by the snowfall itself, with accumulation on the
incident sensor reducing the measured incident flux and
leading to overestimates in albedo. However, subsequent
measurements are reliable again, as the sensors were
observed to be clean the next day. Incident (and reflected)
irradiance was by far lowest during phase V. This resulted
from low solar elevation angles (Figure 4d) and predomi-
nantly overcast conditions. As a consequence, net fluxes
into and absorption by the snow and ice were also lowest.
However, transmitted irradiance was significantly higher

Figure 9. Net fluxes absorbed by snow and sea ice, and transmitted through snow and sea ice into the
upper ocean for the different phases in Table 1. Flux values are listed in Table 2. The sum of both
(=height of columns) is the net flux into snow, sea ice, and the water below. The numbers above the x axis
give the fraction of the net flux into snow and sea ice that is transmitted to the under‐ice sensor. The mean
of this fraction over all phases is 8.6%.
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than it was under higher solar irradiance in early summer
(phase I and II), indicating continued relatively high trans-
mittance values.

4. Discussion

[47] Continuous and high temporal resolution measure-
ments of spectral albedo and transmittance allow detailed
descriptions and quantification of snow and sea‐ice pro-
cesses over different seasons. On the basis of the presented
time series, it was possible to detect key events such as melt
onset, melt‐pond formation, surface drainage, duration of
snow coverage, and autumn freezeup (Table 1). Further-
more, the vertical and spectral partitioning was quantified as
a function of time, particularly interesting for under‐ice
irradiance, because such observations are still sparse.
Beyond the standalone radiation measurements, the pre-
sented data show how additional observations of snow and
sea‐ice properties and mass balance increase the value of the
radiation data and how a combined analysis results in more
reliable and comprehensive results compared to a sum of
single measurements. As integrative data sets are strongly
needed to increase our understanding of atmosphere‐ice‐
ocean interaction and to improve various numerical models,
the results of this study might be of high interest for these
applications.
[48] The presented data set is the first of its kind, and

unlike earlier studies [Ehn et al., 2008a; Light et al., 2008;
Perovich, 2005] it allows a detailed and combined analysis
of the seasonality of albedo and transmittance. The strong
seasonality of transmitted irradiance, which was found to be
more complex than that of surface albedo, has not explicitly
been observed before.
[49] This work represents the first seasonal application of

the new station concept introduced by Nicolaus et al.
[2010]. All irradiance measurements were obtained from
the identical site for over 4 months without any gap in the
time series or technical failures. This is most remarkable
because autonomous (spectral) radiation measurements are
technically and methodologically challenging, especially
over long times and on sea ice.

4.1. Seasonality of Albedo and Surface Fluxes

[50] The seasonality of total albedo shows principally the
same characteristic five phases (Table 1) as described by
Perovich et al. [2002a] and is illustrated by the photographs
in Figure 3 and the corresponding spectra in Figure 8a.
However, duration and timing of all phases were different
from those at SHEBA, which was located between 76° and
80°N in the Beaufort and Chukchi seas (Beaufort Gyre)
[Perovich et al., 1999], while Tara drifted between 86° and
89°N through the Arctic Basin (Transpolar Drift, Figure 1).
[51] High solar elevation angles and high fractions of clear

sky conditions led to the highest solar irradiance during
phase II, which agrees with the analysis shown byCurry et al.
[1996]. The next phase, phase III, was dominated by over-
cast conditions andmean irradiance was 25% lower (Table 2).
One of the reasons for this change in cloud cover, possibly
the dominating one, may have been the change from a
snow‐covered surface (phase II) to one with liquid water on
it (phase III), which provided a large source of local mois-
ture. However, large‐scale advection of humid air masses

toward Tara could also have contributed to higher cloudi-
ness. Although incident solar irradiance was reduced, a
decrease in total albedo meant that phase III was charac-
terized by the highest fluxes into the sea ice and the highest
absorption in sea ice. Over the entire melting period, the
IMB reported 0.53 m of surface and 0.10 m of bottom
ablation. Hence, it may be concluded that the measured
fluxes into the ice contributed mostly to surface and internal
warming and melting, while ocean heat fluxes were com-
parably low.
[52] Melt onset (MO, 10 June) and freeze onset (FO,

15 August) were primarily defined on the basis of spectral
albedo measurements and resulted in a melt season duration
of 66 days. In a recent study,Markus et al. [2009] used daily
brightness temperatures from passive microwave data to
analyze MO and FO, dates after which continuous melting/
freezing is observed, as well as early melt onset (EMO) and
early freeze onset (EFO), dates after which first melt/
freezing is observed, for different regions of the Arctic. For
the region north of approximately 81°N, they determined
that EMO occurred on 14 June, MO on 26 June, EFO on
15 September, and FO on 24 September 2007, all signifi-
cantly later than the dates in this study (which are more
comparable to their MO and FO than EMO and EFO).
Differences in FO dates are especially large. While Tara
was mostly north of the satellites’ range (to 87.2°N), and
comparisons must be performed with a region that extends
much further south, various field studies have observed that
the uppermost 10–20 cm of melt ponds were often frozen
during September. In addition, Nicolaus et al. [2006] showed
that regional variability of different melt season parameters
is usually small in the Central Arctic. Both of these aspects
indicate that FO dates and definitions from this study might
be more reliable, especially for this high Arctic region.
[53] Figure 7a compares the total albedo from the spectral

measurements with measurements of the true broadband
albedo [Vihma et al., 2008]. Both data sets show the same
temporal evolution, but have a mean offset of 0.11 ± 0.05.
The smallest differences occurred at the beginning and end
of the observation period, when the surface was cold and dry
(minimum offset was 0.01 on 19 May), while the largest
differences occurred during the melting period when the
surface was wet or even ponded (maximum offset was 0.23
on 16 July). Most differences are due to the shorter wave-
length range of the spectral sensors, which do not observe
wavelengths above 950 nm, where albedo is significantly
lower, especially over wet surfaces and melt ponds. The
shorter distance of the broadband radiometers to the nearby
melt pond may also have affected the result, as neither data
set is corrected for any melt‐pond effect. Nevertheless, the
correlation coefficient of both albedo time series is 0.95,
showing that the presented spectral albedo data represent
90% of the variability within the broadband data. On this
basis, the spectral data can be used to derive broadband
values when real broadband measurements are not available
or disturbed by sensor contamination [see alsoNicolaus et al.,
2010]. In order to also match absolute values, known albedo
values for given surface types, as for example optically thick
new snow or the summer surface layer [e.g., Perovich et al.,
2007], may be used as anchor points. The other way around,
using such anchor points of albedo for comparisons with
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measured time series could reveal the effect of melt ponds or
other surface features on the measured spectral data.
[54] The reflected irradiance was corrected for shadowing

with a time‐ and wavelength‐independent factor of 1.0769,
a value determined from the geometry of the instrument
setup with the assumption that the incident and reflected
irradiance were completely isotropic at all times. This is
certainly not entirely correct, but diffuse irradiance domi-
nated the observation period. The selected procedure and
given assumptions for the shadow correction [Nicolaus et al.,
2010] are similar to those applied by Brandt and Warren
(personal communication, 2010), resulting in factors around
1.04 for a portable setup using a more advanced, but
less robust spectroradiometer (Analytic Spectral Devices,
Boulder, USA). In order to estimate uncertainties resulting
from the shadow correction, shadow corrections were esti-
mated for alternative solar irradiance conditions. For direct
irradiance, the correction factor depends on solar azimuth
and zenith angles. Solar zenith angles at times of highest
solar elevation ranged from 65° to 80° and were mostly
around 70° (Figure 4d). Shadow corrections for 100% direct
irradiance from 70° and different azimuth angles range from
1.0574 to 1.0986. Shadow corrections for different zenith
angles at the predominant azimuth angle are 1.1023 (60°)
and 1.1067 (80°). More complex and time‐dependent cor-
rections could be applied using these different values, for
example by combining different conditions weighted over
time, but such an approach would risk introducing
false signals. Finally, the range of these values suggests
uncertainties in shadow corrections on the order of ±3%.
This would affect all presented numbers that use the reflected
irradiance (Tables 2 and 3), but not the general findings of
this study.

4.2. Seasonality of Transmittance and Absorptance

[55] One key result of this study is the characterization of
the evolution of under‐ice irradiance, based on the contin-
uous time series. It was found that the general seasonality of
transmittance is opposite that of albedo. This is not sur-
prising, because less light reflected from the surface leaves
more that can be transmitted deeper into and finally through
the sea ice into the upper ocean. But on the basis of this
similarity, it would have been expected that transmissivity
increases after melt onset, remains at a high level, or even
further increases, during summer, and decreases after the
onset of freezing. However, the amount of transmitted
irradiance decreased during the melting season (phase IV)
almost to its spring level (phase I). This event and related
processes are discussed in detail in section 4.3. As the
under‐ice sensor was located 1.4 m under the ice, changes in
transmitted irradiance and transmittance do not exclusively
describe changes in snow and sea‐ice properties (transmit-
tance of ice) but also include effects of the uppermost water
layer, including biology therein. On the basis of absorption
coefficients for seawater from literature [e.g., Wozniak and
Dera, 2007], the estimated effect of the additional water
column on the measured transmitted irradiance is a reduc-
tion of 20–30%, varying with time. Nevertheless, correc-
tions for this distance have not been performed, because the
time‐variant spectral absorption coefficient is not known
sufficiently well.

[56] Melt onset triggered a significant increase of total
under‐ice irradiance, at a rate of 0.52 W m−2 per day during
phases II and III, also confirming the result of Perovich
[2005], that basically no light is transmitted during spring
(here max. of phase I is 0.45 W m−2). The timing of this
increase is of critical importance for biological processes in
and under the ice [e.g., Arrigo, 2003; Lavoie et al., 2005]
and for modeling these processes [e.g., Jin et al., 2006;
Zeebe et al., 1996]. This increase was accompanied by a
shift in the wavelength of maximum transmittance from 500
to 520 nm and an increase of the t(600)/t(450) ratio
(Figures 7d and 8b). Both features point to an increase of
biomass in or directly beneath the sea ice [Ehn et al., 2008a;
Perovich et al., 1993], beginning immediately after melt
onset and continuing to its maximum in phase IVb. A
similar result was found by applying the suggested [Mundy
et al., 2007] normalized difference index of 472 and 485 nm
(data not shown here) to quantify biomass over the entire
observation period. This supports the applicability of such
difference indices for biomass estimation.
[57] The observed spectral shape of the under‐ice irra-

diance (Figure 8b) is very similar to those measured by
Ehn et al. [2008a], Perovich et al. [1993], and Perovich
[1996]. In contrast, the spectral shape of transmittance
shown by Light et al. [2008] is rather constant for wave-
lengths between 400 and 550 nm, except for one observa-
tion below FYI, which shows a maximum around 560 nm,
similar to observations here, which they describe as an
indication of absorption by chlorophyll a in the ice. These
differences are difficult to examine and might be related to
different surface, biological, or atmospheric conditions or to
different measurement techniques.
[58] Comparisons of absolute irradiance with earlier

studies are difficult because data sets often differ in obser-
vation time (season), region, and ice and snow properties.
To focus on the effect of the ice, rather than seasonal,
regional, or atmospheric differences, we compare transmit-
tance rather than absolute irradiance measurements. The best
comparable data set was measured during SHEBA [Light
et al., 2008]. The maximum transmittance of sea ice dur-
ing SHEBA, measured under 2.18 m thick MYI with a
surface scattering layer on 21 July 1998, was approximately
40% higher than the maximum during the drift of Tara
(Figure 8, max. on 02 July). The main reason for this dif-
ference is probably biological activity, which strongly
affected transmittance at our site during Phase IV, while the
spectra of Light et al. [2008] did not indicate such activity,
although measured at comparable times. Another factor is
that the under‐ice sensor in this study it was about 1.4 m
under the ice, while Light et al. [2008] placed it much closer
to the ice.

4.3. Decrease of Transmitted Irradiance During
the Melt Season

[59] The temporary decrease of transmitted irradiance and
transmittance during the melt season is one of the most
prominent features of the presented study and has not been
observed and discussed in detail before. After its maximum
on 02 July, transmitted irradiance decreased in two steps:
First, during Phase IVa, by approximately 50% and after-
ward, during Phase IVb, by another 40% (of the maximum).
After this, it increased again to its value at the end of Phase
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IVa, before decreasing again after freeze onset. During
Phase IVa the sea‐ice surface drained, resulting in a surface
scattering layer. This layer increased albedo, allowing less
light to penetrate. But this process can only partially explain
the decrease during Phase IVa, because the decrease in
transmittance continued after the surface was drained
(06 July), and the decrease changed the spectral shape sig-
nificantly, which would not be expected from the change in
surface conditions [Light et al., 2008; Perovich, 1996]; the
wavelength of maximum transmittance increased by 23 nm,
and transmittance between 350 and 580 nm decreased sig-
nificantly, while wavelengths larger than 600 nm were only
weakly affected, and the t(600)/t(450) ratio increased.
These results suggest biological activity was a strong con-
tributor to the transmittance decrease during Phase IVa.
Afterward, in Phase IVb, surface conditions did not change
significantly and albedo decreased until freeze onset. The
spectral shape of transmittance maintained approximately
the same shape throughout Phase IVb. We suggest that
during this time biological processes in ice and water were
mainly responsible for the additional transmittance decrease,
but the absorbing pigments did not change significantly.
While we feel this is the best hypothesis to explain the
observations, no observations of biomass or species com-
position are available and our conclusions are speculative.
[60] The rapid increase of transmittance between 10 and

15 August was most remarkable, returning the spectral
shape and magnitude back to those seen in earlier observa-
tions in only five days, while the decrease extended over
41 days. Here we suggest that a change in ocean circulation
washed most of the biomass away and/or changed the water
mass properties in a way that caused the organisms to die
and sink down. The main indication that this occurred is the
rapid increase of drift velocity after 08 August (Figure 4e)
together with increasing bottom ablation after 10 August.
Together these could have removed parts of the porous ice
matrix, where biomass is most abundant, and caused a
freshening of the uppermost water layers. Furthermore, this
hypothesis of changing drift patterns is consistent with
observations of particularly strong ice motion in mid
August. Before this episode, the 6‐h mean drift speed of sea
ice was between 0.05 and 0.10 m s−1; during the episode it
increased to 0.15 to 0.35 m s−1. This episode was driven by
a transient cyclone, formed over the Eurasian continent,
which was passing south of Tara.
[61] On the basis of the high temporal resolution and large

number of spectra, the presented data set could be used to
derive the biomass in and under sea ice as a function of time.
Methods are suggested and examples shown by Ehn et al.
[2008a] and Mundy et al. [2007]. Furthermore, difference
or absorption spectra, as presented in Figure 9, could be
de‐composed into known absorption spectra of various
pigments [e.g., Ficek et al., 2004, Figure 2a], aiming for
analysis of pigment or even species composition. Such
estimates are especially interesting as the method is non‐
destructive and does not need extensive sampling and
analysis. A general and qualitative comparison of the dif-
ference spectra in Figure 9 and absorption spectra by Ficek
et al. [2004] shows that the difference spectra match well
with major absorption wavelengths of pigments, such as
chlorophylls and carotenoids.

[62] Beside the detection of biomass, large amounts of
biomass could affect measurements through bio fouling on
sensor. This is also an aspect that can not be entirely
excluded here, but no indication of fouling was found at
sensor retrieval, and we are lacking a realistic explanation or
mechanism for how to remove such growth in only a few
days. Nevertheless, this possibility has to be considered for
future applications of the presented setup [Nicolaus et al.,
2010].

4.4. Vertical Partitioning of Solar Irradiance

[63] During the observation period from 29 April to
27 September, total (350 to 920 nm) incident, reflected, and
transmitted energies were 1768, 1453, and 30 MJ m−2,
respectively (Table 2). In total, 81% of solar irradiance was
reflected, 17% absorbed by snow and sea ice, and 2%
transmitted into the ocean. 95% of transmitted light was
PAR. For comparison, during SHEBA, 68% of solar irra-
diance was reflected, 24% absorbed by snow and sea ice,
and 8% transmitted into the ocean [Perovich, 2005], but
comparing both sets of numbers is difficult because the
SHEBA data are based on albedo measurements at 80 sta-
tions of different surface types and over a longer observation
period during spring through autumn. SHEBA absorption
and transmittance results are estimates from a radiative
transfer model. The lower SHEBA albedo values result from
the inclusion of melt‐pond and open water surfaces. The
larger estimated transmittances at SHEBA are due to thinner
ice at SHEBA and to not including biological effects in the
SHEBA radiative transfer modeling. Hence a decrease of
transmitted irradiance due to primary production, as observed
at Tara, was not included in the SHEBA analysis.
[64] Combining field measurements during SHEBA with

the CCSM3 GCM model parameterization, Light et al.
[2008] estimated that 3% of light would be transmitted
through 3 m thick sea ice and 15% would be transmitted
through 1 m thick sea ice, given the observed surface
albedos between 0.77 and 0.81. Compared to this, lower
total transmittance (2%) was measured at Tara, though ice
conditions are within the given range. Again, the lower
sensor height has a significant impact, as the signal is
reduced by absorption and scattering in the uppermost
water, especially during the phasewhen biomass significantly
influences the spectra, after melt onset. Even considering
this, our measurements show much lower transmittance than
for the 1.3–1.9 m thick ice described by Light et al. [2008].
[65] The diagram in Figure 9 shows how the fraction of

absorbed to transmitted irradiance changed with time. This
comparison is of particular interest as it excludes the effect
of surface albedo and highlights inner‐ice and upper‐ocean
optical properties. During spring, only 1.5% of the total net
flux into the surface was transmitted (phase I), but this
fraction increased steadily to a maximum of 22.0% during
autumn (phase V), except for the discussed decrease during
Phase IV. Assuming most of the decrease during Phase IV
was due to biomass in the ice and upper ocean, the decrease
of this fraction during Phase IV is probably not represen-
tative of changes in the optical properties of the ice. Over
the entire observation period, 8.6% of the total net flux into
the ice (30 of 314 MJ m−2) is transmitted into the ocean and
contributes to warming of the upper water layer and with this
also indirectly to sea‐ice bottom melt. The rest (284 MJ m−2)
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is absorbed in the ice and directly used for internal warming
and melting of snow and sea ice. Comparing this 284 MJ m−2

to the observed changes in snow and sea ice, only 262MJm−2

would be needed to explain these changes: 68 MJ m−2 to
warm the sea ice to the melting point (see Figure 5), 178 MJ
m−2 to melt 0.6 m of sea ice (Figure 4b), and 16 MJ m−2 to
warm and melt 0.15 m snow (initial mean density and mean
temperature were 300 kg m−3 and −13°C (Figure 4c and
unpublished snow pit data)). This balance neglects both
absorption at wavelengths greater than 950 nm and sensible
heat fluxes from the atmosphere and ocean. This seems to
suggest that the measured absorption in snow and ice is
overestimated, or that the observed changes of snow and sea
ice are underestimated. This difference also points to the
difficulties related to performing and relating both radiation
and physical snow and sea‐ice measurements in such a
complex environment as drifting Arctic sea ice. Similar
difficulties were also described by Nicolaus et al. [2009],
although both studies were performed with a high degree of
accuracy and care. However, we cannot expect to exactly
close the energy balance as some of our absorbed energy was
absorbed by the upper 1.4 m of ocean, not by ice or snow. In
addition, small errors in the observations can have a signifi-
cant effect on the net result (e.g., the extra 22 MJ m−2

represents just 1.5% of reflected energy, making errors in
the shadow correction important).
[66] Assuming that under‐ice irradiance was equal to the

minimum in phase I before the observations started and to
the minimum in phase V after the observations ended, we
can estimate that 63% of the total transmitted solar energy
reached the ocean during the 66‐day‐long melt season (∼1/6
of the year), highlighting the strong seasonality of under‐ice
irradiance.
[67] Similarly, the effect of biomass on under‐ice irradi-

ance may be estimated by comparing the measured signal,
including the strong decrease during phase IV, with an
estimate of the under‐ice irradiance time series without
biological absorption. The latter is estimated by linearly
interpolating the under‐ice fluxes between the last mea-
surement before the decrease and the first after the increase
(17 July to 14 August). The total transmitted energy from
this theoretical time series is 2.4 times as high as the mea-
sured signal (18.1 vs. 7.5 MJ m−2). This change increases
the mean transmittance by 41% from 0.017 to 0.023 and
reduces the absorbed energy to a value closer to the estimate
from snow and ice observations (see discussion above). If
the difference of 10.6 MJ m−2 was used by biomass for
photosynthesis, a photosynthetic efficiency of 85% [Zeebe
et al., 1996] results in 9.0 MJ m−2 being released again as
heat from the organisms. This energy is therefore still
available to warm the ocean or the ice or to contribute to
bottom sea‐ice melt of 0.03 m. These biological factors need
to be considered when using these observations for other
studies, e.g., in numerical models.

4.5. Data Quality

[68] General aspects of data quality regarding the setup
and sensors are discussed in Nicolaus et al. [2010]. This
discussion also includes estimates of uncertainties and dif-
ferent sensor‐specific issues. In order to present a high‐
quality data set that is most suitable to discuss seasonal
changes, we focused on measurements during times of

highest solar elevation angles. Using data from local noon
minimizes errors due to the imperfect cosine response of the
sensors and reduces the effect of variable shadows and
surface undulations, as conditions were observed under
similar solar azimuth angles (floe rotation was not moni-
tored and hence cannot be considered). The frequent cloud
cover minimizes errors both due to the cosine response and
due to any slight misleveling of the sensors. We tried to
minimize uncertainties related to shadow corrections by
formulating a rather complex correction procedure [Nicolaus
et al., 2010] that was applied in a simple manner in order to
ease recalculations.
[69] One of the greatest uncertainties of the data set is the

varying (both due to ice melt/growth and due to movement)
distance of the under‐ice sensor to the ice underside, making
the differentiation of ice and water processes very difficult.
The sensor was intentionally deployed below the bottom of
the sea ice, so it did not freeze in during the expected bottom
growth of ice thickness. This was done to prevent prefer-
ential ice growth on or around the sensor and rack. However,
the final distance was greater than planned and resulted from
inaccuracies during deployment. Additional uncertainties
are introduced through the nearby melt pond, which was in
the field of view of the sensors. As it changes surface albedo
and transmittance, it has to be considered that the data do
not describe a pure ice surface. Also the given wavelength
range (320–950 nm) has to be taken into account when
comparing with measurements of other sensor types or when
using these data for other applications.

4.6. Spatial Variability and Representativeness of Data

[70] Measuring the components of spectral solar radiation
at the same piece of ice from spring through autumn is
nondestructive and enables detailed process studies. As
the station was drifting, some large‐scale variability in
atmospheric and radiative forcing is integrated during the
observations, but this does not include any spatial variability
of snow and ice properties on floe scales, including different
features of the ice pack such as melt ponds, leads, or pres-
sure ridges. In order to keep the optical site as undisturbed
as possible, related measurements were performed on sim-
ilar snow and ice conditions, but do include some spatial
variability. Hence, for this method, it is important to choose
a site for the station that is representative of the region.
[71] Repeated transects of ice thickness measurements in

the Tara area confirm that the radiation and IMB sites
represent modal ice conditions and that the temporal evo-
lution of ice thickness at the site was representative of the
region (C. Haas, personal communication, 2009), indicating
these results should be representative of the larger area
around Tara. It is also likely that these data are generally
representative of multiyear ice with similar thicknesses of
snow and sea ice. Other snow and ice regimes may show
different results, especially regarding under‐ice irradiance.
The presented albedo and transmission values are not meant
to be representative of the floe‐average values as they do not
include a sample of the different surface types on the flow.
During the dry and wet snow phases, the surface was rela-
tively homogeneous, but once melt ponds formed, our
data are representative of the surface types in the small areas
seen by the sensors: mostly bare ice for albedo, and a (not
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necessarily representative) mixture of bare ice and melt
pond for transmittance.
[72] Even though the Tara data were gathered prior to the

sea‐ice extent minimum in 2007, it is likely that the results
are characteristic for similar ice conditions in other years, as
well. The main retreat was observed in the East Siberian and
Laptev seas, while ice concentration in the study area was
not exceptional [e.g., Stroeve et al., 2008]. Markus et al.
[2009] found that melt onset in the study region in 2007
was very close to the long‐term mean, but freeze onset
happened much later than the mean since 1979. But their
dates could not be confirmed by the presented in situ
measurements. Furthermore, the atmospheric forcing at Tara
was not exceptional, compared to data from the Russian
North Pole stations, which covered similar regions of the
Arctic Basin [Vihma et al., 2008]. IMB data gathered north
of Greenland in 2007 [Perovich et al., 2008] show similar
characteristics of surface and bottom ablation to those at
Tara.
[73] Although the observed decrease of transmittance was

not explicitly observed before, some aspects were quanti-
tatively described earlier [Ehn et al., 2008a; Mundy et al.,
2007; Perovich et al., 1993]. Hence, we think that the
phases described here may be generalized for Arctic sea ice.
However, it needs to be considered that the intensity of
biological processes varies strongly in different regions
[Carmack et al., 2006], and in regions with low biological
activity the observed effect during phase IV might be sig-
nificantly lower, if present at all, allowing higher transmit-
tance. Furthermore, in other regions, especially those close
to shore, sediments in the ice and in the water, as well as
large amounts of organic matter, may reduce under‐ice
irradiance more than biological activity may [Light et al.,
2008; Perovich et al., 1998].

5. Conclusions and Perspectives

[74] Using a modern setup of spectral radiometers above
and under sea ice, the most comprehensive time series of
spectral albedo and transmittance was gathered during the
drift of Tara through the Transpolar Drift. As the data set
covers most of the sunlit part of the year and includes the
key melt and freeze periods, it was possible to describe the
seasonal evolution of physical, optical, and some biological
processes of snow and sea ice, including quantification of
melt onset, melt season duration, and freeze onset, which are
critical parameters in climate models. It was also possible to
explain 90% of the temporal variability of broadband albedo
based on the spectral data set of reduced wavelength range
(320–950 nm).
[75] The presented combination of spectral radiation and

ice mass balance studies allows a qualitative and quantita-
tive description of snow and sea‐ice processes, even with
minimal additional in situ observations. Biological studies
would benefit from quantifying spectral fluxes into the
bottom ice layers and into the upper ocean, allowing esti-
mates of biomass or even species composition based on
known absorption spectra of different pigments.
[76] The presented setup can be further developed toward

an independent buoy system, sending its data via satellite in
real time [see also Nicolaus et al., 2010]. As can be seen
from this study, such a station would be most beneficial

when deployed together with an IMB. However, the pre-
sented data also point to the need for including horizontal
transects or additional sensors to quantify spatial variability
on different scales. This spatial extension could be realized on
floe to regional scales by manual and autonomous measure-
ments using autonomous underwater vehicles and unmanned
aerial vehicles. Beyond this, on larger scales, these data are
well suited to be combined with high‐resolution optical
satellite data (e.g., moderate resolution imaging spectro-
radiometer), taking advantage of the high spectral resolution.
[77] The comprehensive data set could be most valuable

to further develop and improve optical models for snow and
sea ice. Using different parts of the data set as forcing data,
numerical studies with one‐dimensional models such as
SNTHERM [Andreas et al., 2004; Jordan et al., 1999;
Nicolaus et al., 2006] and HIGHSEA [Cheng et al., 2003,
2008; Launiainen and Cheng, 1998] might help us to
understand snow and sea‐ice processes in even more detail
and to derive additional quantities that were not be measured
in situ. Using radiative transfer models, inherent optical
properties of the sea ice at Tara could be derived [Hamre
et al., 2004; Stamnes et al., 1988], allowing further com-
parison with related studies. Other future work with the
data could focus on improving albedo schemes in regional
to global models [e.g., Pedersen and Winther, 2005] and
improving the forcing for biological models in the Arctic
Ocean.
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