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Pack ice in the Bellingshausen Sea contained moderate to high stocks of microalgal biomass

(3–10 mg Chl a m�2) spanning the range of general sea-ice microalgal microhabitats (e.g., bottom,

interior and surface) during the International Polar Year (IPY) Sea Ice Mass Balance in the Antarctic

(SIMBA) studies. Measurements of irradiance above and beneath the ice as well as optical properties of the

microalgae therein demonstrated that absorption of photosynthetically active radiation (PAR) by

particulates (microalgae and detritus) had a substantial influence on attenuation of PAR and irradiance

transmission in areas with moderate snow covers (0.2–0.3 m) and more moderate effects in areas with

low snow cover. Particulates contributed an estimated 25 to 90% of the attenuation coefficients for the

first-year sea ice at wavelengths less than 500 nm. Strong ultraviolet radiation (UVR) absorption by

particulates was prevalent in the ice habitats where solar radiation was highest—with absorption

coefficients by ice algae often being as large as that of the sea ice. Strong UVR-absorption features were

associated with an abundance of dinoflagellates and a general lack of diatoms—perhaps suggesting UVR

may be influencing the structure of some parts of the sea-ice microbial communities in the pack ice during

spring. We also evaluated the time-varying changes in the spectra of under-ice irradiances in the austral

spring and showed dynamics associated with changes that could be attributed to coupled changes in the

ice thickness (mass balance) and microalgal biomass. All results are indicative of radiation-induced

changes in the absorption properties of the pack ice and highlight the non-linear, time-varying, bio-

physical interactions operating within the Antarctic pack ice ecosystem.

& 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Disposition of solar radiation in the oceans influences key physical,
chemical and biotic processes (e.g., biological productivity, animal
behaviors, thermodynamics and mixing, and chemical reactions) that
help shape almost all upper oceanic system properties. In ice-covered
polar waters the temporal and spatial variations in the solar radiation
entering the ocean are mostly determined by diurnal and seasonal
variations in incident irradiances, the amount and types of ice and
snow cover and their inherent optical properties. It has been well
established through quantitative radiative transfer studies (Perovich
et al., 1986) and modeling (Perovich, 1990; Perovich and Grenfell,
1982) that snow cover (and its attributes) is perhaps the most
optically influential geophysical feature because of its high attenua-
tion of photons across all wavelengths of ultraviolet and visible light
(with attenuation coefficients ranging from 5 to 30 m�1 in ultraviolet
and visible wavelengths (Perovich, 1990; Perovich et al., 1993;
Warren, 1982). In addition to snow, variations in radiation transfer
in and through sea ice are determined by crystalline structure, gas and
ll rights reserved.
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brine inclusions of the sea ice itself as well as the time and spatially
variable content of particulates and dissolved organic matter and their
inherent optical properties (Arrigo et al., 1991; Fritsen et al., 1992;
Mundy et al., 2007; Palmisano et al., 1987; Perovich et al., 1986).

Interactions among dynamic air temperatures, ocean heat
fluxes, precipitation and currents within the pack-ice realms of
the Antarctic occur in a myriad of combinations that create a wide
range of ice types with diverse and dynamic bottom, interior,
surface ice and snow habitats supporting productive microalgal
communities (Fritsen and Sullivan, 1999; Garrison et al., 1986;
Horner, 1980; Meguro, 1962; Thomas and Dieckmann, 2002).
Microalgal communities in land-fast ice of the Arctic and Antarctic
have been shown to have a large contribution to the attenuation of
visible radiation through the ice and influence the spectral
characteristics of visible light passing through the ice as blooms
develop (Arrigo et al., 1991; Palmisano et al., 1987; Perovich et al.,
1993; Smith et al., 1988). Moreover, modeling studies have
demonstrated that microalgae can often be the primary visible
light-energy-absorbing material in the ice that can influence the
localized heating and melting process (Fritsen et al., 1992; Zeebe
et al., 1996).

Snow cover and sea ice are thought to be the primary mod-
ulators of ultraviolet radiation transfer into areas of the ocean that
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are affected by stratospheric ozone depletion (Perovich, 1993) due
to their relatively large attenuation coefficients in the ultraviolet
wavelengths (10–30 m�1 for snow and 1–10 m�1 for sea ice). The
presence of microsporine-like amino acids (MAAs) in sea-ice
microalgae (Karentz, 1994) and CDOM in sea ice that absorbs
UVR (Norman et al., 2011) also implies that UVR transmission may
be determined, in part, by sea-ice biota and biological processes.
Because sea-ice biota and organic matter are released into the
water column upon melting in the spring and summer, their UVR
and visible light absorbing properties are likely to be primary
determinants of the nature of the light field in the water column as
the ocean becomes ice-free.

The optical properties and contribution of ice-algae and parti-
culate matter in determining the fate of solar radiation (both visible
and ultraviolet) within the pack ice of the Southern Ocean remain
largely undocumented despite general recognition of the potential
for microalgae in affecting radiative transfer and key processes
such as primary production and ice thermodynamics. To help
achieve the overall aim of evaluating the variation in sea-ice algal
biomass and its effects on radiation transfer within the Antarctic
pack ice we conducted an assessment of spectral irradiances above
and below a range of different types of first-year sea ice located at
the Sea Ice Mass Balance (SIMBA) study area in the Bellingshausen
Sea during the late-winter to early-spring (October–November) of
2007. We collected particulate matter from within the ice to
evaluate the spectral absorption properties of the algae and their
effects upon the absorption and transmission of radiation. A time-
series of under-ice spectral irradiances was collected at one of the
sites in conjunction with ice and snow mass-balance instrumenta-
tion (Lewis et al., 2011) to determine if light transmission through
the ice could be linked to the time-varying geophysical and
biological processes operating within the coupled physical-
chemical-biotic system.
2. Methods

Optical measurements and ice core collections were undertaken at
three separate sites during the IPY-SIMBA operations. These sites
were in relatively close proximity (50–75 m distant) of the ‘‘Brussels’’
and ‘‘Liege’’ sampling/study sites as described by Lewis et al. (2011)
and another site was near the ship. In brief, all of these sites were first-
year ice ranging in thickness from 0.5 to 1.3 m. The ice at the Brussels
site ranged between �0.5 to 0.65 m, with a relatively thin snow cover
(0.02–0.15 m thick) and relatively little deformation. The study
location near the ship had thicker ice (0.6–0.8 m) with a thicker
snow cover of 0.12 to 0.2 m; the sampling site at the Liege location had
even more snow (0.25–0.3 m) and thicker ice (up to 1.2 m) than the
other two sites. Ice and snow thickness in conjunction with deforma-
tion were all indicative that the ice at the latter locations was older
than the thinner, first-year ice at the Brussels location.

Ice sampling and irradiance measurements were undertaken at
two sites located approximately 30 m apart on October 6 near the
Brussels study location. One location corresponded to a site
approximately 10 m distant from the Ice Mass Balance Buoy
(IMB) as described by Lewis et al. (2011). Sampling and measure-
ments were repeated on October 16 at the Brussels site. Sampling
and measurements occurred near the ship on October 5 and on
October 10 at the Liege location.

Spectral irradiances were measured with an Ocean Optics
USB2000 spectrophotometer equipped with a 20-m Vis-NIR 500
optical fiber tipped with a flat cosine collector. Surface incident and
upwelling irradiance measures were obtained immediately prior to
and after under-ice irradiance measurements. Surface readings of
PAR (using a QSL-100) were concurrently measured during surface
and under-ice irradiance measurements so all measurements had
reference readings that could be used to account for changes in the
incident light during the measurements.

Under-ice irradiance measurements were accomplished by
deploying the tip of the fiber on an articulated arm deployed through
a 0.10-m diameter hole in the ice that was created by obtaining an ice
core (using a Mark II ice coring system; Kovacs Enterprises). The tip of
the articulated arm was 2.5 m distance from the hole when the tip
was raised to be just under the bottom of the ice. Placement of the tip
under the ice was accomplished by raising the arm until it gently
touched the bottom of the ice and was then slightly lowered
(approximately 0.01–0.02 m) by the person holding the apparatus.
The arm was manually held in a level position during under-ice
irradiance measures and checked with a bubble level. The USB2000
system’s time integrations were decreased for above-ice measure-
ments such that irradiance readings were obtained that did not
saturate the sensors. Time integrations were increased for under-ice
readings to obtain measurements significantly above the dark
voltages (according to the manufacture’s recommendations). All
readings were normalized to a constant integration time. Under-ice
irradiance measures were increased by a constant factor of 0.3 to
account for the effect of immersing the cosine sensor in water.

Small-scale (meter scale) variations in the under-ice spectral
irradiance fields were evaluated by rotating the articulated arm
through a 180 %

o
arc and measuring the under-ice irradiances at five

equidistant locations along this arc (specifically at the 0, 45, 90, 135
and 1801 angles along the arc). At each location along the arc
two under-ice irradiance readings were obtained within a span of
1-2 minutes. After all irradiance measurements were taken, we
measured the snow depth at each location along the arc (with a
metal meter stick) 5 to 10 separate times within an area approxi-
mately 0.3 m in diameter.

Ice cores were obtained at each site with a 0.1 m diameter core
barrel, immediately sectioned and placed in 4 L widemouth HDPE jars
for transport back to the ship. A cold (0–2 1C), filter-sterilized solution
of 240 ppt NaCl was added to the core sections (0.1-0.2 m) to yield a
final salinity upon melting of 36 psu– and thus minimize hypo-
osmotic bursting of the biota during the melting process (Garrison
and Buck, 1986). Melting of ice cores was accomplished at 2-3 1C and
generally occurred over 6 to 8 hours. Cores were nominally obtained
from ice at the point where the articulated arm was inserted through
the ice at each site. An additional core was taken from the Ship site on
October 5 and two more from the Brussels site on October 6 and 16.
The bottom 0.03 m from these latter cores were subsampled to
examine and measure biomass concentrations in the bottom ice layer
that was commonly observed at this site. Sampling of the ice at the
Liege location was kept to a minimum due to resource constraints and
the desire to keep the site preserved for ongoing time-series studies
by other colleagues.

Particulates in the ice melt water were gently filtered (at less
than 7 mbar in subdued light) onto Whatmans glass fiber filters
(GF/F), which were then treated to derive total particulate absorp-
tion (ap(l)), absorption by detritus (ad(l)) and microalgae (aa

n(l))
using methanol extraction (Kishino et al., 1985) and applying path-
length amplification corrections for the filter-pad method (Tassan
and Ferrari, 1995). Analysis was completed using a Lambda-18 and
a CARY 300 spectrophotometer (each equipped with a Labsphere
integrating sphere). Chlorophyll a (Chl a) concentrations in the ice-
core melt water was determined by filtering melt water through
GF/Fs, extracting filters and measuring Chl a in the extract
according to the EPA 445 method using a Turner 10 AU fluorometer
standardized with pure Anacystis Chl a (Sigma).

Aliquots of the ice-core melt water were preserved with
glutaraldehyde (Sigma G6403; 0.5% final concentration), kept
chilled at 0-2 1C and shipped back to the Desert Research Institute
(DRI) for microscopic analysis. Samples were settled in Utermöhl-
settling chambers (minimum settling time of 24 hours) and settled
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biota were enumerated using a combination of Nomarski and
Epifluorescence microscopy (Olympus BX60 at 100x, 200x magni-
fication) in concert with phase contrast microscopy (Olympus
CKX41 400x). Cell biovolumes were calculated using geometric
shapes and volume calculations (Hillebrand et al., 1999).

An under-ice Satlantic radiometer (model OCR-504) with four
spectral bands (442, 455, 490 and 555 nm) was deployed beneath the
ice near the Brussels location on an articulated arm made of PVC. The
radiometer was deployed at a final depth of approximately 2.0 m
and the PVC pole was leveled and frozen into the ice on October 1.
The radiometer pole was located approximately 2 m distant from the
remainder of the integrated ice mass balance buoy (Lewis et al., 2011).
Data from the integrated station were relayed at 2-hr intervals
through the ARGOS satellite from October 2 to November 26, 2007.
This time series provided an extension of the temporal information
past October 23 when the ship departed the location.
10

100

3. Results

3.1. Under-ice irradiances

Peak transmission (under-ice irradiance normalized to surface
irradiance) was at 545-550 nm at the Brussels location, 555–560 nm
at the site by the ship, and 560 nm at the Liege study site (Fig. 1). The
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Fig. 1. Transmission (T) spectra derived from the under-ice irradiance normalized

to surface-irradiance measurements collected at five different positions (repre-

sented by different different graphs) from a central location at each of the study sites

Brussels (A), Ship (B), and Liege (C).
transmittance spectra at the Liege site displayed more spectral
dependence compared to the other sites (Fig. 1C). Much of the
inter-site variations in transmission were readily explained by
variations in the snow thickness. For instance, at the Ship and Brussels
sites on October 5 and 6 the transmittance spectra at positions with
0.19 and 0.03 m snow varied by more than three-fold at 400–550 nm.
3.2. Attenuation coefficients

Difference spectra and changes in snow depth at the Brussels
and Ship sites were used to calculate apparent snow attenuation
coefficients, Ksnw(l) (Fritsen et al., 1992). These Ksnw (l) values
show spectral variation and values (12–25 m�1; Fig. 2A) that are
well within the range of Ksnw(l) values previously reported for
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Fig. 2. Calculated spectral attenuation coefficients for the snow and ice covers at the

study locations. Panel A is log scale on the y-axis and includes the snow attenuation

coefficients (Ksnw; see text for details) while panel B is normal scale and only

includes the ice coefficients in order to show maxima and minima in the spectra.
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snow (Mundy et al., 2005; Perovich, 1990; Perovich and Grenfell,
1982; Perovich et al., 1986).

After accounting for albedo and attenuation of downwelling
irradiances through the snow covers at the respective locations, the
bulk downwelling attenuation coefficients of the ice (Kice(l)) at the
different sites were estimated assuming simple exponential
attenuation of downwelling irradiances (Fritsen et al., 1992;
Perovich et al., 1993). The resultant spectral attenuation coeffi-
cients varied by an average of 3- to 5-fold among the different
locations ranging between 1–3 m�1 at 448 nm, 0.5–2.25 m�1 at
550 nm and 2.0–3.9 m�1 at 660 nm (Figs. 2A and 2B). All sites had
spectral attenuation coefficients with a minima that fell within the
range of 540–560 nm wavelengths and two peaks on either side of
this minima, with one peak occurring within the broad window of
440–450 nm and the other at approximately 660 nm (Fig. 2B).
3.3. Particulate absorption spectra, biomass and microalgal taxa

Particulate absorption spectra (ap(l)) from all of the sampling
locations (Figs. 3A, 4A, and 5A) had attributes in the visible wave-
lengths that were indicative of pigmented algal cells (peaks or
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Fig. 3. (A) Particulate absorption spectra (m�1) and (B) biomass specific algal absorption

‘‘Brussels’’ study site on October 16, 2007. Insets are to show absorption features characte
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inflections at 400–450 and 674 nm) and detritus (monotonic expo-
nential increase in absorbance as l decreases). Absorption features in
ap(l) from all locations and most depths in the ice cores were
indicative of algae being the primary light-absorption particulate
material in the ice. The only exception to this apparent dominance
was in the bottom sections of ice from the Liege location (at 1.0 to
1.18 m in the ice core) where ap values were low (e.g., only 0.05 m�1

at 400 nm) as were Chl a concentrations (1–2 mg Chl a m�3; Fig. 5)
and spectra had exponentially decreasing absorption with increasing
wavelength that is typical for detritus absorption (Arrigo et al., 1998;
Ferrari and Tassan, 1996; Fritsen et al., 1992).

Absorption peaks in the ultraviolet wavelengths were readily
measured in particulates from all locations. Absorption peaks located
at �325 nm were as high as 6.0 m�1 (Fig. 4A). More typically,
absorption at 325 nm ranged from 0.5 to 3.0 m�1. These high values
were measured at all locations— although there was an apparent trend
for the UVR absorption feature to be more pronounced in the ice
particulates near the surface of the ice cores (most noticeable at Liege;
Fig. 5A).

The methanol-extractable absorption spectra also showed this
prominent UVR absorption feature at 325 nm along with absorp-
tion features attributable to the microalgal pigments (Figs. 3B, 4B
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and 5B). The ratio of aa
n(325) to aa

n(444) (Fig. 6) showed a larger
range in values near the surface of the cores and was much reduced
at depths greater than �0.50 m. The aa

n(325) peaks were negligible
in particulates in the ‘‘older’’ first-year sea ice at the Liege location,
even in the 0.25 to 0.45-m section with a modestly high Chl a

concentration (18.5 mg Chl a m�3; Fig. 5).
Profiles of Chl a concentration indicated that the majority of the

microalgal biomass within the ice at the Ship and Liege site was located
within the ice interior (with peak concentrations being measured
between 20 to 30 mg Chl a m�3 in the upper 0.4 m of the ice).
Concentrations of Chl a at the Brussels site were highest (40–50 mg
Chl a m�3) near the bottom of the ice (Figs. 3–5C). Integrated standing
stocks of Chl a varied between 3.1 to 9.97 mg Chl a m�2 among
all sites (Table 1).

Microalgal assemblages were dominated by diatoms and gym-
nodinoid dinoflagellates at the Brussels site; a mix of gymnodinoid
dinoflagellates, diatoms, and Phaeocystis at the Ship site; and
diatoms at the Liege site. A trend common among all sites was
decreasing Gymnodinoid dinoflagellate abundance and biovolume
with increasing depth in the ice. The reverse trend was observed for
diatoms.

The community composition in samples from the surface and
interior sections of the ice cores at the Brussels site consisted primarily
of Gymnodinoid dinoflagellates (87 and 97% of abundance and
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biovolume, respectively). In contrast, bottom sections of these ice
cores were numerically dominated by Fragilariopsis sp. (81%), yet
biovolume dominance was divided among Gymnodinoid dinoflagel-
lates, Corethron, and Rhizosolenia (32%, 30%, and 16% of biovolume,
respectively; Table 1).

Dominance within the communities throughout the length
of the ice core at the site near the ship was shared among a
greater number of genera than either Liege or Brussels: Fragilar-

iopsis and Phaeocystis (39% and 28% abundance, respectively),
Gymnodinoid dinoflagellates, ciliates, Banquisia, Pseudo-nitzschia

and Entomoneis (35, 14, 11, 11, and 9% of biovolume, respectively;
Table 1).

Microalgae within the Liege site consisted primarily of diatoms
(accounting for 480% of core abundance and biovolume). The diatom
genera consisted of Fragilariopsis sp. (80% of abundance) and the larger
genera Rhizosolenia, Corethron and Entomoneis (36, 17, and 12%
biovolume, respectively). Gymnodinoid dinoflagellates were also
present, but at reduced relative abundances and biovolumes (3–10%
of abundance and 2–25% of biovolume between near-surface and
near-bottom ice) compared to the other study locations.
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Table 1
Summary of sampling dates, locations, and corresponding sea-ice environment parameters: thickness (H) of ice and snow, chlorophyll a as depth-integrated (Chl a) and

weighted average (oChl a4) and depth-integrated algal community composition by class. Bac, Bacillariophyceae; Din, Dinophyceae; Het, Heterotrichea; Hap, Haptophyceae.

Site Date Hice (m) Avg. Hsnow

(m)
Chla
(mg m�2)

oChla4
(mg m�3)

Community Composition

% Abundance % Biovolume

Bac Din Het Hap Bac Din Het Hap

Brussels 10/1/2007 0.65 - 4.57 7.03 66 33 1 0 44 56 0 0
Ship 10/5/2007 0.76 0.16 9.56 12.57 22 6 8 63 43 41 9 6
Ship 10/5/2007 0.68 0.03 6.08 8.94 58 11 19 13 52 33 15 1
Brussels 10/6/2007 0.54 0.17 3.14 5.81 - - - - - - - -
Brussels 10/6/2007 0.55 0.03 3.87 7.04 - - - - - - - -
Brusselsa 10/6/2007 0.04 - 1.50 49.91 - - - - - - - -
Liege 10/10/

2007
1.18 0.28 9.97 8.45 83 3 12 1 82 8 10 0

Brussels 10/16/
2007

0.60 - 4.49 7.48 - - - - - - - -

Brusselsa 10/16/
2007

0.03 - 1.62 40.43 90 10 0 0 84 16 0 0

a Only the bottom section of these cores were analyzed.
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3.4. Temporal dynamics

The ice-mass balance buoy recorded dynamic thermal, mass
and radiative processes near the Brussels sampling location. Air
temperatures fluctuated from 0 to �20 1C during October (Fig. 7A).
Snow thickness, recorded by the acoustic sensor, only fluctuated
between 0.06 and 0.1 m. However, the snow pinger was located
2 to 3 m distant from the radiometer location and was not
necessarily recording conditions that were representative of the
snow cover that influenced the radiometer during the study. In fact,
on October 19, 0.4 m of snow was manually recorded above the
radiometer when an abrupt wind and warming event occurred and
a drift formed above the radiometer location. Coincident with this
air temperature increase and drift formation was a rapid loss of
approximately 0.05 m of bottom ice (as was recorded as the
distance between ice-water interface and the upward facing pinger
beneath the ice; Fig. 7C) as well as an abrupt decrease in the under-
ice downwelling irradiances (Fig. 7D). The temperature sensors and
snow pinger all stopped recording on November 1, for mechanical
reasons that cannot be determined (Lewis et al., 2011). The under-
ice radiometer began recording much higher under-ice irradiances
at this time. Under-ice irradiance again decreased on November 8
and remained low until November 23– three days before all data
transmission ceased from the array. The behavior of rapid increases
in apparent ice thickness paired with increases in under-ice
irradiances just prior to the ending of data transmission is con-
sistent with ice deformation compromising the buoy’s integrity
and functioning.

The ratio of downwelling under-ice irradiances at 555 and
442 nm (555:442) during midday experienced two distinct periods
of gradual increase (from October 2-10, November 1-23). These two
periods were intervened by times when the ratio decreased
gradually from October 11 to October 31 and abruptly on October
19, November 1 and again on November 23 (Fig. 7E).
4. Discussion

4.1. Transmission and attenuation of PAR

Transmission of PAR in and through the first-year pack ice was
generally limited to being less than 1–5% of surface irradiance–
even beneath the ice with relatively thin snow covers. The
magnitude of the peak wavelengths of PAR transmission was
largely determined by the snow cover on the ice due to its high
attenuation properties (through both scattering and absorption).
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The sea-ice and pigmented microalgal communities imparted
additional variations in the attenuation of irradiance.

Spectral attenuation coefficients for the sea ice were highly
variable (varying by roughly fivefold). Attenuation coefficients
derived at the Brussels site on October 6, with 0.16 m of snow
(Fig. 2B), most closely resembled attenuation coefficients for first-year
blue ice (Arrigo et al., 1991; Perovich, 1989). Coefficients derived for
the other location at the Brussels site on that day and again on October
16 were much larger (with minimum values at approximately
550 nm of 2 m�1) and more closely resembled values for eutectic
ice or ice with a white-ice scattering layer (Grenfell, 1983; Perovich
and Grenfell, 1982). The magnitude in the values are consistent with
the latter two spectra being associated with sites with little insulating
snow cover, such that the upper ice column had a small (cm thick)
opaque layer near the ice surface. Values for the coefficients at the first
Brussels location plus at the Ship and Liege locations are more
consistent with those values for warmer first-year ice.

All of the site’s attenuation coefficients had peaks at 450–470
and 660 nm that correspond to absorption peaks for algal pigments
(e.g., Chl a). Spectral attenuation coefficients for ice without the
impurities of detritus, algae and dissolved organic matter generally
have a convex shape with minima occurring at approximately
480–500 nm with stronger attenuation at wavelengths longer than
the minima than those at wavelengths below the minima (this
spectral dependence is imparted by the absorption properties of
water). None of the attenuation coefficients resembled those of ice
without these types of impurities. However, all the spectral
attenuation coefficients exhibited monotonic decreases from
approximately 650 to 550 nm that closely resembles slopes of
attenuation coefficients dominated by that of the sea ice; spectral
coefficients at wavelengths less than 550 nm resembled those of a
mixture of sea ice, algal pigments, detritus, and DOM.
4.2. Contributions to attenuation

Deconvolution of the bulk attenuation coefficients among the
different optical properties of entities in the sea-ice column is difficult
given that we did not take measures to derive the brine volume and
gas content of the ice (salinity, temperature and density) that would
more readily allow the sea-ice optical coefficients to be modeled.
However, rough approximations of the contribution of the particu-
late’s absorption to the attenuation coefficients (Kp) can be calculated
as the ratio of the absorption to the mean cosine of the light field in a
vertical column of the media (in this case sea ice). Assuming a diffuse
light field within the ice the mean cosine would be approximately 0.5
to 0.65 (Kirk, 1996) and estimates of the Kp(440) at the different sites
would have ranged between 0.3 and 0.8 m�1.

This range in Kp values likely can account for a substantial
portion of the broad (400–500 nm) peaks in the sea-ice attenuation
coefficients for both the Brussels and Ship sites (Fig. 2B). Again, a
precise means of deconvoluting the Kice spectra is not readily
attainable. Yet, if an approximation of the base-line Kice values can
be inferred from the value of the K(l) minima (at approximately
550 to 560 nm) and the assumption that the K spectra for pure sea
ice has a convex shape with a minimum at approximately 450 nm,
then the Kp values at these sites could account for approximately 60
to 90% of the total Kice values in the range of approximately 400 to
500 nm. In contrast to the Brussels and Ship sites, the Kp(440)
values (estimated from the ap(l) measured on particulates from the
ice core; Fig. 4) would only account for approximately 25% of the
Kice(440) coefficient at the Liege site.

CDOM absorption (and attenuation) was not measured during
this study and could have better allowed for a full accounting and
partitioning of bulk sea-ice attenuation coefficients. CDOM absorp-
tion is often similar to detrital absorption (i.e. having a monotonic
exponential increase with decreasing wavelength; Kirk, 1996) and
CDOM was undoubtedly present in the sea ice during the SIMBA
study– as it was present in the pack ice off East Antarctica during
the same season and year in ice with even less microalgal biomass
(Norman et al., 2011). Thus CDOM would have contributed to the
ice attenuation coefficients and would partially help account for
the remainder of the difference between Kp(400–550) and
Kice(400–550) at all the sites.

The large difference between Kp(400–550) estimates (based on
Ap(l); Fig. 4) at the Liege site and the derived attenuation
coefficients also may be explained by potential spatial hetero-
geneity of microalgal biomass (such that biomass in the core
was not representative of that in the ice influencing the under-ice
readings) or losses of biota and light absorbing materials during
sampling or processing. The chlorophyll specific algal absorption
coefficients (aa

n) were similar to those of algae in moderate to low
light environments (having aa

n(440) of approximately 0.03 m2 mg
Chl a; Fig. 4). To arrive at Kp values that could more fully account for
the differences between Kp(400–550) and Kice(400–550), Chl a

concentrations would have had to have been roughly 4 times
higher (at approximately 40 mg Chl a m�3) than the average
measured in the ice core (Fig. 4C and Table 1). Given the
documented variability in the pack-ice environment (Eicken
et al., 1991; Fritsen et al., 2008), potential losses of biomass
due to sampling a semi-porous medium (Fritsen, personal obser-
vation) and potential osmotic-induced losses of biota (Garrison
and Buck, 1986) it is likely that there was more microalgal
biomass over the sensor when the under-ice readings were taken
at this site than that which was captured in the measurements on
the ice core.

The higher microalgal biomass at the Liege site with more snow
cover than the other sites is worth noting (Table 1). This relation-
ship is not overly surprising given that the Liege site had thicker ice
as well as more snow. Therefore, it is likely that this ice had more
time and a relatively warmer environment for microalgal commu-
nities to grow and accumulate than the other sites. Several prior
studies have demonstrated inverse relationships between snow
depth, algal productivity and biomass accumulation (Grossi et al.,
1987; Palmisano et al., 1985; Smith et al., 1988). However, this
linear relationship has not been documented in Antarctic pack ice
(Dieckmann et al., 1998; Garrison et al., 1986). Our results further
highlight fundamental differences between the pack ice and land-
fast ice regimes of the Antarctic where time, habitat stability,
thermal insulation and prior dynamics processes (such as flooding
and snow-ice formation) often may be the factors that control
productivity and biomass dynamics in the more open ocean setting
(Fritsen et al., 2001, 2008; Fritsen and Sullivan, 1997, 1999;
Garrison et al., 1986, 2005; Meguro, 1962).
4.3. UVR absorption

In the spring of 2007 the ozone hole began to appear in the late
August to September time-frame (http://ozonewatch.gsfc.nasa.
gov/) and by October the pack ice that we were sampling was
likely exposed to substantial UVR during the prior month (as the
seasonal solar radiation increased at these latitudes). The UVR
exposures at the time of the study were likely higher in the ice at
the Brussels and Ship sites compared to that at the Liege site simply
due to the amount of overlying snow.

The presence of major UVR absorbing materials in the ice
illustrates the capacity for in situ adaptation and productivity by
polar microalgae within the Antarctic pack ice habitat. Greater UVR
absorption within habitats with relatively small radiation attenuation
(i.e. closer to the surface of the ice or with less overlying snow cover)
strongly indicates either inherent UVR-photoadapation by the

http://ozonewatch.gsfc.nasa.gov/
http://ozonewatch.gsfc.nasa.gov/


C.H. Fritsen et al. / Deep-Sea Research II 58 (2011) 1052–10611060
microbiota or colonization of such sites by biota capable of synthesiz-
ing UVR-absorbing compounds.

Prominence of Gymnodinoid dinoflagellates in the interior and
upper sea-ice habitats has been noted on several occasions
(Stoecker et al., 1992; Stoecker et al., 1997). Their ability for
encystment, excystment, and production of compatible solutes
for surviving in the highly saline environments have been dis-
cussed as potential attributes that may allow their proliferation
(Stoecker et al., 1992; Stoecker et al., 1998). The present results
further suggest that the ability to synthesize MAAs for UVR
protection in pack ice environments (especially those without
protective snow covers) may also be a significant factor in
structuring the sea-ice biotic communities in the austral spring
(Karentz, 1991). Dinoflagellates, and species of Gymnodinium in
particular, can synthesize MAAs in large concentrations in response
to increased radiation (Jeffrey et al., 1999; Neale et al., 1998) as can
the species Phaeocystis antarctica and Mesodinium rubrum (Johnson
et al., 2006; Moisan and Mitchell, 2001)— all taxa that were
abundant at sampling sites with low or intermediate snow covers.

Diatoms have not been considered extensive producers of MAAs
(Jeffrey et al., 1999) and reported concentrations of MAAs in
Antarctic bottom-ice communities have been reported as being
very low (Ryan et al., 2002). These observations are consistent with
obtained aa

n(UVR) (Fig. 5B) and the distributions of diatoms at the
Liege site that had much increased snow cover and, hence, reduced
UVR. The distribution of alga-taxa and UVR-absorbing compounds
documented in this study raises a question regarding the extent to
which the relatively recent creation of the ozone hole (and
concomitant increase in austral spring UVR) is imparting a recent
UVR-induced change to the Antarctic sea-ice ecosystem.

The production of major UVR-absorbing compounds in ice
without UVR-protecting snow covers may be an example whereby
biotic-physical feedback interactions highly limit UVR penetration
in the water column of ice-covered seas. The potential for UVR
screening in marginal ice-edge zones (MIZ) when these ice-algae
are released upon the melting of the ice also may confer reduced
UVR penetration into the MIZ blooms and perhaps mitigate
suspected UVR-induced decreases in productivity (Arrigo et al.,
2003; Smith et al., 1992).
4.4. Temporal dynamics

The time series of the radiometer readings at the Brussels
location (Fig. 7) clearly shows reductions in under-ice irradiances –
that were associated with snow deposition/accumulation events
on October 19 (Fig. 7E). Increases in under-ice irradiances on
November 1 and again on November 23 may have been due to
deformation and perhaps opening of cracks or leads in the ice near
the radiometers that allowed more light to reach the sensors.

Changes in the ratio of downwelling irradiances at 555 and
442 nm (Ed555:442) at midday are consistent with changes in the
influence of algal biomass on the spectral irradiance field. Simple
linear regression of biomass in ice cores and this ratio (as recorded
across all study locations with the USB2000 radiometer, N¼5)
indicates a relationship of 0.6619 (Ed555:442/mg Chl a m�2) with
71% of the variability in the ratio being explained by the variation of
Chl a biomass in the ice cores. When this under-ice irradiance ratio
is normalized to the irradiances at those wavelengths (i.e. a
normalized difference index; Mundy et al. 2007) 81% of the
variation in the ratio was explained by variation in integrated
Chl a. Thus, the time series of irradiances at the mass balance array
at Brussels study site– although dynamic– are likely to be
indicative of changes in sea-ice algal biomass.

The gradual increase in the Ed555:442 ratio from October 3 to 11
and again during the first two weeks in November may have been
indicative of microalgal growth and a gradual increase in ice-algal
biomass. Rapid reduction in the ratio of Ed555:442 in concert with
decreasing irradiances and a relatively rapid reduction in ice
thickness on October 19 are consistent with the release of micro-
algal biomass from the bottom side of the ice at this location (where
the highest biomass concentrations were found). However, the
abrupt decreases in the Ed555:442 ratio in conjunction with abrupt
increases in under-ice irradiances are consistent with an increase in
the relative proportion of the light that had passed through open
water (a crack or lead?) with much less algal influence– as opposed
to being indicative of changes in algal biomass in the sea ice. Loss of
bottom ice algae in conjunction with ablation of the bottom surface
of congelation ice is a commonly reported phenomenon (Fritsen
and Sullivan, 1999; Grossi et al., 1984; Smith et al., 1988).

Future deployments of instrumentation packages for monitor-
ing algal biomass remotely may benefit by the inclusion of
additional wavelengths (e.g., the wavelengths suggested by
Mundy et al. 2007) with radiometers placed above as well as
below the ice. Digital imagery, to confirm the status of the under-
ice geophysical environment, also would help interpreting these
types of remotely produced results. Such transmission of imagery
does not need to be cost-prohibitive if images were sent on more
intermittent basis (e.g., only once per day).
5. Summary and conclusion

Microalgal absorption contributed substantially to attenuation
of irradiances through the first-year pack ice cover during the
austral spring in the Bellingshausen Sea (i.e. the SIMBA study area)
contributing 25–90% of the attenuation in the violet to blue part of
the visible spectrum (i.e. in the range of 400–550 nm). Radiant
energy absorption by these particulates can easily be shown to be
the primary energy absorption process in the sea ice (Fritsen et al.,
1992; Zeebe et al., 1996) and as such, contributes to the physical
processes of energy transfer within sea ice. Ice mass-balance
instrumentation illustrated dynamics that are indicative of algal
growth and loss coupled to the mass balance of the first-year ice.
More field studies are needed to determine how algal growth and
light-absorption processes affect the mass balance in the pack ice as
the seasons progress from the austral spring into austral summer.

Strong UVR absorption appeared in particulates (algae) primar-
ily in the high-light sea-ice habitats, indicating that physical-
biological feedback processes creates a complex multifarious ice
pack that readily attenuates UVR penetration into the water
column during the austral spring when stratospheric ozone
depletion is at its greatest. The affects of this material on the water
column processes when released remains largely unknown.

Overall, the study provides incremental information regarding
bio-physical processes and coupling that is generally lacking for the
Antarctic pack ice and its biota. This information confirms and re-
enforces assumptions that sea-ice biota substantially contributes
to the dynamic bio-physical sea-ice processes operating through-
out the Antarctic pack ice. The implications and manifestations of
these interactions over large spatial and temporal scales are likely
to be under-appreciated.
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