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Abstract Understanding the flow of solar energy into
ecosystems is fundamental to understanding ecosystem
productivity and dynamics. To gain a better understanding
of this fundamental process in the Antarctic winter sea ice,
we produced a model that estimates the time-integrated
exposure of seasonal Antarctic sea ice to PAR through the
use of remotely sensed sea ice concentrations, sea ice
movement and spatially distributed PAR calculations that
account for cloud cover and have applied this model over
the past three decades. The resulting spatially distributed
estimates of sea ice exposure to PAR by mid-winter are
evaluated in context of changes in the timing of sea ice
formation that have been documented along the Western
Antarctic Peninsula (WAP) region and its potential effects
on the variation (seasonal and inter-annual) in the accu-
mulation of sea ice algae in this region. The analysis shows
the ice pack is likely to have large inter-annual variations
(10-100 fold) in productivity throughout the autumn to
winter transition in the sea ice along the WAP. Moreover,
the pack ice is likely to have spatial structure in regards to
biological processes that cannot be determined from anal-
ysis of sea ice concentration information alone. The
resulting inter-annual variations in winter processes are
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likely to affect the dynamics of Antarctic krill (Euphausia
superba).
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SIMCOs Sea ice microbial communities

WAP Western Antarctic Peninsula

Chl a chlorophyll a

SO-GLOBEC  Southern Ocean Global Ocean Ecosystems
Dynamics

Introduction

Sea ice algae partially support the base of the Antarctic
food web and have the greatest potential to be the major
new source of energy to the Antarctic food web during
the winter—at a time when ecosystem energy resources
are at their minimum. As such, it has been shown that
feeding of overwintering larval Antarctic krill (Euphausia
superba) on this resource occurs throughout the Southern
Ocean (Daly 1990; Ross and Quetin 1991; Atkinson et al.
2002; Quetin and Ross 2003; Quetin et al. 2007). Energy
input to the ice algal communities through exposure of the
ice to photosynthetically active radiation (PAR) through-
out the myriad of sea ice habitats (e.g. Horner 1984;
Legendre et al. 1986; Thomas and Dieckmann 2002) and
subsequent photosynthesis is likely to be a determinant
(ultimate factor) of the abundance of algae that grows and
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accumulates in sea ice before winter onset (Hoshiai 1985;
Fritsen et al. 1994; Dieckmann et al. 1998; Fritsen et al.
2008). Moreover, the exposure of the sea ice to PAR
during the autumn to winter transition is determined
mostly by the dynamic interacting variables of ice growth
initiation and expansion, cloud cover dynamics and sea-
sonal radiation decline that vary across latitudinal gradi-
ents throughout Antarctica.

To evaluate the variation in the exposure of sea ice to
PAR during the autumn to winter period, we have produced
a model that estimates the time-integrated exposure of
seasonal Antarctic sea ice to PAR through the use of
remotely sensed sea ice concentrations and spatially dis-
tributed PAR calculations that account for cloud cover over
the past decades. The resulting spatially distributed esti-
mates of sea ice exposure are evaluated in context of
changes in the timing of sea ice formation that have been
documented along the Western Antarctic Peninsula region
(Stammerjohn et al. 2008) and its potential effects on the
variation (seasonal and inter-annual) in the accumulation of
sea ice algae (Fritsen et al. 2008) in this region.

The start of the winter season along the Western Ant-
arctic Peninsula (WAP) can be functionally defined as the
time when solar radiation is decreasing to its minimum and
water column algae also reach their seasonal minimum
(typically in May). Starvation tolerances and adaptations of
the biota that rely on these water column algal resources
are employed during the duration of the winter. Antarctic
krill larvae along the WAP in the winter have starvation
tolerances typically on the order of 4-5 weeks with the
oldest larvae having a maximum of 10 weeks starvation
survival period (Ross and Quetin 1991; Meyer and Oettl
2005; Quetin et al. 2007). Thus, our analysis of potential
energy input into sea ice in austral winter is most relevant
to the time period between the months of March (near the
timing of the start of ice advance) and August/September.
Similar analysis has also been applied to the Eastern Ant-
arctic to estimate potential ice algal coupling to phyto-
plankton bloom development (e.g. Raymond et al. 2009) in
the austral spring. We suggest that this approach can be
used to better evaluate in situ data collections seeking to
evaluate the dynamic coupling among phytoplankton, ice,
ice algae and krill.

Materials and methods

Analytical approach

We have modeled the time-integrated exposure of sea ice
to PAR over the time period of sea ice concentration data

from satellites (1979-2006) using the daily insolation
from PAR on to the surface of the sea ice and integrating
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Fig. 1 a Mean sea ice concentration on June 21 and b the mean TIEP
from March 1 to June 21 of each year over the years of 1979-2006.
The maximum calculated mean TIEP from March 1 to June 21 in
1979-2006 was ~ 90,000 kJ m~2 in the areas of multi-year ice in the
western Weddell Sea

this daily insolation, while taking into account variations
in ice concentration and movement (Fig. 1b). Sea ice
concentrations were derived using Bootstrap algorithm for
sea ice concentrations from Nimbus-7 SMMR and DMSP
SSM/I data (version 2) (Comiso 1999, updated 2008). The
sea ice was classified into increments of 15% concentra-
tion (e.g. 15-30%, 30-45%) and ice concentrations less
than 15% (Stammerjohn et al. 2008) were considered ice
free. The ice exposure to PAR was calculated by multi-
plying the global PAR flux by the daylength for each ice
class present within each pixel (presently using the
25 x 25 km resolution of the sea ice concentration data).
The PAR flux was derived from the NASA/GEWEX
Surface Radiation Budget (SRB) version 3.0 as obtained
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from the NASA Langley Research Center Atmospheric
Sciences Data Center NASA/GEWEX SRB Project. The
SRB PAR data were distributed on a 1° x 1° grid for the
entire globe, and the PAR for each pixel was estimated
using a 5th degree multivariate spline interpolation of the
SRB data. Multivariate spline interpolation was selected
over traditional linear methods in an effort to increase the
accuracy of estimates (Kidner et al. 1999). The resulting
interpolated PAR values were then multiplied by the
daylength at each pixel location. Daylength was calcu-
lated according to Forsythe et al. (1995) as a function of
latitude. In years prior to 1984 (the first-year SRB PAR
product was available), we have used the approximation
of PAR as the SRB PAR from 1984 or 1985 (dependent
upon leap year status). The daily PAR exposure for each
age-class of ice was then integrated daily as the season
progressed such that the sea ice exposure to PAR over the
season was integrated over time to yield the Time-Inte-
grated Exposure to PAR (TIEP) at any given location
within the ice pack. When ice was no longer present
during the analysis period, the TIEP was reset to zero.
These calculations assume that the youngest ice classes
are the first to go away as ice concentrations at any
specific location decrease.

To account for sea ice movement, the Polar Pathfinder
Daily 25 km Equal-Area Scalable Earth Grid (EASE-Grid)
Sea Ice Motion Vectors (Fowler 2003, updated 2007) were
used to estimate the daily locations of the sea ice. Ice
movement was estimated by applying the velocity vectors
through 24 h of motion. The sea ice motion vectors (dis-
tributed on EASE-Grid) and the PAR flux after movement
at the ice concentration grid locations were determined
through a 5th order multivariate spline interpolation. The
sea ice concentration data on the subsequent day were then
used to determine whether sea ice was still present. If ice
was present, the daily PAR fluxes were added to TIEP from
the previous day. Again, if ice was no longer present, the
sea ice TIEP for this location was reset to zero. The TIEP
for each ice class was thus calculated and recorded inde-
pendently on a daily basis from the start until the end date
of each chosen simulation or analytical period. The TIEP
of each ice class present at a location was weighted equally
when calculating the mean TIEP at that location. These
TIEP means from all represented ice classes were the
values used for producing the figures and tables in this
publication.

The TIEP for second-year and multi-year floes as well as
land-fast ice not removed by the land mask was calculated
during each simulation. However, these values represent
only that TIEP accumulated during the model run and
grossly underestimates the actual TIEP for the ice that was
present before the simulation start dates (which for these
analyses was March Ist).

Ice algal biomass

Sea ice cores collected for the determination of algal bio-
mass were collected during the Southern Ocean GLOBEC
(SO-GLOBEC, (Hofmann et al. 2002)) cruises in 2001 and
2002 (Fritsen et al. 2008). Chlorophyll a (Chl a) biomass
from these cruises was compared to values of TIEP from
the model results. A detailed description of the sampling
methods, sample locations and biomass results was given
by Fritsen et al. (2008). Briefly, sea ice cores were col-
lected using seven-centimeter-diameter core barrels (Kov-
acs Enterprises). Some ice cores were sectioned before
melting to evaluate the vertical distributions of biomass,
while other cores were melted whole before analysis. Ice-
core meltwater was filtered through GF/F filters, and filters
were retained for analysis of Chl a. Filters were frozen
(—80°C) until extraction in 90% acetone and analysis
of Chl a content via fluorometry (Parson et al. 1984;
Welschmeyer 1994).

Results
Dynamic interactions among ice dynamics and PAR

The dynamics of sea ice cover formation and expansion
throughout the Southern Ocean is variable on an annual
basis—but in general, the pack ice growth and expansion
starts in February and March and the total extent typically
exceeds 12—13 million km? by winter solstice (June 21).
Expansion continues to a maximum of approximately
20 million km? by the end of August or early September
(Fetterer et al. 2002, updated 2009). The dynamic inter-
actions between the initial formation and the expansion of
sea ice, cloud cover, ice movement and seasonal radiation
decline are such that simple linear accumulations of TIEP
do not occur over time nor space, either along the WAP or
in other regions around the Southern Ocean (Fig. 1b). The
Antarctic region with the highest TIEP for sea ice during
the winter was consistently found in the western Weddell
Sea (e.g. 67°S, 50°W)—where the maximum yearly mean
for the evaluation period from March 1 to June 21 (season)
was ~90,000 k] m 2 season”' and typical values of
greater than 50,000 kJ m ™2 season™' were observed. Other
regions with typically high TIEP in mid-winter are located
in the South Pacific Ocean east of the Balleny Islands (e.g.
68°S, 140°E) and in the Indian Ocean off the coast from the
Amery Ice Shelf (e.g. 67°S, 75°E). These regions have
estimated winter TIEP up to four orders of magnitude
higher than that of the Western Antarctic Peninsula. The
extremely high TIEP values in these regions are predomi-
nantly due to the perennial ice cover that receives very high
PAR exposures during the early austral autumn.
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Fig. 2 TIEP at winter solstice

(June 21) for a 2001 and b 2002. a
The color scale’s dynamic range
is set to depict that found in the
Western Antarctic Peninsula
area (projected inset). On June
21, 2001 the maximum was ~0
and ~ 15,300 kJ m™2 on June
21, 2002. ¢ The difference in
TIEP between the years
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Regions with seasonal ice coverage (as opposed to
perennial ice coverage) that typically exhibited high values
for TIEP were found in the Indian Ocean, western Ross Sea
and western Bellingshausen Sea and had values of
~30,000 kJ m~2 by winter solstice. These regions have
relatively early ice formation when PAR is still available.
Values for TIEP range from ~ 10,000 to 50,000 kJ m~ 2 for
these areas.

Regions typically exhibiting low TIEP during the fall-
winter transition were found within the eastern Weddell
Sea (e.g. 65°S, 10°W), the eastern Ross Sea (e.g. 70°S,
175°E) and the northern WAP (e.g. 65°S, 70°W) and had
values of TIEP of less than 16,000 kJ m~2 season” .
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TIEP and sea ice-core chlorophyll a

Sea ice advance along the WAP occurred later in 2001 than
2002 (Stammerjohn et al. 2008) and a substantial portion of
the sea ice in the region in 2001 formed after the mid-
winter day lengths decreased to zero. Consequently, much
of the ice along the WAP in 2001 was not exposed to any
PAR during the fall-winter transition (Fig. 2). In contrast,
ice formation in the WAP in 2002 had proceeded early
enough such that the ice was exposed to PAR and the mean
TIEP in the region was over four orders of magnitude
higher (Figs. 2, 5) on June 21 than on the same date in
2001.
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Fig. 3 Model estimate of TIEP

on August first— a time at the a
beginning of the SO-GLOBEC
winter cruises during 2001

(a) and 2002 (b) and the
difference image (c¢). Maximum
values were ~ 1300 kJ m™2 in
2001 and ~9600 kJ m™? in
2002
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Biomass data in the pack during winter are generally
lacking—yet the SO-GLOBEC data were collected in late-
winter early spring in 2001 and 2002. By the time that this
sampling occurred, the sea ice in the region was beginning
to experience moderate changes in the TIEP due to sea-
sonally increasing solar radiation (Fig. 3). Increases mainly
occurred along the northern extent of the pack ice in both
years. Chl a within ice cores collected during these years in
the Marguerite Bay region exhibited variations of 100-fold
(Fig. 4). These variations are somewhat expected given the
large variability in the spatial geophysical properties of the
pack ice (Eicken et al. 1991). However, the statistical

180°

140°E

distributions between the years exhibited a ten fold sig-
nificant difference (Fritsen et al. 2008)—with the signifi-
cantly higher biomass (Chl a) being in the ice cores
collected in 2002—which coincided with roughly a ten fold
difference in the mid-winter TIEP distributions calculated
within the SO-GLOBEC study grid area (Fig. 4).

Inter-annual variability and trends along the WAP
The TIEP of sea ice along the WAP was at its highest

levels in 1979-1981 with winter solstice sea ice accumu-
lations of TIEP being greater than 2,000 kJ m~2 well north
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a so | | | | high values for TIEP in 1990. Conditions in 1991 were
70 |- :l | characterized by an abrupt increase in both TIEP and extent
2001 but, due to dynamic interactions with the timing of ice
60 - I:l 2002 N formation and PAR, the on-shelf region of the WAP had
50 - — relatively little accumulation of TIEP. The TIEP in the
n a0k i WAP peaked again in 1992 and continued with annual
50k | average winter TIEP values that decreased gradually
through 2001. The season with the sea ice having the
201 7] second lowest TIEP occurred during 2001, where the ice
10 - . extent was low and the timing of advance was substantially
0 \ T delayed relative to the average for the region. An abrupt
10" 10° increase in extent occurred in 2002 (also described by
Chlorophyll a (ug Chla I7t) Stammerjohn et al. (2008)) and resulted in the largest year-
b 7o to-year increase in the winter sea ice TIEP. The TIEP
T T T T decreased in 2003 and 2004 to below average and then
60 [ e peaked in 2005 with TIEP similar to that of 2002. The last
5o | | year with processed ice motion vector data available at the
time this work was performed was for 2006, and the mid-
40 |- — winter sea ice TIEP was below average at ~2 kJ m~2. The
n 30 - | long-term average TIEP in the WAP from 1979 to 2006 for
the WAP was ~360 kJ m™>.
20 .
10 |- . . .
N I | — 1., Discussion
10° 10* 10° 10° 10* 10° ) o )
TIEP (KJ m~?) Spatial and temporal structure may exist within the sea ice
ecosystem and may be present due to the differential
C 70 prr——rrr—— effects of the age of ice, ice movement and exposure to
PAR. This apparent structure cannot be inferred by analysis
o ] ) of the sea ice concentration dynamics alone. Although ice
50 [~ - concentration is a key element of the ecosystem structure—
a0 L | images of concentration alone have limited utility when
n interpreting potential differences in the energy distribution
30 1 7 throughout the ice pack (Fig. 1). The timing of formation
20 | and the subsequent motion of the sea ice had the greatest
impact on the distribution of TIEP during the fall-winter
10 | | 7] transition and early spring, where TIEP was mainly con-
oluw v e _l_‘—|_|_|| centrated near shore unless movement and/or second-year
10° 10° 10° 10° 10" 10° ice was a factor (e.g. Weddell Sea).
TIEP (K) m™*) Along the WAP, there has been an apparent decrease in

Fig. 4 Histograms showing relationship of ice-core Chl a and
estimated TIEP in the SO-GLOBEC sampling area (Hofmann et al.
2002). a Mean Chl a for each core collected on the SO-GLOBEC
2001 and 2002 cruises b distribution of TIEP in the NBP sampling
grid area on June 21st and c¢ the distribution of TIEP in the NBP
sampling grid on August 1st—at the beginning of the cruises

of Adelaide Island (Figs. 5, 6). A steady decrease was
evident in the region until 1985 where the sea ice deep
inside Marguerite Bay was the only in the WAP to expe-
rience large TIEP (Fig. 5; see inset panel for 1985). The
annual average mid-winter TIEP for the region (Fig. 5)
then increased with medium TIEP in 1986 and relatively
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the sea ice with TIEP at mid-winter throughout the satellite
era (Fig. 5). A large decline was apparent in the mean TIEP
from greater than 1,000 kJ m~2 along the WAP in the early
1980s to much lower values in the last 20 years. Maxima
occurred in 1987, 1992, 2002 and 2005 with high values
greater than 300 kJ m~2. This analysis of the TIEP may
also indicate a cyclical nature to the TIEP in the WAP,
running over an approximately 12-year interval with only
two cycle minima being reached during the satellite era.
The cyclical nature of the winter TIEP is mostly driven by
the early ice formation dynamics and these are thought
to be tied/linked to the Antarctic Circumpolar wave that
is in turn tied to the global ocean and atmospheric
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Fig. 6 Estimated mean of yearly TIEP from 03/01 to 06/21 for the
area inside the Palmer LTER study area (Smith et al. 1995) expressed
as the mean =+ standard deviation (a) and the same as shown in panel
a but depicted with a log-scale projection to show the order of
magnitude variation between years (b)

teleconnections that operate over similar time-scales
(Stammerjohn et al. 2008).

TIEP and sea ice algal biomass

Processes affecting the accumulation of algal biomass in
sea ice in the autumn include scavenging of algal biomass
from seawater as ice is formed (Garrison et al. 1989;
Ackley and Sullivan 1994), filtering of biomass from sea
water through the pancake ice matrix as seawater interacts
in the wave fields (Thomas and Dieckmann 2002), pri-
mary production and growth within sea ice in the autumn
(Fritsen et al. 1994; Hoshiai et al. 1996) and losses due to
both physical and biological processes (mortality, grazing,
etc.). Biomass accumulation resulting from scavenging and
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filtering is likely enhanced when ice is formed early in the
season, due in part to higher biomass concentrations in
seawater while light for photosynthesis in the water column
is still available. The contribution of scavenging and fil-
tration of algal biomass in sea ice and subsequent growth
has not yet been accounted for in modeling efforts. Yet,
differences in the initial standing stocks of algal biomass
are likely to have substantial impacts on subsequent growth
dynamics.

The biomass accumulated in early-forming sea ice may
also increase through in situ production and algal growth as
long as PAR is available for photosynthesis before com-
plete winter darkness. The differences in TIEP in the WAP
coinciding with the differences in the algal biomass in ice
cores collected on the SO-GLOBEC cruises (Fig. 6a, c)
suggest that the PAR is likely to be an ultimate factor
influencing in situ growth and accumulation of sea ice
algae on a regional scale. The difference in the mean TIEP
in the SO-GLOBEC sampling region in 2001 and 2002 was
roughly 2,600 kJ m™2. Assuming an average albedo for the
pack ice cover of 80% and converting the PAR energy
from joules to quanta (2.77 x 10'® quanta per joule (Morel
and Smith 1974)), we can compare the energy/photons
available to the sea ice ecosystem with estimated differ-
ences in the algal carbon. Assuming a C: Chl a ratio of 75
(wt/wt), the differences between the average algal biomass
in the ice were roughly 0.04 mol of C m™ % An upper
boundary for primary production and carbon fixation can
be derived from the TIEP calculations (by making the most
conservative assumptions; (1) that all of the PAR photons
not reflected from the ice surface were to be absorbed and
used in photosynthesis and (2) a maximum quantum yield
of 0.1 mol C:mol quanta). Using this approach, a maxi-
mum theoretical difference in the carbon content of the sea
ice algae between the years would be approximately
0.25 mol C m™2. This number is perhaps not that useful,
except in the sense that the PAR calculations can set an
upper boundary to the expectations for primary production
that might occur within the sea ice ecosystem. Perhaps
more useful is the direct comparison of the changes in the
TIEP and the sea ice algal carbon between the 2 years that
allows the calculation of a quasi-apparent ecosystem
quantum yield of 0.015 mol of carbon relative to the moles
of photons entering the sea ice system. The extent to which
there is a correspondence between the total integrated
exposure of ice to PAR and ice algal biomass remains to be
documented and determined. However, we might expect
that this correspondence may not be linear as the sea-ice
microalgal consortia become limited by other environ-
mental limitations such as nutrients and CO, or space.
Previous analysis however suggests that the autumn is a
period when light limitations may be the primary deter-
minant of algal growth (Arrigo et al. 1997).
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The sea ice TIEP in regions with a high proportion of
multi-year floes in winter was much higher than that in
areas with seasonal ice (i.e. areas with newly forming first-
year ice; Fig. 1). Subsequently, it is these regions, with
multi-year floes, that may have the highest potential for
primary productivity in the autumn and early winter. This
result contrasts those for modeling potential sea ice algal
blooms in the austral spring where the regions with the
high proportion of multi-year floes having thick snow cover
have the lowest estimated primary production (Arrigo et al.
1997). 1t is important to note that in early spring, the pack
ice has experienced a winter season with many days of
being exposed to freezing air temperatures, whereas the ice
pack remaining through the summer and into the autumn
has experienced many days of temperatures at or near
freezing. The differences in the status of the ice pack
during the two seasons are important to note because field
studies in the pack ice in the autumn have shown that thick
snow covers do not result in lower biomass or primary
production. Rather, the snow cover creates flooding in
isothermal ice and creates habitats near the surface of the
ice that are often very productive (Meguro 1962; Fritsen
et al. 1994; Thomas et al. 1998). Thus, this analysis sug-
gests these regions with multi-year ice and ice with insu-
lating snow covers may actually be some of most
productive areas in the austral autumn and of great
importance for overwintering biota. Results in Arrigo et al.
(1997) also appear to support this assertion when exam-
ining their results for the months of March and April that
show moderate productivities in regions known for
perennial ice coverage.

Potential cascading effects

Variation in TIEP potentially has effects not only on the
biomass of the algal component of the sea ice microbial
communities (SIMCOs) but also on organisms dependent
on SIMCOs as a food source. The concept that the life
cycle of Antarctic krill (Euphausia superba) is tightly
linked to the seasonal dynamics in sea ice has been in
existence for decades (Smetacek et al. 1990) and algal
biomass in sea ice has been postulated as an important food
resource for larval krill (Daly 1990; Ross and Quetin 1991;
Siegel and Loeb 1995) in winter when food availability in
the water column is not likely adequate for survival. Based
on observations from two contrasting winters during
SO-GLOBEC, a strong linkage was shown among the
accumulated Chl a biomass in the sea ice (cores), plant
pigment in the guts of larval krill and the growth rates of
larval krill (Quetin et al. 2007). Thus, it is not surprising
that recruitment success of Antarctic krill is correlated with
the timing of sea ice formation, duration of ice cover and
sea ice extent (Siegel and Loeb 1995; Quetin and Ross

2003). TIEP from the model integrates several aspects of
seasonal sea ice dynamics, including the timing of advance,
the duration and the movement of the ice cover. Successful
recruitment in Antarctic krill is highly variable and, when
long-term data sets are available, has been shown to be
episodic (Quetin and Ross 2003; Siegel et al. 2003).
Modeling, estimating and tracking TIEP could be a valu-
able tool for forecasting krill recruitment success and
population dynamics, particularly as seasonal sea ice
dynamics change as a result of changing climate. The
structure that these results reveal in the ice pack (e.g.
Figs. 1, 2, 3, 5) indicates that TIEP might be used as a
means to identify regions within the pack that are optimal
for recruitment. The apparent downward trend shown in
TIEP model results since 1979 is also observed in krill
standing stocks in the south west Atlantic sectors of the
Southern Ocean (Atkinson et al. 2004), but on the regional
scale of the Palmer LTER study region (Smith et al. 1995),
higher than average TIEP does not predict all of the
observed successful year classes. The inclusion of scav-
enging data, filtering inputs and production estimates based
on TIEP and ice class would add more realism to the model
output and might further refine the evaluation of locations
with optimal krill recruitment.

Future directions

The remotely sensed parameters used in the model (e.g. ice
concentration) are currently available in much finer reso-
lution than used in the model. Future refinement of the
approach could include the use of the higher resolution data
that exist for each year and update to newer, more refined
products where available for comparison with the currently
used methods. Snow cover algorithms if they were to be
validated and be accurate for the Antarctic may also be
incorporated. However, challenges remain in providing
accurate remotely sensed snow-depth products (due in part
to the flooding and freezing phenomena that occurs pro-
lifically through the Southern Ocean).
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