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Abstract We present a computational model of the large-

scale cumulative light exposure of sea ice in the Southern

Ocean off East Antarctica (30�E–150�E). The model uses

remotely sensed or modelled sea ice concentration, snow

depth over sea ice, and solar irradiance data, and tracks sea

ice motion over the season of interest in order to calculate

the cumulative exposure of the ice field to photosyntheti-

cally active radiation (PAR). Light is the limiting factor to

sea ice algal growth over winter and early spring, and so

the results have implications for the estimation of algal

biomass in East Antarctica. The model results indicate that

highly light-exposed ice is restricted to within a few

degrees of the coast in the eastern part of the study region,

but extends much further north in the 30�E–100�E sector.

The relative influences of sea ice motion, solar flux, and

snow depth variations on interannual variations in model

predictions were evaluated. The model estimates of

cumulative PAR were found to correlate with satellite

estimates of subsequent open-water chlorophyll-a

concentration, consistent with the notion that sea ice algae

can provide inocula for phytoplankton blooms.

Keywords Sea ice � Sea ice motion �
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Introduction

Sea ice is an important structuring element of the

Southern Ocean ranging in area between 4 million km2

in February and 19 million km2 in September (Gloersen

et al. 1992; Thomas and Dieckmann 2003). The sea ice

cover provides a vast habitat for ice-associated algae,

which form distinct communities at the snow–ice inter-

face, and in the interior and at the base of sea ice floes

(Ackley and Sullivan 1994; Gradinger 2002; Arrigo

2003). Sea ice algae contribute significantly to the

overall ecosystem primary production (Legendre et al.

1992; Arrigo et al. 1997; Lizotte 2001; Arrigo and

Thomas 2004) and provide a crucial, highly concentrated

food source for pelagic grazers during winter and early

spring when water column production is low. Juvenile

krill, for example, have been observed feeding at the

underside of sea ice (Stretch et al. 1988) and it has been

shown that in the Antarctic Peninsula region there is a

correlation between the extent of winter sea ice and the

subsequent recruitment of krill (Siegel and Loeb 1995;

Hewitt 2003; Siegel 2005). In the region of East Ant-

arctica between 80�E and 150�E, sea ice extent is

associated with biological activity at all trophic levels

(Nicol et al. 2000).

Sea ice algae data are derived mainly from coring sur-

veys, and are still very sparse in the East Antarctic region.
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Consequently, the large-scale distribution of sea ice algae

off East Antarctica, and the influences of physical factors

such as the timing and location of ice formation, ice drift,

snow thickness and the exposure of ice floes to photosyn-

thetically active radiation (PAR) on that distribution, are

still poorly understood.

Arrigo et al. (1997) developed the first quantitative sea

ice primary production model for the Southern Ocean.

Their model uses a radiative transfer model and also

includes nutrient availability which is coupled to the

flooding of sea ice floes. Based on sea ice ecological

observations in the Weddell Sea the model primarily

focuses on the development of internal and surface com-

munities and neglects bottom communities (Arrigo et al.

1997). Subsequent model developments were carried out

by Fritsen et al. (1998) and Belém (2002), both also

focussing on Weddell Sea ice physical and biological

properties. Recent observations off East Antarctica show

that ice algal biomass in this area is mainly restricted to

bottom ice layers (Grose and McMinn 2003; McMinn et al.

2007) and thus these models may be not appropriate for

this sector of the Southern Ocean. In comparison to many

other areas of the sea ice zone, East Antarctica has a short

pack ice season and low snow accumulation and therefore

may be less likely to develop surface algal communities

caused by snow-loading and flooding (Fritsen et al. 1994;

McMinn et al. 2007).

As a first step towards a sea ice algae model for East

Antarctica, we present a relatively simple model to explore

the spatial and temporal patterns of light exposure of sea

ice off East Antarctica. Belém (2002) varied the physical

forcing parameters of his model (e.g. air temperature and

solar flux) according to the time-dependent position of ice

floes, calculated from sea ice velocity fields. We adopted a

similar approach here and used ice drift, solar irradiance,

and snow depth data to estimate the cumulative PAR

exposure of ice floes. Under the assumption that light is the

limiting factor for the growth of ice algae over the winter

period, particularly for bottom communities, our model has

implications for the spatial distribution of standing stock in

East Antarctic sea ice.

Methods

Our model aimed to estimate the light regime experienced

across the sea ice field, based on the movement and for-

mation dynamics of the sea ice and the available light. The

model was run on a 1� grid covering the region from 55�S

to 70�S and 30�E to 150�E (Fig. 1). A 1� grid spacing

corresponds to a latitudinal distance of *110 km, and a

longitudinal distance of *50 km at 62.5�S. Results were

computed for 1979–2004, from the first of March to the

first of November; approximately the austral autumn to

early spring period.

The average daily solar radiation was tabulated for each

day of the season of interest, using bilinear interpolation of

NCEP/NCAR surface-level downward solar radiation flux

(Wm-2; daily, 2� resolution) (Kalnay et al. 1996). We

estimated the photosynthetically active component of this

flux (PAR) as 0.48 of the total flux (Frouin and Pinker

1995). This PAR is incident on the surface of the snow

which lies over the sea ice (or on the surface of the ice if no

snow is present). A proportion of this radiation is reflected

by the snow (or ice) surface, with the proportion deter-

mined by the surface albedo. Brandt et al. (2005) reported

visible-band albedos of 0.11–0.96 for various types of ice

and depths of snow cover in the East Antarctic region. Our

model does not differentiate between ice types, and so we

assumed a representative albedo value of 0.75. Thus, the

PAR just beneath the surface is 0.25 of the incident PAR.

The attenuation of PAR through the snow layer was

modelled as an exponential decrease with snow depth

(Beer’s law):

Fig. 1 The study area off East

Antarctica
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PAR zð Þ ¼ PAR0e�jz;

where PAR0 is the PAR just below the snow surface, z is

the depth of the snow layer, and j is the extinction coef-

ficient. A value of 14 m-1 was used for the extinction

coefficient (Lavoie et al. 2005). The depth of this snow

layer was taken from SMMR-SSM/I data (depth in metres;

daily, 25 km resolution) (Markus and Cavalieri 2006). The

attenuation of PAR through the sea ice itself was not

modelled, as we did not have appropriate sea ice thickness

data available. The calculated PAR at a given point thus

corresponds to the light reaching the surface (not the

underside) of the sea ice at that point.

We calculated the movement of the sea ice field across

the season, using the 1� grid points as the final positions of

interest and working backwards in time. For each day of

the season, the sea ice motion (Fowler 2003) at each grid

point location was used to back-calculate the position of

that point on the previous day, in a similar manner to the

drift simulation calculations used by Belém (2002). Sea ice

motion was derived from buoy and satellite data (Fowler

2003), with daily coverage and spatial resolution of

*25 km. From the calculated positions of each grid point

in geographic space over the season of interest, the daily

values of the sea ice concentration (SMMR-SSM/I per-

centage cover; daily, 25 km resolution) (Cavalieri et al.

1996, updated 2006), snow depth, and PAR were collated.

The dates of ice formation and melt were calculated for

each grid point, using 15% concentration as the threshold

at which the ice was considered to have melted or formed.

The cumulative PAR exposure of each point in the model

grid was then calculated by summing the PAR values

between those dates. In many cases there were multiple

formation and melt sequences for a single grid point. In

such cases, the cumulative PAR was summed over all

periods for which ice was present ([15% concentration).

Temporal and spatial variations in snow cover, ice

motion, and solar irradiance have varying temporal and

spatial effects on the model estimates. The partial effects of

variations in snow cover were investigated by re-running

the model with a constant snow depth of 7.9 cm. This

depth was calculated to give a long-term mean cumulative

PAR equal to that obtained by the full model. The results

obtained from the constant snow depth model were sub-

tracted from the full model results to show the relative

effects of snow cover variations over space and season. A

similar approach was used to evaluate the partial effects of

sea ice motion and solar flux variations, using models with

constant zero sea ice motion and constant PAR flux level

(77.7 W/m2; again calculated to give a long-term mean

cumulative PAR equal to that obtained by the full model).

The partial effects of snow cover, ice motion, and solar flux

variations were averaged over the 1979–2004 seasons. The

relative sizes of the absolute values of those mean partial

effects were then compared to establish the relative influ-

ences of these three factors on interannual variations in

cumulative PAR.

The model is intended to estimate cumulative light

exposure, in the context of potential ice algal growth under

light-limited conditions. These estimates should ideally

be compared with measurements of algae, for example

obtained from sea ice cores. However, we were able to find

only 89 records of algal biomass from first-year ice cores

collected between 15 October and 31 November in our

study area. These data were obtained from published lit-

erature (Watanabe et al. 1990; Swadling 2001; Trevena and

Jones 2006; McMinn et al. 2007) and from files held by the

Australian Antarctic Data Centre (http://data.aad.gov.au/).

Of these 89 records, 44 were from coastal sites, where our

results may be unreliable (see Sect. ‘‘Discussion’’). Thirty-

six of the remaining 45 were concentrated in two relatively

small areas between 106�E–111�E, and 146�E–148�E, and

all were located south of 63.5�S. This number and distri-

bution of cores is inadequate to allow meaningful

comparison with the outputs from our model. Model out-

puts were instead compared with remotely sensed estimates

of open-water surface chlorophyll-a obtained from Sea-

WiFS satellite data. There is a widely held view that sea ice

algae provide inocula for phytoplankton blooms after sea

ice melt (Smith Jr and Nelson 1985; Garrison et al. 1987;

Lizotte 2001) and so areas of sea ice with high standing

stock of ice algae might be expected to show higher sub-

sequent concentrations of open-water phytoplankton. In

examining the correlation with open-water chlorophyll-a,

grid points on ice that did not melt during the season of

interest were excluded. Chlorophyll-a concentrations were

calculated as 1997–2004 November means in 1� cells, to

match the model grid; missing SeaWiFS data due to cloud

cover were excluded from the averages.

Results

The long-term average cumulative PAR values are shown

in Fig. 2a and ranged from 165 to 635 W days m-2 (5th to

95th percentile). Averaged over the 246 days of the study

period, these equate to mean daily PAR values of 0.68–

2.58 Wm-2. The long-term average spatial distribution of

cumulative PAR is shown in Fig. 2a. In the sector from

100�E to 150�E, the areas of maximum cumulative PAR

(greater than *550 W days m-2) were patchy and gener-

ally limited to within a few degrees of latitude of the coast,

but in the sector from 60�E to 100�E similar areas extended

much further north, out to *59�S over the Kerguelen

Plateau, at *80�E. The sector from 30�E to 60�E showed

moderate levels of cumulative PAR, with the highest
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values around Cape Ann (*50�E) and in an offshore band

at *60�S. The lower values (*375 W days m-2) off the

coast of the 30�E–40�E sector correspond to the location of

the Cosmonaut Sea embayment (Geddes and Moore 2007).

The interannual variation of cumulative PAR (Fig. 2b) was

lowest in the 30�E–50�E sector, and highest in patches

along the coast and along the seaward margin of the pack.

The age at melt was calculated for the ice in each grid

cell from the dates of formation and melt. The estimated

cumulative PAR is shown against the age at melt in

Fig. 3a. This figure shows that the highest levels of

cumulative PAR occurred in the oldest ice, as one might

expect. However, the fitted curve also shows a broad

intermediate peak, indicating that elevated cumulative

PAR levels were also associated with ice of moderate age

(*40–150 days old). Figure 3b shows the spatial distri-

bution of ice with cumulative PAR of [750 W days m-2.

The differences in the distributions of the two age classes

are clear: elevated cumulative PAR in the oldest ice ([200

days) was distributed along the coast, and reached further

offshore over the Kerguelen Plateau and in the 130�E–

150�E sector. Elevated cumulative PAR values in younger

ice were distributed towards the northern margin of the ice

pack, particularly in the 30�E–120�E sector.

Fig. 2 Estimated cumulative

PAR exposure of sea ice in East

Antarctica. a Mean, and b SD

across the 1979–2004 autumn–

spring seasons. Units are

W days m-2
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Fig. 3 a Estimated cumulative

PAR and the age at melt of the

ice. Each point represents a

single grid point at the end of a

single season. Grey points show

data from all 26 seasons of the

model; black line shows smooth

(loess) fit. Points within Box 1
(relatively high cumulative PAR

in relatively young ice) are

shown as squares in b; points
within Box 2 (relatively high

cumulative PAR in relatively

old ice) are shown as crosses in

b. b The spatial distribution of

the points in a
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Figure 4a shows the spatial and temporal variations in

the effects of sea ice motion. The values shown in the

figure are the differences between model estimates using

no sea ice motion, and those of the full model. Positive

values indicate that the inclusion of motion causes an

increase in the model estimate of cumulative PAR, and this

can be seen to be true particularly in the 60�E–90�E sector

and off Terre Adélie (130�E–150�E). Few sectors showed

consistent decreases in cumulative PAR estimates with the

inclusion of ice motion effects: only the 30�E–40�E and

110�E–120�E sectors showed relatively consistent negative

values (Fig. 4a). The effects of ice motion were minimal

prior to 1982, although this might be attributable to

methodological problems (see Sect. ‘‘Discussion’’).

Figure 4b shows the effects of spatial and temporal

variations in the depth of snow on the surface of the sea ice.

Similarly to Fig. 4a, the values shown are the differences

between model estimates using a fixed, constant snow

depth, and those of the full model, and positive values

indicate that the inclusion of snow variations causes an

increase in the model estimate of cumulative PAR. The

inclusion of snow variations in the model caused fairly

consistent decreases in the estimates of cumulative PAR

(negative values in Fig. 4b) in the 30�E–40�E sector. Snow

effects were also generally negative in the 140�E–150�E

sector, particularly from about 1992. The remainder of the

study area showed generally positive snow effects (i.e.

increases in cumulative PAR estimates with the inclusion

of snow variations in the model) up to about 1998, and

mixed effects thereafter.

Spatial and temporal variations in solar flux caused

positive effects (i.e. an increase in the estimated cumulative

PAR with flux variations included) in the 40�E–90�E sec-

tor, particularly from about 1989 (Fig. 4c). The 90�E–

150�E sector showed generally negative effects.

The interannual variations in cumulative PAR between

30�E and 60�E were most strongly affected by variations in

downward PAR flux (green colour component; Fig. 5) and

snow cover (blue). Snow cover also tended to control the

interannual variation along the coast and in offshore pack

ice. Ice motion (red) affected interannual variability in the

inner and mid pack between 60�E and 90�E and off Terre

Adélie (*140�E).

The mean November chlorophyll-a derived from

SeaWiFS satellite data (1997–2004) showed broadly sim-

ilar patterns to the 1997–2004 mean model estimate of

cumulative PAR (Fig. 6). The mean cumulative PAR

estimates in this figure were calculated only from pixels

that had melted by the ending date of each model run (i.e.

by 1 November each season). These pixels spanned a band

of ice extending across about 3–4� of latitude (*330–

440 km) at the northernmost extent of the ice pack, located

Fig. 4 Spatial and temporal

variations in the effects of a ice

motion, b snow depth, c solar

flux. Values are the differences

between a model with a no ice

motion, b fixed, constant snow

depth, or c fixed, constant flux,

and those of the full model.

Positive values indicate that the

inclusion of the parameter in

question causes an increase on

the model estimate of

cumulative PAR. All values in

W days m-2

Polar Biol (2009) 32:443–452 447

123



at about 59�S at 30�E and at about 63�S at 150�E (Fig. 6b).

The longitudinal distributions of the two signals show

broad similarities, with low values in the west, rising to

maxima around 85�E and moderate values in the east

(Fig. 6a). The Spearman rank correlation between cumu-

lative PAR estimates from the full model and the SeaWiFS

chlorophyll-a was moderate but significant (rs = 0.34,

P \ 0.02; N = 121). Using cumulative PAR estimates

from the model run with constant snow depth improved

this correlation to rs = 0.67 (P \ 0.01; N = 121).

Discussion

We have presented a simple model for the cumulative light

exposure of sea ice off East Antarctica and explored the

impact of ice drift, snow cover and downward solar flux on

model outputs. The modelled light exposure distribution

correlates with SeaWiFS-derived surface chlorophyll-a

concentrations in the marginal ice zone following ice melt.

This comparison is at best a weak validation of the model,

due primarily to the fact that our model provides estimates

of light exposure, rather than specifically of algal biomass,

and also due to the number of processes that can affect the

chain of events between the release of ice algae into the

water column and any subsequent phytoplankton bloom. A

more rigorous validation of the model will be possible once

more extensive sea ice core data become available.

The current model is deliberately simplistic, focussing

on light availability over the winter–spring period and first-

year ice only. The effects of snow cover are restricted to

the attenuation of light as it passes through the snow layer,

and this effect is parameterised by an exponential decrease

with snow depth, with no differential attenuation by

wavelength or according to the physical structure of the

snow. The depth of snow cover may be underestimated:

passive microwave estimates of snow depth have been

shown to underestimate in situ measurements (Markus and

Cavalieri 1998; Worby et al. 2008b). Snow cover plays a

key role in flooding of sea ice and subsequent thermody-

namic thickening of the sea ice from above by snow ice

formation, which strongly affects optical properties of the

sea ice (Worby et al. 1998). Flooding also causes the for-

mation of infiltration communities, which add to the

integrated sea ice primary production, and also attenuate

the light reaching the bottom of the sea ice, an effect

known as ‘‘self-shading’’ (Palmisano et al. 1987). Previous

work has shown that most algal biomass is located in the

bottom few centimetres in ice core samples off East

Antarctica (McMinn et al. 2007). Consequently, the

importances of these effects in models developed for this

region are uncertain. Light reaching the bottom of the sea

ice would be further attenuated by the ice itself. Our model

has no ice thickness component (vertical dimension) as

currently there are no reliable ice thickness estimates

available at a sufficiently broad scale to match the

remainder of the model inputs. Sea ice thicknesses in the

range 0.35–0.72 m (Allison et al. 1993; Worby et al.

2008a) and mean snow cover depths in the range 0.05–

Fig. 5 The spatial pattern of the drivers of interannual variations in modelled cumulative PAR. The red, green, and blue colour components of

each grid cell represent the relative contributions from ice motion, solar flux, and snow depth variations

Fig. 6 a 1997–2004 Mean November SeaWiFS chlorophyll-a
(dashed line) and cumulative PAR (solid line), in 1� longitude

sectors. b 1997–2004 Mean November SeaWiFS chlorophyll-a
distribution. The solid lines show the positions of the southern

Antarctic Circumpolar Current front (upper line) and the southern

boundary of the Antarctic Circumpolar Current (lower; front positions

from Orsi et al. 1995)
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0.15 m (Massom et al. 2001) have been reported for the

East Antarctic sector. Although the attenuating effect of ice

is approximately an order of magnitude less than that of

snow (Perovich 1996), these values suggest that the

attenuation of light within the ice may be comparable to

that in the overlying snow, and will need to be considered

in future model developments. Nutrient availability will be

critically important for future model development covering

the summer months, when light ceases to be a limiting

factor.

The model results close to the coast are unlikely to be

reliable, due to both the inaccuracy of sea ice motion data

close to the coast (Fowler 2003), and the relative coarseness

of the 1� model grid with respect to variations in the

geometry of the coast. Even in open ocean regions, satellite-

derived sea ice motion data has been shown to underesti-

mate the true sea ice motion by up to 40% when compared

to buoy measurements (Heil et al. 2001). Thus the effects of

sea ice motion may be underestimated in our model, par-

ticularly in those sectors where we found motion to have a

large effect (60�E–90�E and 140�E–150�E). Underestima-

tion of ice motion is particularly problematic during spring

melt, because the model will effectively assume that sea ice

melted in a given grid cell, whereas in fact the ice was

removed by advection, with less local release of fresh water

and sea ice algae inocula into the water column (Fitch and

Moore 2007). The effects of ice motion in the model were

minimal for the earliest seasons (1979–1981). The ice

motion estimates prior to 1982 were based principally on

SMMR data (with a spatial resolution of 25 km), as AV-

HRR data (spatial resolution 5 km) were available only

from 1982 onwards and SSM/I (spatial resolution 12.5 km)

from 1988 onwards (Fowler 2003). The reduced effect of

sea ice motion in the model prior to 1982 may thus be an

artefact of the coarser spatial resolution in the sea ice data

used to estimate the ice motion during this period. Other

dynamic effects such as wave–ice interaction at the seaward

margin of the ice pack, and rapid opening and closing of the

pack in storm events, were not modelled.

High values of cumulative PAR in our model estimates

were generally restricted to coastal regions, except in the

60�E–100�E sector where high values extended north-

wards over the Kerguelen Plateau (Fig. 2a). This sector

shows northward winter sea ice motion (Heil and Allison

1999), thus providing an offshore transport of coastal ice

[Fig. 7; see also Rintoul et al. (2008) for an overview of

sea ice dynamics in the 80�E–90�E sector]. This pattern

matches that reported by Garrison et al. (2003), who

found high biomass in offshore ice and low biomass in

more inshore ice in the Ross Sea, and concluded that the

northward export of older sea ice is responsible for this

pattern of the large-scale ice algal distribution in the Ross

Sea.

Arrigo et al. (2003) reported a bimodal distribution of

spring ice algal biomass along a transect through the Ross

Sea pack ice with a minimum ice algal biomass usually

found in young sea ice and sea ice with a heavy snow

cover. The authors explained the overall latitudinal distri-

bution of ice algal biomass in terms of ice thickness, age

and snow thickness as well as heterotrophic activity.

McMinn et al. (2007), studying sea ice in the same area as

our study, found a positive correlation of integrated sea ice

algal biomass and ice thickness but no relationship between

sea ice algal biomass and latitude of sampling site. This is

in agreement with our model, which shows that the

cumulative PAR distribution does not follow a simple

zonal pattern. Generally, our model found elevated cumu-

lative PAR in two situations: old ice, which tended to be

coastally distributed but transported further north in some

sectors (notably 60�E–90�E), and also younger ice, formed

later in the season and found towards the northern extent of

the pack.

The inclusion of snow variations in the model caused

decreases in the estimates of cumulative PAR in the 30�E–

40�E and 140�E–150�E sectors, suggesting that these sec-

tors accumulate greater than the regional average snow

depth. This reflects the observed snow depths: the East

Antarctic sector from about 40�E to 145�E displays lower

mean September snow depths than the remainder of the

Antarctic (Markus and Cavalieri 2006). The inclusion of

snow variations caused decreases in the cumulative PAR

estimates across the study entire region from about 1998

(a mean decrease of 5.6% relative to pre-1998 levels;

Fig. 4b), broadly matching the observed increase in Ant-

arctic-wide September snow depths from about 1999

(Markus and Cavalieri 2006).

Fig. 7 Mean August sea ice

motion in the study area,

derived from buoy and satellite

data (adapted from Fowler

2003)
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McMinn et al. (2007) reported photoadaptive index (Ek)

values of 19–44 lmol photons m-2 s-1 in East Antarctic

sea ice algae sampled in spring. At light levels below the

photoadaptive index, growth is light-limited. These values

can be converted to irradiances in Wm-2 using the

equation:

F ¼ EkhcNA=k� 10�6;

where F is the flux in Wm-2, h is Planck’s constant, c is the

speed of light, NA is the Avogadro constant, and k is the

wavelength of the light. Using a mean wavelength of

550 nm for PAR, this range of Ek values equates to irra-

diances of 4.1–9.6 Wm-2. These values are slightly higher

than the long-term mean daily PAR values shown in

Fig. 2a (0.68–2.58 Wm-2).

We are aware of only one published estimate of the

regional spatial distribution of sea ice algae in East Ant-

arctica (Grose and McMinn 2003). This estimate was based

on ice cores and shipboard observations from 103�E–

110�E, and extrapolated to the wider East Antarctic region

based on ice type and snow thickness estimates obtained

from passive microwave images. The biomass distribution

for November of 2000 in Figure 3 of Grose and McMinn

(2003) shows the highest biomass in the inner pack from

about 30�E to 75�E, and in patchy areas along the coast

eastwards to 150�E. This pattern is broadly similar to the

long-term mean cumulative PAR shown in our Fig. 2a,

except that highly light-exposed ice extends much further

offshore in the 60�E–90�E sector, and the inshore area

from 30�E to 50�E accumulates only moderate PAR. The

60�E–90�E sector exhibits pronounced northward winter

sea ice motion (Fig. 7), and the inshore 30�E–50�E sector

displays highly variable sea ice conditions (Geddes and

Moore 2007), suggesting that the effects of sea ice

dynamics could be an important consideration in the esti-

mation of algal biomass.

Based on microscopic analysis of the species composi-

tion in sea ice and associated pelagic blooms, seeding has

been suggested for different parts of Antarctic marginal ice

zone [see e.g. Arrigo et al. (2003) for a summary]. Plumes

of particulate organic matter and algae released from sea

ice have been observed and can increase phytoplankton

biomass at ice edges (Wright and van den Enden 2000).

Such seeding and the development of ice-edge blooms is

not ubiquitous, but is dependent on others factors that

affect sedimentation and growth rates of algae at the ice

edge. Important factors, among others, include the retreat

rate of the sea ice, wind stress, current regime, interactions

with bathymetry, iron release due to melting, ice algal

species composition and their potential for aggregation, as

well as the occurrence of herbivores (Smith Jr and Nelson

1985; Lancelot et al. 1993; Sedwick and DiTullio 1997;

Fitch and Moore 2007; Lannuzel et al. 2007). Our results

indicate a correlation between cumulative PAR and sub-

sequent ice edge bloom strength, consistent with the

seeding hypothesis. This interpretation is confounded to

some extent by the fact that ice with high cumulative PAR

tends to be older and therefore thicker, yielding a greater

release of fresh water and potentially iron on melt, both of

which would tend to favour subsequent blooms, from either

algae seeded from the melted ice, or from pelagic phyto-

plankton already in the surface waters.

The correlation with open-water chlorophyll-a concen-

tration was stronger for the model with constant snow

depth (rs = 0.67) than the full model (rs = 0.34); however,

this improvement in correlation is likely to be a simple

reflection of the fact that the constant snow depth estimates

of cumulative PAR were less noisy (displayed less small-

scale longitudinal variation). Both models tended to con-

sistently overestimate chlorophyll-a in the 50�E–90�E

sector and underestimate in the 90�E–140�E sector. This

longitudinal pattern in the residuals possibly indicates

longitudinal differences in the processes that complete the

chain of events from spring ice retreat to subsequent open-

water bloom. There are obvious longitudinal differences in

bathymetry and ocean currents: the band of interest in the

50�E–90�E sector (at *60�S; Fig. 6b) lies immediately to

the east of the deep water of the Enderby Abyssal Plain

(*5,000 m), and north of the southern Antarctic Circum-

polar Current front (SACCF); in the 90�E–140�E sector the

band of interest lies closer to the shore over shallower

water, and is congruent with the SACCF. These differences

alone are likely to influence factors such as nutrient supply

to potential blooms (Constable et al. 2003).

A common observation in the Southern Ocean is the

increased frequency of phytoplankton blooms near the

Antarctic coast, relative to offshore waters (e.g. Fitch and

Moore 2007). This association with coastal regions is likely

due to a number of factors, including iron availability due

to both melting sea ice as well as mixing of iron-rich shelf

sediments into the mixed layer (Fitch and Moore 2007), but

nonetheless is in agreement with our observation of high

accumulated PAR values in coastal sea ice. Nicol et al.

(2000) showed that sea ice extent—controlled by ocean

circulation—affects biological productivity at all trophic

levels in the 80�E–150�E sector. They found high con-

centrations of krill to be restricted to coastal locations in

the eastern side of this area, but extending further offshore

(to *63�S, the northernmost limit of their survey) west of

115�E. Our model outputs are consistent with these

observations, with a similar spatial distribution of sea ice

cumulative PAR in the same sector, but we note that the

westward and northward winter sea ice motion in the west

of this sector (80�E–115�E) would provide an offshore

transport mechanism for krill larvae associated with the ice

(Thorpe et al. 2007) and other biological material taken up

450 Polar Biol (2009) 32:443–452
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from coastal locations. The increased abundance of krill

offshore in the 80�E–115�E sector might be due to offshore

transport, active migration (Nicol 2006), or increased off-

shore sea ice algae availability, or a combination of these

and other factors (Smith Jr and Comiso 2008).

Future Antarctic sea ice conditions under climate change

scenarios are uncertain (Parkinson 2004), although regional

changes in sea ice extent and season have already been

reported for the southern hemisphere (Parkinson 2002;

Zwally et al. 2002; Cavalieri and Parkinson 2008). A

shortening of the sea ice season would result in decreased

cumulative exposure of ice floes to PAR and thus poten-

tially reduce sea ice primary production during winter

when light is limiting ice algal growth. Global circulation

models indicate a climate change driven increase in pre-

cipitation that may increase the sea ice snow cover,

affecting sea ice growth and algal distribution (Watterson

and Dix 2003; Powell et al. 2005; Monaghan et al. 2008).

The direct effect of increased snow cover would be to

reduce the light penetrating to the sea ice, but more com-

plex effects would include increased snow ice formation,

flooding of ice floes, and the development of surface and

interior communities (Arrigo et al. 1997; Massom et al.

2001; Arrigo and Thomas 2004).

Our study underlines the important ecological role of sea

ice in the Southern Ocean and provides a better under-

standing of the large-scale light exposure of sea ice.

Further work is needed to understand physical–biological

interactions in East Antarctic marine ecosystems by

developing more advanced sea ice algal primary produc-

tion models as well as medium-large scale sampling

methodology to validate model outputs.
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