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Sea ice indexes can give a common context to link variability in
sea ice coverage to variability in marine ecosystems
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othing more dramatically il-

lustrates the extreme season-

ality of the Southern Ocean
physical environment than the an-
nual waxing and waning of sea ice
over 20 million km? of ocean. In
winter, sea ice can almost double the
surface area of the Antarctic conti-
nent, whereas in summer, sea ice
covers approximately one-sixth of
the area it covers in winter and is
confined to just a few basins. These
differences are as extreme as the per-
petual night and day associated with
those two seasons, except that sea-
sonal changes in both the timing and
magnitude of sea ice coverage are far
more variable than seasonal changes
in solar radiation. In this tempestu-
ous environment, local atmospheric
and oceanic forces shape the vast sea
ice landscape of the Southern Ocean,
creating not only high seasonal vari-
ability but also high spatial variabil-
ity and, consequently, different re-
gional sea ice environments (Zwally
et al. 1983, Gloersen et al. 1992,
Parkinson 1992, 1994).
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The ecological impact
of sea ice is a complex
space-time matrix
of biology and
physical forcing

In the context of this high re-
gional variability, marine ecologists
seek to understand how interannual
fluctuations and the extreme season-
ality of sea ice coverage are linked to
variability in the marine ecosystem.
External physical forcing plays a
more dominant role in causing vari-
ability in marine ecosystems than
internal biological mechanisms,
which may be more dominantin caus-
ing variability in terrestrial ecoystems
(Steele 1991). To compare how sea
ice coverage influences biological and
ecological phenomena, a quantita-
tive reference system is needed. How-
ever, no accepted standard exists to
describe sea ice variability. There-
fore, we propose a set of sea ice
indexes that provide quantitative
definitions of the timing and magni-
tude of sea ice coverage on temporal
and spatial scales that are relevant to
testing ice—ecosystem linkages. A sea
ice index is a number (or, at most, a
few numbers) that derives from a set
of sea ice observations during a year
and that may be used as a simplified
ecological indicator of annual sea ice
variability.

We first recognized a need for a
systematic and quantitative approach

to describe sea ice variability while
working on the Palmer Long-Term
Ecological Research project (Palmer
LTER; Smith et al. 1995), which
focuses on the marine ecosystem in
the seasonal sea ice zone west of the
Antarctic Peninsula (Figure 1; Ross
et al. 1996). The central tenet of the
Palmer LTER is that the annual ad-
vance and retreat of sea ice affects all
levels of the Antarctic marine eco-
system, including, for example, the
timing and magnitude of seasonal
primary production; the dynamics
of the microbial loop and particle
sedimentation; the abundance, dis-
tribution, and recruitment of krill
(Euphausia superba); and the breed-
ing success and survival of apex
predators.

Our work on sea ice variability
(Stammerjohn and Smith 1996) has
shown that various regions of the
Southern Ocean have distinct sea-
sonal and interannual characteris-
tics. In particular, the LTER and
Bellingshausen regions are the only
regions of the Southern Ocean that
show long-term persistence in
monthly anomalous sea ice cover-
age—that is, several consecutive high
sea ice years are followed by several
consecutive low sea ice years. Be-
cause of this annual and interannual
variability of sea ice in the western
Antarctic Peninsula region, scientists
have been able to monitor the eco-
system by measuring the abundance
and distribution of key species be-
fore, during, and after seasons and
years of different sea ice coverage.

Such a long-term sampling strat-
egy is needed, for example, to under-
stand how primary productivity is
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Figure 1. Southern Ocean (left) and LTER regional (right) maps. The map of the
Southern Ocean is divided into sections to show the six main regions that have often
been separated for study; the dotted lines within the Weddell region denote the
boundaries of the western Weddell (WW) subregion. The large square outlines the
area for which there is sea ice concentration data. In both maps, the rectangle to the
west of the Antarctic Peninsula denotes the Palmer LTER region. The LTER
regional map shows the Palmer LTER sampling transects (indicated by the dotted
lines). Each of these sampling transects extending out from the coast are 200 km in
length and are spaced 100 km apart; these transects are numbered from 000 (the
most southern line) to 900 (the most northern line). The other two regions in the

peninsula map (indicated by dashed lines)

northern peninsula (NP) regions.

are the southwestern peninsula (SP) and

influenced by interannual variability
in seasonal sea ice cover. High rates
of primary production in the spring
have been associated with ice edge
blooms during sea ice retreat, when
meltwater and favorable meteorologi-
cal conditions induce water column
stability (Smith and Nelson 1986).
However, in years when the extent of
spring sea ice is low, either because the
overall winter sea ice extent was low
or because sea ice retreated earlier
than normal, spring blooms can be
low and/or early (Clarke et al. 1988,
Murphy etal. 1995). Therefore, both
the timing and magnitude of the
spring sea ice retreat affect the asso-
ciated spring phytoplankton blooms
and subsequent food availability for
krill and other grazers and, in turn,
for top predators.

The life histories of various polar
marine species are synchronized with
the seasonality of sea ice (Smith et al.
1995). Sea ice is a major habitat for
microorganisms, and the bacterial
community goes through several
stages of succession as the pack ice
recedes (Christian and Karl 1994,
Karl et al. 1996). Krill, a major her-
bivore for the transfer of energy
within the Antarctic marine ecosys-
tem, is closely coupled to sea ice
during various periods of its annual
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life cycle (Robin Ross and Langdon
Quetin, University of California—
Santa Barbara, manuscript submit-
ted). For example, high krill repro-
ductive output has been associated
with high winter sea ice concentra-
tions (Siegel and Loeb 1995) and with
abundant phytoplankton blooms
along the receding ice edge in spring
(Smetacek et al. 1990, Quetin et al.
1994). In addition, survival and re-
cruitment of larval krill depend on
food availability in summer, when
they first arrive at the surface, ap-
proximately three weeks after being
spawned, and on the presence and
duration of winter sea ice, which
provides both an under-ice refuge
and a source of food by way of sea
ice algae (Ross and Quetin 1991).
Many top predators, such as
Adélie penguins (Pygoscelis adeliae),
depend in turn on the availability of
krill, particularly during the spring
breeding and summer creche seasons,
when their energetic requirements are
high (Fraser et al. 1992, Trivelpiece
and Fraser 1996). Winter pack ice
conditions also influence the per-
centage of penguins that survive the
winter in healthy condition to breed
successfully the following spring
(Trathan et al. 1996). Preliminary
studies tracking winter migration of

Adélie penguins show that the birds’
overwinter feeding regions consist
of 75% pack ice coverage (Davis et
al. 1996). Thus, the magnitude and
timing of sea ice has both direct and
indirect effects at all trophic levels.
Any temporal shifting of the annual
cycle of regional sea ice coverage
significantly changes the physical
environment of any given season and,
therefore, affects those ecosystem
variables that are synchronized with
the mean annual cycle of sea ice
(Smith et al. 1995), such as the vi-
ability of Adélie chicks.

In addition to changes in the loca-
tion of the sea ice edge (i.c., in the
extent of sea ice), changes in sea ice
concentrations within the boundary
of the sea ice edge can influence both
in situ biological communities and
sea ice-related habitats. Sea ice con-
centrations typically increase from
the ice edge toward the continent:
The marginal ice zone is diffuse, the
open pack ice zone is less diffuse,
and, finally, the close pack ice zone
is compact. However, the close pack
ice zone can be interrupted by open
water areas that are associated with
fractures (any break in solid ice cover,
which can be a few meters to several
hundred meters wide and up to many
kilometers.long), leads (a large frac-
ture that is navigable by surface ves-
sel), or polynyas (any nonlinear open-
ing enclosed in sea ice).

Year-to-year and seasonal changes
in the distributions of these various
sea ice zones can directly affect both
low and high trophic levels. For ex-
ample, changes in the relative contri-
bution of marginal ice zone-associ-
ated primary production to total
production modulates annual pri-
mary production (Smith et al. in
press). For higher trophic levels, vari-
ability in sea ice concentrations can
result in variability in habitat and
foraging area. Three different sea
ice-related habitats are associated
with enhanced foraging opportuni-
ties for seabirds (Hunt 1991): open
leads and polynyas within the pack
ice, through which seabirds can gain
access to the water column and the
underside of sea ice; the ice edge
(either compact or highly diffuse),
which serves as a major ecological
boundary; and the open ocean area
just seaward of the ice edge, where
meltwater helps to stabilize the wa-
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ter column and enhances primary pro-
duction. Even for a single species (e.g.,
Adélie penguins), the physical and bio-
logical matrix of spatial and temporal
variability is complex. To assess the
degree to which sea ice variability
influences various populations and
trophic level couplings, it is impor-
tant to quantify these sea ice-related
habitats throughout the annual cycle
and over the long term.

To define sea ice variability on
spatiotemporal scales that are relevant
to testing ecosystem responses, we turn
to the data set that can best fulfill
our needs—that from multifrequency
passive microwave satellite sensors
(i.e., Scanning Multi-Channel Micro-
wave Radiometer [SMMR] and Spe-
cial Sensor Microwave/Imager [SSM/
I]). These satellite sensors provide
the longest, most continuous, and
most accessible data on polar sea ice
coverage. Sea ice concentrations com-
puted from the sensor data using the
NASA Team algorithm (Cavalieri et
al. 1984, 1995, Gloersen and
Cavalieri 1986) are available from
the National Snow and Ice Data
Center’s Distributed Active Archive
Center at the University of Colorado
(Website: http://www-nsidc.colorado.
edu).

Although the SMMR and SSM/I
data have coarse spatial resolution
(approximately 30-70 km), they are
temporally continuous because the
microwave signal is relatively unaf-
fected by polar darkness or cloud
cover. By contrast, higher spatial
resolution satellite sea ice data from
visible, infrared, and synthetic aper-
ture radar (SAR) sensors have poor
temporal resolution, either because
clouds can obscure visible and infra-
red frequencies or because few SAR
data are available. Thus, sea ice con-
centrations derived from SMMR and
SSM/I provide the only adequate time
series of sea ice variability needed to
explore ice—ecosystem linkages.
Therefore, a set of sea ice indexes
derived from the SMMR and SMM/I
data would bring much-needed con-
sistency to studies searching for ice—
ecosystem linkages. Too often, sea
ice variability is described in terms
of annual magnitude only (i.e., a
high- or low-ice year), even though
the ecosystem process under evalua-
tion may be equally influenced by
seasonal, monthly, or even daily vari-
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ability. Thus, to appropriately sum-
marize sea ice variability, both the
magnitude and timing of variability
must be specified.

The sea ice concentrations derived
from the SMMR and SSM/I data
cover the entire Southern Ocean and
were originally in image format with
pixel sizes of 25 km x 25 km. The
SMMR data were recorded every
other day, on average, from October
1978 to September 1995; the SSM/I
data were recorded daily from June
1987 to the present. We calculated
the monthly averaged images from
October 1978 to September 1995,
and for each region shown in Figure
1 we then derived three areal mea-
surements: sea ice extent, sea ice
area, and open water fraction. Sea
ice extent is the ocean area enclosed
by the 15% sea ice concentration
contour and is determined by sum-
ming, for the region in question, the
pixel areas that have 15% or greater
sea ice concentration; consequently,
it includes mixtures of open water
and sea ice (from 15% to 100%) at
subpixel resolution but does not in-
clude leads and polynyas that are
greater than pixel resolution. Sea ice
area is the ocean area covered only
by sea ice with concentrations greater
than 15% and is determined by multi-
plying the pixel area by the sea ice
concentration, if the sea ice concentra-
tion is equal to or greater than 15%,
and then summing those pixel areas
for the region in question. Open water
fraction is the fraction of open water
at subpixel resolution within the 15%
sea ice concentration boundary; it is
determined by subtracting sea ice
area from sea ice extent, and then
dividing by sea ice extent.

To use the passive microwave data
in a systematic manner (e.g., through
the use of sea ice indexes), it is im-
portant to be aware of both the
strengths and weaknesses of these
data. Sources of error in estimating sea
ice concentrations from passive mi-
crowave data using the NASA Team
algorithm are discussed in detail else-
where {Comiso et al. 1992, 1997,
Gloersen et al. 1992, Emery et al.
1994). In general, the error associ-
ated with estimates of sea ice extent
depends mostly on the accuracy of
the algorithm in distinguishing large
bodies of open ocean from large bod-
ies of sea ice; this error has been

estimated to be less than 2% for total
Southern Ocean sea ice extent (Comiso
et al. 1992). A much higher error is
associated with estimates of sea ice
area (and, therefore, with open wa-
ter fraction); this error depends on
the algorithm’s accuracy in deter-
mining sea ice concentrations be-
tween 15% and 100%. Compari-
sons between sea ice concentrations
derived from SMMR and SSM/I data
using the NASA Team algorithm and
sea ice concentrations derived from
other higher resolution satellite data
show that the NASA Team algo-
rithm typically underestimates sea
ice area (Comiso et al. 1997). Conse-
quently, annual, seasonal, and
monthly indexes of sea ice area (and
open water fraction) should be used
for interannual comparisons only and
should not be treated absolutely or
literally. The unknown error involved
in the estimates of sea ice area and
open water fraction will particularly
influence the accuracy of estimates
made for the smaller regions. There-
fore, the observed variability in open
water fraction in the LTER region, for
example, should be considered only
as an indication that the amount of
open water—like surface characteris-
tics has changed, but this variability
should not be regarded as necessarily
indicating absolute changes in the
amount of open water.

In this article, we first analyze the
kinds of information that can be
obtained from sea ice indexes de-
rived from temporal scales including
annual, seasonal, and monthly and
from spatial scales ranging from 20
million km? (total Southern Ocean)
to 200,000 km? (the Palmer LTER
study region). Sea ice indexes are
defined here as indicators, or mea-
sures, of the spatial and temporal
variability of sea ice coverage. We
then give a few examples of how these
indexes can be used to identify and
quantify potential physical forcing of
the ecosystem and the consequent
ecosystem response.

An annual index of
interannual variability

To quantitatively define the annual
magnitude of sea ice coverage, we
calculated annual means of sea ice
extent, sea ice area, and open water
fraction for the 16 complete years of
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In general, interannual variability
in sea ice extent and sea ice area are
similar in cach region, although the
magnitude of deviation from the
mean may not be the same. These
differences in the magnitude of de-
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Year

viation from the mean are revealed
in the open water fraction variable;
for example, in the Weddell Sea in
1980, sea ice extent was anomalously
higher than sea ice area, resulting in
a high open water fraction. By con-
trast, in 1991 the Weddell Sea had
anomalously higher sea ice area than
seaice extent, resulting ina low open
water fraction. The interannual vari-
ability in open water fraction may
indicate year-to-year differences in
sea ice habitat types (i.e., marginal

ice zone, open pack ice, and close
pack ice). For example, in the
Bellingshausen region, high open
water years, such as 1984, 1989, and
1991, may indicate more diffuse sea
ice conditions (i.e., more open pack
ice), whereas low open water years,
suchas 1979 and 1987, may indicate
more consolidated sea ice conditions
(i.e., more close pack ice).

In general, as Figure 2 indicares,
years of high sea ice extent and area
appear to be characterized by low
open water fractions, and years of
low sea ice extent and area by high
open water fractions, although there
are a few exceprions, as in 1980 in
the Weddell Sea. Also noticeable in
Figure 2 is the downward trend in
open water amount in the Southern
Ocean as a whole and in several
regions in particular (e.g., the
Weddell Sea, the Indian Ocean, and
the West Pacific Ocean), an observa-
tion that we will return ro later in
this article and that is explored in
full in another study (Stammerjohn
and Smith 1997). Figure 2a also
shows that each region has a unique
set of high, average, and low sea ice
and open water years, although the
Bellingshausen and LTER sets are
most similar to one another because
the LTER region is a longitudinal
subset (i.e., incorporating both north
and south environments) of the
Bellingshausen region. These regional
differences in high, average, and low
sea ice and open water years should
result in regional differences in
interannual variation in marine eco-
system parameters,

The Palmer LTER study region
spans six degrees of latitude, with
strong north-south gradients in year-
to-year variability of sea ice cover-
age; the southern end is more consis-
tently ice covered than the northern
end. To investigate how different sea
ice conditions in the northern and
southern regions might affect the
marine ecosystem, we defined two
additional regions in the vicinity of
the western Antarctic Peninsula (Fig-
ure 1): the southwestern peninsula
(SP) and the northern peninsula (NP)
regions, both of which are compa-
rable in surface area to the LTER
region. The NP region is defined as
extending southeast of the tip of the
Antarctic Peninsula to include the
region to which the breeding pen-
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Figure 3. Standard deviates of seasonal sea ice extent, sea ice
area, and open water fraction for the Palmer LTER region
(a) and for various regions of the South Ocean in the spring
only (b). Solid circles indicate sea ice extent, open circles
indicate sea ice area, and solid triangles indicate open water
fraction. Solid horizontal lines represent the October 1978
to September 1995 mean, whereas the dotted lines denote
1 0.5 standard deviations about the mean.

78 80 82 8 66 B8 90 92 94

two extreme high and low
sea ice extent and sea ice
area years have the same clas-
sifications (i.e., high, aver-
age, or low) across all four
seasons: 1980 (high every
season) and 1989 (low every
season). All other years ex-
hibit interseasonal variabil-
ity with respect to high, av-

and Comiso 1993, 1997).

The interannual variability in the
NP region, in contrast to the SP and
LTER regions, shows possible influ-
ences from the WW region. For ex-
ample, 1989 was not the extreme
low sea ice year in the NP that it was
in the SP and LTER. However, 1985
and 1993 were low sea ice years in
the NP but not in the SP and LTER.
In addition, 1988 was a high sea ice
year in the NP, when the downward
trend in sea ice coverage was already
under way in the SP and LTER re-
gions. The interannual variability in
the WW region is different from the
other three regions but is similar to the
interannual variability in the greater
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Weddell region shown in Figure 2a.
These distinct differences in sea ice
variability, even among these rela-
tively small subregions (i.e., SP,
LTER, NP, and WW), underscore
the need to give careful consider-
ation to the geographic region of
physical influence when investigat-
ing ice—ecosystem linkages.

A seasonal index of
interannual variability

Although the annual index defines
quantitatively high, average, and low
sea ice and open water years and
permits regional comparisons, it does

erage, and low sea ice extent
and area. For example, in 1990, an
average sea ice year for the LTER
region (Figure 2), sea ice extent was
low in summer and autumn, average
to low in winter, and high in spring.
By contrast, in 1992, also an average
sea ice year for the LTER region, sea
ice extent was average in summer
and winter, high in autumn, and low
in spring. Figure 3b shows that the
spring sea ice index alone varied from
region to region. In particular, the
interannual variability of spring sea
ice coverage for each peninsula re-
gion is distinct, defining different
physical environments for the local
marine populations.
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Figure 4. Annual curves of monthly sea ice extent, sea ice area, and open water area
for the Palmer LTER region from October 1978 to September 1995. Solid lines
indicate annual curves of monthly sea ice extent (thick line), sea ice area (medium
line), and open water area (thin line). Dotted lines represent the October 1978 to
September 1995 mean for each sea ice variable.

A monthly index of
interannual variability

Monthly annual curves of sea ice
extent, sea ice area, and open water
area from October 1978 to September
1995 for the Palmer LTER region
(Figure 4) provide a good illustra-
tion of year-to-year differences in
the timing of the seasonal progres-
sion of sea ice coverage. This figure
uses open water area instead of open
water fraction to show the relative
areal amounts of each variable over
the sea ice advance and retreat cycles.
Each of the three annual curves is
superimposed on its mean to illus-
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trate the seasonal departures with
respect to magnitude and, in particu-
lar, timing.

For most years, sea ice extent and
sea ice area have similar annual
cycles. Those exceptional years (e.g.,
1993) when the two annual cycles
differ significantly indicate large
changes in open water amount within
the sea ice extent boundary, perhaps
due to strong weather events. Other
years of interest, in addition to over-
all extreme high (e.g., 1980, 1981)
and low (e.g., 1983,1985,1989) sea
ice years, are those that deviate sig-
nificantly, if only for a few months,
from the mean annual curve. For

example, the annual curve in 1990
and 1992 was shifted to the right
(later) and to the left (earlier), re-
spectively, in both variables. In 1990,
summer and autumn sea ice extent
were below average, the winter maxi-
mum arrived one month later (Sep-
tember), and spring sea ice extent
was high. By contrast, in 1992 both
summer and autumn sea ice extent
were above average, and the winter
maximum arrived two months ear-
lier (June) and lasted until August,
when a dramatic decline in sea ice
coverage took place, resulting in a
below-average spring sea ice extent.

The seasonal progression of sea
ice coverage also differs significantly
among regions. Figure 5 shows the
mean annual curves of sea ice extent
for the four peninsula regions. Each
region shows a distinctly different
annual cycle, which illustrates two
important features of the sea ice en-
vironment: the mean months of mini-
mum and maximum ice coverage and
the mean duration of ice advance
and retreat. The two regions that
include the most southern latitudes,
SP and WW, have long and short
periods of maximum and minimum
ice extent, respectively. Both regions
also have quick periods of ice ad-

" vance and retreat, although the pe-

riod of ice advance is longer in the
WW region than in the SP region. By
contrast, the two regions located in
more northerly latitudes, LTER and
NP, have short and long periods of
maximum and minimum ice extent,
respectively, and slow, gradual peri-
ods of ice advance and ice retreat.
The LTER region also has the lowest
summer ice extent, because there is
little perennial sea ice in that region.
The mean month of minimum ice
extent is February for the NP and
WW regions, and March for the
LTER and SP regions. The mean
month of maximum ice extent is less
pronounced for all regions except
the LTER region, which, on average,
peaks in August. The broad maxi-
mum peaks for the SP and WW re-
gions appear to occur in August,
whereas for the NP region the maxi-
mum occurs in July. In general, the
monthly annual curves show that
the timing of the seasonal progres-
sion of sea ice coverage is variable
from year to year and from region to
region; this variability affects those
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local ecosystem variables that are
synchronized with the mean annual
cycle of sea ice coverage.

Sea ice forcing and
ecosystem response

A contour plot of LTER monthly
standard deviates of sea ice extent
further illustrates seasonal differ-
ences in sea ice extent from year to
year (Figure 6). This plot also pro-
vides an objective overview of long-
term variability in sea ice extent and
of the possible ecological conse-
quences of this variability. Figure 6
emphasizes the Ackley and Sullivan
(1994) conceptual model of the sea-
sonal cycle of sea ice: Sea ice forma-
tion begins in fall (around April),
with the possible entrainment of phy-
toplankton as a seed population; it
reaches its maximum extent in winter;
and it begins to melt or retreat in late
spring and summer, with the potential
for bloom inoculum and sedimenta-
tion of particulate organic matter.
Within this context, the monthly
standard deviate contour plot of
LTER sea ice extent (Figure 6) illus-
trates several significant points. First,
the periods of anomalously. high
(1979-1981 and 1986-1987) and
low (1983-1985 and 1988-1990)
sea ice extents stand out clearly.
Moreover, these consecutive two- to
three-year high and low sea ice ex-
tent periods persisted from the late
1970s throughout the 1980s. Eco-
system responses to these anomalies,
for example recruitment of krill (Siegel
and Loeb 1995, Quetin et al. 1996)
and sea birds (Trivelpiece and Fraser
1996), have been described. These
studies capitalized on the distinct
ecological differences between high
and low sea ice years to test the
interrelationships between organisms
and sea ice. High sea ice extent years
are associated with higher krill bio-
mass and Adélie penguin survivaly
conversely, low sea ice extent years
are associated with lower krill biom-
ass and lower Adélie chick survival.
This linkage to sea ice is thought to
reflect enhanced primary productiv-
ity, which influences the entire food
chain, or, in the case of Adélie chick
survival, suitable foraging distances
for the adult penguins during chick
rearing. It is moteworthy that the
significance of these strong linkages
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Figure 5. Mean annual
sea ice extentcycles for |
the four Antarctic Pen-
insula regions in our
study. Solid line indi-
cates SP; dotted line in-
dicates NP; dashed line
indicates WW; and |
dash-dotted line indi-
cates LTER. The y-axis
at left refers to the SP,
LTER, and NP annual
curves; the y-axis at
right refers to the WW
annual curve.
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results largely from
the observed persis~
tence (several years of high sea ice
extent followed by several years of
low sea ice extent) from the late
1970s throughout the 1980s.

The second point to emerge from
the contour plot is

that in the 1990s, 78/79
anomalies have gen- 79/80
erally been lower, L
and their timing 80/81
more erratic, thanin 81/82}
previous years. In-

deed, this shiftin the 82/83
broad anomaly pat-

tern underscores the 83/84
need to examine sea- 84 /85
sonal variability in

greater detail and to 85/86
dcvdofe;he indexes L B6/87
presented here. The @ g5
Ackley and Sullivan > 87/88 i
(1994). conceptual

model of the annual pases
cycle of seaice for- 89/90
mation, growth, and

decay is a frame- ey
work within which 91/92

to test hypotheses
associated with the
colonization of sea -
ice by microalgae
during autumn, their
subsequent growth
and accumulation
within the sea ice
during winter, and
the potential for their
deposition into the
water column as a
bloom inoculum dur-
ing spring. Accord-
ing to this model, the
seasonal timing of
sea ice coverage is a
critical factor in de-
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termining subsequent primary produc-
tivity within the system.

Given the evidence for linkages
between sea ice coverage and the
marine ecosystem, we looked at rela-
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Figure 6. Monthly standard deviate contour plot of sea ice
extentin the Palmer LTER region from October 1978 to March
1996 (the September 1995 to March 1996 data have not been
fully verified but are shown here for illustration). Dark to light
blue = anomalously low periods (less than —0.5 standard
deviates); green =
0.5 standard deviates); and yellow to red = anomalously high
periods (more than 0.5 standard deviates). Note that the x-axis
begins at month 4; consequently, the seasonal progression
begins during autumn and ends during summer (month 3).

average periods (more than—0.5 but less than
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Table 1. January chlorophyll biomass from 1993 to 1996 in various sectors of the
Palmer LTER grid in relation to sea ice extent during the previous winter and spring.
The rank of each variable is given in parentheses to assist in cross-comparisons.

Chlorophyll (mg/m?) in four sectors

Sea ice extent (km?)

of the LTER grid the previous
Year Central* Southern®*  Onshore®  Offshore® Winter Spring
1993 1.36 (3) 0.59 (4) 1.15(4) 0.36 (4) 184,888 (2) 82,174 (4)
1994 1.23 (4) 1.39 (1) 1.94(3) 0.85(1) 172,297 (4) 134,373 (2)
1995 2.42 (2) 1.07 (2) 3.46(2) 0.56(2) 183,118 (3) 150,220 (1)
1996 2.65(1) 0.87 (3) 5.00 (1) 0.44 (3) 194,320 (1) 113,664 (3)

“The central and southern areas of the LTER grid include the mean of transect lines 500 and 600,

and 200 and 300, respectively (see Figure 1).

YThe onshore and offshore areas of the LTER grid include the mean of the innermost station (nearest
the coast) and outermost station (farthest from the coast), respectively, of all transect lines.

tionships between sea ice and chlo-
rophyll biomass variability using the
Palmer LTER data from 1993 to
1996. During four six-week cruises
beginning each January, we took
chlorophyll biomass measurements
within our regular sampling grid (Fig-
ure 1), which includes stations spaced
every 20 km along cardinal lines
(200 km long, 100 km apart) that are
perpendicular to the peninsula (Wa-
ters and Smith 1992). The spatial
coverage and resolution of stations
allow us to resolve north-south and
onshore-offshore gradients along the
western Antarctic Peninsula.
Comparing the variability of the
chlorophyll biomass with the sea ice
indexes (Table 1) suggests several
possible relationships between sea
ice forcing and ecosystem response.
Because we are comparing only four
years of data, these observations pro-
vide only an initial construct for il-
lustrating the use of sea ice indexes.
Table 1, for example, lists mean chlo-
rophyll biomass concentrations for
the central and onshore regions of
the LTER grid, which show a stron-
ger relationship with the previous
winter sea ice extent than with the
previous spring sea ice extent. For
example, the lowest and highest years
of chlorophyll biomass in the central
LTER grid region (i.e., 1994 and
1996, respectively) coincide with the
lowest and highest years of previous
winter sea ice extent. The highest
year of chlorophyll concentration in
the onshore LTER grid region also
coincides with the highest year of
previous winter sea ice extent. These
correlations are expected in the con-
text of the hypothesis that an in-
crease in the areal extent of the mar-
ginal ice zone increases the spatial
and temporal extent of water col-
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umn stability, ice algae inoculation,
and phytoplankton blooms (Smith
and Nelson 1986). A high winter sea
ice extent year means an increase in
the spatial and temporal extent of
sea ice in the central and northern
regions of the LTER grid, thus in-
creasing the potential for greater in-
fluence (both spatially and tempo-
rally) of the retreat of sea ice on
phytoplankton production.

Table 1 also lists the mean chloro-
phyll concentrations for the south-
ernand offshore regions of the LTER
grid, which, by contrast to the cen-
tral and onshore regions, show a
stronger relationship with the previ-
ous spring sea ice extent. The two
highest spring sea ice extent years (in
relation to those four years) are char-
acterized by late sea ice retreat or
melt periods, whereas the two low-
est spring sea ice area years are char-
acterized by early sea ice retreat pe-
riods (Figure 4). In the context of the
Ackley-Sullivan conceptual model,
the high southern and offshore bio-
mass concentrations are hypoth-
esized to be a result of the late sea ice
retreat, whereby the recently inocu-
lated meltwaters contribute to the
high chlorophyll biomass observed
in January. By contrast, the early
retreats are thought to have contrib-
uted either to no blooms (due to
unfavorable meteorological condi-
tions) or to earlier blooms that were
well dissipated by January, resulting
in the lower chlorophyll biomass
measurements. Although these pos-
sible relationships between seasonal
sea ice and chlorophyll biomass are
tentative, it is interesting to note that
the four years (1993-1996) for which
we have sea ice and chlorophyll bio-
mass data have been average years
with respect to the 1979-1994 an-

nual means of sea ice extent. How-
ever, on a seasonal and monthly ba-
sis, these four years were extremely
variable, with both high and low
monthly anomalies occurring in each
year.

The importance of the timing of
the seasonal advance and retreat of
sea ice coverage is also consistent
with recent research showing a more
complex response of krill to sea ice
coverage than the earlier hypoth-
esized high versus low sea ice year
dichotomy. Langdon Quetin and
Robin Ross (University of Califor-
nia-Santa Barbara, personal com-
munication) suggest that a combina-
tion of timing (average or earlier)
and duration (average or longer) of
winter sea ice area is required to
produce average to higher winter
survival of larval krill. They also
note that the positive effects of an
early advance and longer than aver-
age winter sea ice coverage can be
negated by an early sea ice retreat,
leaving the larvae with less food and
a lower potential for survival. The
timing, duration, and magnitude of
sea ice may mediate food resources
and habitat availability for ovarian
development of the female in the
spring (Robin Ross and Langdon
Quetin, University of California—
Santa Barbara, unpublished data)
and for larval and juvenile survival
the following winter (Langdon
Quetin and Robin Ross, University
of California—Santa Barbara, per-
sonal communication). Thus, evi-
dence is accumulating that for all
trophic levels, both the timing and
magnitude of the seasonal advance
and retreat of sea ice coverage play a
critical role when relating sea ice
variability to ecosystem response.

Sea ice indexes

It is axiomatic that variability in sea
ice has an effect on all levels of the
Antarctic marine ecosystem. How-
ever, because the ecological impact of
sea ice variability is a complex space-
time matrix of biology and physical
forcing, a single annual index that is
fixed in space and time is unlikely to
provide an optimum measure of the
total variance observed in a popula-
tion. Instead, a suite of indexes, at
relevant spatial and temporal scales, is
necessary to quantitatively investigate
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ice~ecosystem linkages. As we have
shown, interannual variability of
annual, seasonal, and monthly sea
ice coverage is distinct, even among
the relatively small subregions of the
Antarctic Peninsula (i.e., SP, LTER,
NP, WW), emphasizing the impor-
tance of identifying the geographic
region of influence on the particular
marine species under scrutiny. In
addition, this area of influence may
change seasonally, depending on
events such as migration and forag-
ing patterns.

The annual, seasonal, and monthly
sea ice indexes presented here are
equally applicable to other polar
marine ecology studies. For example,
Table 2 lists several marine ecology
studies that took place in the Antarc-
tic Peninsula region during different
years and seasons. Table 2 empha-
sizes that the sea ice conditions be-
fore and during these field programs
varied from year to year and from
program to program, meaning that
significantly different physical forc-
ing took place on the observed eco-
system. A case in point are the three
BIOMASS cruises, which all took
place during average summer sea ice
extent years. However, whereas sum-
mer 1981 followed high winter and
spring sea ice extent seasons, sum-
mer 1984 followed low winter and
spring sea ice extent seasons and
summer 1985 followed low winter
but average spring sea ice extent sea-
sons. Consequently, the BIOMASS
observations come from several
cruises for which sea ice has precon-
ditioned the environment with sig-
nificantly different sea ice conditions,
both in terms of the magnitude of the
previous winter sea ice extent and
the timing of the previous spring sea
ice retreat. We would expect, there-
fore, that the effect that the sea ice
forcing exerted on the ecosystem
under study differed greatly among
these three BIOMASS cruises.

By placing observations made
from polar marine ecology studies
into a broader temporal and spatial
reference system of sea ice variabil-
ity, polar marine ecologists can be-
gin to consistently evaluate the forc-
ing of sea ice variability on the
structure and function of the polar
marine ecosystem. The Antarctic ma-
rine ecosystem is globally significant,
yet it has been infrequently studied
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Table 2. Past field studies in the Antarctic Peninsula region in relation to mediating

sea ice extent.

Sea ice extent*

Field program  Location Season 0° Season 1 Season 2
BIOMASS 1¢ NP (sum 81) A (spr 80) H (win 80) H
BIOMASS 2 NP (sum 84) A (spr 83) L (win 83) L
BIOMASS 3 NP (sum 85) A (spr 84) A (win 84) L
RACER 1¢ NP (sum 87) H (spr 86) H (win 86) H
RACER 2 northern LTER (sum 92) A (spr 91) A (win 91) A
BOFS® near SP (spr 92) L (win 92) A (aut 92) H
AMERIEZ 1f northern WW (spr 83) L (win 83) L (aut 83) H
AMERIEZ 2 southern WW (sum 86) L (spr 85) L (win 85) L
AMERIEZ 3 northern WW (win 88) A (aut 88). L (sum 88) L

*Seasonal sea ice extent is designated as average (A), high (H), or low (L), as in Figure 3.
bSeasons are abbreviated as follows: sum (summer), spr (spring), win (winter), aut (autumn).
<Biological Investigations of Marine Antarctic Systems and Stocks (El-Sayed 1994).
dResearch on Antarctic Coastal Ecosystem Rates (Huntley et. al. 1991).

<British Ocean Flux Study (Turner and Owens 1995).

fAntarctic Marine Ecosystem Research on Ice Edge Zones (Smith and Garrison 1990).

and is poorly understood compared
with more accessible marine ecosys-
tems. In particular, systematic ob-
servations linking sea ice concentra-
tions with ecosystem processes are
limited and have not generally been
placed into a broader temporal con-
text of seasonal and interannual vari-
ability. Without an overview of the
spatial and temporal variability of
sea ice concentration, it has not been
possible to quantitatively evaluate
the impact of sea ice on the structure
and function of the Antarctic marine
ecosystem. Our sea ice index permits
previous observational programs to
be placed into a broader context.
To provide a common context for
other Southern Ocean marine ecologi-
cal programs, we determined annual
curves and seasonal indexes of sea ice
variability for all other regions de-
picted in Figure 2 (Stammerjohn et
al. 1997). Ideally, seasonal and
interannual variability should be
analyzed in the context of long-term
variability to distinguish signal from
noise and to identify anthropogenic

impacts from natural variability. The

sea ice record analyzed here is only
from October 1978 to September
1995; nevertheless, we identified ap-
parent decadal trends in some of the
regional annual index plots of Fig-
ure 2 and in the seasonal index plots
of Figure 3. In another study analyz-
ing the same sea ice record (Stam-
merjohn and Smith 1997), increas-
ing trends in sea ice coverage during
nonwinter seasons were observed

everywhere in the Southern Ocean,
except in the Amundsen and Bellings-
hausen (AB) regions. In the AB re-
gions, by contrast, decreasing trends
in sea ice coverage during nonwinter
seasons were observed. A decrease in
sea ice coverage in the AB regions
was first observed by Jacobs and
Comiso (1993), who noted a record
decrease in sea ice extent, especially
in summer sea ice extent, from mid-
1988 through early 1991. The record
decrease they observed now appears
to have been part of a decadal or
longer-term trend (Jacobs and
Comiso 1997). The Palmer LTER
region, a subregion of the Bellings-
hausen region, shows similar decreas-
ing trends in sea ice extent, sea ice
area, and open water amount.

The Palmer LTER is one of a net-
work of LTER sites (Callahan 1984)
that addresses both temporal (Mag-
nuson 1990) and spatial (Swanson
and Sparks 1990) aspects of long-
term ecological research (Likens
1989). The Palmer LTER is ideally
located for the investigation of
mechanisms linking physical forcing
and ecosystem response under sig-
nificantly different year-to-year cli-
matic conditions. Moreover, having
begun in 1991, the Palmer LTER is
poised not only to investigate year-
to-year differences in sea ice forcing
and ecosystem response, but also to
place those observations in the con-
text of long-term variability so that
scientists can distinguish natural vari-
ability from possible anthropogenic
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impacts. Results from sea ice
(Stammerjohn and Smith 1996) and
surface air temperature (Smith et al.
1996) climatologies of the western
Antarctic Peninsula region, includ-
ing the Palmer LTER, show the fol-
lowing features: an annual sea ice
cycle involving a relatively short pe-
riod of ice advance (approximately
five months) followed by a longer
period of ice retreat (approximately
seven months), which contrasts with
other Southern Ocean regional an-
nual cycles, where ice advance typi-
cally is longer than ice retreat; large
regional variability, whereby sea-
sonal and annual coefficients of
variation are 2-15 times higher than
total Southern Ocean variability; sig-
nificant warming trends in surface
air temperatures for summer (+ 1.5
°C) and autumn (+ 4 °C) over the
past half-century (1941-1991), in
agreement with Stark (1994) and
King (1994); significant anti-corre-
lation between surface air tempera-
tures and sea ice extent; long-term
persistence in monthly sea ice and
surface air temperature anomalies,
wherein consecutive high ice-low
temperature years are followed by
consecutive low ice-high tempera-
ture years; and long-term coherence
between surface air temperatures and
the Southern Oscillation Index (SOI,
a measure of the seesaw in sea level
pressure differences between the
tropical Pacific and Indian Oceans,
and an index of El Nifio/Southern
Oscillation {ENSO] activity).

The causes of sea ice variability
and the temporal and spatial scales
of influence on the marine ecosystem
are topics of ongoing investigation
by many polar marine ecologists.
Recent observations of physical vari-
ability in the Southern Ocean show
evidence of an Antarctic Circumpo-
lar Wave (ACW), a disturbance in
sea ice extent, sea surface tempera-
ture, wind stress, and sea-level pres-
sure (White and Peterson 1996). This
study shows that the atmosphere,
ocean, and cryosphere are strongly
coupled and that ACW moves east-
ward, taking 8-10 years for circum-
polar propagation. Furthermore,
evidence that ACW is associated with
ENSO activity suggests low-to-high
latitude linkages in large-scale atmo-
spheric and oceanic circulation pat-
terns. Other studies have also de-
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tected quasi-periodic SOI signals in
Southern Ocean sea ice cover
(Gloersen 1995, Murphy etal. 1995,
Smith et al. 1996).

However, it should be noted that
the data used to detect the sea ice
trends and ACW began in the late

1970s, which longer-term meteoro-:

logical records indicate was also the
same time during which a regime
shift in the southern hemisphere at-
mospheric circulation took place (van
Loon et al. 1993). Thus, whether the
ENSO signals are superimposed or
coupled to the increasing and de-
creasing trends observed in the 1978-
1995 sea ice record, and whether
these trends are due to natural
decadal fluctuations or to long-term
change, are still unknown (Stammer-
john and Smith 1997). Furthermore,
the extent to which oceanic and at-
mospheric forcing contribute to the
opposition observed between the AB
regions and the rest of the Southern
Ocean is unknown. Finally, because
sea ice extent and sea ice area pro-
vide different information on the
properties of the sea ice environ-
ment, ecologists must carefully con-
sider which sea ice variable to use
when linking variability in sea ice to
changes in the physical or biological
environment.

Despite uncertainty in the causes
of sea ice variability in the Southern
Ocean, the regional trends in sea ice
coverage clearly have varying impacts
on local marine ecosystems. Because
the seasonal progression of sea ice
coverage shows considerable inter-
annual variability, both annual tim-
ing and magnitude must be consid-
ered when evaluating how changes
in sea ice coverage affects the Ant-
arctic marine ecosystem. Thus, to
summarize sea ice variability, such
as through defining sea ice indexes, a
variety of temporal scales, ranging
from coarse (annual) to fine (month-
ly) must be considered. The appro-
priate spatial scale also must be de-
fined based on the geographic region
of physical influence, while keeping
in mind seasonal changes in distribu-
tion patterns within the ecosystem.
Once suitable sea ice indexes are
identified, they provide a quantita-
tive, consistent definition of the tim-
ing and magnitude of sea ice cover-
age on scales that are relevant to
ice—ecosystem dynamics. Finally, sea

ice indexes also provide a common
context for intercomparison, both
within as well 4s among polar ma-
rine ecological studies.
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