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Abstract. Extensive areas of open water
are located within the Antarctic sea ice pack
in a near-shore zone of several hundred kilo-
meters, as well as the marginal ice zonme near
the sea ice edge. The time-series of satel-
lite passive microwave observations during
1974 provides quantitative values of the area
of open water in the coastal zone and details
of the opening and closing of polynyas on dai-
ly time scales. Along the coast, numerous po-
lynya areas are observed. Sixteen study areas
located over the continental shelf are ana-
lyzed to provide time series of the maximum
brightness temperature (TB)’ minimum Ty, aver-
age Tp, standard deviation of Ty within each
study area, and the derived area of open wa-
ter. Examination of the synoptic pressure
maps in the Ross Sea indicates that the inter-
mittent formation of a polynya near the ice
shelf front is strongly influenced by the syn-
optic winds. Other polynya areas appear to be
located offshore of major outlet glaciers that
are locations of enhanced katabatic winds. 1Im
all cases, the intermittent increases in open
water during the polynya events are superim-
posed on a significant background of near-
shore open water, which averages about 19%
during the winter period from March 17 through
November 11 (days 76-315). In some locations,
more open water is observed during the winter
period than in the summer days November 12
through March 16 (316-75). The principal heat
source in the near-shore zone during the win-
ter is deduced to be latent heat from ice pro-
duction as ice divergence continually produces
new areas of open water. The oceanic heat
from cooling of the shelf water colummn by it-
self would maintain open water for a period
less than 30 days. The resulting ice produc-
tion within the latent-heat polynyas and leads
significantly contributes to the sea ice cov-
er, which is generally driven from the conti-
nental shelf toward the deep ocean. Estimates
of the rate of ice production along with the
observed values of open water area are used to
calculate the resultant salinization of the
Antarctic shelf waters, giving increases in
shelf water salinity of many tenths of parts

per thousand during the winter months. Al-
though uncertainties remain regarding the
amount of ice exported from the shelves and
the shelf-slope exchange of water required to
maintain steady state shelf water salinity, it
is concluded that ice formation in leads and
polynyas over the shelf 1s likely to be a pri-
mary factor in the production of saline shelf
water and ultimately in bottom water forma-
tion,

Introduction

The Antarctic sea ice pack is known to con-
tain substantial areas of open water during
all seasons (e.g., Priestley [1913] (see
Bromwich and Kurtz [1982]); Zwally and Gloer-
sen [1977]; Bromwich and Kurtz [1982]; Carsey
[1980]; and Zwally et al. [1983]). The size,
distribution, and duration of the open water
areas within the ice pack are highly variable
as the sea ice grows, deforms, and melts in
response to atmospheric, oceanic, and radia-
tive forcings. Principal factors influencing
the Antarctic sea ice dynamics are the absence
of geographical comnstraints to the northern
edge of the ice pack and the strong near-shore
drainage winds from the ice sheet [Kurtz and
Bromwich, 1983; Parish, 1982]. The wind-
induced divergence of the sea ice substantial-
ly reduces the time-averaged sea ice concen-
trations, particularly in the near-shore (in-
ner) and marginal (outer) zones of the ice
pack. During much of the year, ice production
is rapid in the open water and thin ice areas
that are continually formed near the coast.
Net divergence of the near-shore ice is gener-
ally accompanied by a northerly transport of
ice, which contributes to the expansion of the
ice edge during the growth season and provides
ice for melting at the outer edge [Hibler and
Ackley, 1983]. Following the period of maxi-
mum winter ice extent, for example, the near-
shore zone is expected to be a region of net
ice production, and the marginal zone a region
of net ice dissipatiom.

The recent realization of the extensive
distribution of open water within the ice pack
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Fig. 1. Schematic diagram of ice productiom
and salt rejection processes in near-shore re-
gions of wind-induced divergence. Vg is the
volume exchange rate between the inflow water
with salinity S; and outflow with salinity Sj,.
Other factors influencing the salt balance are
discussed in the text.
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is largely a result of year-round observations
of the polar regions by passive microwave im-
agers flown on NASA research satellites over
the last decade. The largest area of open
water observed within the Antarctic sea ice
pack is the Weddell polynya, which had ap-
proximately 2 x 10° kn? of essentially ice-
free ocean in some years (e.g. Zwally and Glo-
ersen [1977]; Carsey [1980]; Martinson et al.
[1981]; Parkinson [1983]). Except for the
Weddell polynya, the sizes of the open water
areas within the pack during winter are nor-
mally smaller than the 30-km resolution of the
passive microwave imagers, and therefore the
open water appears in the data as areas of re-
duced ice concentration.

In general, ice insulates the ocean, there-
by sharply reducing the exchange of heat with
the atmosphere. In the polynyas and leads
created by ice deformation, the oceanic heat
loss may be 10 to 100 times above that of the
surrounding ice-covered surface (e.g., Maykut
[1978]). The oceanic heat flux can be derived
from two sources: (1) sensible heat of the sea
water as it cools to the freezing point and
(2) latent heat of fusion released during ice
formation. In some situations during the win-
ter period (when the heat flux is from the
ocean to the atmosphere), open water may be
maintained over a large polynya with little or
no ice production, in which case the principal
source of heat is therefore sensible heat from
the ocean. In other situations where open wa-
ter occurs in leads and small polynyas, the
principal source of heat is latent heat from
ice production. Therefore, open water fea-
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tures can be classified as primarily ome of
two types, either a sensible-heat or a latent-
heat feature. These two types of features
have significantly different effects on the
ocean water. In the case of a sensible-heat
feature, the open ocean continually cools to
supply the heat flux to the atmosphere, as in
the 1974-1976 Weddell polynyas during which
the ocean cooled significantly to 2500 m depth
[Gordon, 1982]. 1In the case of a latent-heat
feature, where the sea ice is continually re-
moved mechanically by the wind and the sensi-
ble heat from the ocean is inadequate to main-
tain an average open-water condition, new ice
is continually created. The latter case leads
to the production of large quantities of sea
ice, which are subsequently carried to the
surrounding waters.

Most of the polynyas described in the lit-
erature are probably of the latent-heat type,
(e.g., the Saint Lawrence Island polynya in
the Bering Sea, [Schumacher et al. 1983]; or
the North Water polynya of Baffin Bay [Dey,
1980]). Within the southern ocean, sensible-
heat polynyas are more likely in the deep-
ocean region, where a large reservoir of rela-
tively warm water (above 0°C) is found imme-
diately below the shallow and weak permanent
pycnocline. Upwelling and entrainment of this
heat into the mixed layer is an important fac-
tor in the mixed-layer heat budget [Gordom,
1981; Gordon and Huber, 1984].

Over the continental shelf, the water col-
umn has an average temperature of -1.43°C
(Table 1 from Carmack [1977]) and hence stores
little heat above the freezing point. More
sensible heat is available over the outer
shelf where intrusions of slope water are more
prevalent. Over the inner shelf, the water
column is colder as the cold shelf water mass
occupies a greater percentage of the depth and
intrusions of slope water are significantly
attenuated. Considering only the sensible-
heat flux from open water to the atmosphere, a
heat flux of 500 W/m® [Maykut, 1978; Schumach-
er et al., 1983], for example, would cool a
518 meter thick (mean depth [Carmack, 1977])
water column by 0.02°C/d. At this rate, the
average shelf water column could sustain open
water for only 23 days, not a full winter.
Although an ocean circulation pattern that
transfers all heat from the shelf waters into
a restricted coastal region is conceivable,
the sensible-heat flux required to sustain
open water for the entire winter would cool
the entire shelf volume to the freezing point,
which is an unlikely condition since early
summer data do not differ significantly from
late summer data below the seasonal pycno-~
cline. Therefore, the near-shore areas of
open water are considered to be mostly latent-
heat features, and thus, principal areas of
ice production and salt rejection as shown
schematically in Figure 1.
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In this paper, the areas of open water in
selected coastal regions and their temporal
variability are described using passive micro-
wave observations from the Nimbus 5 Electric~
ally Scanning Microwave Radiometer (ESMR).

The information on sea ice concentration from
the microwave data set is much greater in spa-
tial and temporal detail than other data in
the sea ice zome, such as wind and temperature
data. Although quantitative surface wind data
are not available, examination of the time se-
ries of passive microwave data along with the
synoptic sea level pressure maps in the Ross
Sea, for example, indicates patterns of in-
creases and decreases in sea ice concentration
that are consistent with the surface wind
fields deduced from the pressure maps. Quan-
titative values of the total area of open wa-
ter derived from the passive microwave data
for 16 coastal regions are used to estimate
the resultant ice production and wintertime
salinization of the shelf waters along the
Antarctic coast.

Satellite Observations of Polynyas and Leads

Examples of the mean monthly sea ice con-
centrations derived from satellite microwave
data are shown in Plate 1 using methods de-
scribed below. Reduced ice concentrations in
these time-averaged data are apparent in both
summer and winter, particularly in the margi-
nal ice zome and the near-shore zome. Open
water (C < 14%) is observed where the Weddell
polynya is forming in July 1974. The reduced
ice concentrations near-shore during winter
are most evident in locations of strong drain-
age winds such as the vicinity of the Ninnis
and Mertz outlet glaciers around 148°E [Par-
ish, 1982]. Sixteen study areas, which were
chosen to enclose mostly shelf regions along
the Antarctic coast, are outlined in Plate
1. The size and location of each area are
given in Table 2. The locations of some of
the study areas are based on the occurrence of
significant offshore polynyas during the win-
ter, and othérs are based on the absence of
such polynyas. An interesting contrast occurs
in some areas, such as the Shackleton area at
99°E and the Larsen at 59°W, where more open
water is usually observed during winter than
in summer (Plate l). Variations of the open
water areas on shorter time scales are de-
scribed in the following analysis of daily and
3-day average brightness temperatures in the
study areas.

Derived Sea Ice Concentration and Error
Analysis

The observation and quantification of the
amount of open water within the ice pack with
passive microwave remote sensing is possible
because of the large contrast between the
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emissivity of water and that of sea ice. The
emissivities are approximately C.44 for ice-
free ocean and 0.92 for first-year sea ice at
the ESMR wavelength of 1.55 cm. Thus, while
the field-of-view of the satellite measure-
ments is coarse (v30x30 km), the relative
areal coverage of open water and sea ice with-
in a field of view can be derived.

In the simplest formulation, the observed
microwave brightness temperature is a linear
combination of the brightness temperatures of
open water and sea ice, in proportion to the
areal coverage of each within a field of view.
Therefore, using the radiative transfer for-
mulation and approximations described in Comi-
so and Zwally [1982] and Gloersen et al.
[1974], the ice concentration (C) is

(TB - To) x 100
) = —— (1)
Ieff - 0
where Tn is the measured brightness tempera-
ture, T0 is the observed brightness tempera-

ture of ice-free ocean, and € yTeff is the
observed brightness temperature of 1007 ice
cover., The e is the microwave emissivity of
sea ice, and T ¢¢ is the temperature of the
ice adjusted to incorporate the atmospheric
effects as described in Comiso and Zwally
[1982] and Zwally et al. [1983]. Similarly,
Tgs which is approximately 135 K under average
conditions, is equal to the microwave emissiv-
ity of seawater times its physical tempera-
ture, plus secondary terms due to atmospheric
emissions. Inclusion of the atmospheric ef-
fects in Ty and T ¢p as approximations retains
the simple linear relationship between concen-
tration and observed brightness temperature.

A typical value of €1Tg¢¢ 1s 235 K, which var-
ies with either the emissivity or physical
temperature of the ice.

The emissivity of sea ice in the southern
ocean has been observed to have little varia-
tion, except during spring and summer when
surface melt causes variations in emissivity
from 0.85 to about 0.95 [Comiso et al., 1984].
Thus, since most of the data analyzed in this
paper are from winter observatioms, a comstant
ice emissivity of 0.92 is assumed in the anal-
ysis. However, a significant localized effect
occurs in the Bellingshausen-Amundsen Seas
where a lower emissivity of the old ice sur-
viving the summer melt lowers the derived ice
concentration values for those areas by about
10%. Whereas the calculations of the ice con-
centrations in Plate 1 used climatological air
surface temperatures to estimate T s¢, in this
study the variations in the physical tempera-
ture of the ice from one study area to another
and over the seasonal cycle are neglected by
using an average value of 235 K for the maxi-
mum brightness temperature (eITeff) corre-
sponding to 100% ice cover in equatiomn (1).
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TABLE 1. Error Analysis of Open Water Observations
Area Overlap
M oy Ty S Wy (%) (Pixels) (%) S W,(%) & W (%)
Riiser-Larsen  233.6 6.4 215.2 1.1 10x5 8.6 2.6 2.8
Syowa 231.7 5.4 221.8 3.0 3x9 11.2 3.4 4.5
Amery 233.8 3.7 215.8 1.0 19 x 6 6.7 2.0 2.2
Prydz 228.2 3.9 208.1 5.3 7x6 5.6 1.7 5.6
Shackleton 234.0 4,9 207.1 1.0 9x7 4.3 1.3 1.6
Casey 234.6 4.4 217.7 0.3 9x7 4.9 1.5 1.5
Sabrina 236.6 4.6 223.6 -1.4 9x 7 5.8 1.7 2.2
Adélie 228.9 3.7 209.6 4.9 7x8 3.9 1.2 5.0
George V 236.2 2.9 225.6 -1.1 9x 8 3.9 1.2 1.6
Ross 230.9 2.2 212.8 2.2 9 x 18 3.7 1.0 2.4
Ruppert 226.7 3.2 203.1 6.2 3 x 18 11.0 3.3 7.0
Amundsen 234,1 4.0 211.8 0.7 13 x 10 2.7 0.8 1.1
Bellingshausen 236.8 5.1 220.9 -1.5 23 x 11 2.9 0.9 1.7
Larsen 235.5 5.1 214.8 -0.4 13 x 15 2.9 0.9 1.0
Weddell 237.9 2.7 229.0 -2.6 16 x 24 2.0 0.6 2,7
Halley 233.3 3.2 224.8 1.6 18 x 8 4.4 1.3 2.1
Using €y = 0.92, the value of 235 K for greater than 235 K). To estimate the actual

€1Teff implies an ice temperature of about

255 K and an air temperature of about 250 K.
The error in the derived ice comncentrationm,

or open water fraction (W = 100 - C), that is

caused by varilations in e&_T is estimated

with the following equatigneggrived from equa-~

tion (1)
ce_ T
(%) = %= 0.007 ¢ 6T,  (2)
L eff o]

Using €7 = 0.92, (e1Tefs - To) = 100 K, and
Teff ] TI = 0.75 TA + 67.8, where TI is the
temperature at the snow/ice interface and T

is the surface air temperature [Zwally et al.,
1983]. For example, if T, were 255 K in an
area where 107 open water is calculated using
€1Teff = 235 K, then GTA is 5 K and the cor-
rect calculated value would be 13% open water
using & T = 238.2 K. Therefore, the cal-
culated amount of open water is too small in
places that are physically warmer than 250 K
and too large in places that are colder. Such
temperature variations may be on the order of
5 to 10 K during the winter period (days 76 to
315) resulting in open water errors of 3 to
6%, but the average error over the winter is
smaller. The time-series of the maximum ob-
served brightness temperature (TBMAX), which
corresponds to 100% ice cover in most study
areas during the winter momths, also indicate
the possible errors due to using e1Tees fixed
at 235 K, If the observed TpMAX is both rep-
resentative of 100% ice cover and less than
235 K (note the 100% line in Figures 4, 5, and
9 through 23), then the calculated open water
would be too large (or too small if TBMAX is

error due to using a fixed value of 235 K, it
is assumed that TBMAx averaged over the mid-
winter (days 100 to 290) is representative of
100% ice cover and deviations (GTB) of the
average, <TBMAX> , from 235 K cause errors.
Actual deviations are expected to be due to
variations in ice emissivity and temperature,
which cause real errors, and to the intermit-
tent occurrence of less than 100% ice cover
throughout the study area, which does not
cause real errors in the calculated open wa-
ter. Therefore, the error estimates obtained
here are probably upper limits. The standard
deviation gy of Ty is an indication of
both the short-term variability of the error
during the season and departures from 100% ice
cover in all pixels. The values of <TgMAX;,
the standard deviation Oy> the midwinter aver-
age of the Tp averaged over each study area
<Tp>, and the estimate of the error <8Wi> in
the winter average open water are given in
Table 1 using <8Wi> = C8Tp, where

MAX

B > - 235 .,

C = TB - 135 and GTB = <T
The values of <8W;> are mostly less than 5%.

Another source of error in the estimate of
the open water in each study area is the over-
lap of some coastline ocean pixels on the ice
shelf or ice sheet. The effect of the contam-
inated coastline pixels on the Ay value is
limited by the ratio of coastline pixels to
the total ocean pixels in each study area.
The binary map used to differentiate land
areas from ocean areas in the analysis of the
data was constructed such that, if the center
of the data element is over ocean, the data
element is classified as ocean. Therefore,
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ice shelf or
about 50% in
25% contami-
the areal con-

the percentage contamination by
ice sheet could range from 0 to
each coastline pixel. Assuming
nation of the coastline pixels,
tamination ranges from about 2% to 11% of the
total ocean pixel area as shown in Table 1.
The actual effect on the calculated open water
area also depends on the winter brightness
temperatures inside the coastline compared to
those outside the coastline. The Ty inside
the coastline ranges from about 155 K on the
Larsen Ice Shelf to about 185 K on the Ross
Ice Shelf to about 215 K on parts of the East
Antarctic ice sheet margin. For a T, inside
the coastline of 185 K, which falsely implies
50% open water, and a value of Ty = 215 K
outside the coastline, the possible contamina-
tion error ranges from &W, = 0.6% to GWZ =
3.3%, corresponding to the areal contamina-
tions of 27 and 1l% respectively. Consequent-
ly, the estimated overall error <dW> in the
calculated winter average open water area, in-
cluding deviations of eyTggg from 235 K and
the pixel contamination, is less than 5%
(e.g., <W> = 197 + 5%) in all areas except
Prydz and Ruppert where it is 5.6% and 7.0%,
respectively.

Another source of some uncertainity is the
microwave emissivity of very thin ice under
about 5 cm (new ice and dark nilas). While
unconsolidated frazil ice, grease ice, and
other new ice forms probably have microwave
emissivities more like open water than first-
year ice, thin ice of more than about 5-cm
thickness (light nilas, gray ice, and gray-
white ice) has an emissivity close to that of
first-year ice. Therefore, some fraction of
the areas of very thin ice under about 5 cm,
including, in particular, areas of uncomsoli~
dated frazil ice and grease ice, may be in-
cluded in the ESMR derived values of open wa-
ter. Consequently, the area of totally ice-~
free water may be slightly less than the total
area of open water indicated by the EMSR.
However, this uncertainity is not significant
for many purposes such as the estimation of
heat fluxes and ice production because of the
similarity of these quantities for both open
water and very thin ice.

Both daily averages and 3-day averages of
brightness temperatures are analyzed. The
daily averages give better temporal resolu-
tion, while the 3-day averages give better
spatial resolution because the three-day maps
used only the center of the observation swath
(1360 km versus 2500 km). Each map element is
approximately 30 x 30 km, which along with
other mapping characteristics and associated
uncertainities are described in more detail in
Zwally and Gloersen [1977], Zwally et al.
[1983], and Comiso and Zwally [1984]. The
daily average data thus enable the observation
and identification of shorter-term polynyas
and give better measure of their variability.
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However, most of the analyses presented in
this paper use the 3~day average maps. When

only one date is used to identify a 3-day
average map, it is the first day of the 3-day
period. Although the 3-day averages may in-
clude as many as about 35 observations in each
map element distributed over the 3 days, in a
few cases, some map elements may have only one
or no observations due to the irregular data
gaps.

Ross Sea Region

A good example of a recurrent polynya area
is in the Ross Sea near the ice shelf front
(Plate 2). Three sequences of color-coded im-
ages illustrate how the brightness temperature
changes from one 3-day period to another. The
first set of images (top two) shows the most
pronounced cbainge in brightness temperature,
which is attributed to a substantial increase
in the amount of open water duriung the 6-~day
interval from days 100-102 to 106-108. The
overall ice condition recovered to a previous
state after a few days, but a major change in
ice cover occurred again 30 days later as
shown in the second set, though not as pro-
nounced as the first. Another significant
change in ice cover occurred after another 30
days, but not as large as in either of the
first two events. Sea ice concentration
changes, similar in magnitude to the third
event, occurred a few more times during the
year.

The short-term nature of the changes in the
Ross Sea suggests that the polynya events are
principally driven by winds. Presumably, the
reduced concentration is caused by divergence
and ice tramnsport from the area. Figure 2
shows transects of brightness temperatures
along 179°E across the Ross Sea study area be-
fore, during, and after the April polynya
event. Notable changes of the ice cover along
the transect, including the ice edge, accom-
panied the change in ice cover in the vicinity
of the shelf (e.g., see plot for Julian days
106 and 109). The increase in the sea ice
concentration in the outer part of the pack
and the slightly higher than normal rate of
expansion of the ice edge during the polynya
event are further indications of a symoptic-
scale wind-driven effect, which is examined in
more detail below. The Ty of the ice shelf
and the continental ice sheet, in contrast,
are relatively constant, and respond slowly to
changes in the surface physical temperature
(except under melting conditions). The size
and location of some of the satellite data
elements (pixels) representing the transects
in Figure 2, are shown schematically in Figure
3, One pixel (43) is contaminated by contri-
butions from the ice shelf, and the brightness
temperature of this pixel did not decrease as
much as those farther away from the boundary

Copyright American Geophysical Union

Vol. 43



Antarctic Research Series Oceanology of the Antarctic Continental Shelf Vol. 43

208 OCEANOLOGY OF THE ANTARCTIC CONTINENTAL SHELF

180

100

180

100

180

Brightness Temperature (K)

100

180

100 . P S S T . \ . . . . . .
0 30 60 20 120 30 60 90 120 30 60 90 120

Colatitude (in pixels)

Fig. 2. Latitudinal transects of brightness temperatures along the Ross Ice Shelf
and the Ross Sea during occurrences of the Ross Sea polynya.

170°E during the occurrence of the polynya. The
75,5175“W 180° 175°E brightness temperature of the ice shelf in
ROSS . this pixel is substantially less sensitive to
ICE S the atmospheric forcing.
SHELF — Figures 4 and 5 show time-series of ob-
T~ ! served maximum and minimum brightness tempera-
78°S M tures (’l‘BMAX and TpMIN) in the Ross Sea study
area using daily and 3-day averages of all
i S good data in 1974. These time series are ob-
ggis 4 tained by examining the Ty of each of the 123
—1 map elements over the ocean part of the study
i area for each of the maps. Between January 1
7% 46 and February 24 (Julian days 1 to 55), the
’F maximum brightness temperature is about 185 K,
indicating a maximum ice concentration within
t the study area of about 50% during summer. As
T70°E previously noted, the series of TBMAX are
76°15.',5,W 80" 175°E useful for establishing the Tp of 100% ice

cover, which is assumed to be found in at
Fig. 3. Pixel (30 km x 30 km) locations along least one pixel in most of the maps during
the transect crossing the ice shelf in Fig. 2. winter. From March 11 until November 21 (70-
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Fig. 4. Time distributions of maximum and

minimum brightness temperatures (TpMAX),

(TgMIN), mean (Tp), standard deviations o,

number of pixels
areal extents of

325), the TpMAX
235 K.

persisted in some parts of the area throughout

this time.

(Np) with T
open water %

is within a few degrees of
The small variation in the

< 190 K, and
Aw) in the Ross
Sea study area using l-day average data.

TMAX
during winter indicates that consolidated ice
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N,< 190K}

The distribution of minimum Ty, on the oth-

er hand,

in the summer, which is consistent with the

presence of at least one ice-free data element

in the study area. The TBMIN increases

abruptly to about 180 K in the fall and re-
mains approximately comstant at this value
throughout winter, except for the dips around
April 16 (106), May 16 (136), and June 12

(163) (and a few smaller ones) consistent with
the observed changes shown in Plate 2.
1-day average time series on April 17 (107),
the TBMIN is 146 K, indicating the presence of
about 89% open water in some part of the study
In the 3-day average time series, the
TgMIN is 156 K on April 16-18 (106-108),

area.

In the

corresponding to 797 open water in at least

one of the time-averaged map elements.

The

lower value of TBMIN on the one-day average

shows a near constant value of 135 K
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for day 107, compared to the three-day average
for 106~108, indicates that the nearly ice-
free ocean (89% open water) occurred for only
a brief time at the height of this event.

Such intermittent formation of open water re-
duces the average ice-concentration in the
coastal regions as shown, for example, in the
monthly average in Plate 1.

The variability of the ice cover is quanti-
fied by the standard deviation (0) of the T
within the study area as plotted in Figures 4
and 5. The average brightness temperature

(TB) distribution is very similar to that
of TgMIN, but the dips observed in the aver-
age Ty series are not as large as in the mini-
ma. During the summer, when the whole study
area is occupied by a uniform mixture of water
and a low concentration of ice floes, and in
late winter when the area is predominantly
consolidated ice, the standard deviation is
smallest and least variable in its magnitude.
The standard deviation increases in early fall
around March 1 (60), when the study area is no

ROSS SEA
300 [+~ 4 1 g gy e
t178.7°E -
260} MAX i
' '
plooeie o Te e~
~ 2207 -8 oA
b4 - =4 . .
) T R . % -
o= 180+ iy f‘ D"fl_\v,ux_wljm_ 71!# J-\A“"’m_f‘ “‘_‘ -
. L ; T TMIN [
Mo::rrcn::*‘“M .8 @ : -
| i
| '
100 r————+—+— +——+ +—t 4
L g .
220} ' g 8% |2
— = Ipg
N . ‘h_"‘-'_m-{rﬂ SO e 1‘
. o~} I 118
b4 ¢ R
] e T Ll ‘MW{ °
= 20 - B i 12
E ) -< I
60 ‘ - '1 6
0r — 1o
: 1
60000 8 1600
T | 8 :
45000 -1 8 Y450 =
2007 L2 Haw Ty
] N i i =
30000+ - ‘a0 E
< o o
- - e ~ 4 2
15MmF“_‘ﬂ 4150
L L NP i 4‘
" I
, T OV SR S
0 50 100 150 200 250 300 350
Julian Days (1974)
Fig. 5. Time distributions of maximum, mini-

mum, and mean brightness temperatures, stan-
dard deviations, number of pixels < 190 K, and
areal extents of open water in the Ross Sea
study area using 3-day average data.
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Fig. 6. Three-day average sea level pressure
contours from Julian date 100 to 117, 1974.

longer uniform because of the introduction of
newly frozen ice, and in the spring around
November 21 (325) when substantial melting and
breakup occur within the pack. The standard
deviation also imcreases during the polynya
events, indicating enhanced ice dynamics.

The areal extent and persistence of the
polynya events, as well as the background of

90°E

o
/ (142-144
180°

Fig. 7. Three-day average sea level pressure
contours from Julian date 127 to 144, 1974.

nonresolved open leads and polynyas, is quan-
tified by applying equation (1) to each pixel
to calculate the area of open water. The re-
sults for the Ross Ice Shelf study area are
shown in Figures 4 and 5. The peak value of
the total area of open water (Aw) in the study
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Fig. 8.

area 1s 48,500 kn? in the l-day average for

April 17 5107) of the first polymnya event and
45,870 km“ in the 3-day average for April 16-
18 (106-108). Thus, the peak values of open
water are larger in the 1 day than the 3-day
averages, and the minima between the polynya

OCEANOGRAPHIC EFFECTS OF LFad: W1 =31 ..

90°E

Oceanology of the Antarctic Continental Shelf

events also tend te we = Howe ier, the
averages over 3 or wOre deyt are the same in
each data set, and the avercge amount of open
water during the winter in the Ross Sea study
area is approximately constant at 27,000 kmz.
The envelope of the maximum open water in the
polynya events decreases to a minimum around
mid-July (day 200) when the data indicate that
the ice pack is most stable.

The role of synoptic wind in the formatiom
of the Ross Ice Shelf polynya is illustrated
by a qualitative analysis of 3-day average
pressure contours in Figures 6, 7, and 8 be-
fore, during, and after the three polynya
events shown in Plate 2. The data were inter-
polated from the Australian data set that had
been prepared for studies of the influence of
the wind fields on the position and variabil-
ity of the ice edge during several seasoms of
growth and decay [Cavalieri and Parkinson,
1981; Parkinson and Cavalieri, 1982].

The cyclone system, centered mear 170°E on
days 100-102, migrated to the east to near
150°W on days 103-105 and further to the east
to near 135°E on days 109-111. The cyclone
position is also shown by the harmonic analy-
sis [Cavalieri and Parkinson, 1981] of the
pressure between 60° and 70°S, which is the
nominal position of the circumpolar trough in
the atmosphere. The increase in open water
during the polynya event peaking on days 106-
108 coincides with the shift of winds from
easterly to southeasterly in front of the ice
shelf as indicated by the pressure maps.

Since the direction of ice drift is approxi-
mately in the direction of the surface winds,
the open water during the polynya event is
presumably caused by an enhanced northward ice
drift. The more rapid increase of the open
water during the event compared to the decay
is also consistent with the rapid eastward
movement of the strong cyclonic system, which
was followed by a slower decay of the cyclone
in its eastward position over the Amundsen
Sea. Similar migrations of weaker cyclonic
systems coincide with the weaker polynya
events on days 130-132 and 160-162 as shown in
Figures 7 and 8.

Changes in the Ty distribution over the ice
pack indicate convergence or divergence in re-
sponse to the wind field. For example, in-
creased Tp indicates a more compact ice pack
due to ice convergence or freezing. A small
increase in the maximum Ty during the polynya
events is evident in the T, series (Figures 4
and 5) and on the Ty maps %Plate 2) in the
eastern portion of the study area. During
event 106-108, in particular, the ice in the
southeastern part of the Ross Sea appears to
be converging in response to the northerly
winds at the same time the southeasterly winds
in the southwestern part of the Ross Sea are
producing open water. Similar changes in the
ice edge are also related to the surface
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cept the Weddell. Some of the maximum Ty dis-
tributions tend to increase slightly in value
from fall to midwinter, indicating a higher
probability of finding highly consolidated ice
later in the growth season. Slight increases
in maximum Ty above 235 K during spring are
due to the known increase in the emissivity of
the surface during the omset of melt [e.g.,
Zwally and Gloersen, 1977; Comiso, 1983].

The variability in the ice cover over each
of the study areas, as indicated by o, is in
most cases greatest during the spring and sum-
mer breakup, with a tendency to decrease to a
low value in late summer followed by an in-
crease as the ice pack expands in early fall.
There is also a tendency in many areas for ¢
to decrease to a minimum in midwinter indicat-
ing a more uniform ice cover, as for example
in the Casey and Halley areas (Figures 14 and
23). The most notable exception to this pat-
tern is exhibited in the Larsen area where the
is largest in midwinter. In some areas such
as Amery, Prydz, Casey, Sabrina, George V, and
Ross, the has frequent abrupt changes due to
dynamic activity of the ice pack. Also, in
some of these cases, the abrupt changes in ©
have assoclated abrupt changes in Ay as in the
Prydz, George V, and Ross, but in others the
concurrent changes in Ay are less marked due
to differences in the way the open water is
distributed across the study areas.

The most significant parameter is Ay, which
is also most useful for identifying polynya
events during which the area of open water in-
creases markedly. In most areas, Ay is larg-
est in late summer and decreases to a minimum
in midwinter to late winter when the ice pack
is expected to be mostly consolidated in the
coastal regions. The most notable exception
to this pattern of seasonal variation in Ay
occurs in the Larsen area where the maximum Ay
occurs in fall and the minimum Ay, in summer.
The Ay in the Larsen area is actually large
throughout the winter, decreasing steadily
from its maximum to minimum over a 9-month
interval. The time variation of Ay in the
Shackleton area is also similar to that in the
Larsen.

In general, the production of open water in
coastal areas is dependent on the atmospheric
and oceanic forcings and the strength of the
ice pack. The increase in thickness and con-
solidation of the ice pack in the coastal re-
gions during the growth season may be a prin-

winds. For example, the marked expansion of
the ice edge by about 250 km around 170°E from
days 100-102 to days 106-108 coincides with
strong northerly winds that enhance ice growth
and northward ice advection.

Other Study Reglons

The set of parameters
Tnmx, TBMIN, 'i'B, T, Aw, and NP

in Figures 9 to 23 describe various features
of the open water areas and the polynya events
for the other 15 study areas. As previously
noted, TBMAX approximately indicates the maxi-
mum ice concentration in any of the 30 x 30 km
pixels in the study area, and TBMIN usually
indicates the minimum ice concentration.
However, TgMIN {5 not always an accurate mea-
sure of the minimum ice concentration, because
the pixel in which TBMIN is observed may be
located partially (or completely due to coast-
line inaccuracies) over continental ice, which
has brightness temperatures in the range of
150 K to 250 K. Because the Ty inside the
coastline varies slowly during winter in re-
sponse to the changing physical temperature,
short-term decreases in TBM N during winter do
indicate polynya events nevertheless. Such
events may be located in only one pixel, how-
ever, whereas increases in A" represent the
total change in open-water coverage over the
entire study area. For example, a large drop
in TgMIN with a small rise in A, indicates a
localized event within the study area. Changes
in N_ (the number of pixels with Tp <190 K)
are also an indication of the spatial extent
of an event. Changes in Ty and Ay are in-
versely proportional to each other, and ¢ is
an indication of the variation of the open wa-
ter around a mean value over the study area.
As discussed below, substantial differences in
the seasonal variations in these parameters
from one study area to another are observed.
In some areas, the approximate length of the
ice growth season can be deduced from TBMIN,
but in several arfeas TgMIN and the amount of
sea ice cover are greater in summer than in
winter.

The summer ice conditions are significantly
different in the various study areas as can be
seen in Plate 1, Figure 5, and Figures 9-23.
In the George V and Larsen areas, the minimum

Tp do not indicate ice-free water in any pixel
at dny time during the year. In the Syowa,
Shackleton, Sabrina, and Ruppert areas, the
minimum Ty indicates low concentrations in at
least one pixel, but not totally ice-free wa-
ter even in the summer. The other 10 areas
all show some ice-free pixels during summer.
The maximum Ty is lowest in late summer in-
dicating the absence of 100% ice cover at the
end of the melt season in all study areas ex-

cipal factor in the general decline in the
open water exhibited in most areas during the
winter months. As previously discussed, the
production of open water in coastal regions
during winter months is mainly wind driven.
Therefore, the greater amounts of open water
in the Larsen and Shackleton areas during
Wwinter than summer indicate a significantly
stronger wind forcing of the ice pack in win-
ter, whereas the wind and ocean current forc-

Copyright American Geophysical Union



Vol. 43

Oceanology of the Antarctic Continental Shelf

Antarctic Research Series

+gyep o3eieae Lep-¢ Julsn woIE Apnas 3T9YS
291 Azowy oyl up i93em usdo jyo sjudIXd [EAIT
e iy 06T » STexTd Jo aequnu

ve 3 ¢§sinjeisdwo) ssoulY3yiq uwew puwr ‘wnuw
.- o1 fwnwIXeEw JO SUOTINGTIISTP autl “°I1

3

{y£61) sAeq ueinf

0 O0E 05 O0Z O3L 0L 05 O
" ~\— mZ\o-JJ\‘I\\h—‘l”
L e Tl 1 oost

(MNeL

-
! S
L =
L s Joe ©
i R T Ty
s T %001
I xu L 1 ooz
3 Jo6'LL |
D W L 1 1 I T | 1 1 i 1 1 8”

1SV0D AHINV

*gyep o3wiaae Lep-¢ BUTSN BAIE Apnas
emofg sya iedsu 1938m uado jo sjuaIXd TJealw

‘guofjleTASp PIBp pu® ‘) 061 > staxtd Jo isqunu ‘sSuUOT] BIADP PI®Pp

-ug3s ‘soanjeiadwol ssvuly31iq unesw pue Swnm

*93d -FuFR ‘wnuixXeTw JOo SUOTINGTIISTP QWYL

*0T °*2314

{bL61) sAeq uelnp

0GE O00E 0SC 00C 0651 00l 05 O

—r—T—T — 17— 0
.Eﬁ,
SL| s
z |
z | w - - >
5 051 @ ; 0008 g
A I s —
2 sz} ~ * loost §
© E =
o L e o
N " -
= o0er 4 0000L
0 ——+—t—t——————+—+—+—+—+—0
L o - i
Ot e - L Ead ..._\H:-....H.. {09
(Al ..,. .,\.L\,h.l.\. - i i |
N T
2 el 0T
- s [}
a F m s =
8ir \ké,r.} o8
[ U e v ]
ver 8y 10v2
e t—+—+—+—+—+— 001
- DI %0 0¥l
L C_u g p 8—
| w1 L.S?/\L« . J =
._)_.Lu__: mrset T Sl z
e ] 0ce
e m. 3 %001 -1
L XY 1 100z
F €LY

ceyep 93e

-1oA® Aep-g¢ Bursn vaie Apnis JI9YS @d] uasie]
-19STTY 9yl uf i93es usdo Jo SIUIIXD jeale

pue ‘) 061 > sTaxyd Jo iaqunu ‘SUOTIETASD pIep
-ue3ls ‘ssianjeisdway ssaujlydfiq ursw pue ‘unw

-Jutw ‘wnuUIXew Jo SUOTIINQTIISTP SWIL

(o6l >8L)°N

‘6 *814
{#L61) sAeq ueynr

00E 03¢ 00Z O0SL OOL 05 O

e 0
Ao
P Ty { o0os
>><m£€ ]
i 000013
g .w. o
=
1 000513
D
oozt 1 o000z
o —————t—t———————+—— 0
ot} __I,r_.h ﬂ—a_w o_ ,“ 109
B Rt .
- 10zt
ol 8 N 1% o
I 8] T i{ove
3
ol 1
e re———————— A {1 4])
- m_m o_.x.o\um:__dos
i a J
N L
| _.i 4081 4
s Al e, =
- r z
I - ._ 7 10¢¢
_jéL r_,:. 1T m\rL e U %
- xw L {092
g FEVE -
1 1 i 1 i 1 1 1 1 1 8@

N3sdv1-H3siH

Copyright American Geophysical Union



Vol. 43

Oceanology of the Antarctic Continental Shelf

Antarctic Research Series

*elep 23vid4A®

fep-¢ Sursn eaie

Apnis Lesw) 9y3 uy a9jem uado jJo sjualx?a [Eaie
pue ‘06T > s7°ox1d Jo 19qunu ‘SUOTIETA3D PIEpP
~uejs ‘seinjeisdwe; ssouly3riq ueew pur ‘wnu

-JuUTw ‘wnmixXew JO SUOTANQTIISTP PWIL *HT *3Td
(vL6L) sAeq ueinr
0GE 00€ O0SZ 00 0SL 00l OS oo
....qJ\.ELI.r. ) LZJ{EL.LH.\
FEN P T
' —_P Y ..n...ﬂa.. N H,_...l N 4 00SL
i y | .
> ol 22 q < Jooost
z - 4]
— | B ] o
= =
& ozl i . Jooszl
A | T..n...,.« ] »n
e | , ]
NMAEM 0000€
0 ——————t—t————t—t——t—10
A 09
—|
@,
a o)
—
@
- o Ay 0% z
4l s - :lgmﬁ.l.\ﬂh = el
Lt Y o1 96001 "~
-09¢

xvwdlL

T N |

1SVO0D A3SVI

‘eyep o3eioaw Lep-¢ Sursn ®waie Apnis JTdYS °9I
uo397)o®'yS oYyl uy io31eM uado Jjo sjualIxs eaiE

-ue3ls ¢‘seinjeiadwel ssoulyldTiq ussw pue ‘wnu
‘31

-TUIW ‘UNWIXEW JO SUOTINFIISIP SULL

Mosl >1)4N

{bL61) sAeq uelinf

0S¢ 00E 06z 00T 091 00l

‘el

[T2d
~
T

2

§

;

T = _l.ﬂ\J.:/.\J\rI?ﬂ

[Orp—

473HS 301 NOLITHOVHS

3l %0
s L e ,F?,._%__;e
I z 5 L_LTLJ,\i 1_; f._?r
L e AT T St
L xow L
B 3 nv.QQ 1
R VY WY NI SR SR I B I L L L I8 L L

g
q
(zwy) easy

T8

orL

081

0ce

092

dIEL

(EL

*eyep 99eioae Kep-¢ Suisn ®woiw Apmis

Leg zpLig oy3 uyr 193Em usdo Jo SIUIIXD [EOIE

pue ) 061 > s19x7d jJo isqunu ‘SUOTIETADP piEp PUE ‘N 061 > siox1d jJo 1oqunu ‘SUOTIETASD piEp
-uels ‘sainjeiadws) ssaulyltiq ueew pue ‘wnuw

-JUTW ‘wnUWTXEPW JO SUOTINQFIISTP SWEL °7T °*SBTd
{v/61) sAeqg uelnr
0S€ 00 06 00C OSL 00l 08 w
— T T —
.)af\.L ﬂ__/.__;__F)\,.\.
TS : i {0062
z I [
3 87%& . 100081 =
w - r.\_| . ] Qo
[{e] - R
o - p -
A
~ oocl { 0000¢
0 O B E e e e e S e e SR 0
ot {09
—
Q o
&
o
=

V33UV AVE ZAAld

Copyright American Geophysical Union



Antarctic Research Series Oceanology of the Antarctic Continental Shelf

ZWALLY ET AL.: OCEANOGRAPHIC EFFECYS OI ©.EBADS AND POLYNYAS

July 1974

45°E

-
/
1

:

‘' v s 135°€

45°E

sy

EERER

RU

ECRE

HA
135°W | 135°%

> 98%
96%
92% |

76%

Riiser-Larsen
Syowa
Amery

Prydz
Shackleton
Casey
Sabrina
Adelie
George V
Ross
Ruppert
Amundsen
Bellingshausen
Larsen
Weddeh
Halley

Plate 1. Sea ice concentration map inferred from Nimbus 5 ESMR for July 1974 and
December 1974 (from Zwally et al. [1983] with study areas outlined).
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ing in these two areas in summer are apparent-
ly favorable for maintaining the observed con-
solidated ice cover.

Some of the more notable polynya events, in
addition to those previously discussed in the
Ross area are: in the Riiser-Larsen beginning
around day 322; Syowa around day 313; Prydz
around days 154, 169, and 235; Casey around
day 157; Sabrina around days 265 and 340;
George V around days 133, 199, 280, and 334;
Amundsen around days 118 and 163; Larsen near
day 127; and the Weddell around days 127, 160,
196, 238, and 262. The duratiom of these
events is typically about 9-18 days, which may
be associated with changes in the synoptic
wind forcing as discussed for the Ross area.
However, examination of the pressure maps in
the Weddell Sea region did not show similar
relations with the ice cover changes in the
Larsen and Weddell, possibly because of the
barrier influence of the Antarctic Peninsula
[Parish, 1983] or inadequacies of the pressure
maps. During the event in the Weddell area
commencing on day 127, the large (50 x 90 km)
tabular iceberg, which was grounded in front
of the Ronne Ice Shelf near 77°S and 50°W,
became ungrounded and moved 100 km northward
to its position in Plate 1 [Zwally and Gloer-
sen, 1977]. During these events in the Wed-
dell Sea, the lowest sea ice concentrations
are observed within about 100 km along the ice
shelf front. The movement of the iceberg and
the reduced ice concentrations are indicative
of strong southerly winds. In the Bellings-
hausen, the increased open water after days
118 and 175 is caused by a retreat of the ice
edge into the study area.

The Adelie and the George V areas show some
interesting contrasts. The Adelie is located
offshore of the Ninnis and Mertz glaciers and
has tongues of reduced ice comcentration ex-
tending over 100 km offshore in winter
(Plate 1). The open water is greater in the
Adélie area than the George V, but is less
variable as shown by changes in both ¢ and Ay
in Figures 16 and 17. The open water offshore
from the glaciers is persistent and extends
farther offshore than the typical distance of
several tens of kilometers over which kata-
batic winds are usually substantially dimin-
ished [e.g., Bromwich and Kurtz, 1984].
Therefore, the variations observed in the
coastal open water in these areas suggest that
the Adélie is a location of persistent winds
at substantial distances offshore from the
glaciers, and the George V is a location of
more localized and intermittent wind forcing.

In the following sectioms, the observed Ay
is used to estimate the ice production and
salinization of the shelf waters. As unoted,
in some areas the ice-growth season in the
coastal regions can be inferred from the tem-
poral changes in TpMIN, TaMAX, and the other
parameters, but not in all areas as for ex-
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amples, George V, Larsen, and Ruppert. Conse-
quently, the growth (or winter) season is es-
timated for all areas to be from days 76
through 315 inclusive (240 days) and the melt
(or summer) to be days 316 through 75 (115
days). The frequency distributions of the
ratio of A; to the total ocean area (AT) for
the winter and summer periods in each of the
study areas are shown in Figures 24 and 25.
All areas have more open water in summer than
in winter except the Larsen and Shackleton.
The average open water fraction in winter
(<Ay>/Ap) ranges from about 7% in the Weddell
to about 25% in the Prydz, Shackleton, Adélie,
Amundsen, Ross, and Ruppert (Table 2). These
values of open water for the coastal zone are
significantly larger than the values in the
central part of the ice pack, but are close to
the average over the entire pack including the
marginal zone where the ice is most divergent.
Figures 24 and 25 also show how variable the
open water is during the summer and winter pe-
riods. In some places, like Amery and Halley,
the open water area in winter does not vary
much, whereas, in some other areas like Amund-
sen and Larsen, Ay changes substantially from
early winter to late winter. The width of the
distributions is also affected by the occur-
rences of polynyas. To quantify this vari-
ability of Ay/Ap, a Gaussian function with a
linear background was fitted to each winter
distribution by methods of least squares, and
the standard deviation (UA) of the Gaussian
for each study area is given in Table 2.

Oceanic Effect of Offshore Leads and Polynyas

In regions of sea ice and open water such
as the Antarctiec shelf that do not have signi-
ficant heat storage in the water column, heat
flux into the atmosphere will be derived pri-
marily from the latent heat of fusion. For
this situation, estimates of heat flux and
daily ice production have been made by Schu-
macher et al. [1983] for the Saint Lawrence
Island polynya in the Bering Sea, based upon
changes of water column salinity. For the
Antarctic shelf, estimates have been made by
Cavalieri and Martin [this volume] based omn
meteorological data from nearby coastal sta-
tions. Schumacher et al. (1983] determine a
heat flux of 535 W m~2 with an ice production
of 0.17 m/d. Cavalieri and Martin [this vol-
ume] find an average 90-day ice production of
9 m (their Table 4), which is equivalent to
0.10 m/d, and their average heat flix is
300 W m™=.

The brine rejection associated with ice
production within the open water areas in-
creases the water column salinity over what is
expected from ice growth through bottom accre-
tion alone. The salinity increase due solely
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to new ice growth in open water areas is esti-
mated for each study area by

sTARi

§ = ———— (3)

0.1 h

where AS is the salinization of the total vol-
ume of shelf water within the study regionm,
scaled by the 0.1 to units of °/c0, s is the
salt rejection in g c¢cm™“ for each meter of sea
ice formation (a value of 2.5 g cm™“ is used,
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assuming the newly formed ice has a salinity
of 10.0, after Schumacher et al. [1983] and

Cavalieri and Martin [this volume].

Also,

Wakatsuchi and Ono [1983] report salt Tejec-

tion values of 1.1 to 3.8 g cm™

per meter of

ice for ice growth rates ranging from 0.06 to
0.13 m/d), T is the duration in days of the

winter period, (taken from day 76 through day
315, a total of 240 days), A is the observed
ratio of open water to total surface area of
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LV

[
[
w

Salinization of Water Volume Within Tach Regien

Due to Sea Ice Formation with Open Water Fraction

Midpoint Total Area Open Water Salinizationb
Study Area Lat. Lomng. Ap (km®) Ratio® o (°/a0)
Ay /AT %) low high

Riiser-Larsen 69.0°S 34.3°E 27,260 0.201 0.04 0.233 0.396
Syowa 68.2° 41.3°E 18,740 0.134 0.06 0.155 0.264
Amery 68.2° 71.9°E 70,210 0.194 0.04 0.225 0.382
Prydz 67.3° 80.0°E 28,860 0.269 0.08 0.312 0.530
Shackleton 65,0° 99.4°E 47,580 0.281 0.06 0.325 0.553
Casey 66.0° 108.4°E 42,390 0.175 0.04 0.203 0.345
Sabrina 66.4° 116.9°E 36,010 0.121 0.05 0.140 0.238
Adélie 67.0° 147.5°E 47,390 0.254 0.06 0.294  0.500
George V 67.9° 153.1°E 53,250 0.098 0.03 0.114 0.193
Ross 77.5° 178.7°E 121,000 0,223 0.04 0.258 0.439
Ruppert 76.0° 148.2°W 40,120 0.319 0.02 0.369 0.628
Amundsen 72.9° 113.4°W 117,600 0.229 0.12 0.265 0.451
Bellingshausen 71.8° 84.6°W 197,100 0.147 0.06 0.170 0.289
Larsen 67.3° 58.7°W 119,300 0.203 0.12 0.235 0.400
Weddell 73.1° 55.9°W 283,800 0.066 0.04 0.076 0.130
Halley 76.7° 34.5°W 98,900 0.103 0.04 0.119 0.203
Average 0.189 0.06 0.218 0.371

3Ratio of winter-average open water area to total ocean area.
From equation 3, with the values for Ri = 0.10 m/d, and h, s, and T given in the

text, then 4 § = 1,158 Ay /AT.

The range of salinization values corresponds to R;

ranging from low, 0.10 m/d, to high, 0.17 m/d.

each study region (the value given in Table 2
represents the average ratio <Aw>/AT for the
240-day winter period), R; is the rate of ice
formation in meters per day within the open
water area (two values, 0.10 and 0.17 m/d, are
used for the Table 2 determinations to repre-
sent the range of estimates),and h is the wa-
ter column thickness for the study regions in
meters (an average shelf depth of 518 m is
used after Carmack [1977]).

Table 2 gives the AS values calculated for
each of the 16 study regions. The average
percentage of observed open water is 19% which
gives a significant salinity enhancement of
0.220 to 0.374., Carmack [1977] shows that the
largest volume of modified deep water within
the shelf water column has a salinity of 34.4.
If modified deep water is the initial ingre-
dient of the cold (near freezing point) shelf
water, an increase of 0.2 would in 1 yeax
boost its salinity over 34.6, which is con-
sidered to be the minimum salinity required
for formation of Antarctic Bottom Water,

Comparison of the calculated AS values with
the measured salinity of near-freezing point
shelf water versus longitude (Figure 5 of Gor-
don [1974]) shows that both values are high
along the coast of East Antarctica. In the
Weddell region, the calculated AS values are

relatively low, yet the measured shelf-water
salinity is high; thus other factors must also
be important in determining shelf-weter salin-
ity. Equation (2) is, of course, a gross sim-
plification and does not take into account re-
distribution of salt by circulation, varia-~
tions in the value of the water column thick-
ness, or the salinity of the initial water
type. Nevertheless, ice generation within the
19% open water area on the shelf appears to be
a major factor in raising the density of shell
water.

Discussion

Analysis of the microwave observations pro-
vides new information on the extent and vari-
ability of the open water in the Antarctic
coastal regions. The temporal variability of
the open water is observed to be large on dai-
ly to seasonal time scales. Spatial variabil-
ity of the open water is also observed to be
large on scales ranging upward from the 30-km
resolution of the microwave sensor. Although
3-day averages are found to be adequate to re-
solve most of the major changes in open water
described here as polynya events, the daily
averages show more temporal detail and larger
fluctuations between minima and maxima. On
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Shelf-sloge water mass volume ex-
change rate, Vp (10 m3/sec), as a function of
the salinity difference between the inflow
(Si) and outflow (So) water (see Figure 1),
and the percentage of sea ice which forms on
the shelf but is exported and melts seaward of
the shelf (25 and 50% exported). The shelf
water residence time in years is shown at the
right. The calculations are carried out for
R; of 0.10 and 0.17 m/d (see text). The val-
ues in brackets along the 6-year residence
line refer to the required Ry value, with sea
ice export of 50%, which would yield that res-
idence time.

monthly time scales, the polynya events are
not resolved and are only evident as reduced
average sea ice concentrations in the monthly
average maps. The openings and closings of
individual leads and polynyas are not resolved
either in time or space, but the time-average
maps represent the average open water during
each period of observation.

While oune or more 30 km x 30 km pixels of-
ten indicate 100% ice cover, the average con-
centration in most pixels is usually less than
100%. On spatial scales of the 16 study
areas, the temporal variations in open water
area occur above a significant background of
open water. The persistent open water ac~-
counts for most of the winter-season average
open water, which ranges from 7% to 32% in the
various study areas. The results are consid-
ered to be representative of the shelf regions
around Antarctica, because the study areas
represent both regions with consolidated ice
packs during winter and regions with signifi-
cantly reduced ice concentrations or polynya
events, as can be noted from the calculated
open water values and a visual comparison of
the ice concentrations along the coast in
Plate 1.

The existence of substantial areas of open
water in the Antarctic nearshore sea ice zone
during winter has several important comsequen-
ces. The flux of seunsible and latent heat to
the atmosphere is much greater from the open
water areas than through a consolidated ice
pack. Consequently, the growth of new ice in

Oceanology of the Antarctic Continental Shelf
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the open water areas is much greater than the
growth at the underside of the ice in ice-
covered areas. Also, the growth of new ice
and nilas, followed by growth of thin young
ice, enhances the total seasonal sea ice cover
and the amount of salt rejected during the
growth season. Overall, more ice is formed in
the areas of reduced ice concentration in the
coastal zone, the atmosphere is warmed more
than it would be over a comnsolidated ice pack,
and the salt rejected during freezing signifi-
cantly increases the salinity and density of
the water in the coastal regioms.

The maintenance of open water over a given
area of the ocean under freezing conditions
requires an export of ice to balance the area
covered by new ice. Also, the average shelf-
water salinity is a result of the balance be-
tween salt rejection during ice growth and the
introduction of fresher water from sea ice
melt in summer, glacial rum-off, excess pre-
cipitation over evaporation, and the exchange
of water over the continental slope. The
fraction of ice exported and the exchange of
water between the shelf and deep ocean are
major factors in determining the average sal-
inity of the shelf waters, in addition to the
amount of ice formed.

What is the contribution to the total sea
ice cover of the southern ocean from ice for-
mation within offshore open water? Ice forma-
tion rates of 0.10 to 0.17 m/4d over a 240-day
winter period would produce 24 to 41 meters of
ice. Using 19% as a typical open water value
for the shelf region (Table 2), ice production
would then amount to 4.6 to 7.8 m if spread
over the entire shelf. Those effective pro-
duction rates would be about 15% lower if open
water on the shelf were computed from an area-
weighted average ratio. Sea ice production by
bottom accretion in the other 81% of the area
represents additional total ice volume. Thin
ice (<0.30 m) grows much faster than thick
ice, but not as fast as the initial ice growth
in open water. If the spring sea ice cover of
the shelf region ranges between 1.5 and 2.5 m
[Jacobs et al., this volume], some ice must
thicken by bottom accretion while other ice is
exported to the north. Spread uniformly over
the entire circumpolar belt of seasonal ice
cover (about 20 x 10° km“), ice formation in
the offshore leads and polynyas would amount
to 0.4 to 0.6 m, or approximately 50% of the
mean ice thickness [Clarke and Ackley, 1984].
However, the ice formed at high-growth rates
in the open water is redistributed in a com-
plex manner as the ice pack diverges to main-
tain reduced ice concentrations. Although the
open water adjacent to Antarctica is clearly a
region of significant ice production compared
to the total mass of the Antarctica seasonal
ice cover, the actual distribution of the ice
is determined by the ice drift after formation
in the open water areas.

Salinization of the shelf water column by
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ice production within the offshore leads and
polynyas increases the likelihood of shelf wa-
ter attaining density values sufficient to re-
sult in deep-reaching convective plumes over
the continental slope [Killworth, 1983]. The
total salt rejection associated with 4.6 to
7.8 m of sea ice over the 2.473 x 106 xml of
shelf area [Carmack, 1977] is 2.8 to 4.8 x
1017 g/yr. A steady state shelf water salin-
ity is maintained by the inflow of lower sal-
inity water, but not all rejected salt needs
to be balanced by shelf-slope water mass ex-
change because some sea ice melts on the
shelf. Sea ice that forms and melts on the
shelf has no net effect on shelf water salin-
ity, although it can cause partitioning of
salt. In addition, some of the salt is used
to mix with the incoming fresh water due to
excess precipitation over evaporation and
glacial melt. Jacobs et al. [this volume]
suggest a net fresh water input of 51 cm/yr to
each cm® of shelf area. Conversion of this
fresh water into average shelf wat%r salinity
(taken as 34.5) requires 0.43 x 101/ g/yr of
salt.

The shelf-slope water volume exchange rate
(Vf, Figure 1), required to balance net sea
ice salt rejection by ice exported from the
shelf depends on the difference between the
inflow salinity (S;) and outflow salinity (S,)
across the shelf-slope boundary. Adjusting
for freshwater input and using the value for
8o-84 of 0.134 with a sea ice export fraction
of 50%, as suggested by Jacobs et al. (this
volume), leads tg a_shelf-slope exchange rate
of 23 to 47 x 106 m3/sec, corresponding to
residence times from 1.8 to 0.9 years (Figure
26). A residence time of 6 years (Jacobs et
al,, this volume), would require an ice export
fraction of only 257% and a §,-S; difference
ranging from 0.13 to 0.35. While these larger
salinity differences are possible (if we sim-
ply invoke the A4S calculated by equation 3 and
given in Table 1), the export fraction of 257
seems too small.

A large source of uncertainity among these
parameters 1s the rate of sea ice formation
(Ri)' For low R; values (2 0.03 m/d) and 50%
sea ice export fraction, sea ice production
would only compensate for the fresh water in-
troduction and V¢ would be zero. If the 0.10
m/d Ry were valid for only the 90 days studied
by Cavalieri and Martin [this volume] and Ry
were zero for the rest of the 240-day winter
period, then the average growth rate for the
full period would be 0.038 m/d. With a 50%
export fraction and S,-5; of 0.134, Vg would
be 2.5 x 10° m/s and the residence time would
be 16 years. Alternatively, using the same
export fraction (50%) and S -5; value (0.134),
R; would have to be 0.051 m/d in order to
yield a 6-year residence time.

Despite uncertainties in R;, sea ice export
fraction, and other parameters affecting the
shelf water salinity, it is obvious that off-
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Oceanology of the Antarctic Continental Shelf

|

shore leads and pelynyas play am iamporiant
role in southern ocedan sea ice generation and
salinization of the shelf water, Regiocnal
differences in the observed cpen water areas
are large, and interannual variability may
also be high. Further studies of the distri-
bution of open water along the Antarctic
coastline and of other related variables are
needed to improve our knowledge of the quanti-
tative oceanographic effects of these fea-
tures.
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